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96' RENCONTRES DE MORIOND 

The XXXIst Rencontres de Moriond were held in 1996 in Les Arcs 1800, Savoie, France. 

The first meeting took place at Moriond in the French Alps in 1966. There, experimental 
as well as theoretical physicists not only shared their scientific preoccupations but also the 
household chores. The participants in the first meeting were mainly French physicists 
interested in electromagnetic interactions. In the following years, a session on high energy 
strong interactions was also added. 

The main purpose of these meetings is to discuss recent developments in contemporary 
physics and also to promote effective collaboration between experimentalists and 
theorists in the field of elementary particle physics. By bringing together a relatively small 
number of participants, the meeting helps to develop better human relations as well as a 
more thorough and detailed discussion of the contributions. 

This concern of research and experimentation of new channels of communication and 
dialogue which from the start animated the Moriond meetings, inspired us to organize a 
simultaneous meeting of biologists on Cell Differenciation (1970) and to create the 
Moriond Astrophysics Meeting (1981). In the same spirit, we have started a new series on 
Condensed Matter Physics in January 1994. Common meetings between biologists, 
astrophysicists, condensed matter physicists and high energy physicists are organized to 
study the implications of the advances from one field into the others. I hope that these 
conferences and lively discussions may give birth to new analytical methods or new 
mathematical languages. 

At the XXXIst Rencontres de Moriond in 1996, four physics sessions, one astrophysics 
session and one biology session were held : 

*January 20-27 

*March 16-23 

* March 23-30 

"Dark matter in cosmology, Quantum measurements and 
Experimental gravitation. 

"Correlated fermions and transport in mesoscopic systems" 

"Electroweak Interactions and Unified Theories" 

"Microwave background Anisotropies" 

"QCD and High Energy Hadronic Interactions" 

" Rencontre de Biologie - Meribel " 
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WHY DO WE NEED NON-BARYONIC DARK MATTER? 

Keith A. Olive 
School of Physics

. 
and As�rorwmy, Un'ivers'ity of Minnesota, 

Mmneapolis, MN 55455, USA 

Abstract 

3 

Observational evidence along with theoretical arguments which call for non-haryonic dark mat­
ter are reviewed. A brief summary of the dark matter session is included. 

There is increasing evidence that relative to the vioible matter in the Univerne, which 
is in the form of baryons, there is considerably more matt.er in the Universe that. we don't. 
see [1]. Here, I will review some of the mot.ivat.imrn for dark matter in the Universe. The best. 
observational evidence is found on the scale of galactic halos and comes from the observed 
flat rotation curves of galaxies. There is also mounting evidence for dark matter in elliptical 
galaxies as well as chrnters of galaxies coming from X-ray observatimrn of these objects. Also, 
direct evidence has been obtained through the study of gravitational lenses. In theory, we 
believe there is much more matt.er because 1) inflation tells us so (and there is at present 
no good alternative to inflation) and 2) our current. underst.anrling of galaxy format.ion only 
makes sense if there is more matt.er than we see. One can also make a strong ca.�e for the 
existence of non-baryonic dark matter in particular. The recurrent problem with baryonic dark 
matter is that not only is it very difficult. t.n hide baryons, but the standard model of primordial 
nucleosynthesis would have to discarded if all of the dark matter is baryonic. Fortunately, as will 

be covered at length in these proceedings, there are several at.tractive alternatives to baryonic 
dark matter. 

Before embarking on the subject of dark matter, it. will be useful to review the relevant. 
quantities from the st.andanl big hang model. In a Friedmann-Robertson-Walker Universe, the 
expansion rate of the Universe (the Hubble parameter) is related to the energy f!ensit.y p and 
curvature constant k by 

(1) 
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assuming no cosmological constant., where k = ±1, 0 for a closed, open or spatially flat Univerne, 
and R is the cosmological scale factor. When k = 0, the energy demity takes its "critical" 
value, p =Pc = 3H2/87rG = l.88 x 10-w1i; g cm-·3 where h0 = H0/lOO krn s-1 Mpc-1 is the 
scaled present value of the Hubble parameter. The cosmological density parameter is defined 
by 0 = p/p0 and by rewriting eq. (1) we can relate k to 0 am! H by 

k: 2 
R2 

= (n- l)H 
so that k = + 1, -1, 0 corresponds to n > 1, < 1, = 1. 

(2) 

In very broad terms, observational limits on the cosmological parameters are: 0.2 ;S n ;S 2 
and 0.4 ;S h0 ;S 1.0 [2]. The cosmological dernity is however sensitive to the particular scale 
being observed (at least on small scales). Accountably visible matter contributes in total only 
a small fraction to the overall density, giving !lv � .003 -.01. In t.he bright central parts of 
galaxies, the density is larger n � 0.02-0.1. On larger scales, that of binaries and small groups 
of galaxies, n � 0.05 -0.3. On even larger scales the de1rnity may be large enough to support 
n � 1.0. Though there are no a.�tronomical observations to support n > 1, limits based Oil the 
deceleration of the Universe only imlicate [2] that n ;S 2. 

The age of the Universe is also very sensitive to these parnmetern. Again, in the absence 
of a cosmological constant we have, 

(:3) 

For tu > 13 Gyr, Ohz < 0.25 if h,, > 0.5 am! Ohz < 0.45 if h,, > 0.4. While for tu > 10 Gyr, 
Oh� < 0.8 if h0 > 0.5 and Ohz < 1.1 if h0 > 0.4. 

There is, in fact, goml evidence for dark matter on the scale of galaxies (and their halos). 
Assuming that galaxies are in virial equilibrimn, one expects that by Newton's Laws one can 
relate the mass at a given distance r, from the center of a galaxy to its rotational velocity 

(4) 

The rotational velocity, v, is mea.�ured [3, 4, 5] by observing 21 cm emission lines in HI regions 
(neutral hydrogen) beyond the point where most of the light in the galaxy ce>rnes. A compilation 
of nearly 1000 rotation curves of spirnl galaxies have been plotted in [6] a.� a function of r for 
varying brightnesses. If the bulk of the nmss is a.'8ociated with light, then beyond the point 
where most of the light st.ops M would be constant. and v2 ex l/r. This is not the case, as 
the rotation curves appear to be flat, i.e., v � constant. outside the core of the galaxy. This 
implies that M ex r beyond the point where the light stops. This is one of the strongest pieces 
of evidence for the existence of rla.rk matter. Velocity mea.surement.s indicate dark matter in 
elliptical galaxies as well [7]. 

Galactic rotation curves a.re not the only observational indication for the existence of 
dark matt.er. X-ray emit.ting hot ga.' in elliptical gabxies also provides an important. piece 
of evidence for dark matter. As an example, consider the large elliptical M87. The detailer! 
profiles of the temperature a.ml density of the hot. X-rny emitting gas have been mapped out 
[8]. By a.ssuming hydrostatic equilibrium, these measurements allow one to determine the overall 
mass distribution in the galaxy necessary to bind the hot. gas. Based on an isothermal model 
with temperature kT = 3keV (which !earls to a conservative estimate of the tot.al ma.,s), 
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Fabricant and Gorenstein [8] predicted that the total masH out to a radial distance of 392 Kpc, 
is 5.7 x 1013 M0 whereas the mass in the hot gas is only 2.8 x 1012 M0 or only 5% of the total. 
The visible mass is expected to contribute only l % of the total. The inferred value of !1 ba.�ed 
on M87 would be � 0.2. 

M87 is not the only example of an elliptical galaxy in which X-ray emitting hot gas is 
observed to indicate the presence of dark matter. At this meeting, Foreman [9] , showed several 
examples of ellipiticals with large ma.�H to light ratios. For example in the case of N4472, while 
the optical observations go out to 25 kpc, the X-ray gas is seen out to 75 kpc, imlicating M/L's 
of about 60 at 70 kpc and up to 90 at 100 kpc. Similar inferences regarding the existence of 
dark matter can be made from the X-ray emission from small grnups of galaxies [10, 1 1] . 

On very large scales, it is possible to get an estimate of !1 from the distribution of pecu­
liar velocities. On scales, >., where perturbations, fi, are still small, peculiar velocities can be 
expressed [12] as v � H>.b!1'>.0• On these scales, measurements of the peculiar velocity field 
from the IRAS galaxy catalog1ie indicate that indeed !1 is close to unity [13] .  Another piece 
of evidence on large scales, is available from grnvitational lensing [14]. The systematic lensing 
of the roughly 1 50,000 galaxies per deg2 at redshifts between z = l - 3 into arcs and arclets 
allow one to trace the matter diHtribution in a foreground cluster. Van Waerbeke discusser\ 
recent results of weak gravitational lensing looking at syste1rn, which if virialized, have mass 
to light ratios in the range 400-1000 and correspond to values of !1 between 0.25 and 0.6 [15] . 
Unfortunately, none of these observations reveal the identity of the dark matter. 

Theoretically, there is no lack of support for the dark matter hypothesis. The standard 
big bang model including inflation almost requireH that !1 = l [HJ] .  The simple and unfortunate 
fact that at present we do not even know whether !1 is larger or smaller than one indicates that 
we do not know the sign of the curvature term, further implying that it is subdominant in Eq. 
(1) 

(5) 

In an adiabatically expanding Univerne, R � r-1 where T is the temperature of the thermal 
photon background. Therefore the quantity 

, k 87rG _,,8 k = 
R2r2 < :3T,; 

< 2 x 10 (6) 

is dimensionless and constant in the Htandanl model. The Hmallness of k is known as the 
curvature problem and can be resolver\ by a period of inflation. Before inflation, let us write 
R =Ii., T = T, and R � r-1 • During inflation, R � r-1 � eHt, where His constant.. Aft.er 
inflation, R = R1 » R; but T = T1 = Tn ;:S, T; where Tn is the temperature to which the 
Universe reheats. Thus R f r-1 and k -+ 0 is not constant.. But from Eqs. (2) and (6) if 
k-+ 0 then !1-+ 1, and since typical inflationary models contain much more expansion than is 
necessary, n becomes exponentially close to one. 

If this is the case and !1 = 1, then we know two things: Dark matter exists, since we don't. 
see !1 = 1 in luminous objects, and most. (at lea.�t 90%) of the dark matt.er is not. baryonic. 
The latter conclusion is a result from big bang nucleosynthesis [17, 18], which constrains the 
baryon-to-photon ratio T/ = nB/n-r to 

1.4 X 10-IO < T/ < 3.8 X 10-IO (7) 
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which corresponds to a limit on On 

0.005 < On < 0.09 (8) 

for 0.4 ;:;, h0 ;:;, 1.0. Thus l -On is not only dark but also non-b<iryonic. I will return to big 
bang nucleosynthesis below. 

Another important piece of theoretic«! evidence for clark matter comes from the simple 
fact that we are here living in a galaxy. The typP of perturbations produced by inflation [19] 
are, in most models, adiabatic perturbatimrn (bfl/p ex bT /T), am! I will restrict my attention 
to these. Indeed, the perturbations produced by inflation alw have the very nearly scale-free 
spectrum described by Harrison and Zeklovich [20]. When produced, scale-free perturbations 
fall off as o/f ex z-2 (increase as the square of the wave number). At early times bfl/ fl grows as t until the time when the horizon scale (which is proportional to the age of the Universe) is 
comparable to l .  At later times, the growth halts (the ma.'s contained within the volume 13 ha., 
become smaller than the Jean's ma.,s) and o/f = b (roughly) independent of the scale l. When the 
Universe becomes matter dominatecl, the Jean's mass drops dramatically and growth continues 
as o/f ex R � l/T. For an overview of the evol11ti011 of density perturbations and the resulting 
observable spectrum see [21]. The transition to matter dominance is determined by setting the 
energy densities in radiation (photons and any massless neutrinos) equal to the energy denoity 
in matter (baryons arnl any dark matter). For three ma.,sless neutrinos and baryons (no dm·k 
matter), matter dominance begins at 

T,,, = 0.22mnr/ (9) 

and for T/ < 3.8 x 10-111, this corresponds to T,,,_ < 0.08 eV. 
The subsequent non-linear growth in hp/p wa., cliscnssecl in these sessions in some cld.ail 

at this meeting. In particular, there was a considerable cliscussion of the effects of the non-linear 
regime on the power spectrum and the appearance of non-Gaussian features such as skewness 
and kurtosis [22]. Colombi [23] discussed the 2- arnl :3-point correlation functions. Numerous 
simulations were presented to reflect the hydroclynmnics of galaxy formation [24] and the origin 
of the large scale biaB [25]. 

Becatrne we are consiclering acliabatic pert.urbatiorrn, t.lwre will be anisotropies producer! 
in the microwave background radiation on the order of hT /T � fJ. The value of fJ, the arnpliturle 
of the density fluctuations at horizon crossing, has now been determined by COBE [26], fJ = 
(5. 7 ± 0.4) x 10-G. Without the existence of dark matter, hp/ fl in baryons could then «chi eve a 
maximum value of only bfl/fi � A>.h(T,,,JT,,);:;, 2 x 10-3A>., where T,, = 2.:35 x 10-4 eV is the 
present temperature of the microwave background arnl A>. � 1-10 is a scale depernlent. growth 
factor. The overall growth in bfl/ fl is too small to argue that. growth Ju�' entered a nonlinear 
regime needed to explain the large value (10") of hp/ fl in galaxies. 

Dark matter ea.sily remedies this dilemma in the following way. The transition to mat­
ter dominance is determined by setting equal tn each other the energy densities in radiation 
(photons and any ma.�sless neutrinos) and matter (baryons am! any dark matter). While if we 
suppose that there exists dark matter with an almnclance Yx = nxfn� (the ratio of the number 
density of x's to photons) then 

(10) 
Since we can write mxYx/GeV = !!xh2/(4 x 107), we have T,,.fT,, = 2.4 x 1040xh2 which 
is to be compared with 350 in the ca.se of baryons alone. The baryons, although still bound 



7 

to the radiation until decoupling, now see dee]l ]lOtential wells formed by the dark matter 
perturbations to foll into and are no longer required to grow at the rate bp/ p ex R. 

With regard to <lark matter and galaxy formation, all forms of dark matter are not equal. 
They can be distinguished by their relative temperature at T,,. [27]. Particles which m·e st.ill 
largely relativistic at Tm (like neutrinos or other particles with mx < 100 eV) have the property 
[28] that (due to free streaming) they era.�e perturbations out to very large scales given by the 
Jean's mass 

M.1=3x 1018� 
·rnv2(eV) 

( 1 1 )  

Thus, very large scale structures form first and galaxies are expect.er! to fragment out lat.er. 
Particles with this property are termed hot clark matter particles. Cold particles (mx > l 
MeV) have the opposite behavior. Small scale structure forms first aggregating to form larger 
structures later. Neither candidate is completely satisfactory when the resulting structure is 
compared to the observations. For more details, I refer the rearler to reviews in refs. [ l]. 

The most promising possibility we have for mrncrambling the various possible scenarios 
for structure formation is the careful analysis of the observed power spectrum. Rewriting the 
density contrast in Fourier space, 

the power spectrum is just 

'(k) J z:i hp
( ) ik .. r u : ex 1. :r:p :r: e 

P(k) = (Jii(k)i2) 

(12) 

(13) 

which is often written in term of a transfer function am! a power law, P � T(k)k". (The flat 
spectrum produced by inflation ha.� n = 1.) The data contributing to P(k) include observations 
of galaxy distributions, velocity distrilmtions am! of comse the CMB [29]. However to make a 
comparison with our theoretical ex]Ject.at.ions, we rely on 11-bocly simulations and a deconvo­
lution of the theory from the observations. Overall, there is actually a corrniclerable amount. of 
concordm1ce with our expect.at.ions. The velocity dist.rilmt.ions inclicat.e that 0.:3 < n < l and 
the power spectrum is roughly consistent. with an fl= 1, am! n = 1, cold dark matter Universe. 

F\1ture surveys [30, 31] will however, most certainly dramatically improve our under­
standing of the detailed features of the power spectrum and their theoretical interpret.at.ions. 
We should in principle be able to distinguish bet.ween a mixed dark matt.er and a cold dark 
matter n = 1 Universe, whet.her or not. n < 1, with CDM, the presence of a cosmological con­
stant, or a tilt in the spectrum. Zurek [:32], stressed the importance of numerical simulations in 
this context. Future probes of the small scale anisotropy [:H, :3:3] shoulcl in addition he able to 
determine the values of not only n, but also !ln and h0 to a high clegree of accuracy through a 
careful analysis of the Doppler peak in the power spectrum. 

Accepting the dark matter hypothesis, the first choice for a candidate should he something 
we know to exist, baryons. Though baryonic dark matt.er can not be the whole story if n = 1, 
the identity of the rlark matter in galactic halos, which appear to contribute at the level of 
n � 0.05, remains an import.ant. question needing to be resolved. A baryon density of this 
magnitude is not. excludecl by nucleosynt.hesis. Imleecl we know some of the baryons are clark 
since n ;S 0.01 in the disk of the galaxy. 

It is quite difficult, however, to hide large amounts of baryonic matter [:14]. Sit.es for halo 
baryons that have been rliscussecl inclmle snowballs, which tend to sublimate, cold hyflrogen 
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gas, which must. be support.ell ag;tiirnt. collapse, aud hot. ga.�, which can be excluded by the X-ray 
backgrnund. Stellar objects (collectively called MACH Os for macn>scopic compact. halo objects) 
must. either be so small ( M < 0.08 Me,) so a.� not. to have begun nuclear burning or so massive 
so as to have undergone tot.al gnwit.ational collapse without. the ejection of heavy elements. 
Intermediate mass stars are generally quite problematic because either they are expected to 
still reside on the main-sequence today and hence would be visible, or they would have produced 
an excess of heavy elements. 

On the other hand, MACHOs are a candidflt,e which are testable by the grnvit.at.ional 
microlensing of stars in a neighboring galaxy such a.� the LMC [35]. By observing millions 
of stars and examining their int.ernity as a function of time, it. may be possible to determine 
the presence of dark objects in our ha.lo. It is expected that. during a lerrning event., a star's 
intensity will rise in an a.chroma.tic fashion over a. period /Jt � :3 V M /.OOlMc'J days. Indeed, 
microlensing candidates have been found [36]. For low mass objects, those with M < O.lMl',, 
it appears however that. the halo fraction of Machos is small, ""'O.l!J:!::li; [:HJ. There have been 
some recent. reports of events with longer duration [38] lea.ding to the speculation of a white 
dwarf population in the halo. Though it is too early to determine the irnplicat.iorrn of these 
observations, they are very encouraging in that perhaps this issue can and will be decicled. 

The degree to which baryons cau coutrilmt.e to llark matt.er clepem\s ultimately ou the 
overall baryon contribution to n which is coustrniued by uucleosynthesis. Because of its impor­
tance regarding the issue of dark matter and in particular uou-baryouic dark matter, I want to 
review the status of big bang nudeosynt.hesis. 

Conditions for the synthesis of the light. elements were attained in the early Univerne at. 
temperatures T ;S l Me V, corresporn\ing to an age of about. l second. Given a single input. 
parameter, the baryon-to-photon rnt.io, 17, the theory is capable of predicting the primordial 
abundances of D/H, 3He/H, 4He/H and 7Li/H. The comparison of these predict.ions with the 
observational determination of the abundances of the light elements not. only tests the theory 
but also fixes the value nf 17. 

The dominant. product. of big bang nucleosyut.hesis is 4 He resulting in an abundance of 
close to 25 % by ma.�s. In the standan\ Itl()(\el, the 4He ma.�s fraction depends only weakly on T/. 
When we go beyond the standard model, the 4He alrnrn\ance is very sensitive to changes in the 
expansion rate which can be related to the effective rnunber of neutrino flavors. Lesser amounts 
of the other light elements a.re produced: D and "He at the level of about 10-" by number, am\ 
7Li at. the level of 10-10 hy number. 

There is now a goml collect.ion of almudauce iufonrrntiou on the 4 He mass fraction, Y, 
O/H, and N/H in over 50 extra.galactic HII (iouizell hyllrngen) regions [:�9, 40, 41]. The obser­
vation of the heavy elements is important a.� the helium mass fraction observed in these HII 
regions has been augmented by some stellar processing, the llegree to which is given by the 
oxygen and nitrogen abundances. Iu an extensive study ba.�ell on the llata in [39, 40], it wa.� 
found [42] that the data is well represented by a linear correlation for Y vs. O/H and Y vs. 
N/H. It is then expected that the primordial abundance of 4He can be determined from the 
intercept. of that relation. The overall result. of that analysis indicated a primon\ia.l mass frac­
tion, Yp = 0.232 ± 0.00:3. In [43], the stability of this fit was verified by a Monte-Carin analysis 
showing that the fits were not overly sensitive to any particular HII region. In addition, the 
data from [41] was also included, yielcling a 4He rna.�s fraction [4:3] 

y;, = 0.2:34 ± o .orn ± 0.005 (14) 
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The second uncertainty is an estimate of the systematic uncertainty in the ahunrlance detenni­
nation. 

The 7Li abundance is alw reasonably well known. In olcl, hot, population-II stars, 7Li 
is found to have a very nearly uniform abundance. For stm·s with a surface temperature T > 
5500 K and a metallicity less than about l/20th solar (so that effects such as stellar convection 
may not be important), the abundances show little or no dispersion beyond that which is 
consistent with the errors of individual measurements. Indeed, as detailed in [44], much of the 
work concerning 7Li has to do with the presence or absence of dispernion and whether or not 
there is in fact some tiny slope to a [Li] = log 7Li/H + 12 vs. T or [Li] vs. [Fe/HJ relatiorrnhip. 
There is 7Li data from nearly 100 halo starn, from a variety of sources. I will use the value given 
in [45] as the best estimate for the mean 7Li abundance and its statistical uncertainty in halo 
stars 

(15) 

The first error is statistical, and the second is a systematic uncertainty that covers the range 
of abundances derived by various methor\s. The third set of errors in Eq. (15) accounts for the 
possibility that aB much as half of the primordial 7Li ha.� been destroyed in starn, anrl that as 
much as 30% of the observed 7Li may have been produced in cosmic ray collisions rather than 
in the Big Bang. Observaticms ofnLi, Be, and B help cmrntrain the degree to which these effects 
play a role [46]. For 7Li, the uncertainties are clearly dominated by systematic effects. 

1\irning to D /H, we have three basic types of abundance information: 1) ISM data, 2) solar 
system information, and perhaps 3) a primonlial alnmdance from quasar absorption systems. 
The best mea.�urernent for ISM D/H is [47] 

(D/H)rsM = l.GO ± 0.09!g'i� x 10-'• (lG) 

This value may not be universal (or galactic a.� the ca.�e may be) since there may he some real 
dispersion of D/H in the ISM [48]. The solar alnmdance of D/H is inferrer\ from two r\istinct 
measurements of 3He. The solar wind measurements of :iHe a.� well a.� the low temperature 
components of step-wise heating rneasurements of :iHe in meteorites yield the presolar (D + 
3He)/H ratio, as D was efficiently burned to aHe in the Sun's pre-main-sequence phase. These 
measurements indicate that [49, 50] 

(17) 

The high temperature components in meteorites are believer\ to yield the true solar 3He/H ratio 
of [49, 50] ( 3:e)

. 
= (1.5 ± 0.2 ± 0.:3) x 10-" 

(oJ 
( 18) 

The difference between these two abundances reveals the pre8olar D/H ratio, giving;, 

(D/H)r" � (2.6 ± 0.6 ± 1.4) x 10-" (19) 

F inally, there have been several recent reported measurements of D /H is high redshift quasar 
absorption systems. Such measurement8 are in principle capable of determining the primordial 
value for D/H mid hence T/, because of the strong and monotonic dependence of D/H on r1. 
However, at present, rletections of D /H using; qua.�ar absorption systems inr\icat.e both a high 
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and low value o f  D /H. As  such, we  caution that these values lllay not turn out to represent 
the true primordial value. The first of these rneasurelllent.s [51] indicated a mt.her high D/H 
ratio, D /H ""' 1.9 - 2.5 x 10-4. A recent re-olmervation of the high D /H absorption system ha., 
been resolved into two components, both yielding high values with an average value of D/H = 

1.9�:i x 10-4 [52] as well as an additional system with a similar high value [53]. Other high 
D/H ratios were reported in [54]. However, there are reported low values of D/H in other such 
systems [55] with values D /H � 2.5 x lo-", significantly lower than the ones quoted above. It 
is probably premature to use this value as the primordial D/H abundance in an analysis of big 
bang nucleosynthesis, but it is certainly encouraging that future ohservatious may soon yield 
a firm value for D /H. It is however import.ant. to note that there rloes seelll t.o be a trend that 
over the history of the Galaxy, the D /H ratio is decren.,iug, something we expect from galactic 
chemical evolution. Of course the total amount of deuterium astrat.ion that has occurred is st.ill 
uncertain, and model dependent. 

There are also several types of 3He measurements. As noted above, meteoritic extrac­
tions yield a presolar value for 3He/H as given in Eq. (18). In addition, there are several ISM 
measurements of 3He in galactic HII regions [5G] which also show a wide rlispersion ( 3He) 

� � 1-5 x 10-" 
HII 

There is also a recent ISM rnea.,mernent. of :iHe [57] with 

-- = 2.1�� x 10-·' ( :iHe) , . , 

H ISM 

(20) 

(21) 

Finally there are observatiorrn of 3He in planetary nebulae [58] which show a very high :iHe 
abundance of 3He/H � 10-3. 

Each of the light element isotopes can be made consist.cm!. with theory for a specific range 
in rt· Overall consist.ency of courne requires that. the nu1ge iu T/ agree among all four light 
elements. 3He (together with D) ha., st.o()(I out. in it.s import.mice for BBN, because it provided 
a (relatively large) lower limit. for the liaryon-to-photou ratio [59], rtw > 2.8. This limit for a 
long time was seeu to be essential because it provirlerl the only means for bounding rt from 
below and in effect allows one to set an upper limit. ou the number of neutrino flavors [GO], 
Nv, as well a.5 other constraints on particle physics properties. That. is, the upper bound to 
Nv is strongly dependent. on the lower bound to 1). This is ea.�y to see: for lower 17, the 4 He 
abundance drops, allowing for a larger Nv, which would raise t.he 4He abundance. However, for 
rt <  4 x 10-11, corresponding to flh2 � .001- .002, which is not. t.oo different. from galactic mass 
densities, there is no bound what.soever on Nv [til]. Of course, with t.he improver! data 011 7Li, 
we do have lower bounds on rt which exceerl 10-rn. 

In [59], it was argued that. since stars (even massive stars) rlo not. destroy 3He in it.s 
entirety, we can obtain a bound on ·11 from an npper bonud t.o t.he solar D arnl 8He abnndances. 
One can in fact. limit [59, 62] t.he snm of primordial D am! :iHe by applying the expression below 
at. t = Gl (D + 3He) S:: (-'2) + _!:_ ( :'He) 

H " H t. u:i H t. (22) 

In (22), y3 is t.he fraction of a star's initial D and "H<e which survives as 8He. For u:i > 0.25 as 
suggested by stellar model;;, arnl 1rning t.!He solar data on D /H am! '3He/H, one fimls 1710 > 2.8. 
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The limit 1)w > 2.8 rlerivecl using (22) is really a one shot approximation. Namely, it 
is assumed that material passes through a star no morn than once. To determine whether 
or not the solar (and present) values of D/H and 3He/H can be matched it is necessary to 
consider models of galactic chemical evolution [G:3]. In the absence of stellar 3He production, 
particularly by low mass stars, it was shown [G4] that there are indeed suitable choices for a star 
formation rate and an initial mass function to: l) match the D/H evolution from a. primordial 
value (D/H)" = 7.5 x 10-0, corresponding to 1)w = :3, through the solar and ISM abundances, 
while 2) at the same time keeping the 3He/H evolution relatively flat so as not to overproduce 
3He at the solar and present epochs. This was achieved for g3 > 0.:3. Even for g3 � 0.7, the 
present 3He/H could be matched, though the solar value wn.s found to be a fact.or of 2 too high. 
For (D /H)" � 2 x 10-4, corresponding to 1710 � l. 7, models conk! be found which destroy D 
sufficiently; however, overproduction of 3He occurred unless g3 was tuned clown to about 0 . 1 .  

I n  the cont.ext o f  models o f  galactic chemical evolution, there is, however, little justification 
a. priori for neglecting the production of 3He in low ma.�s st.am. Indeed, stellar models predict 
that considerable a.mounts of 3He are producer! in st.am bet.ween l anrl :3 M8. For M < 8Mr,,, 
Iben and Truran [G5] calculate 

(M )i (3He/H)1 = 1.8 x 10-4 Ji;' + 0.7 [(D + 3He)/HL 

so that at 1)10 = :3, and ((D + 3He)/H)i = 9 x 10-", !J:i(lMr,,) = 2.7! It should be emphasized that 
this prediction is in fact consistent. with the observation of high 3He/H in planetary nebulae 
[58]. 

Generally, implement.at.ion of the 3He yiekl in Eq. (2:3) in chemical evolution models 
leads to an overproduction of 3He/H particularly at the solar epoch [66, 67]. In F igure 1, the 
evolution of D/H and 3He/H is shown as a function of time from [49, 6G]. The solid curves 
show the evolution in a. simple model of galactic chemical evolution with a star formation rate 
proportional to the gas density and a power law IMF (see [GG]) for details). The model wa.� 
chosen to fit the observer! deuterium a.bunrlances. However, as one can plainly see, 3He is grossly 
overproduced (the deuterium data is represent.er! by squares and '3He by circles). Depending on 
the particular model chosen, it may be possible to come close to at least the upper encl of the 
range of the 3He/H observed in galactic HII regions [fiG], although the solar value is missed by 

many standard deviations. 
The overproduction of '3He relative to the solar meteoritic value seems to be a. generic 

feature of chemical evolution models when 3He production in low mass st.a.rs iB included. In 
[49], a more extreme model of galactic chemical evolution wa.� test.eel. There, it was assumed 
that the initial mass function wa.q time dependent. in such a way so as to favor rnassi ve stars early 
on (during the first two Gyr of the galaxy). MaBsive stars are preferential from the point of view 
of destroying 3He. However, rna.qsive stars are also proficient producers of heavy elements and 
in order to keep the metallicity of the disk clown t.o acceptable leveb, supernovae driven outflow 
was also included. The degree of outflow wa.� limiter! roughly by the observer! metallicity in the 
intergalactic gas in clusters of galaxies. One fmther assumption was necessary; we allowed the 
massive stars to lose their 3He depleterl hydrogen envelopes prior to explosion. Thus only the 
heavier elements were expulsed from the galaxy. With a.II of these (semi-defensible) assumptions, 
3He was still overproduced at the solar epoch, as shown by the dashed cmve in Figure 1. Though 
there certainly is an improvement in the evolution of '3He without rerlncing the yiekb of low 
mass stars, it is hard t.o envision mnch huther rerlm:tion in the solar 3He predict.eel by these 
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Figure l: The evolution of D am] :iHe with time. 

models. The only conchl8ion that we cau make at this point is that there is clearly something 
wrong with our undernt.amling of '3He in tenrrn of <either chemical evolution, stellar evolution or 
perhaps even the observational data. 

Given the magnitude of the problems concerning :JHe, it woulrl seem unwise to make any 
strong conclusion regarding big bang nucleosynt.hesis which is based on 31-le. Perhaps as well 
some caution is deserved with regard to the recent D /H measurements,  alt.hough if the present 
trend continues and is verified in several different qmi..,ar absorption systems, then D/H will 
certainly become our best measure for the baryou-to-photou ratio. Given the current situation 
however, it makes sense to take a step back arnl perform an analysis of big bang nucleosynthesis 
in terms of the element isotopes that are best nuclerstoorl, namely 41-le and 7Li. 

Monte Carlo techniques are proving to he a trneful form of analysis for big bang nucleosyn­
thesis [68, 69]. In [ 18], we performed jtrnt such an analysis using only 41-Ie and 7Li. It should be 
noted that in principle, two elements shoulrl be sufficient. for constraining the one parameter (1J) 
theory of BBN. We begin by establishing likelihood functions for the theory and observations. 
For example, for 4He, the theoretical likelihood function takes the form 

(24) 

where YaaN(rJ) is the central value for the 41-Ie umss fraction produced in the big bang as 
predicted by the theory at a given value of 11, am! rT1 is the uncertainty in that value deriver! 
from the Monte Carlo calculations [G9] and is a measure of the theoretical uncertainty in the big 
bang calculation. Similarly one can write clown an expression for the observational likelihood 
function. In this case we have two sources of errnrn, <l..5 rliscussed above, a statistical uncertainty, 
a2 and a systematic uncertainty, <rsys· Here, I will <l..�sume that the systematic error is described 
by a top hat distribution [69, 70]. The convolution of the top hat distribution and the Gaussian 
(to describe the statistical errors iu the oliservatious) resultH in the difference of two error 
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functions 

Lo(Y, Yo) = erf (Y -� + ITsys) 
- erf (Y -� - 17sys) 

2a2 2a2 (25) 

where in this ca.�e, Yo is the observed (or observationally det.erminecl) value for the 4He nmss 
fraction. (Had I trned a Gmrnsian to describe the systematic uncertainty, the convolution of two 
Gaussians leads to a Gmrnsian, and the likelihood function (25) would have taken a form similar 
to that in (24). 

A total likelihood function for each value of 7/rn is derived by convolving the theoretical 
and observational distributimrn, which for 4He is given hy 

L'H"tota1(r1) = j dY LBBN (Y, YBBN (11)) Lo(Y, Yo) (2G) 
An analogous calculation is performed [ 18] for 7Li. The resulting likelihood functions from the 
observed abundances given in Eqs. (14) and (15) is shown in Figure 2. As one can see there is 
very good agreement. between 4He and 7Li in the vicinity of r1w � 1.8. 

The combined likelihood, for fitting both elements simultaneously, is given by the product 
of the two functions in Figure 2 and is shown in Figure :3. From Figure 2 it is clear that 
4He overlaps the lower (in 71) 7Li peak, and so one expects that there will be conconlance 
in an allowed range of r1 given by the overlap region. This is what one finds in Figure :3, 
which does show concordance and gives a preferrecl value for T/, rtw = l.8:1:12 corresponding to 
nnh2 = .006:t::gz1. 

Thus, we can conclude that the alnmdances of 4He arnl 7Li are consistent, and select 
an 7110 range which overlaps with (at the %% CL) the longstanding favorite range around 
7110 = 3. Furthermore, by finding concordance using only 4He and 7Li, we deduce that if there is 
problem with BBN, it must arise from D and 3He arnl is thus tied to chemical evolution or the 
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Figme 3: Combined likelihood for siumlt.aneonsly fit.ting 4He and 7Li , as  a function of  rJ. 

stellar evolution of 3He. The most model-independent. conclnsion is that st.andanl BBN with 
Nv = 3 is not in jeopardy, hut there may be problems with our detailer! nmlerst.arnling of D 
and particularly 3He chemical evolution. It is interesting to note that the central (am! strongly) 
peaked value of rJw determiner! from the cmnhimerl 4He a!H\7Li likelihoods is at. r1w = 1 . 8 .  
The corresponding value of D /H is  1 .8  x 1 0 - 4 ,  very close to the high valne o f  D /H in  quasar 
absorbers [51, 52, 54]. 8ince D and ·1He a.re m0110t.onic functions of r/, a predict.ion for T/, baser\ 
on 4He and 7Li, can be turned into a predict.ion for D a.!H\ '3He. The corresponding 95% CL 
ranges are D /H = (5.f"1 - 27) x 10-'• am\ and 3He/H = ( 1 .4  - 2. 7) x 10-" . 

If we did have full confidence in the measmerl val me of D /H in quasar absorption systems, 

then we could perform the same statistical analysis using 4H<•, 7Li,  am! D. To include D/H , 
one woukl proceed in much the same way as with the other two light elements. We compn1.e 
likelihood functions for the BBN predict.ions as in Er1. (24) all() the likelihood function for the 
observations using D/H = ( l .9±0.4) x 10-4 . We an; nsing only 1.he high val me of D /H here. These 
are then convnlverl as in Eq. (2G) .  In figure 4, the rnsulting 11on11alizerl distribution, Lf�,1.,.1 (11) is 

super-imposed 011 distrilmticms appemi11g in figme 2. It is indeed startling how the three peaks, 
for D, 4He arnl 7Li are literally on top of each other. In figme 5, the combined distribution is 
shown. We now have a very clean rlistrilmtion and prerliction for 77, rJw = 1. 75:'.::r corresponding 
to flnh2 = .006:'.:::::�114 , with the peak of the distribution at r110 = 1 .  75. The absence of any 
overlap with the high-77 peak of the 7Li distribution has considerably lowered the upper limit 
to rJ. Overall, the conconlance limits in this case are domi1mt.ed by the rleut.erium likelihood 
function. 

To summarize on the subject. of big hang nncleosynt.hesis, I would assert that one c:an 
conclude that the present. rlat.a on the al mndanc:es of the light element. isotopes are corrnist.ent. 
with the standard model of big hang 1111deosy11t.hesis. Using the the isot.opt�s with the best data, 
4He and 7Li, it. is possi ble to coust.rniu the theory and obtain a hest. value for the haryou-t.o-
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photon ratio of T/w = 1.8, a corresponding value OB = .00fi5 and 

1.4 < 1/w < 3.8 
.005 < 0Bh2 < .014 

%%CL 

%'){,CL (27) 

For 0.4 < h < 1 ,  we have a range .005 < OB < .09. This is a rat.her low value for the baryon 
density and would suggest. that much of the galactic dark matter is non-baryonic [71 ]. These 
predictions are in addition consistent. with recent. olrnervat.ions of D /H in quasar absorption 
systems which show a high value. Difficulty remains however, in matching the solar 3He abun­
dance, suggesting a problem with our current understanding of galactic chemical evolution or 
the stellar evolution of low mass st.am as they pertain to 3He. 

If we now take as given that non-baryonic dark matter is required, we are faced with the 
problem of its identity. Light neutrinos (m :<::: :30r-V) are a long-time standard when it comes 
to non-baryonic dark matt.er [72]. Light neutrinos produce structure on large scales am! the 
natural (minimal) scale for structure clustering is given in Eq. (11). Hence neutrinos offer the 
natural possibility for large scale st.ructnres [7:3, 74] indnding filaments and voids. It. seemed, 
however, that neut.rincis were ruled out because they tend to prndnce too mnch large scale 
structure [75]. Becmrne the smallest. non-linear structures have mass scale NJJ am\ the typical 
galactic mass scale is '.:::'. 1012 Mc,J, galaxies must fragment. out of the larger pancake-like objects. 
The problem is that in such a scenario, galaxies form late [74., 7G] (z :<::: 1) whereas qw1sarn and 
galaxies are seen out to redshifts z ;(, 4. Recently, neutrinos are seeing somewhat of a revival 
in popularity in mixed dark matt.er models. 

In the stamlard model, the absence of a right.-lmrnled nent.rino st.ate precludes the exist.enc._, 
of a neut.1'ino mass. By adding a right.-lrnnded st.<1t.e IJJI , it. is possible to generate a Dirac mass 
for the neutrino, 'Inv = hvv/ ,fl, as for the chargecl lepton masses, whtere hv is the neutrino 
Yukawa coupling constant., and v is the Higgs lexpectat.ion valne. It is also possible to generate 
a Majornna mass for the neutrino when in acldition to the Dirac mass term, mvVJIVL, a term 
M VRVR is included. In what is known as the see-saw mechanism, the two mass eigenstates are 
given by mv, � m�/M which is very light, am! mv, � M which is heavy. The st.ate v1 is our 
hot dark matt.er candidate a.� v2 is in general not st.able. 

The cosmological constraint. on the mass of a light neutrino is derived from the overall 
mass density of the Universe. In gem�rnl, the nrnss clensit.y of a light. particle x can be expresser! 
as 

(28) 

where Yx = nx/n� is the density of x's relat.ive to the density of photons, for rlh,} < l .  For 
neutrinos Yv = :3/ 11 , aml one fol(ls [77] 

L)!{f )mv < !J:3eV(Oho2) 
v 

(29) 

where the sum nms over neutrino flavors. All part.ides with alnmdances Y similar to neutrinos 
will have a mass limit given in Eq. (2!J) .  

It was possible that neutrinos (t.honµ,h not. any of t.he known flavors) coulcl have had large 
masses, mv > l MeV. In that. ca.se their almndance Y is cont.rolled by IJ, D annihilations [78], 
for example, vD -> f J via Z exchange. When the annihilations freeze-out. (t.he annihilat.i011 
rate becomes slower than the expansion rnt.e of the Universe) ,  Y becomes fixer!. Roughly, 
Y � (maA)-1 and p � "A- I  where "A is the annihilation cross-sect.ion. For neutrinos, we 
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expect O"A � mv2/m,z4 so that Pv � l/'mv2 awl we can clerive a lower bound [79, 80] on the 
neutrino ma.�s, mv � 3 - 7 GeV, depending on whether it is a Dime or Majornna neutrino, 
Indeed, any particle with roughly a weak scale cross-sectiorrn will tend to give an interesting 
value of Oh2 � 1 [81] . 

Due primarily to the limits from LEP [82] , the heavy massive neutrino has become simply 
an example and is no longer a dark matter camliclate. LEP exclmles neutrinos (with stamlanl 
weak interactions) with masses mv ;S 40 GeV. Lab constraints for Dirac neutrinos are available 
[83] , excluding neutrinos with masses between 10 GeV awl 4,7 TeV. This is significant, since it 
precludes the possibility of neutrino dark matter ba.�ed on an a.�ymmetry between v and D [84]. 
Majorana neutrinos are excluded as dark matter since Ovh,,2 < 0.001 for mv > 40 GeV and are 
thus cosmologically uninteresting. 

Supersymmetric theories introduce several possible camlidates, If R-parity, which distin­
guishes between "normal" matter aml the supersymmetric partners and can be defined in terms 
of baryon, lepton and spin as R = (-1)3B+L+28 ,  i s  unbroken, there i s  a t  least one supersym­
metric particle which must be stable. I will assume R-parity conservation, which is common 
in the MSSM. R-parity is generally assmned in onler to justify the absence of superpotential 
terms can be responsible for rnmpicl proton decay, The stable particle (usually called the LSP) 
is most probably some linear combination of the only R = - 1  neutral fermions, the neutralinos 
[85]: the wino W3, the partner of the 3nl component of the SU(2)£ gauge boson; the bino, 
fJ, the partner of the f!(l)v gauge boson; aml the two neutral Higgsinos, H1 and H2 , Gluinos 
are expected to be heavier -m9 = (�) sin2 Ow M2, where M2 is the supersymmetry breaking 
SU(2) gaugino ma.�s- ancl they do not mix with the other states. The sneutrino [86] is also 
a possibility but has been exclucled as a clark matter canclidate by direct [83] searches, imli­
rect [87] aml accelerator[82] searches, For more on the motivations for supersyrnmetry and the 
supersymmetric parameter space, see the contrilmti011 of ,limgman [81 ] ,  

The identity o f  the LSP is effectively cletenninecl by three parameter in the MSSM, the 
gaugino mass, M2, the Higgs mixing IIHJ.�s Ji, and the ratio of the Higgs vacuum expectation 
values, tan /3. In Fig1l!'e 6 [89] , regions in the M2, /" plane with tan (J = 2 are shown in which 
the LSP is one of several nearly pure states, the photino, i, the U(l)  gaugino , B, a symmetric 
combination of the Higgsinos, Hc12) = 7'i (H1 +fJ2) ,  or the Higgsino /:,' = H1 cos /3+ fJ2 sin /3. The 
da.�hed lines show the LSP mass contonrs. The cross hatched regions correspond to parameters 
giving a chargino (W±, fJ±) state with mass 'lnx ::; 4f'>GeV and '"� such are excluded by LEP[90]. 
This constraint ha.q been extender! by LEP l.f'i, [91 ,  92] and is shown hy the light shacled region 
and corresponds to regions where the chargino mass is ;S 67 GeV, The dark shaded region 
corresponds to a limit on M2 from the limit[fJ:3] 011 the gluino nui.�s miJ ::; 70 GeV or M2 ::; 22 
GeV, Notice that the parameter space is rlominatecl by the B or H12 pure states and that the 
photino (most often quoted ;i.q the LSP) only occupies a small fraction of the parameter space, 
as does the Higgsino combination /i'' .  

As described in [81 ] ,  the relic abundance of LS P's is determined by solving the Boltzmann 
equation for the LSP number density in an expanding Universe, The technique[80] used is 
similar to that for computing the relic abuwlance of rrni.�sive neutrinos [78] . For binos, a.s was 
the case for photinos [88], it is possible to adjust the sfennion m;i.qses 'Ill j to obtain closure 
density. Adjusting the sferrnion mixing parameters [9f'>] or CP violating phases [96] allows even 
greater freedom. In Figme 7 [97] , the relic almndance (n/1.2) is shown in the M2 - 11 plane with 
tan f3 = 2, the Higgs pseudnscalar mass Tn11 = 50 GeV, 'IT/,t = 100 GeV, and m1 = 200 GeV, 
Clearly the MSSM offers sufficient room t�> solve the dark matter problem, Similar results have 
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Figure G: The Mr/L plane in the MSSM for tan (J = 2. 

been found by other gTnups [98, 99, 100]. In Figure 7, in the higgsino sector H12 marked off by 
the dashed line, co-annihilatimrn [101 , CJ<J] l ietwP.en Hc 12i mu! the next lightest neutralino (also 
a Higgsino) were not inclmled. These tern! to lower significantly the relic abundance in much 

of this sector. 
Though I have concentrated on the LSP in the MSSM a.� a cold chuk matter candidate, 

there are many other possibilities when one goes beyond the standanl model. Axions were 
discussed at length by .Jungman [81] and Lu [102] . A host of other possibilities were discussecl 
by Khlopov [103] . 

The final subject that I will cover in this intr()(luction/sunnnary is the question of detec­
tion. Dark matter detection can he separated into two basic meth()(ls, direct [ 104] and indirect 

[105]. Direct detection relies on the ability to detect the elastic scattering of a c\ark matter 

candidate off a nucleus in a rletector. The experimental signatures for direct detection were 

covered by Cabrera [JOG] and several individ1ml experiments were describer! [HJ7]. 
The detection rate, will rlepenr\ on the density of rlark matter in the solar neighborhood, 

p � 0.3 GeV/cm3 , the velocity, v � 300 km/s , and the ela.�tic cross section, a. Spin indepen­
dent interactions are the most promising for detection. Dirac neutrinos have spin-independent 
interactions, but as noted above, these have already been excluder\ as dark matter by direct 
detection experiment,o [83] . In the MSSM, it is possible for the LSP to also have spin indepen­
dent interactions which are mediated by Higgs exchange. These scatterings are only important 
when the LSP is a mixed (gaugino/Higgsino) state as in the centrnl regions of Figures 6 and 7. 
Generally, these regions have low values of rl/i? (since the annihilation cross sections are also 
enhanced) and the parameter space in which the ela.�tic cross section arn\ relic density are large 
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i s  rather limited. Furthermore, a significant detection rate in this case relies on a low mass for 
the Higgs scalar [108, 109]. 

More typical of the SUSY parameter spa<"e is a LSP with spin rlepemlent internet.ions. 
Elastic scatterings are primarily spin rlepenrlent. whenew'r the LSP is mostly either gaugino or 
Higgsino. For Higgsino dark matter, Higgsinos with scatterings merliated by Z0 avoid the H(i2) 
regions of Fig1ires G and 7, and as such are now largely excluded (the S0 region does grow at 
low tan /3 [85, 89]. Higgsino scatterings mediated hy sferrnion exchange depend on couplings 
proportional to the light quark masses arnl will have cross sections which are suppresserl by (m,,/mw)4, where m" is the proton mass. These rates are generally very low [109]. Binos, on 
the other hand, will have elrn;tic cross sectim1s which go as m2 /m/ , where m is the reduced 
mass of the bino am! nucleus. These rat.es are typically higher (reaching up to almost 0. 1 events 
per kg-day [109, 110, 111] . 

Indirect methods also offer the possibility for the detection of dark matter. Three methods 
for indirect detection were discussed [ lOG]. l) 1-rnys from rlark matter annihilations in the 
galactic halo are a possible sig1iature [ 112]. In the case of the MSSM, unless the mass of the LSP 
is larger than mw, the rat.es are probably too small to he detectable over background [105]. 2) 
Dark matter will be trapped gnirlually in the sun, and annihilations within the sun will produce 
high eneq,>y neutrinos which may be detect.er! [ l l:i] ; similarly, annihilations wit.bin the earth may 
provide a detect.able neutrino signal [114]. Edsjo [l lfi] rliscussed possibilities for determining 
the mass the dark matter canrlirlate from the angnlar distribution of nentrinos. This methorl 
hold considerable promise, <1$ there will he a munher of very large nentrino detect.om coming 
on line in the future. Finally, :3) there is the possibility that halo annihilations into positrons 
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and anti protons in sufficient numhern to distinguish them from cosmic-ray lmckgrounclH [ 112, 
116, 117]. 
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Abstract 

Weak gravitational lensing of distant galaxies can probe the total projected mass dis­
tribution of foreground gravitational structures on all scales and has been used successfully 
to map the projected mass distribution of rich intermediate redshift clusters. This paper 
reviews the general concepts of the lensing analysis. We focus on the relation between the 
observable (shapes and fluxes) and physical (mass, redshift) quantities and discuss some 
observational issues and recent developments on data analysis which appear promising 
for a better measurement of the lensing signatures (distortion and magnification) at very 
large scales. 

1 Introduction 

The dark matter (DM) component of gravitational structures is extensively studied from the 
dynamical analysis of the luminous component. Popular examples are the rotation curves of 
galaxies, motions of galaxies in groups or in clusters, or large scale velocity fields from which 
the mass and the distribution of the DM can be inferred, provided one assumes a dynamical 
state (Virial state) and a geometry (sphericity) of the gravitational system. Unfortunately, 
in most cases these hypothese are not fulfilled: for example, the Virial hypothesis applied to 
clusters may be wrong, because clusters may be young gravitational objects. Their mass profile 
could be alternatively obtained from the X-ray Bremsstralung emission of their intra-cluster gas 
which depends on their total mass distribution and their equilibrium state as well. Again, one 
has to assume a geometry and a thermodynamical state for the gas of photons and electrons. 
Despite these difficulties, all these studies provide similar trends, with the mass to light ratio 
M/L increasing with scale. For a typical galaxy M/L ranges between 10 - 30, but is roughly 10 
times larger for a cluster from both Virial and X-ray studies, leading to !1 � 0.02 for the former 
and !1 � 0.2 for the later. This means that the mass cannot be concentrated only within the 
central visible parts of galaxies. 

Gravitational lensing provides a direct measurement of the projected mass density without 
additional hypothesis on the dynamical state or on the geometry of the mass distribution. Pro­
vided that we can measure the optical distortion of background objects caused by a foreground 
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mass, it is possible to constrain the projected mass distribution of .this deflector. Recent results 
of the lensing analysis on some clusters are summerized in Table ( 1 ) .  

MASS DISTRIBUTION IN CLUSTERS OF GALAXIES 

FROM WEAK LENSING 

CLUSTER z SCALE l'vl/L Z(SOURCE) REF. 

1455+22 0.26 500 Kpc 460 Smail et al .  1 994 

CIOOl6+16 0.55 500 Kpc 430 Smail et al. 1 994 

MS l 224 0.33 500 Kpc 800 1 .0 -- 2.0 Fahlmann et al. 1994 

CI0024+ 1 7  0.39 2.5 Mpc 600 0.9 -- 1 .2 Bonnet et al .  1 994 

Al 689 0.18  1 .0 Mpc 400 1 .0 -- 2.0 Tyson & Fischer I 995 

A22 1 8  0.18  400 Kpc 440 1 .0 -- 2.0 Squires el al. 1 995 

A2390 0.23 I Mpc 320 1 .0 -- 2.0 Squires et al. 1 996 

MSI054 0.89 1 .9 Mpc 1 600 IF z<I 
580 IF z= l .5 Luppino & Kaiser 1 996 

350 IF z=3 

A1 689 0. 1 8  500 Kpc >200 1 .0 -- 2.0 Broadhurst 1 996 

A 1 689 0. 1 8  I Mpc 400 1 .0 -- 2.0 Kaiser 1 996 

CI0939 0.41 400 Kpc 200 0.6 -- 1 .0 Seitz ct al. 1 996 

Table 1: Status of the observations. 

These results are larger than the usual Virial or X-Ray analysis by a factor 2 or 3. Whether 
this discrepancy may be explained or not is not clear yet (Miralda-Escude & Babu! (1995), 
Navarro et al. (1995)) ,  and we do not discuss this here. We discuss in this paper the general 
method of the weak lensing analysis leading to these results. 

2 The weak lensing analysis 

2 .1  Basics of  gravitational lensing 

Because of gravitational lensing, ray-lights are bended and the apparent position B1 differs from 
the source position in absence of lensing Bs by the quantity CT: 
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( 1 )  
where a is  the gradient of the two-dimensional (projected on the line of sight) gravitational 

potential ¢. The gravitational distortion of background objects is described by the Jacobian 
of the transformation, namely the amplification matrix A between the source and the image 
plane (for more details, see Schneider, Ehlers & Falco 1992): 

(2) 

where K is the convergence, /l and 12 are the shear components, and are related to the 
Newtonian gravitational potential <f> by: 

(3) 

(4) 

where l:: is the projected mass density and l::crit is the critical mass density which depends 
on the angular diameter distances D;j, (i, j = (o(bserver), /(ens) ,  s(ource))) involved in the 
lens configuration: 

(5) 

The quantities K, 11 , and /2 are not observables. Only the magnification µ and the distortion 
15 are in principle observable quantities because they are related to the fluxes and the shapes of 
the objects (Miralda-Escude 199 1 ,  Schneider & Seitz 1995): 

1 1 
µ =

]AT = (1 - K)2 _ /2 
15 - __'!iJj_ . - __Jj_ ' - 1 + lg l2 ' 

g, - 1 - K 

(6) 

(7) 

Since we are interested in the large scale distribution of the Dark Matter (> 0.5Mpc) we only 
focus the analysis on the weak lensing regime where ( K, I) < < 1 .  The relations between the 
physical (I, K) and observable (15, µ) quantities become more simple: 

µ = 1 + 2K 

15; = 21; 

(8) 

(9) 

The projected mass density l:: of the lens is available from the amplification µ using Eq. (8) 
and Eq. (3), or equivalently from the distortion field by using Eq.(9) and the integration of Eq. 
(4) (Kaiser, Squires ( 1993)) :  

(0- ) _ -2 j d0-x;(if - if1)!;(if1) + . K I - - - Ko , 7r (0 - 01)2 
-(if) = ( Oi - O� 20102 ) x 02 ' 02 ( 10) 

Ko is the integration constant. In the weak lensing regime, Eqs.(8) and (9) provide two 
independant methods to map the total projected mass, using the distortion of the background 
objects and the magnification of the background objects. 
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2.2 How observable quantities are measured? 

The gravitational distortion is not visible on a single galaxy in the weak lensing regime because 
/ << €, where € is the mean ellipticity of the galaxies. Fortunately a gravitational shear in a 
given area of the sky distorts all the background galaxies by a same amount, and the distortion 
can be measured from the mean polarization of these galaxies. The distortion 8; is computed 
from the shape of the galaxies in the image plane. Each galaxy is assumed to be elliptical with 
an ellipticity E and an orientation (), and is described by a polarization vector teiB in a complex 
formalism. The distortion is given by the sum of the polarization vectors in a given area of the 
sky. No information is required in the source plane, only the isotropy of the orientation of the 
galaxies in the source plane is assumed. A detailled description on the optimum detection and 
measurement of the shape of the galaxies is given in Bonnet & Mellier (1995) and Kaiser et 
al. ( 1995). This method has been succesfully applied to several clusters (See Table(l)  ), and to 
simulations to get the distortion. However, the intrinsic ellipticity of the galaxies is a source of 
noise, and the contribution of the random orientations of N9 galaxies to the value of the shear 
Ii is given by €/[ii;. An estimate of the mass using Eq. (10) requires an estimation of l:crit, 
which implies the redshift of the sources which is poorly known. Though this is not a critical 
issue for nearby clusters (z1 < 0.2) because D0./ Dis � 1 ,  it could lead to a large uncertainty of 
the mass for more distant clusters (See Table ( 1 ) ) .  

Unfortunately i t  i s  impossible to  get a true value for the mass only from the shear map, even 
if we know the redshift of the sources, because a constant mass plane does not induce any shear 
on background galaxies. Mathematically, this corresponds to the unknown intregration constant 
Ko in Eq.(10) .  This degeneracy may be broken if one measures the magnification µ which 
depends on the mass quantity inside the light beam (Eq.(3)) .  While the shear measurement 
does not require any information in the source plane, the magnification measurement needs 
the observation of a reference ( unlensed) field to calibrate the magnification. Broadhurst et 
al. 1995 proposed to compare the number count N(m, z) and/or N(m) in a lensed and an 
unlensed field to measure µ. Depending on the value of the slope S of the number count 
in the reference field, we observe a bias (more objects) or an anti-bias (less objects) in the 
lensed field. The particular value S = 0.4 corresponds to the case where the magnification 
of faint objects is exactely compensated by the dilution of the number count. This method 
was applied successfully on the cluster Al689 (Broadhurst, 1 995), but the signal to noise of 
the detection remains 5 times lower than with the distortion method for a given number of 
galaxies. The magnification may also be determined by the changes of the image sizes at fixed 
surface brightness (Bartelmann & Narayan 1995) .  

The weakness of these methods is that they require to measure the shape, size and magnitude 
of very faint objects up to B=28, and this is not sure whether the measurement is optimum, 
and whether systematic effects are avoided. The determination of the shape parameter depends 
on the threshold level and the convolution mask, and in any cases the information contained 
in pixels fainter than the threshold level is lost. Furthermore, the measurement of the shape 
from the second moment matrix is equivalent to the assumption that the objects are elliptical, 
which is not true. These remarks lead us to propose a new and independent method to analyse 
the lensing effects, based on the auto-correlation function of the pixels in CCD images, which 
avoids shape parameter measurements (Van Waerbeke et al. 1996). 
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3 The Auto-correlation method 

3 . 1  Principle 

The CCD image is viewed as a density field rather than an image containing delimited objects. 
The surface brightness in the image plane in the direction B is related to the surface brightness 
in the source plane J(s) by the relation: 

J(B) = J(s)(AB) 
and for the auto-correlation function (ACF): 

( 1 1 )  

( 12) 
To understand the meaning of this equation, let us write it in the weak lensing regime: 

( 13) 

e(B) is the sum of an isotropic unlensed term ((•l (e), an isotropic lens term which depends 
on K., and an anisotropic term which depends on /i· 

Let us analyse which gravitational lensing information can be extracted from the shape 
matrix M of e :  

M . - J d2ee(B)B;Bj 
'J - J a2e(( B) 

( 14) 

The shape matrix in the image plane is simply related to the shape matrix in the source 
plane M(•) by M;j = A;i,1 Aj;1 M��) . If the galaxies are isotropically distributed in the source 
plane, e<sl is isotropic, and in that case M�jl = M5;h where 5;i is the identity matrix. Using 
the expression of the amplification matrix A we get the general form for M: 

( 15) 

The observable quantities (distortion 5; and magnification µ) are given in terms of the 
components of the shape matrix: 

ti _ M11 - M22 
i - trM 

ti _ 2M12 . µ = Jde
M
tM 

2 - trM ' ( 16) 

where tr M is the trace of M. As for lensed galaxies, we see that the distortion is available 
from a direct measurement in the image plane while the magnification measurement requires 
to know the value of M which is related to the light distribution in the source plane, or in an 
unlensed reference plane. The ACF provides a new and independent way to measure ti; and µ 
which does not require shape, size or photometry of individual galaxies. In the following we only 
describe the measurement of the distortion using this method. The case of the magnification 
which requires an analysis of the sources galaxies in a reference field, will be developped in a 
future work. 
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3.2 The practical method 

By definition, the value of the ACF at a pixel position ij is E;j = � Lki(Ii+ki+l - I)(h1 - I), 
p>% 

where h1 is the value of the pixel kl, J is the mean value of the image, and Npiz the number of 
terms in the sum. The ACF is computed in a part of the image (a superpixel) where the shear 
is assumed to be constant in intensity and direction. Two strategies are possible to compute 
the ACF. First we can remove all the unwanted objects (stars, bright galaxies, dead CCD lines, 
cosmetic defaults, . . .  ) and compute the ACF from the rest of the image. The main interest 
of this approach is that it works at the noise level and even ultra faint objects are taken into 
account. The second approach consists in selecting objects from a given criteria (magnitude, 
colors, redshift, . . .  ) , in surrounding them by a large circle, put the rest of the image to zero and 
compute the ACF of the image containing these circles. 

As for the case of individual galaxy we need to compute the shape matrix of the ACF in an 
annular filter (Bonnet & Mellier, 1995) to avoid the center, where the signal is strongly polluted 
by the Point Spread Function (PSF), and the external part, which is dominated by the noise. 
The effects of the PSF and the filter are calibrated by using simulations. 

3.3 Sources of errors 

The galaxies have not the same flux, size and profile and, by definition of the ACF, are weighted 
by the square of their flux. Since this could change the statistical properties of the ACF, it 
is better to work with selected objects by using the second strategy of the ACF method. The 
idea is to weight each circle which contains an object by a multiplicative term defined as 
[-N1 L;J· (I;j - J)2J-1l2, where Npiz is the number of pixels of the object. The objects are then 

P" 
equally weighted, even when they have very different magnitudes, sizes and profiles. 

The intrinsic ellipticity of the galaxies induces a statistical dispersion on the shear estimate 
of Vlf N9, where € is the mean ellipticity of N9 galaxies. Instrumental errors, tracking errors or 
anisotropic PSF may be removed provided they are measurable on the stellar profiles (Bonnet 
& Mellier 1995, Kaiser et al. 1995). 

The photon noise is a source of error of this method. Indeed, the distortion is computed 
from one object, the ACF itself. Since the noise polarizes randomly an object, a high noise 
level makes the measurement of the weak distortion impossible. This lead to the conclusion 
that a given level of noise corresponds to a distortion threshold /o below which the measured 
distortion is not reliable. We quantified this threshold from simulations. 

4 Conclusion 

An optimum analysis of the lensing effects requires the measurement of both the distortion and 
the magnification to comfirm and improve the results quoted in Table ( 1 ) ,  and to measure the 
very weak shear caused by large scale structures. Van Waerkebe et al. (1996) have proposed 
a new and independent method to measure the gravitational distortion of the background 
galaxies from the auto-correlation function of the brightness distribution. It does not require any 
shape, size and centroid determination of individual galaxies, and avoids possible systematics. 
Moreover the resulting shear is unique and does not depends on the choice of the detection 
criteria. 

The method has been checked on simulated and true data ( Q2345 and CL0024). An example 
of the shear analysis using the ACF on simulated data is shown on Figures 1 ,2 .  The shear maps 
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Figure 1 :  Simulation of a 4 hours exposure at CFHT in the B band on a 3.5" X 3.5" field. 
The seeing is 0 .7" with no tracking errors. Galaxies are lensed by an isothermal sphere (a = 
lOOOkm/s), with a core radius of 4" located at 200" bottom from the field center. The lens 
redshift is 0 . 17  and the mean redshift of the sources is 1 .  The segments show the local orientation 
of the shear. Their length is proportional to the shear intensity . 

. , , ,- - - -+ - - - ,  ' , ' , - -\ - - - - - - ->- O lO r - - -
- - - - -1- - - - - - - - - -

0.05 t 
l50 200 250 300 Dislonce from the lens center (in orcsec) 

Figure 2: 1-dimensional shear profile from the simulation of Fig. l .  At the bottom the uncal­
ibrated measure points are drawn. The theoretically expected shear profile is plotted as the 
dashed line. 
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of the real images Q2345 and CL0024 were previously obtained by Bonnet et al. (1993,1994) 
with the standard method of individual galaxy analysis. Our results are in very good agreement. 
Moreover, because of the increase of the sensibility with our method, we predict the existence 
of a new gravitational deflector in the field of Q2345. Further observations will check this point. 
Because of its simplicity and robustness, this method is well adapted to measure weak shear 
caused by large scale structure for which a large number of galaxies ( � 100000) is required. 
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I give an introduction to particle dark matter models. The emphasis is on particle physics 
models that give cold dark matter. The case against light neutrinos is recalled. Axions and 
neutralinos from supersymmetry are discussed. 

1 Baryons 

Before considering nonbaryonic dark matter, something should be said about baryons in the 
Universe. The baryonic content of the Universe and baryonic dark matter are discussed in 
greater detail in the contribution of K. Olive elsewhere in these proceedings. 

Our knowledge of the total baryonic content of the Universe comes from calculations of 
big-bang nucleosynthesis. It turns out that, in order to reproduce the observed primordial 
elemental abundances, the primordial baryon to photon ratio T/ must be fixed in the range 
3 x 10-10 ;'.S T/ ;'.S 8 x 10-10 ,  and this can be translated into a range for the baryonic content 
in units of the critical density 0.01 ;'.S flbh2 ;'.S 0.03. The upper bound limits the baryonic 
contribution to the present density of the Universe, and provides an important argument for 
nonbaryonic dark matter.1 Of course the details of the story are not quite so straightforward. 
Much work goes into understanding systematic effects in the interpretation of the elemental 
abundance data. I refer again to the contribution of K. Olive. 

It is worth pointing out that a precision map of microwave background fluctuations should 
provide an independent constraint on nb in the future.2 

2 Light Neutrinos 

In the standard model of particle physics, the three neutrino spec.ies are taken to be exactly 
massless. The direct experimental limit3 on the electron neutrino mass is approximately 5 eV, 
but the limits on the muon and tau neutrinos are much less stringent; mvµ ;'.S 270 keV and 
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mvT ;S 31 MeV. Although these masses are quite small compared to the Dirac masses of the 
associated charged leptons, this smallness is a natural state of affairs in many extensions of 
the standard model. Many grand unified models require ultra-massive right-handed neutrino 
states and lepton-number violation at high energy scales. These effects can combine to give the 
observed neutrinos small masses through the seesaw mechanism.4•5 

The cosmological consequences of neutrino masses of order 0.1 ke V have been understood for 
some time. Weak interactions keep the neutrinos in thermal equilibrium above temperatures of 
order 1 MeV. Below this temperature the neutrino abundance freezes out, but the distribution 
remains thermal as the particle energy and momenta redshift in the expanding universe. These 
relic neutrinos will contribute an energy density to the universe at the present epoch which 
can be non-negligible if they have sufficient mass. One finds a relic abundance in units of the 
critical density of order6• 7 flvh2 � mv/90 eV. Therefore, massive but light neutrinos can be 
an interesting dark matter candidate. If one allows the neutrinos to decay, a more interesting 
situation can develop.8 

However, there is more to the story than simply counting the relic neutrinos. Several 
convincing arguments show that neutrinos cannot solve the observed dark matter problem. The 
first of these depends on our understanding of large-scale structure formation. Lighter particles 
become nonrelativistic at later times and lower temperatures, and a relativistic collisionless 
gas will erase density perturbations on small enough scales, by free streaming. Thermal relic 
light neutrinos will still be relativistic at the time when objects of galactic size, approximately 
1012 M0, should be starting to collapse. Therefore, the neutrinos will begin to take part in 
gravitational collapse only when the horizon is much larger, encompassing objects of the size of 
superclusters, approximately 1015 M0. Such behaviour classifies these light neutrinos as "hot 
dark matter" . It turns out to be quite difficult to build models dominated by hot dark matter 
which produce the observed distribution of matter in the Universe. It appears instead that a 
hot dark matter component can be at most a perturbation on a "cold dark matter" background 
model, where massive nonrelativistic particles can collapse directly to form objects of galactic 
size.9 Of course, it should be kept in mind that structure formation based on topological defect 
seeds may change these conclusions.10 

Furthermore, there is direct observational evidence for a component of dark matter in galax­
ies which cannot be light neutrinos. Consider the population of light neutrinos in a galactic 
halo, which formed when neutrinos relaxed into their own gravitational well. Because the 
neutrino gas is collisionless, the phase space density is conserved along particle trajectories. 
Therefore, if we write the halo velocity distribution in the form 

Jv(v) = n0 exp [-�v2 + </>] , ( 1 ) 
where </> is the gravitational potential, then the constant no can be directly related to the 
distribution at early times when the gravitational potential was negligible. Since that early­
time distribution was of a thermal form, it must satisfy an inequality stemming from ( 1  + 
exp(E/T))-1 :S: 0.5. Of course this is just the manifestation of the Pauli principle. Therefore 
the total occupation of phase space in the halo, which is obtained by integrating fv( v ) over 
velocities, has an inherent upper bound which depends on the form of the halo.11 Now, there 
exist examples of very compact galaxies with large dark halos, such as the dwarf spheroidal 
galaxies Draco and Ursa Minor. If the halos of these objects are composed entirely of light 
neutrinos then these neutrinos must have large masses in order to avoid the phase space bound; 
mv > 400 eV.12•13 But such masses are not acceptable because they would violate the upper 
bound coming from the relic density calculation. Therefore we conclude that the halos of these 
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objects must have some large component which is not light neutrinos. 
These and other considerations have lead us away from hot dark matter models and toward 

cold dark matter models. It turns out that many extensions of the standard model give cold 
dark matter candidates. Several of these have become canonical examples, and we discuss them 
now. 

3 WIMPs 

3.1 Generalities 

As mentioned above, a Universe dominated by light thermal relics will have difficulty producing 
the observed distribution of galaxies. Therefore it is a natural step to consider hypothetical 
weakly interacting particles which are heavy enough to be nonrelativistic at the start of the 
epoch of galaxy formation. Such particles are called WIMPs (weakly-interacting massive par­
ticles). 

Consider such a hypothetical stable massive particle. Suppose that pairs of these particles 
can annihilate with each other and that this annihilation process insures that the particles 
were in thermal equilibrium at early times, which will be true in the case at hand. The kinetic 
equation for the evolution of the density of these particles in the expanding Universe is 

it +  3�n = (av)(n�q - n2) ,  
a 

(2) 

where neq is the equilibrium density at the given temperature and (av) is the average over the 
velocity distribution of the annihilation cross section times velocity of the particles. 

At early times the rate of the annihilation process will be much faster then the rate of 
expansion of the Universe, and thermal equilibrium will result. At some later time, when 
the density has been diluted by the expansion, the expansion rate can begin to dominate the 
annihilation rate and the particle density will effectly freeze-out at some ( comoving) density 
value. The resulting relic density at the present epoch can be computed directly from the 
above evolution equation.14 For an estimate we can make the rough approximation that (av) 
is constant. In that case the relic density will be flwh2 � 3 x io-10 Gev-2 /(av). Notice the 
interesting numerical coincidence; the dimensionful parameter appearing here is a weak-scale 
cross section. Therefore, if the particle has an annihilation cross section of weak strength then 
it will naturally have a relic abundance of order unity. This is what makes WIMP dark matter 
natural from the stand-point of many particle physics models which are relevant to electroweak 
symmetry breaking and the electro-weak interactions. 

3.2 Heavy Neutrinos 

Perhaps the simplest example of a WIMP is a heavy neutrino; for definiteness one can think 
of a Dirac neutrino with a mass of order tens of GeV.15-17 We will assume that this neutrino 
has the same electroweak charges as the known neutrinos. Such an object could arise from a 
hypothetical fourth generation. Since we fix all the couplings by assumption, there is really 
only one free parameter, which is the mass. This makes the model very simple to analyze. The 
relic abunda.nce15-17 turns out to be flvh2 � (mv/5 GeVJ-2. 

All appears well for the heavy neutrino candidate. However, it is perhaps the first major 
success story of dark matter direct detection efforts that such a particle is essentially ruled out 
as the major component of our galactic halo. Because the couplings and interactions of such 
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a particle are fixed by assumption, it is possible to calculate the rate of interaction of such 
halo WIMPs in low-background cryogenic detectors. The result is that such particles, if they 
constituted the major fraction of the Milky Way halo, would have to weigh in excess of roughly 
4 TeV.18• 19 But if they weighed this much, then their relic abundance would be too small for 
them to consistently dominate galactic halos. It is important here that a lower mass window 
is closed by direct search at LEP. For more details of direct dark matter detection efforts, see 
the contribution of P. Gondolo to these proceedings. 

3.3 Neutralinos 

As mentioned above, theories relevant to electroweak symmetry breaking which introduce extra 
stable particles will generally give WIMP dark matter candidates. Supersymmetry is precisely 
such a theory. One of the main motivations for supersymmetry is to understand how a scale 
as small as the weak scale could make dynamical sense in a unified theory where the "natural" 
scale for physics might .be MauT ':::! 1016 GeV, or even MP1 ':::! 1019 GeV if one considers possible 
unification with gravity. The small ratio Mweak/MauT needs either to be "fine-tuned" by hand 
or stabilized against upsetting dynamical effects. Supersymmetry introduces fermionic partners 
for the known bosons, and vice versa, and the effects of these new particles are such as to exactly 
cancel the badly behaved radiative corrections which have the potential to erase the required 
small ratio of scales. This cancellation is exact in the limit that supersymmetry is exact. 

Since the world is not manifestly supersymmetric, some supersymmetry breaking must be 
introduced. Although there are many possible mechanisms for supersymmetry breaking, and 
the subject is very much an open field of interest , one thing we can say for sure is that the scale 
of the supersymmetry breaking terms should not be much larger than the weak-scale, otherwise 
we would loose the explanation for the stability of the small ratio Mweak/MauT· Therefore, in 
particular, the masses of the new superpartner particles should not be much larger than the 
weak scale, and some of these particles will be weakly interacting since they are partners of 
normal weakly interacting particles. Therefore we expect to find WIMP dark matter candidates 
in supersymmetric models. 

Consider the minimal application of supersymmetry to the standard mode!.20• 21 The sym­
metry will give rise to partners of quarks, leptons, Higgs bosons, and gauge bosons. Note that 
for technical reasons there must be at least two Higgs bosons in the model. A kind of discrete 
relic of supersymmetry called R-parity will insure that the lightest superpartner particle will 
be absolutely stable; we will assume that R-parity is unbroken so that this is true. Otherwise 
our candidate relic superpartner particle would likely decay and thus not be of interest. The 
lightest superpartner particle, denoted LSP, is then our WIMP candidate. 

Sleptons, the superpartners of leptons, are not good dark matter candidates because a relic 
abundance of massive charged particles would be very difficult to reconcile with observations. 
At the very least we would expect to see such particles in the primary cosmic rays, and none 
are seen. 22• 23 

Stable squarks would presumably bind into color-neutral hadronic objects. They could be 
arranged to be electrically neutral, and could make an interesting candidate. However, they 
would be strongly interacting and so the physics would be different from the canonical WIMP 
models discussed here. Furthermore, there is a theoretical prejudice against this occurence, com­
ing from grand-unified models. Assuming grand-unification, it turns out that strong-interaction 
radiative corrections will generically drive the squark masses higher than the slepton masses 
and so a squark could not be the LSP. 



Sneutrinos would be quite interesting 
candidates.24 However, the limits on di­
rect detection of heavy neutrinos apply 
similarly to sneutrinos because the cross­
sections for sneutrino and neutrino elastic 
scattering from nuclei are directly related. 
The result is that sneutrino masses below 
0(1 TeV) are ruled out.25 

This leaves the partners of the gauge 
and Higgs bosons, Z, ..:Y, ffi , H2 • The part­
ners of these particles will be heavy, electri­
cally neutral, and weakly interacting. The 
actual physical states will be mixtures of 
the above due to the combined effects of 
electroweak symmetry breaking and super­
symmetry breaking. We call these physical 
states the neutralinos, denoting them by 
x;, i = 1, 2, 3, 4. The lightest of these will 
be our WIMP dark matter candidate. 

A detailed analysis of neutralinos in su­
persymmetric models requires some effort 
because the models can be tediously com­
plicated. As an example, Fig. 1 shows the 
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Figure 1: Neutralino relic abundance for a range 
of viable models of minimal supersymmetry. See 
Ref. 21 for details. 

results for neutralino relic abundance in a large class of viable models. The horizontal bars 
indicate the cosmologically interesting range for the relic abundance. I refer to Ref. 21. 

4 Axions 

Up until now we have discussed thermal relics, particles which were in thermal equlibrium at 
some early time and which therefore have a thermal form of distribution at later times. This 
allowed many calculations to be carried out without detailed dynamical information. However, 
we can also consider models where the candidate dark matter particle was produced in some 
way other than through thermal freeze-out. Axions are a canonical such candidate. 

Axions are motivated in particle physics by the desire to obtain a dynamical explanation of 
the so-called strong-CP- or 0-problem. This problem can be explained in the following way. It 
is possible to introduce into the QCD Lagrangian the following interaction term 

(3) 

This term is of dimension four and should generically not be suppressed by any small mass 
ratios or other parameters. Classically it is irrelevant since it is a total derivative which does 
not effect the equations of motion. However, this term will effect the quantum theory, and it 
has the curious property that it breaks P and CP symmetries. 

One can estimate what effect this term would have on low-energy hadron physics. The 
most disturbing prediction is the existence of an electric dipole moment for the neutron, which 
leads to the limit (} ;S 10-9. One is left to explain why this coupling constant should be so 
small. The idea of Peccei and Quinn was to elevate this constant to the status of a dynamical 
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field. They introduced a new U(l)pq symmetry which could be  spontaneously broken, leaving 
a Nambu-Goldstone boson, a, which would have a coupling to gluons in precisely the form 
a tr( Gµ)�"v) ,  and (} would thus become dynamical. The effective (} coupling would then relax 
to zero when the new field variable a adjusts itself to the minimum of its effective potential. 

The interactions of the axion field with ordinary matter depend on how the symmetry 
U(l)pq is realized on the quarks and leptons. However, once the actions of the symmetry are 
specified the interactions are all determined by standard techniques for the effective interactions 
of Nambu-Goldstone bosons in the low-energy limit (current-algebra). So the models fall into 
classes which are specified by the action of U(l )PQ on the quarks and leptons. 

Axions are not precisely massless because the U(l)pq is not exact; it is broken by the 
same nonperturbative effects which break the axial U(l) symmetry of QCD. One can think 
of the coupling to gluons as inducing a mixing between the axion and the pion. Therefore 
axions have a small mass, ma ':::'. m.,,.f.,,./fpq , where m.,,. and /.,,. are the pion mass and decay 
constant respectively, and f PQ is the "axion decay constant" which is related to the scale of 
U(l )pq breaking. The interactions of axions are suppressed by powers of f PQ as well. It was 
realized early that f PQ must be large in order that the axion not be ruled out by laboratory 
experiments. 26• 27 

Axion models have the important feature that they are relatively constrained. The mod­
els are characterized essentially by two parameters, one parameter being the axion mass and 
another being a coupling or mixing angle which depends on the type of model.28-30 

There are three main physical effects which must be considered in the axion picture. These 
are axion production by relaxation of an initial "inflationary bubble" value, axion production 
by emission from global axionic strings, and the the effect of axions on astrophysical cooling 
processes. We will discuss these in turn. 

Even though axions have a small mass, they actually provide a subtle form of cold dark 
matter. As the temperature lowers below Aqcv, the effective potential for the axion field 
turns on and the field begins oscillating around its minimum, with an amplitude that depends 
on its initial value. These oscillations of the field are interpretted quantum mechanically as 
particles, but any three-momentum of these particles is rapidly redshifted away, leaving only 
energy density. This oscillating field then corresponds to a zero-momentum condensate of 
bosonic axion particles.31 • 32 That is why relic axions are cold, even though their mass can be 
very small. Note that the relic density depends on an assumption about the initial value of 
the axion field, which is a random variable, presumed constant throughout the "inflationary 
bubble" that we inhabit. The predicted relic axion density will depend on the value of this 
constant, 0; .  We have14•28• 29 

!1 h2 � 0 8 x 10±0.402(�)-1.18 a - . 
' 10-5 eV 

. 

One expects "typically" that 0; is of order unity. 

(4) 

There is another very interesting way that axions can be produced. At the Peccei-Quinn 
phase transition, U(l )PQ global cosmic strings will form. If the initial domains are not inflated, 
then strings will form within the horizon and will begin oscillating and decaying by emission 
of axion radiation. The resulting energy density of axions can be quite large.33-35 Controversy 
existed for some time over the form of the radiation spectrum, but it appears that the literature 
has stabilized. The limit on the mass of the axion is approximately m0 > 10-4 eV.34 

Finally one must consider the effects of axion emission from the cores of astrophysical ob­
jects. Such emission provides a cooling mechanism which can compete with neutrino emission. 
Absence of anomalous cooling of red giants implies m0 ;S 1 eV. The observed SN1987a burst 
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extends this to ma ;:5 10-3 eV except possibly for a window near 1 eV for "hadronic" axions, 
which have the most restricted couplings to known particles.28• 29 

Roughly speaking then, a target window for axion searches exists in the mass range 10-4eV ;:5 
ma ;:5 10-3eV, and possibly in a window near 1 eV for hadronic axions. The lower limit de­
pends on the assumption that the string production mechanism operates. In the case that the 
initial domains were inflated, the lower limit cannot be considered rigorous, however a "typical" 
expectation could be taken as ma > 10-5 eV. 
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PHENOMENOLOGICAL INTRODUCTION TO 

DIRECT DARK MATTER DETECTION 

P. Gondolo 
University of Oxford, Department of Physics, Theoretical Physics, 

1 Keble Road, Oxford, OXJ 3NP, United Kingdom 

Abstract 

The dark matter of our galactic halo may be constituted by elementary particles that 
interact weakly with ordinary matter (WIMPs ). In spite of the very low counting rates 
expected for these dark matter particles to scatter off nuclei in a laboratory detector, 
such direct WIMP searches are possible and are experimentally carried out at present. 
An introduction to the theoretical ingredients entering the counting rates predictions, 
together with a short discussion of the major theoretical uncertainties, is here presented. 
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This is  a phenomenological introduction to the detection of  dark matter through its scat­

tering in a laboratory detector. For dark matter in the form of massive quasi-stellar objects, 
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like brown dwarfs, which are much bigger and much heavier than the Earth, this type of de­

tection is quite impracticable if not undesirable. I therefore consider dark matter in the form 

of elementary particles. 

Many particles, most of which hypothetical, are at present candidates for dark matter: 

neutrinos, neutralinos, axions, etc. The methods employed in hunting for these particles are 

very different. In this short note I focus on this meeting's category of particle dark matter, viz. 

weakly interacting massive particles or WIMPs. 

WIMPs, in a broad sense, are particles with masses of the order of atomic masses or higher 

( m :<; lOGe V / c2 ) that interact with ordinary matter with cross sections typical of the weak 

interaction or smaller (a � 10-38cm2 off a proton). The presently most popular WIMP is 

the yet-undetected neutralino, the lightest supersymmetric particle in supersymmetric models. 

Other famous WIMPs are Dirac and Majorana neutrinos, which however, thanks to the on-going 

dark matter searches complemented by accelerator results, we know not to be the dominant 

component of our galactic halo. 

A general introduction to dark matter has been given by Olive at this meeting. Direct 

detection of WIMPs was first explored by Goodman and Witten.1l General reviews are Primack 

et al2) and Smith and Lewin.3l Engel et a/.4) present the nuclear physics involved. At this 

meeting Cabrera discusses experimental aspects of direct dark matter detection, while I focus 

on the theoretical aspects. 

It is worth recalling some properties of the dark halo of our galaxy. Even if recent obser­

vations might change the details of our picture, the 1981 model by Caldwell and Ostriker5l is 

good for my purposes. The Sun lies at a distance of � 8.5 kpc on the disk of our spiral galaxy, 

and moves around the center at a speed of � 220 km/s. The luminous disk extends to � 12 

kpc, and is surro1mded by a halo of � 100 kpc where globular star clusters and rare subd­

warf stars are found. Dynamical arguments suggest that the halo is filled with dark matter, 

whose local density in the vicinity of the Sun is estimated to be PDM = 0.2-0.4GeV/c2/cm3 

= 0.7- 1 .4  10-24g/cm.3 Equilibrium considerations also give the root mean square velocity of 

halo consituents to be 200-400 km/s, not much different from the escape speed from the galaxy 

(500-700 km/s). Very little is known on the mean rotation speed of the halo, and we will as­

sume it does not rotate. All in all, there is an optimistic factor of 2 uncertainty on the density 

and velocity of halo dark matter. 

Are there WIMPs in our galactic halo? The scientific way to answer this question is to 

detect them. Signals could come from WIMP annihilation (indirect detection) or WIMP scat-
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tering (direct detection). In the former we search for rare annihilation products like neutrinos, 

antimatter or gamma-ray lines. This is reviewed by Bergstrom at this meeting. In the latter, 

the basic philosophy is to build a target, wait and count. 

The WIMP scattering rate per target nucleus is the product of the WIMP flux <Px and of 

the WIMP-nucleus cross section O"xi ·  For an order of magnitude estimate we take the effective 

WIMP-nucleon coupling constant to be Fermi's constant GF = 2.3016 10-191i2c2 cm/GeV, 

which sets the scale of weak interactions. We distinguish two cases: (i) the WIMP couples 

to nucleon spin, O"xi R::! G}µ[ /1i4 ;i;; 10-34cm2 ; and (ii) the WIMP couples to nucleon number, 

O"xi R::! G}µ[Arfn4 ;i;; 10-30cm2• Here µ; = mxmi/(mx+m;) is the reduced WIMP-nucleus mass, 

and A; is the atomic number of the target ( R::! 80 in the numerical examples) . The WIMP flux is 

<Px = VPx/mx R::! 107 cm-2s-1 /(mxc2 /GeV), for a WIMP density Px R::! 10-24 g/cm3 and a typical 

WIMP velocity v R::! 300 km/s. The resulting scattering rates, taking mx R::! 100 GeV/c2, are of 

the order of ;i;; 1 /kg-day for spin-coupled WIMPs and of ;i;; 104 /kg-day for WIMPs coupled to 

nucleon number. These rates are quite small compared with normal radioactivity background. 

Therefore the common denominator of direct experimental searches of WIMPs is a fight against 

background. 

For this we get help from characteristic signatures that we do not expect for the background. 

For example, while the Earth revolves around the Sun, the mean speed of the WIMP "wind" 

varies periodically with an amplitude of 60 km/s. This leads to a R::! 10% seasonal modulation 

in the detection rate, with a maximum in June and a minimum in December.6l As another 

example, the direction of the WIMP "wind" does not coincides with the Earth rotation axis, 

so the detection rate might present a diurnal modulation due to the diffusion of WIMPs while 

they cross the Earth7l (this however occurs for quite high cross sections) .  A final example of 

background discrimination is that the WIMP signal is directional, simply because most WIMPs 

come from the direction of the solar motion.8l 

WIMP-nucleus scattering 

Since the relative speed v R::! 300km/s R::! 10-3c, the process can be treated non-relativistically. 

The center of mass momentum is given in terms of the reduced WIMP-nucleus mass as k = µ;v 
and is ;i;; A; MeV/c since µ; :; m;. The corresponding de Broglie wavelength is ;<; 200fm/A;, 

and can be smaller than the size of heavy target nuclei, in which case nuclear form factors are 

important. In the laboratory frame, the nucleus recoils with momentum q = 2k sin( Bcm/2) and 

energy v = q2 /2m;. Here ()cm is the center-of-mass scattering angle. The 4-momentum transfer 
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is very small, Q2 � Af 10-6 GeV2 /c2 (compare with a typical deep inelastic Q2 ;<:, 1 GeV2 /c2). 

The differential scattering rate per unit recoil energy and unit target mass is formally 

dR _ !Ji... '°' f· · ( ) 1Ti(q2) 1 2 
d - � ,'f/, q 

2 li4 • v mx i 7r ( 1 ) 
The sum is over the nuclear isotopes in the target, Ti(q2) is the scattering matrix element at 

momentum transfer squared q2 = 2m;v, and fi is the mass fraction of isotope i. A sum over 

final and average over initial polarizations is understood in !Ti( q2) J 2 • The factor 

(2) 

with units of inverse velocity, incorporates the x velocity distribution 
f
x (v) . For a Maxwellian 

distribution with velocity dispersion Vrms, seen by an observer moving at speed vo , 1 [ (v" + vo) (vq - vo ) ] 'f/i(q) = - erf � - erf � , 2vo y 2Vrms V 2Vrms 
(3) 

with Vq = q/2µ; .  For standard halo parameters, T/i(q) is approximately exponential in the 

deposited energy v. The previously-mentioned modulations enter the rate through 'f/i(q). 

The scattering matrix element T(q2) can be written as the Fourier transform 

of a non-relativistic WIMP-nucleus potential 

V(i) = L (G� + G�iixiin) 8(i - in) ·  
pointlike nucleons n=p,n 

(4) 

(5) 

The constants G� and G� are effective four-fermion coupling constants for nucleon-WIMP inter­

actions, and are analogous to Fermi's constant Gp. G� represents scalar1 or spin-independent 

interactions, G� axial' or spin-dependent interactions. Both terms are coherent in the quantum­

mechanical sense when qRnucleus � Ii, i .e .  when the nucleus can be treated as pointlike and 

T(q2) can be taken as T(O). At larger q, which can occur with heavy target nuclei, both terms 

are incoherent. Nuclear form factors F(q2), conventionally defined by T(q2) = T(O)F(q2) , 
should then be introduced. The scalar and spin form factors are in general different, reflecting 

the difference in the mass and spin distributions inside the nucleus. 

The task of a theoretician is to provide a theoretical estimate of T( q2) starting from a 

particle-physics model. We accomplish this by stages, successively finding the WIMP-quark, 

1 Associated to scalar and axial vectors under 3d rotations. 



45 

the WIMP-nucleon and the WIMP-nucleus effective lagrangians. Step 1 ,  finding the effective 

WIMP-quark lagrangian at small q2, is analogous to going from the Standard Model to four­

fermion interactions. Step 2 requires knowledge of the quark content of the nucleon, i.e. the 

contributions of different quarks to the nucleon mass and spin. Step 3 needs a nuclear model 

to describe how protons and neutrons are distributed in a nucleus. 

This procedure is now illustrated for a Dirac neutrino and for a Majorana particle, an 

example of which is the neutralino. 

Dirac neutrino 

Step 1: a Dirac neutrino v interacts with a quark q through the diagram in Fig. la. At q2 <{:: m�, 

the Z propagator reduces to igµv /m�, and the four-fermion amplitude reads 

(6) 

with Vv = av = �' aq = T3q and vq = T3q - 2eq sin2 Bw. Here sin2 Bw � 0.23 and eq and T3q are 

the electric charge and the third component of the weak isospin of quark q. For a non-relativistic 

neutrino, only the time component of the vector current and the space components of the axial 

current survive. The first is spin-independent (v10v ex v t v) and the second spin-dependent 

(v''hsv ex vtO'v) .  

Step 2 for the vector part 

(7) 

because of vector current conservation, simply amounts to summing T3q and eq of the constituent 

quarks. For protons and neutrons one obtains respectively 

G� 

G'; = 

� ( 1  - 4 sin2 Bw )vv 

GF - V2Vv. 

The interaction is mainly with the neutrons since 1 - 4 sin2 Bw � 0. 

Step 2 for the axial part 

leads to the four-fermion coupling constants 

� = VzGFav (aub.u + adb.d + asb.s) , 

G:; = VzGFav (aub.d + adb.u + a5b.s) . 

(8) 

(9) 

( 10) 

( 1 1 )  

(12) 
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Here 8.q is the fraction of the proton spin carried by quark q, ! (PICi/µ/sqlp) = 8.qsw It can be 

obtained9) from data on neutron and hyperon ;'.I-decay, which give 8.u - 8.d = 1 .2573 ± 0.0028 
and 8.u + 8.d - 28.s = 0.59 ± 0.03, respectively. The contribution of the strange quark is 

8.s = 0 in the naive quark model, 8.s = -0. 1 1  ± 0.03 ± · · · from deep inelastic data, and 

8.s = -0. 15 ± 0.09 from elastic vp -> vp data. 

Step 3 for the spin-independent part introduces the nuclear mass form factor Fmas,(q2 ) , and 

results in 

(13) 

where N (Z) is  the number of neutrons (protons) in the nucleus. Neutron scattering off nu­

clei suggests that Fmas,(q2) � Fe.m. (q2), the electromagnetic form factor. The electric charge 

distribution is well-described by a Fermi or Woods-Saxon form,10) whose Fourier transform is 

indistinguishable from the convenient analytic expression11l 

"' ( 2) � 3j1 (qR) -�(qs)' rmas' q - qR e . ( 14) 

The electromagnetic radius R and the surface thickness s can be obtained by fitting electron 

scattering data,10) or can be roughly approximated by R ;::; A113 fm and s ;::; 1 fm.4) Fe m.(q2) 
presents diffraction zeros when the modified Bessel function j1 ( qR) = 0, the first of which 

occurs at qR � 4.2. In electron scattering, these diffraction zeros are filled in, because due 

to the long-range Coulomb attraction the electron wave function is distorted from a simple 

plane wave and the form factor is not simply the Fourier transform of the charge density. The 

short-range nature of WIMP-nucleus interactions make us expect no wave function distortion, 

and diffraction zeros remain. 2 The first diffraction zero is important in assessing bounds from 

some present-day detectors .12) 

Step 3 for the spin-dependent part requires the expectation values of the total spin of protons 

(Sp) and neutrons (Sn) separately. At q = 0, 

-1 -1
2 4(J + l ) I w 

1
2 

Ta(O) = -J- �(Sp) + (,a (Sn) ' ( 15) 

where J is the nuclear spin. Even-even nuclei, with even numbers of protons and of neutrons, 

do not have spin, and for them T0(0) = 0. For even-odd nuclei with J cJ 0, a nuclear model is 

needed to estimate (Sp) and (Sn) ·  For instance, 73Ge is an odd-neutron nucleus with J = �· 

The single-particle shell mode!1• 13) gives 

1 [ � - 1(1 + 1) ] 
(Sn) = 2' 1 + j(j + l ) = 0.50, ( 16) 

2The first corrections are at a level of 10-6 and come from neglected higher powers of the incoming WIMP 
velocity. 
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Figure 1: Examples of WIMP-quark scattering. 

the odd-group model,14) in which the odd-nucleon spin is related to the nuclear magnetic 

moment µ and gyromagnetic factors 9�,;, gives 

µ - g�J 
(Sn) = -5--L = 0.23, 9n - 9n 

a more sophisticated interacting shell mode!15l gives 

(Sn) = 0.468, (Sp) = 0.01 1 .  

(17) 

(18) 

The proton might have a small but non-zero contribution to the cross section, which might 

change the relative merits of different nuclei for dark matter searches. 

At q =I 0, nuclear spin form factors are needed. The neutron and proton contributions 

differ, and at present only complex calculations15• 16) for specific nuclei provide an estimate of 

the isoscalar and isovector spin form factors F,�;n(q2) and F,'pin(q2) ,  in terms of which 

The results of these calculations can be conveniently resumed by the approximate expressions 

0 2 � (- r5q2) 
F,p;n(q ) - exp 

1i2 ' 
1 2 ( ri q2 . cq) 

F,p;n(q ) '::::'. exp -y + z/j , 

with parameters given in the following table for selected nuclei: 

J Vmax/keV (Sp) (Sn) ro/fm ri /fm c/fm valid for v/keV< 
73Qe 9 540 0.011 0.468 1 .971 2 .146 -0.246 55 2 
zssi 1 216 -0.0019 0.133 1 .302 1 .548 -0.320 145 2 
27 A 5 100 0.3430 0.269 1 .378 1 .600 0 .196 Vmax 2 
39K 3 145 -0.184 0.054 1 .746 1 .847 0.371 Vmax 2 

(20) 
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Majorana fermion 

A Majorana fermion is a spin-� particle that coincides with its antiparticle. It carries no 

conserved quantum number. It has neither vector nor tensor currents. Of the remaining 

pseudoscalar, scalar and axial currents, only the last two have a non-vanishing non-relativistic 

limit, spin-independent the first (xx ex: xix) and spin-dependent the second (x.:Y!sX ex: x10'x). 

Axial currents may arise from exchange of a Z boson as in fig. lb, and the analysis is then 

analogous to that in the previous section, with the obvious replacement of av with ax. 

Scalar currents originate from exchange of a scalar particle rp, e.g. as in Fig. le. At small 

q2, the 'P propagator reduces to -i/m� and the four-fermion amplitude reads 

g'PXXg<pqq - -- --2- xx qq. m"' 

For a nucleon n = p, n one then obtains 

a; = _g'P�X L 9<pqq(nlqqln) . 
m"' q 

(21) 

(22) 

For example, in the case of the neutralino with exchange of the lightest supersymmetric Higgs 

boson, the sum over quarks is explicitly 

g [cos a - sin a - _ - ] 
-- -.- (muilu + mccc + m1tt) - -

13
(mddd + m,ss + mbbb) . 

2mw sm /3 cos 
(23) 

The scalar quark content of the nucleon (nlqqln) can be extracted from data with the help of 

chiral perturbation theory, ?r-nucleon scattering and heavy quark expansion. 17) The result is 

(muilu) � (mddd) � 30 MeV/c2 , (m,ss) � 60-120 MeV/c2 , 

(mccc) = (mbbb) = (m1tt) = 
2
2
7 
(mp -

q
=�,,(mqqq)) � 60 MeV /c2 • 

(24) 

(25) 

The strange quark contribution is uncertain by a factor of 2. Step 3 is analogous to the Dirac 

neutrino case, and leads to eq. (13) with four-fermion couplings given by (22). 

Neutralino 

Supersymmetry and the neutralino have been presented by Jungman at this conference. The 

neutralino has both spin-dependent and spin-independent interactions with nuclei, the former 

mediated by Z boson and squarks, the latter by Higgs bosons and squarks. The general for­

malism of the preceding sections can be used. In the limit of heavy squarks qk, the effective 

four-fermion constants are given by 

G; � CJ'; = L (qq) (- L 9hx:n;hqq + � t 9L<i·:�R<'!kxq) , (26) 
q=u,d,s,c,b,t h=H1 ,H2 h k=l Qk 
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G� = G;(Ciu <--+ Cid). (27) 

Expressions for the elementary vertices 9ijk can be found in ref. 18. 

Predictions in supersymmetric models suffer from the presence of many unknown parame­

ters. Two extreme attitudes are a phenomenological approach in which what is not excluded 

is allowed, and a grand-unified approach in which coupling constants and masses are unified 

at some high energy scale. Fig. 2 shows examples of calculated event rates in 76Ge, each point 

representing a choice of model parameters: "predictions" may well span 10 orders of magnitude 

in a phenomenological approach18l and 2 orders of magnitude in a more restricted scenario.19) 
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Figure 2: Scattering rate versus mass for neutralinos: 
unified approach.19) 

(a) phenomenological approach,18) (b) grand-

U nderabundant dark matter relics 

Given a particle-physics model, the relic density of a species, a WIMP x in particular, is 

a calculable and definite quantity. Often it happens that the computed relic density nx 1s 

(much) smaller than the dark matter density in the Universe. For this reason, some authors 

simply neglect this case. But even if these WIMPs constitute only a fraction of the dark matter, 

they generally have quite high scattering cross sections off nuclei, because of an approximate 

inverse proportionality of the x relic density and the x-nucleus cross section. However, the 

scattering rate also includes the x halo density Px· It is reasonable that Px is only a fraction 

of the local dark matter density PDM, but which precise fraction it is depends on the model for 
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galaxy formation. If both the main and the x components of dark matter are cold, we expect 

them to behave similarly under gravitation, so that the halo fraction f x might be equal to the 

universal fraction l1x/!1DM· Unfortunately, !1nM is poorly known: it can range from � 0.01 for 

dark matter associated with galactic halos to � 1 for a smooth universal component. In fig. 3, 

the suppression of scattering rates due to rescaling of the neutralino halo density by a universal 

fraction with !1nMh2 = 0.025 is apparent to the left of the dashed line. This suppression must 

be included for consistency when setting bounds on particle-physics models. 

';:: 1 02 
� 1 0  ......... 0.0 .:.: � 1 0- 1  
� 1 0-2 
Qi' 1 0-3 0 � 1 0-4 
� 1 0-5 
l1l 
f.... 1 0-e EiWllL..1.J.J..WID-':'lllWL�Wl.IL.:.LJJ.DJ"'-1 

Figure 3: Scattering rate versus relic density for neutralinos (from ref. 18). 
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Resume 

La matiere noire qui forme le halo de notre galaxie pourrait etre constituee de particules in­
teragissant faiblement avec la matiere ordinaire : les WIMPs. Malgre le faible taux d'interaction 
attendu entre ces particules et le cristal d'un detecteur, la detection directe de WIMPs apparait 
possible et plusieurs experiences sont en cours actuellement. Nous decrivons, clans cet article, les 
elements de base permettant de calculer ces taux d 'interaction, en insistant sur !es principales 
sources d'incertitudes theoriques. 





Introduction and Summary talks for the Session : 

" PARTICLE DARK MATTER DIRECT D ETECTION" 

by L. MOSCA (C.E. - SACLA Y /DAPNIA/SPP) 

Direct Paiticle Dai·k Matter detection experiments ai·e btiefly reviewed by 
emphasizing the main problems encountered in these approaches and the possible 
strategies to overcome them. 

1 . INTRODUCTION [ l ]  

I n  this paper I will mostly refer to WIMPs (Weakly Interacting Massive 
Particles) candidates. I will consider the principle of direct detection, the main 
detectors involved, the problems to be solved and the consequent possible strategies to 
be adopted, the present status of the art both in terms of R&D and physical results (see 
for more details the individual contributions to this session). 

Particle (non-baryonic) candidates can be non-thermal relics (like Axions or 
GUT-Monopols) or thermal relics. These last, in turn, can belong to the "Hot Dark 
Matter" or to the "Cold Dark Matter" depending if, at the moment of their decoupling 
they were relativistic or not relativistic. 

The Hot Dark Matter can be made of light neutrinos (Ye, vµ. v1 ), while Cold 
Dark Matter can be made of WIMPs ( that is massive neutrinos, of both Dirac or 
Majorana type, or Supersymmetric - SUSY - particles) or SIMPs (Strongly Interacting 
Massive Paiticles). 

Masses and cross sections of WIMPs, interacting with ordinary matter, are 
largely unknown. Masses can range between 1 GeV and 1 TeV, while cross sections 
on nuclei can range within some orders of magnitude around a typical "weak 
interaction value" (� IQ-38 cm2). 

Of special interest is the Lightest of the Supersymmetric Particles (LSP), the 
neutral ino .  In the simplest versions of SUSY (with R-parity conservation) the 
neutralino is stable , so that it is a good candidate as a relic paiticle in the Universe. 

The neutralino interaction with ordinary matter is depending on several 
pai·ameters (2'. 5 ) which are free, to some extent, in the present formulations of the 
S USY theory [2] . These parameters control the actual relative proportion of two basic 
couplings : 

ex) SPIN-INDEPENDENT (COHERENT) : CT w1MPS-N � A2 . where A is the Atomic 
mass number of the tai·get nucleus N, and 

� ) SPIN - DEPENDENT (AXIAL) : CTw1MPS-N � c A,2 J (J+1 ) , where c = < Hadronic 
Mattix Element > (squai·ed) of the "odd nucleon" in the nucleus N, and A is the Lande 
factor of the "single-patticle" (or of the "odd-group") Shell Model of nuclei. 

53 
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2. DIRECT DETECTION : PRINCIPLE AND PROBLEMS 

WIMPS can be detected directly by elastic scattering on nuclei [3],  that is by 
measuring the recoil energy of the scattered nucleus. In spite of the simplicity of this 
detection principle 3 kinds of difficulties appear immediately : 

a) the rates of these events are small and depend on the type of dominant 
coupling. Typical values are : I to 100 events/day/kg for a dominant coherent 
coupling (neutralino with both zino and Higgsino(s) components, Dirac v, and s­
neutrino) , and 0 .01  to I events/day/kg for, a dominant spin dependent coupling 
(neutralino which is mainly photino and/or zino or is pure Higgsino, and Majorana v). 

b) the recoil energies are also small (typically from = I to = 30 keV) 
c) and, last but not least, the background is comparatively very high . This is of 

two 01igins : a) the secondary cosmic rays which are disturbing in two ways : by directly 
depositing energy in the detectors and by activating the nuclei of the materials 
composing or surrounding these detectors (cosmogenic radioactivity). 

For this reason it is essential to install the detectors deep underground . 
�) the radioactive background . For that it is necessary : 

- to shield (with Pb, Cu, etc) the detectors from the environment 
- to use very low activity materials (by selection and/or purification) 
- to maximise the intrinsic rejection power of the detectors against low energy 

electrons, by Pulse Shape Discrimination (PSD) of the signals (scintillators) and/or by 
the simultaneous detection of 2 different physical quantities : heat and ionisation or heat 
and scintillation (bolometers). 

Now the important question is : which are the possible signatures for the 
WIMP direct detection ? 

Due to the orbital motion of the Earth around the Sun, the average WIMP 
velocity (� = 1 0-3),  relative to the Earth, is not constant in time, thus producing a 
modulation, between June and December, of the average WIMP flux (and of the 
average nuclear recoil energy) of the order of 5 to 10%. 

This annual modulation potentially represents the basic signature of WIMPs in 
their direct detection , by proving in this way their astrophysical origin. 

It is important, in this respect, to realise : 
- how large must be the mass of a detector in order to be sensitive to such 

an effect : a mass det (kg) = 50 I WIMPs interaction Rate (evts/kg/day) is required for a 
5 Standard Deviations evidence of a signal. 

- that the intrinsic background rejection power must be , as much as possible, 
of the type "event by event" to be useful for this purpose. 

The diurnal modulation, based on the WIMPs interactions inside the Earth, is 
also a possible and interesting signature for sufficiently high cross sections [7c]. 

An additional signature can be obtained by considering that the event rate is 
depending on the type of nuclei used as targets, in a way predicted by the theory. 

3. EXPERIMENT AL REVIEW 

Let us now review the different kinds of WIMPS direct detection experiments 
which depend on the different types of detector used or under development. 

We consider first the classical semiconductor detectors (Germanium and 
Silicium), at liquid N2 temperature, then the crystal and liquid scintillators, at room 
temperature, the Bolometers , at few tens of millikelvin, and finally the T ra c k  
Projection Chambers (TPC) and the Superconducting grains. 
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i )  "Classical" Semiconductor Ge (Si) detectors : 

Traditionally used for 2� experiments (MeV energy range), these detectors have 
been optimised also for Dark Matter (WIMPs) search (energy range of a few ke V). 

Table 1 summarizes the experimental situation from this point of view : here the 
good performance of the Heidelberg-Moscow experiment[8] have to be stressed, 
although the threshold is much higher than in the other quoted experiments. 

Limitations of these detectors are the microphonics problem at low energies, 
the electronic noise and, more generally, the technical and financial problems rapidly 
increasing with the mass of the crystals. 

Detec-

-tor 

crystal 

Ge 

Ge 

Ge 

Ge 

Ge 

Si 

Table I . Semiconductor Experiments 

Underground 

Collaboration Laboratory 

Ahl en/ Homestake 

Avignone/ (=4400 mwe) 

/Drukier [4] 

UCSB/UCB/ Oroville 

/LBL [5] (=500 mwe) 

Caltech/Psi/ St. Gotthard 

/Neuchatel [6] (=3000 mwe) 

Zaragoza/PNL/ Canfranc tunnel 

/USC [7a] ( 675 mwe) 

Heidelberg/ Gran Sasso 

/Moscow [8] (=3500 mwe) 

UCSB/UCB/ Oroville 

/LBL/SACLA Y (=500 mwe) 

[9] 

( +) Elecu·on Equivalent Energy 

ii) Scintillation detectors : 

Mass Threshold Rate (*) Comments 

of the (keV) evts/keV (year) 

crystal (+) /kg/day) 

0.25 kg 4 = 2  (1987- 1991)  

to 1 kg 

900 g 3 = 3  (1988) 

800 g 2 = 3  low threshold 

(1991)  

234 g 3 = 8  Cosme - 2 detector 

( 1993) 

2.9 kg 1 2  = 0.2 low rate (1994) 

high tlu·eshold 

for Cosmions 

4 x l7g L I  = 60 (high cr and low 

masses) ( 1990) 

(*) near threshold, after "microphonic 

events" subtraction 

In spite of their poorer resolution compared to Ge detectors, scintillators play 
at present an important role in this field for several reasons. Scintillation detection is 
a well known and simple technique ( usually no cooling needed), the ratio cost/mass 
is reasonably low, and there is a wide choice of target nuclei. 

In particular some of the scintillators (e.g. NaI(TI)) have a good light output and 
a demonstrated (although problematic at low energy) Pulse Shape Discrimination \PSD ). In addition scintillators include non zero spin target nuclei ( 23Na, 1271, l 9F, 

29xe,. . . . .  ) . Other specific reasons of interest are the very high predicted axial 
coupling for the 19F nucleus and the high estimated Quenching Factor of liquid 
Xenon (see below). 
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The Quenching Factor (QF) for nuclear recoils (the scintillation efficiency for 
nuclear recoils relative to that of electrons of the same kinetic energy) is measured by 
using a neutron beam of a few MeVof kinetic energy. The results are quoted on Table2 

Table 2. "Quenching Factor" of nuclear recoils, measured with neutron beams. 

Scintillator Target Saclay and IN2P3 IO) 
Nucleus at Bruyeres Le Chatel 

Nal(Tl) 23Na 0.25± 0.02 
1 27J 0.08 ± 0.01 

CaF2 (Eu) 40Ca 0.049 ± 0.005 
I9p 0.069 ± 0.005 

Imp. College/ ( I I ) 
Oxford/Rutherford 

= 0.30 

= 0.08 

0.08 ± 0.01 

0. 1 2 ± 0.01 

Osaka ( 12) 

(Japan) 

0.4 ± 0.2 

0.05 ± 0.02 

-------

-------
- for L1qu1d Xenon : QF = 0.8 (as estimated from Lrndhard theory + 

recombination effects ( while for a particles the measured QF = 1 .2  ) [ 13 j 
Moreover let us remind that : 
- for Semiconductors : QF(Ge) = 0.25 [ 14]; QF(Si) = 0.30 [ 15] 
- for Bolometers (Heat channel) : QF = 1 .0 (to be checked at low energy) 

The present situation of the scintillator experiments is summarized in Table 3. 
Table 3.  Scintillator Expe1iments 

Rate Resolu-

Underground Type of Mass Thresh near -tion 

Collaboration Laboratories scintil- (kg) (keV) threshold a/E at Comments 

-lators (+) (evts/keV 60keV 

/kg/day) 

BPRS (Beijing, Nal(Tl) 0.76 = 4  = 7  = 7  % dedicated 

Paris, Roma, PranSasso/Frejus Nal(Tl) 7 = 4  = 2  = 7  % expt.(R&D 

Saclay) [!0,17J8J Mentogou CaF2(Eu) 0.37 = 4  = 1 5  = 1 2 % up to I O  kg) 

Saragoza [7b] Can franc Nal(Tl) 3x 10.7 = 8  = 8  =12 % -------

tunnel (at 18 keV) 

Osaka (Japan) Kamioka mine Nal(Tl) (17x) 36.5 = 5  = 6  =10 % elastic and 

[ 1 2, 1 6] (=2700 mwe) inelastic. 

NARA (Oto) CaF2(Eu) 25 x 0.29 preliminary 

(=500 mwel 

Imp.College/ Boulby mine Nal(Tl) 1 = 4  = 7  =10 % dedicated 

/Oxford/ [ 1 1 ] (=3000 mwe) 6 = 4  = 2  expt. 

/Ruthe1ford 

DAMA (Roma) Gran Sasso Liq. Xe 6.5 = 10 = 3  =26 % dedicated 

[ 1 3] expt. 
( +) Electron Eqmvalent Energy 
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iii) Bolometers : 

These are very sensitive thermometers (including, by extension, the associated 
heat absorber) operated at very low temperature (= 10 mK). 

Typical absorbers are Sapphire(Al203) Germanium, LiF, Te02. etc (see Table 4) 
Why using bolometers to detect WIMPs ? 
As discussed in section 2, bolometers allow, at present, a simultaneous 

measurement of thermal information (lost in other detectors) and ionization (or 
scintillation) thus allowing particles vs nuclear recoils discrimination at low energy 
(background rei_ection).  Moreover, the quanta of thermal energy (phonons) are very 
tiny (10·4 - 10-5 eV) so a potentially very low threshold and very good resolution are 
expected. 

Table 4. Bolometers : present status of the R&D and data taking. 

Thresh 
Rate 

Colla- Undergi-. Ciystal Mass (keV) Temp evts/keV Resolution Com-

-boration Labo rat. (g) ( *) (mK) /kg/day cr/E -ments 

CtPA(Berkeley shallow site both : 

Stanford(UCSB at Stanford Ge 62 = 3  24 -- 0.5% at 60keY - HEAT 

/INR) Sadoulel l? mwe ( I %  Ionizat.) - IONIZ. 

[19] CDMS 

MUNICH Gran Sasso A1203 32 = 0.3 15 -- 3% at 1 .5  keV only HEAT 

Max Plank/Gar (1995 - 96) 44 1 .5% at 6 keY (WIMPS 

-Ching/Oxford (Sapph- �1 % al IMeY < 15 GeV) 

[20] -ire) 262 4.5% at 60 keV 

CRESST 

CEA/IN2P?J Frejus A1203 24 = 2.0 55 �25(2nd- 2.5% al 60 keV only HEAT 

INSU (France) 4800 mwe Ge 7 (from =1 .7 34 -run) 3.0 % both:HEAT 

[2 1] Berkeley) al 16 keV (2.0% Ionizat.) and IONIZ. 

EDELWEISS 

TOKY0 [22] Kamioka LiF 2.8 = 4  1 2  6% at 60 keV only HEAT 

Gran Sasso Te02 340 = 9  0.9% atlOO keY for �j}+DM 

Milano Univ. 3400 mwe 
" 73 a t l 3  keV l % at 60 keY 

Fiorini et al. LiF 100 - = 25 5 % al I MeV ·orDarkMal 

[23] NaF 30 2 %  at .. ·or DarkMat --
K:dW04 60 0.2 % at .. f{EAT+SC? 

CaF2 2 2 % at .. HEAT+SC . 

(*) Real Energy (Heat channel) (provided that the QF = 1 .0 down to low 
energies). 

The problem now is to minimise microphonics, electronic noise, radioactive 
background at low energy and reach long time (years) stable operating conditions 
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with large masses of  crystals (at least hundred kg) not only in  the heat detection, 
but also for the ionization (or scintillation) detection. 

The present status of the R&D and of data taking is summa1ized in Table 4. 
Concerning heat detection alone, impressive results (threshold and resolution at 

very low energy) have been obtained by the Munich group [20). 
A preliminary but very encouraging result, obtained with a massive (340 g) 

Te02 crystal, has been presented by the Milano-Gran Sasso group [23c and Fig ! ] :  
improvements are expected, i n  particular, from an ancient Roman lead shielding in 
preparation. 

Concerning the simultaneous measurement of heat and ionization, the first 
successful result has been obtained by the Berkeley group [ 1 9] ,  while the French 
group [21 )  has recently well improved the stability of the ionization channel (a crucial 
point of their detectors!) .  On the other hand the M i l an o [24] , Roma [25], 
Lyon (IPN)/Paris (ENS)[26a) and Lyon(IPN)/Orsay ( I A S )  [26b] groups are 
developing scintillation detection at low temperatures , although, for the moment, at a 
much higher threshold (� JOO keV). 

iv) Track Projection Chambers (TPC) : 
A TPC detector at low pressure has been first investigated by a Saclay group 

[27) (Ethane) and then by a San Diego group [28 ] (Hydrogen). The main advantage 
here is the directionality detection possibility, and the main drawback is the very low 
density of the detector medium. 

v) Superconducting grains : 
Two expeliments are in preparation : 
Orpheus (Bern, Villigen, Annecy/LAPP, Clausthal-Zellerfeld Col laboration) with 

a 13 g Sn test-detector at 10 mk [29], and a Lisbon, Zaragoza, Paris Collaboration 
[30) with a pilot experiment using 100 g Sn superconducting grains, at 100 mK, in the 
Canfranc Laboratory. They claim an energy threshold < 2 keV and a background 
rejection factor of 95%. 

vi) Ancient mica : 
A very original project considers that mica can have stored, for � I Gy, tracks 

produced by nuclear recoils from WIMPs. The fission neutrons background is a major 
challenge to the potential WIMP signature from tracks directionality [ 3 1 ] .  

From experimental rates to exclusion plots 
By comparing the measured energy spectra with the calculated WIMPs nuclear 

recoil spectra, and considering that the signal cannot be bigger than the measured 
spectrum, it is possible to deduce excluded regions in the cross section versus mass 
plane ("exclusion plots") for WIMPs interacting with each type of nuclei in a given 
crystal detector. 

The ingredients for that are: quenching factors [see section 3ii)] , astrophysical 
assumptions on the WIMP halo velocity distribution and WIMP local density (� 0.3 
GeV/ cm3 ,  multiplied by an appropriated "rescaling factor" ) and nuclear form 
factors, relevant for heavy nuclei (typically A > 50), these last depending on the type of 
coupling : coherent or spin-dependent. 

Moreover, to allow a comparison between results coming from different target 
nuclei it is necessary to obtain , e.g., a (WIMP - proton) from a (WIMP - Nucleus) and 
collect on the same diagram : a (WIMP - proton) vs WIMP mass, the curves obtained 
for the different expe1iments. 

Figs I and 2 summarize the main existing results for coherent and spin­
dependent (axial) couplings respectively. The exclusion-plots are obtained by using the 
same analysis program applied to the energy spectra of the different experiments, 
published or presented at recent conferences. 
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The basic assumptions in this calculation "exercise" are : 
i) a spherical  and isotropic WIMPs halo with a Maxwellian velocity 

distribution around the average value of 270 km/sec. The speed of the solar system 
with respect to this "static" halo is taken equal to 220 km/sec (the annual modulation 
effect is neglected at this stage). The WIMPs escape velocity in the galactic frame is 
taken equal to 800 km/sec. 

ii) an A2 dependence of the coherent cross section (in view of the neutralino 
candidate : see the Introduction). 

iii) spin factors [l)J(J+ 1 )] and hadronic marix elements on "odd proton" or 
"odd neuu·on" for the different nuclei taken from Ref. [32]. 

iv) Form Factors for coherent coupling from Ref.[33] and for spin-dependent 
coupling from Ref. [32]. 

Concerning the individual experiments : 
a) for the Boulby mine (NaI of 6 kg) and BPRS (NaI of 7 kg) experiments the 

results of a preliminaiy PSD analysis have been used [ 1 1 ) .  
b )  for the Liquid-Xenon experiment two curves are quoted for each type of 

coupling: dotted lines are obtained from an energy spectrum with Gas-Xenon data 
subtracted (a delicate exercise mainly due to the different amount of energy deposition 
in both conditions), while full lines are obtained from the non-subtracted energy 
spectrum [ 13].  

4. OUTLOOK 

Some examples of present experimental projects for a better WIMPs investigation 
are : 

1 )  the Heidelberg-Moscow Collaboration, preparing a new detector with a 73Ge 
enriched crystal [8] . 

2) a NaI(Tl) detector , of about 1 00 kg, being installed in the Gran Sasso 
Laboratory , by the BPRS Collaboration , mainly to start studying the annual 
modulation effect [ 1 0) .  Moreover, a still better c1ystal purification is under way. 

3) the CfPA group, preparing an "ice box" low activity cryostat to be installed in 
a shallow site at Stanford as a test bench for future R&D on bolometers. A second "ice 
box", to be installed deep underground, is also founded [ 19] .  

4 )  the Munich group, preparing a set of 4 x 250 g Sapphire (Al203) bolometers 
to be installed in Gran Sasso Laboratory by the end of 1 996. They are focusing on 
phonon detection only and low mass WIMPs (< 20 GeV) [20]. 

5) the French Collaboration EDEL WEISS, preparing more massive bolometers (� 1 kg Sapphire) with thin film sensors for athermal phonon detection, and 70 g Ge 
diodes with simultaneous detection of heat and ionization signals [21 ] .  

6 )  the Milano-Gran Sasso group, prepai'ing a series of  20  (and then 1 00) Te02 
bolometers , of 340g each, for both �� and Dai·k Matter searches [23c]. 

5 . CONCLUSIONS 

As discussed throughout this paper, at least up to now, there is no " universal" 
detector for WIMPs ! 

1) The " reference" detectors are the classical Ge crystals operating at LN2 
temperature. 

2) Scintillators have proved to be well adapted and realistic detectors for 
WIMPs search , mainly in view of an investigation of the annual (and diurnal) 
modulation effects. Further efforts to still reduce and/or reject residual background 
are in progress. 

3) Bolometers represent the most ambitious developments, in particular by 
measuring 2 physical quantities : Heat + Ionization or Heat + Scintillation. The 
remaining problems ai·e a big challenge for the concerned groups. 

4) TPC detectors, superconducting grains and ancient mica need frnther 
developments to reach a competitive level and challenge the other detectors already in 
operation. 
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The EDEL WEISS collaboration proposes to look for the Dark Matter which 

can exist in WIMP form. In November 94, we obtained a preliminary result in the 

Underground Laboratory of Modane, with a 24 g sapphire bolometer. We measured 

an event rate of 25 evt/ kg/ ke VI day. 

Another challenge of EDEL WEISS is the elimination of the background 

neutron flux at the experimental site. We measured a fast neutron flux of 2.10 -7 neut/ 

sf cm2. A thermic neutron flux study is outstanding, to make a global interpretation 

about the neutron environment in Modane. 



66 

1. Introduction 
For 5 years, the EDELWEISS (Experience pour Detecter les Wimps En Site 

Souterrain) collaboration has been looking for - out of accelerator - the Dark Matter 

which can exist in WIMP (Weakly Interacting Massive Particle) form. These 

particles, by the supersymmetrie theory, have a mass of between 20 GeV and 1 TeV. 

The two specificities of these particles are their low kinetic energy and their 

low interaction probability with ordinary matter. This characterizes the main part of 

our research, based on : 

- the measure of very small signals, corresponding to very low energy transfer 

("" keV) of the WIMP, by elastic scattering on the detector crystalline nucleus, 

- the rare event rate "" 1 0  -3 evt/ kg/ keV/ day, which imposes the elimination 

of all parasitic radiation from cosmic or radioactive origin. 

2. Experimental installation 
The L.S .M. (Laboratoire Souterrain de Modane) is situated in the Frejus tunnel, 

at the French-Italian border. It is shielded by 1780 m of rock, 4400 m.w.e, which 

provides adequate protection against cosmic radiation. 

The experiment has been installed in this site since September 1 994. Isolation 

from microphonic noise and an antisismic plateform have been set up. All the 

material used have been specially selected : archeological lead of the Roman epoch, 

low activity lead and copper, and so on . . .  An automated gas handling has also been 

developped, simplifing the cooling for the cooling and the maintenance of the 

cryostat. During measurements, there is a continuous flow of nitrogen, between the 

cryostat and the shield, to sweep out the radon gas. 

3. Results 
In November 94, we obtained a preliminary recoil spectrum with a 24 g 

sapphire bolometer (fig.I) .  
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Above 16 keV, we measured an event rate of 25 evt/ kg/ keV/ day. The dashed 
points are the calculated ten Ge V WIMP spectrum. 

From these results, we have been able to calculate an exclusion plot for axially 
and vector coupled WIMPs. Figure 2 represents the axially coupled WIMPs. 
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This result (Al 94) is very encouraging, compared with the one obtained in 91  
(Al 9 1 )  with the same bolometer in the L.S.M., but without special care concerning 
the cryostat. Other results have been added to the graph for comparaison. 

But with 25 evt/ kg/ ke VI day, our results are two oders of magnitude higher 
than the most optimistic SUSY prediction. 

4. Future program 
Our next objects are : 
- to upgrade the dilution refrigerator to have a base temperature of about 10 

mK, 
- to make measurements with simultaneous detection of heat and ionisation 

signals, with 70 g Ge diodes, for an active rejection of background radiation, 
- to make new measurements with massive sapphire bolometers (200 g and 1 

kg), 
- to understand the origin of the residual radioactive background, with a 100 

cm 3 at 77 K ,  inside the cryostat in the place of the bolometer, 
- to continue the R & D program based on event discrimination. 

5. Measurements of background neutron flux 
Another challenge of EDEL WEISS is the elimination of the background 

neutron flux. In direct searches for such dark matter, where one looks for the nuclear 
recoils produced by WIMPs scattering in the detector, neutrons will be the ultimate 
background noise source, since they produce the same signature as the hypothetical 
dark matter particles. So it is essential to minimize the energetic neutron flux at the 
experimental site, with a thorough study of the origin of the neutrons present. 

A certain number of hypothesis have been considered : rock uranium-bearing 
ore fission, residual muons flux interaction especially in the lead, (a,n) reactions of 
natural radioactivity. The first object has been to measure with precision the flux and 
the energy distribution of these neutrons, and to compare this data to that estimated 
and coming from diverse origins, after analyse of the tunnel rock. 

6. Experimental installation 
The operation of the experimental device consisted of adapting the neutron 

detection module, developped for neutrinos detection by the BUGEY experiment 
[Ach 95]. The detector is composed of one parallelepiped (80 x 1 0  x 1 0  cm3) joined 
to two photomultipliers. It is filled with an organic scintillator NE320, doped with 
0 . 15  % 6Li. A metallic shield of lead and copper protects the detector from residual 
gamma radiation. By elastic collisions on the hydrogen atoms of the scintillator , the 
neutron loses its energy (prompt pulse) and after a migration time ("" 20 µs), interacts 
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with a 6Li nucleus to give a second pulse (delayed pulse). Five signatures allow 
identification of the neutron : 

- the prompt pulse characteristic form (recoil proton), that we can discriminate 
from y by their pulse shape (PSD). Thanks to good discrimination properties of the 
liquid, we can do a higher rejection of the y induced background noise, 

- the delayed pulse PSD, allowing the discrimination between the (a + t) 
charged particles of 6Li + n reaction and y, 

- the energy of the (a + t) delayed pulses, with a magnitude of 4.8 MeV, 
- the characteristic time (t "' 25 µs) which separates the 2 signals corresponding 

to the neutron migration time. This is the typical thermalisation time of the neutron 
before it is captured, 

- the thermal neutron migration distance.The difference between the prompt 
and delayed photomultipliers signals gives us the relative position of the interaction, 
with a resolution in position of about 20 cm. 

7. Results 
The whole installation was assembled in March 94 in the Frejus tunnel, and the 

counting has taken place until December 94. The neutron rate has been estimated to 
1 . 1 5  evt/ day in the detector, corresponding to an event rate of 2. 10 -7 neut I s  I cm2, 
for neutron energy greater than 1 .5 Me V. This flux is comparable to a measured flux 
in the Gran Sasso by P.Belli et al [Bel 89] ,  with a neutron energy greater than 2.5 
Me V.  The figure 3 represents the energy distribution, experimental (points) and 
simulated. 
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The experimental spectrum is obtained in electron equivalent energy, with a 
threshold effect on the first point. The simulation curve is obtained adding 3 weigted 
spectra of 2.5 MeV, 3 and 5 MeV neutrons energy, drawing on the lead surface. It 
seems that a same proportion of neutrons of 2.5 and 3 Me V constitutes a large part of 
the spectrum, 5 MeV neutrons allowing us to adjust the end of the spectrum. These 
are preliminary results. 

In a second phase,  from December 94 to May 95, we placed a paraffin layer, 30 
cm thick all around the lead shield, to thermalise the fast neutrons. We obtained an 
event rate of 0.38 evt/ day in the detector. 

In a third phase, from May 95 to December 95, we put an additional moderator, 
borax, between the copper and the detector. We found 0.27 evt/ day in the detector. 

The interpretation of these results are outstanding, using simulation by the 
GEANT code. Particular attention is given to the evaluation of errors in these results. 

A new experiment is going to be set up in the L.S .M., in December 95, with 
two small Helium-3 detectors, to measure the laboratory thermal neutron flux. In this 
way, we will be able to make a global interpretation about the neutron environment in 
Modane. 
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Detection de Matiere Noire avec un bolometre Saphir 24 g et Mesure de 
I'Environnement Neutron au Laboratoire Souterrain de Modane 

Resume 

7 1  

La collaboration EDELWEISS se propose de rechercher la Matiere Noire sous 
forme de WIMPs. En Septembre 1994, des premiers resultats ont ete obtenu dans le 
Laboratoire Souterrain de Modane, avec un bolometre saphir de 24 g. Nous avons 
me sure un taux d 'evenements de 25 evt/ kg/ ke VI j. 

Un autre objectif d'EDELWEISS est !'elimination du bruit de fond neutron sur 
le site experimental. Nous avons mesure un flux de neutrons rapides de 2 . 10  -7 neut/ 
sf cm2. Une etude du flux de neutrons thermiques est en cours, pour aboutir a une 
interpretation globale sur l'environnement neutron a Modane. 
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Abstract 

We are preparing the CRESST experiment in LNGS to search for dark matter WIMPs 

using cryogenic detectors with superconducting phase transition thermometers. In the first 
stage of the experiment we plan to use four 250 g sapphire detectors with thresholds of 
0.5 keV and resolutions of 0.2 keV at 1 keV. This will pro�ide sensitivity to WIMP masses 
below 10 GeV, making our experiment complementary to other dark matter searches. In 

1995 the construction of the main cryogenic components was completed and successfully 

tested. The installation of our equipment in LNGS has begun. 
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The CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) experi­
ment is designed to look for low-mass WIMPs as the dark matter of our Galaxy, using the 
cryogenic calorimeters developed in Munich. WIMPs could be detected via their elastic scat­

tering on nuclei, giving nuclear recoil energies of about a keV for WIMP masses of a few 

GeV. Since low energy nuclei are very inefficient at producing ionization or scintillation, a low­

threshold detector needs to act as a calorimeter, detecting the full nuclear energy. At the Max 

Planck Institute of Physics and the Technical University of Munich we have developed cryo­

genic calorimeters using superconducting phase trnnsition thermometers. The thermometer is 

a small thin film of a superconducting material (tungsten) evaporated onto the surface of a 
sapphire crystal. The detector is run at a temperature ( � 15 mK) where the thermometer is in 
the middle of its transition between the normal and superconducting phases. Here its resistance 

is very sensitive to the small rise in temperature caused by a recoiling nucleus. 

We have been able to detect 1.5 keV X-rays in a 32g sapphire crystal with a resolution of 

lOO eV FWHM [1] in an above-ground laboratory. The local radioactivity already makes the 
background rate quite high in a detector of this size, so that the development of more massive 

detectors with this sensitivity requires a shielded underground site. However the model [2] 

which we have developed to describe the behaviour of our detectors leads us to expect that we 
can increase the detector mass by about an order of magnitude without losing much resolution. 

For the first phase of our dark matter experiment in Gran Sasso we are making 4 detectors of 

250 g each, and hope to achieve a resolution of 200 eV at 1 keV and a threshold of 500 eV. 

For a dark matter search experiment we need to combine the requirements of our detector 

(an operating temperature of � 15 mK, provided by a dilution refrigerator) with the require­

ments of a low-background experiment (elimination of radioactivity). To eliminate cosmic ray 

background we perform the experiment in Gran Sasso Underground Laboratory (LNGS). Since 

a standard dilution refrigerator is made with various materials (stainless steel, indium vacuum 
seals) which are much too radioactive, we decided to separate the dilution refrigerator from 

the detector. The dilution refrigerator is based on a standard design from Oxford Instruments, 

with some modification to increase its mechanical strength. The detector will be placed in 
the "cold box", which hangs from the dilution refrigerator. This cold box is large enough to 

accommodate 100 kg of sapphire detectors. 

The cold box is made of high-purity copper, with high-purity lead used for the vacuum seals. 

These materials are known to be among the best available for low radioactivity. As shown in 

the figure, the cold box will be surrounded by room-temperature shielding comprised of a 14 cm 
layer of high-purity copper and a 20 cm layer of lead. An internal shield serves to block any 

line of sight for radiation coming from the dilution refrigerator into the experimental volume. 

A prototype cold box was designed and constructed in Munich, as was the gas handling 

system for the dilution refrigerator. The system was set up and its cryogenic properties tested 

at MPI in the fall of 1995. The temperature as measured in the cold box with 6°Co nuclear 
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orientation thermometry reached 6.8 mK, safely below that needed for the operation of our 

detectors. With this, a major milestone of the experiment has been reached. 

0 

Figure 1: Cross section of CRESST building and experimental equipment in Hall B at Gran 
Sasso Laboratories. The dilution refrigerator (not drawn in this picture) is placed about 1 m 
above the "cold box" which is surrounded by low radioactivity shields 

The copper for the shielding has undergone special handling [3] to assure its purity and to 

protect it from exposure to cosmic rays (which can transform copper into radioactive elements 

such as 6°Co ) . The copper was produced electrolytically by the Norddeutsche Affinerie in 

Dec. 1994 and rolled to the desired thickness a few weeks later. It was then placed in the cellar 

of a beer brewery near Munich, where it was shielded from cosmic rays by more than l O m  

water equivalent. The final machining o f  the copper was performed by a company near Munich 

using special procedures for cleanliness. Each piece was only brought out of the brewery cellar 

for the few days needed for its machining, and then sealed in plastic, placed in a shipping crate, 

and returned to the cellar. The copper has now been transported to Gran Sasso and is stored 

in the underground laboratory. The total exposure to cosmic rays was 10 weeks. 
It is not sufficient to use high-purity materials. Their surfaces must also be kept clean 

during use, and we have taken care to design our facilities in Gran Sasso to make this possible. 
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The Faraday cage which surrounds the experiment was chosen large enough so that all work 

on the low-background components of the experiment can be performed inside the cage. It is 

divided into two levels, with the upper level allowing access to the top of the cryostat and to 

the electronics. The lower level of the cage will be equipped as a clean room to protect the 

low-background components. The external lead and copper shields are in two closely fitting 

halves, each supported on a "wagon" so that the shielding can be opened without handling the 

individual pieces. In its retracted position (s�own in the figure) the shielding is outside the 
dilution refrigerator support structure but still inside the clean room. Sufficient room is then 

available to disassemble the cold box which, since it consists of 5 shells, requires considerably 

more space as individual pieces. Entrance to the clean room will be through a changing room 
external to the Faraday cage. 

We hope by the end of 1996 to get our first experience with a 250 g detector in our shielded 

environment in LNGS. Some adjustment of the detector parameters may then be needed to 

achieve optimum performance. These first measurements, which will be done using our pro­

totype cold box, will also provide a first look at the radioactive backgrounds. The prototype 

was intended mainly as a test of the cryogenic techniques, and no attempt was made to limit 

the cosmic ray exposure or surface contamination. A new cold box will be fabricated using 

clean procedures similar to those used for the shielding. With this cold box, we hope in 1997 

to achieve a good background rate and get our first significant data on dark matter. 
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Abstract 

Our group has performed - in the underground facility of Laboratori Nazionali 
del Gran Sasso - a Double Beta Decay Experiment using an array of four 340 g 
Te02 thermal detectors. The background spectrum (1548 hours) of the bolometer 
showing the best performances (i.e. 2 ke V FWHM energy resolution and 13  ke V 
energy threshold) has been analysed to search for WIMP signals. Lacking any 
evidence of WIMP interactions only limits on the spin independent cross section of 
Te and 0 nuclei could be obtained and are here reported. 
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1.  Introduction 
Although quite different in their physical purposes experiments aiming to detect 

WIMPs and experiments searching for neutrinoless Double Beta Decay (Ov-DBD) 
show to have very similar characteristics: in both cases large mass high resolution 
detectors are required, which have to be heavily shielded and placed underground. 
The main difference between the two experiments lays in the shape of the signal 
that in the case of Ov-DBD search is a monochromatic line (usually in the MeV 
region) while in the case of WIMPs search it is a continuum spectrum (extending 
from few ke V up to a hundred ke V) whose only characteristic signature is the 
predicted seasonal modulation of the counting rate. As a consequence of these 
similar requirements DBD experiments may yield interesting results concerning 
WIMP flux and WIMP cross section. 
2. Experimental details 

Our group has performed a series of experiments searching for 130'fe DBD with 
low temperature Te02 thermal detectors! .  Due to their high sensitivity to nuclear 
recoils, as well as to their high energy resolution, these devices are particularly 
suitable for WIMP detection, provided that a sufficiently low energy threshold is 
achieved. This last condition was satisfied for the first time during a DBD 
measurement performed with an array of four independent 340 g Te02 
bolometers2. The array was operated in a dilution refrigerator installed in the 
underground facility of Laboratori Nazionali del Gran Sasso. The results here 
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Figure 1: Background spectrum: in the insert the energy region between 13 keV and 100 keV. 
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reported have been obtained by analysing the 1 548 hours background spectrum of 
one of the four bolometers of the array: the one having the best energy resolution 
and the lower energy threshold (Fig. 1). Below 1 MeV the spectrum of this 
detector is dominated by the bremsstrahlung of 210pb (a contaminant of the 
refrigerator external lead shield). The detector internal and external radioactive 
contaminations (mainly in U and Th) are responsible of several X and y lines that 
are clearly evident in the background spectrum and that have been used for 
calibration. For dark matter analysis the region between the threshold, 13  ke V, and 
100 ke V was considered. Here eight lines, the lowest at 27 ke V the highest at 
92 ke V, allowed a careful control of energy resolution (2 ke V FWHM) and 
linearity. The nuclear recoil quenching factor was determined in this same 
experiment by evaluating the detector response to 206Pb recoils. This isotope is the 
daughter of 210po which decays by emitting a 5304 keV ex particle and a 104 keV 
206pb recoiling nucleus. The detector internal and external 210po contamination 
gives rise to two separate peaks in the spectrum. One is due to the internal 
contamination: both the ex particle and the recoiling nucleus contribute to the signal 
so that this peak corresponds to the 5407 keV transition energy of 210Po. The other 
peak is due to the external 210Po contamination: the signal is produced by the ex 
particle only and its energy is 5304 keV. The separation between the two peaks is 
95.5 ± 1 keV, to be compared with the expected value of 103 keV. This 
difference, which is to be attributed to a different energy release between photons 
and nuclear recoils, is a measurement of the nuclear recoil quenching factor. In this 
experiment also a direct observation of 206pb recoils was made possible: by 
selecting only events in coincidence with an ex signal (5304 ke V peak) in one of the 
three nearby bolometers most background is rejected and the 206pb recoil peak 
becomes evident. Its position is 96 ± 3 keV in excellent agreement with the value 
obtained from the 210Po peaks separation. By combining these two results a nuclear 
recoil quenching factor of 0.93 ± 0.03 is obtained. 

The total detection efficiency, accounting for any probability of signal loss 
during data acquisition or data analysis, was estimated to be (97 ± 2)%. 
3. Results 
Lacking any signature of our events as a result of WIMP interactions we have 
conservatively assumed that all background counts were due to WIMP-nucleus 
elastic scattering processes. We have then compared the measured spectrum with 
the theoretical one foreseen for WIMP spin-independent interactions on Te or O 
nuclei, obtaining the exclusion plot shown in Fig. 2. The numerical parameters that 
have been used in data analysis are: a halo density of 0.3 GeV/cm3, a galactic escape 
velocity of 2.67 lQ-3 c, and an Earth velocity in the galactic frame of 7 .67 lQ-4 c. 
For the nuclear form factor the expression reported in ref. 3 has been assumed. 
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4. Conclusions 
This result show the 

potentiality of thermal 
devices in detecting WIMPs. � 
Actually the sensitivity of 10-" • 
this experiment is limited not � 2: 
by detector performances o°' 10-32 
but mainly by the high 
background counting rate. 
The next step in DBD search 
w ill be an experiment 
employing a 20 bolometer 
array (7 kg of Te02). Made 

Te 

0 

10' 103 10' 
Wltf' mass lGeVJ 

with carefully selected low Figure 2: Exclusion plot for WIMPs cross section 
activity materials and on Te and 0. 
surrounded by an ancient roman lead shield (without 210Pb) this device should have 
a much reduced background and therefore a much increased sensitivity to WIMP 
interactions. 
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Abstract 

Spin-coupled WIMPs particles were searched by for using large volume Nal and CaF2 
scintillators. Axial-vector (spin-coupled) excitation of 1271 by inelastic scattering of dark 
matter (DM) was studied to search for spin-coupled DM. A new stringent limit on the 
spin-coupled DM was obtained. A new detector system with CaF2 was developed for 
studying elastic scattering of spin coupled WIMPs from 19F. 

The dark matter (DM) problem is a current important subject in astroparticle physics. 
Recent analysis of the cosmic microwave background by COBE, the large and small scale 
structure can be well fitted by mixed dark matter which consists of 603 of CDM, 303 of HDM 
and 103 of baryon [1]. WIMPs (Weakly Interacting Massive Particles) as a candidate of CDM 
has been extensively searched for by various detectors and methods. Direct measurement of 
WIMPs, which measures the interaction of WIMPs with nuclei, is hard because of the small flux, 
the weak interaction strength and the low energy deposit!. So far, the direct measurements of 
WIMPs have been made by observing the nuclear recoil energy induced by the elastic scattering 
of WIMPs [2] . 

The elastic scattering of WIMPs was investigated by large NaI(Tl) scintillators [3] and 
CaF2(Eu) scintillators [4]. Merits of these scintillators are large volume, low background, low 
energy threshold and the 1003 isotope abundance of the finite-spin nuclei of 1271, 23Na and 
19F. The model dependence of the nuclear matrix element of spin-dependent elastic scattering 
is so large for 1271 and 23Na nuclei [5]. The matrix element of 19F can be calculated accurately 
[5]. In this paper, we first discuss the result by means of Nal(Tl) scintillator in ELEGANT V. 
Later, we discuss the new detector system ELEGANT VI which has been developed recently. 

Inelastic nuclear excitation by spin-coupled WIMPs has been investigated by Nal(Tl) scin­
tillator. The low-lying state with the excitation energy E* is excited by the inelastic scattering 
of WIMPs. This excited state deexcites by the 1-transition, giving the energy deposit E*. 
This energy is transferred to the electron energy in the detector and is converted fully to the 
light response E. = E* without being reduced. The light output is the sum of the E* for the 
1-transition and the frER for the recoil energy. Therefore the energy region to be looked for is 
shifted to the higher energy region (at the energy of excited state). There, the WIMPs signal 
can be fairly free from the low energy noise which lies in a few keV region. 
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The nuclear spin matrix element is difficult to calculate accurately because it  is sensitive to 
the spin-isospin correlation. The spin matrix element for elastic scattering has recently been 
evaluated in terms of the odd-group model[5] . In the case of the spin-stretched transition to 
the excited state with spin J' = J ± 1 ,  the spin matrix element is related to the Ml/ matrix 
element of < A I Ml I A* > as 

< A* I s I A >= 
2J' + 1 . _!:__ < A I Ml I A* > ,  
2J + 1 gM 

( 1 )  

where gM i s  the Ml/ coupling constant giv�n by (eh/2M) (3/4ir)1l2(g, - g, )/2 and < A f Ml f 
A* > is obtained from the Mlf deexcitation (transition) rate. 

The inelastic excitation of WIMPs from 1271 in the Nal(Tl) scintillator was studied by means 
of the huge NaI(Tl) scintillator of ELEGANT V. The detail of this system is given elsewhere [6]. 
Energy spectra, for the live time of 124days, from 17 modules of Nal detectors were summed 
for the final energy spectrum. Other 3 Nal modules were not used because of radioactive 
impurities. The observed energy spectrum indicates no distinct peak at 57.6keV. 

The observed spectrum has been shown from the previous analysis [7] to be composed of the 
following background components: the (3-ray spectrum from 210Pb to the ground state of 210Bi, 
the (3-ray spectrum from 210Pb to the first excited state of 210Bi followed by the 1-ray emission, 
gaussian peaks of the X rays from U and Th chain isotopes and a continuous background. 
The energy spectrum was analyzed by means of the least square fit with these background 
components and possible component S(E) due to the WIMPs inelastic excitation. The energy 
spectrum was folded with the energy resolution measured as /';.E = 7.8 + E/12keV (FWHM). 

A new stringent limit on the density of WIMPs was obtained. The upper limit of the WIMPs 
inelastic scattering is derived from the x-square test of the fit as S :::'. 9.39 x 10-2counts/ day /kg 
with 90% CL. The solid line in Fig.l shows the possible component of the WIMPs inelastic 
excitation. The original energy spectrum was shown in the previous report [8] . 

Using this upper limit on the event rate, one gets the limit on the local density po of the 
WIMPs candidate, as shown in Fig.2. Since WIMPs needs to have enough energy to excite 
1271 nuclei, the present method is quite sensitive to the heavy WIMPs candidates whose mass 
is heavier than several tens of GeV. It should be emphasized that the present limit is based on 
the observed nuclear spin matrix element derived from Ml gamma transition rate. 

We have developed a new detector system, ELEGANT VI, which consists of CaF 2 scintillator­
complexes. The detail of this detector system is shown in ref. [4] . The CaF2(Eu) detector has 
great merits for detecting spin-coupled WIMPs: the low energy threshold ('.C:3keV), large mass 
fraction in CaF2 crystal (49% , total mass of 19F is 3.5kg) and the large nuclear matrix ele­
ment for elastic scattering with small ambiguity. We study also double beta decay of 48Ca by 
ELEGANT VI. The large volume (45 x45x200mm3) CaF2(pure) crystals, which will be used 
in place of the CaF2(Eu) crystals, contain 1 .3mol of 48Ca. The sensitivities of our detector for 
Ov and 2vf3(3 decays are T1% '.CO 1 x 1023yr for one year measurement and Tl/2 '.CO 2 x l020yr 
for 1000 hours measurement, respectively. The test experiment has been carried out in Osaka 
University (at sea level). Although the test was operated with a subset of the detector system, 
it has similar background rate as the BPRS Collaboration data in the Gran Sasso Underground 
laboratory [9]. The detector system will be installed at Oto cosmo observatory of 500mwe 
depth. The advantages of this laboratory are very low background levels of both cosmic ray 
and Rn. Cosmic rays with 4 x 1 0-3m-2sec1, and neutrons with 4 x 10-1m-2sec1 are compara-
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ble to those at Kamioka underground laboratory. The Rn content with lOBq·m-3 is 2�3 orders 
of magnitudes smaller than that at Kamioka[lO]. 
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Figure 1 :  The subtracted energy spectrum in the low energy region obtained by the 1 7  Nal(Tl) 
scintillator. The gaussian peak shows possible spectrum of the inelastic scattering with the 
given event rate, corresponding to the 1 .29u(90% CL) limit. 
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Figure 2: The exclusion plot with the 90% CL for the density of the Dirac neutrino (lower 
dashed) and the Majorana neutrino (upper dotted) .  The solid line indicates the present limit. 
The regions above the lines are excluded from the main component of WIMPs. The dash-dotted 
line indicates the critical density in the vicinity of the earth (0.3GeVcm-3) .  
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ABSTRACT 

Direct detection of Weakly Interacting Massive Particles (WIMP's) is possible 
if they have a scattering cross-section with nucleons comparable to that of a 
neutrino. Low background underground detector searches are underway 
worldwide and we report here on an improvement of an order of magnitude in 
our published limits to the spin-dependent dark matter interaction rate. A 2cr 
upper limit to the rate of 0 . 14  events/kg.keV.day (at 7- 10 keV equivalent 
photon energy) is achieved by use of event time profile information to reject 
most of the radioactive background. 
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Recent results from the microlensing community appear to show that <30% of 
the Galactic halo can be baryonic l ) .  Thus the motivation for a non-baryonic 
dark matter search remains as strong as ever and is discussed elsewhere in these 
proceedings. Many groups worldwide are engaged on this quest and we 
presented our first results from a room temperature Nal scintillator 
experiment at a previous Moriond conference2). We report here an order of 
magnitude improvement over our latest published result5) in the upper limit to 
the interaction rate achieved by using event profile information to reject 
background noise. 

Experimental Details 

The experiment is located at a depth of 1 1  OOm (3000 mwe) underground in a 
working mine near Boulby, England. Passive shielding is effected by means of 
lead and copper castles or by lowering the detector inside a pure copper vessel 
into a 6m diameter, 6m deep tank of recirculating pure water. All shielding 
materials have been stored underground for many years. 
The results discussed are from data acquired over a 6 month run with a 6.2 kg 
Nal(Tl) crystal located in the water tank. The scintillation event readout using 
2 low-noise EMI 9625A photomultipliers viewing opposite crystal faces 
through 30 cm silica light guides. Each coincident event is digitised and 
recorded from both PMTs. The photoelectron yield in this configuration was 
measured to be - 1 .  7 Ike V. A real time environmental monitoring system allows 
us to record the detector temperature. 
The resulting low energy background spectrum is shown in figl .  Note that a 
rate of - 1 .7 counts/keV/kg/day is measured for the 7-10 keV equivalent photon 
energy interval. Since this energy range represents a minimum in the 
background versus energy loss curve of fig l and is near the detector threshold, 
we can obtain a best dark matter limit from this point on the curve. 

Calibration 

We expect a WIMP event signal to be similiar in its time decay characteristics 
to that produced by a neutron scattering in the crystal. Experimentally we 
observe two distinct event decay time constant distributions for neutrons and 
gamma rays with the separation diverging towards higher energy. As the 
residual neutron activity is negligable in the proximity of the experiment, it is 
possible to detect statistically the presence of a small fraction of dark matter 
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recoil events in the presence of a beta and gamma background by using an 
event decay time discrimination scheme. 
Calibration runs in the water tank with a 252cf source emitting gammas and 
neutrons and a 5 7  Co source emitting gammas only yielded the two time 
constant distributions for the 7- 1 0  keV energy range shown in fig2. A 
separation of the mean decay time constant between the two species of -26ns 
can be seen. All time constants have been determined by a least-squares-fit of 
the event profile to a single exponential. 

Results and Limits 

We can compare a time constant distribution derived from the measured 
spectrum of fig 1 with the calibration curves shown in fig2 for the 7-10 ke V 
energy range. Corrections have been applied to the background spectrum for 
Poisson statistics of photoelectron generation and the probability of 
coincidentally triggering both PMT channels. In addition a correction for a 
secular reduction in light collection efficiency amounting to 2.5%/month and 
an empirical time constant temperature coefficient of 1 . 3%/degree K for a ±IK 
temperature drift have been made. 
In fig2 data from the observed background spectrum is shown plotted and a 
near coincidence with the gamma calibration spectrum is seen. To 90% C.L. 
the difference between the means of these time constant distributions is 2ns, 
thus only 2/26 (0.008) of the observed 1. 7 events/ke V /kg/day count rate could 
be due to dark matter particles (see3)4)). The resultant 0 .14 events/keV/kg/day 
is taken to represent the upper limit to dark matter interactions arising from 
this experiment. 

We can relate the observations to a differential event rate/keV/kg/day by5); 

dR/dER = (R0/E0r)(1t0·5/4y) [erf(x+y)-erf(x-y)] [F(ER)]2 ( 1 ) 

where F is the form factor, Ro is the reduced total event rate in counts/kg/day, 
E0= 1 /2Md(v0)2, Md and Mt is the mass of the dark matter particle and the 
target nucleus respectively, x=(ER/E0), y=(vE/vo), r=4(MdMt)f(Md+Mt)2 . 
By using the 90% C.L. experimental limit in equation 1 we can solve for the 
normalised rate Ro/r. The resulting limit as a function of the particle mass is 
shown in fig3 for the spin dependent interaction. Also shown are our previous 
results for a 1 .3kg detector5) and the Germanium (-8% 73Ge isotope) limit6-9). 
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The limit obtained with our pulse shape discrimination scheme clearly 
represents an improvement on previous results. 
We can also relate Ro/r to a total interaction cross section and an equivalent 
cross section for a single proton by using the appropriate spin factors for Na 
and H3). This yields a value of -3pb in the 7-10 keV range. 

Conclusion 

We have demonstrated an order of magnitude improvement on our previous 
published spin-dependent limits by noise rejection using event decay time 
characteristics. A detailed statistical analysis of all the energy bins in the 
background spectrum yielding a small improvement on the above limit is in 
preparation4). 
We envisage further gains in sensitivity will be achieved by scaling up the 
detector size and with longer running times. We have initiated a development 
programme to produce large area photon-counting avalanche photodiodes. 
Deployment of these will result in an increased light collection efficiency, 
lower energy threshold and with a segmented array geometry, provide a 
further discrimination channel. In addition alternative routes to our goal 
including cooled Nal and liquid xenon are under investigation. 
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Abstract 

Indirect methods proposed for detecting supersymmetric dark matter are discussed. 
If the dark matter halo of our galaxy consists of the lightest supersymmetric particles, 

assumed to be neutralinos, their annihilation in the galactic halo may produce observable 
fluxes of positrons, anti protons and gamma rays. In addition, neutralinos may be captured 

and enriched in the centre of the Sun or the Earth. The most promising methods seem 
to be the detection of a gamma ray line from the halo of energy equal to the neutralino, 
and detection of high energy neutrinos from the centre of the Sun or the Earth, where 

new neutrinos telescopes may either detect or put useful limits on these dark matter 

candidates. 

9 1  



92 

1 Introduction 

The mismatch between dynamical estimates of the mass density of the universe, especially on 
large scales, and the upper bound on baryonic density provided by nucleosynthesis constraints 
seems to point to the existence of non-baryonic dark matter. The lightest supersymmetric 
particle, the neutralino, may if it exists have just the right properties to explain the dark 
matter problem. 

\Vhy should then nature be supersymmetric? There are several answers to this question, 
none unfortunately very compelling, but together they may give a flavour of why particle 
theorists have become so attracted to the idea of supersymmetry. 

First of all, the algebra between two supersymmetry generators 

( 1 )  

has the remarkable feature of linking the supersymmetry generators Ii of the fields of the theory 
to the generator pµ of the Poincare group. Besides being elegant, this may allow gravity to be 
unified with the other interactions (perhaps via superstrings) . 

The second strong reason for believing in supersymmetry has to do with the unnaturalness 
of the usual (non-supersymmetric) standard model in the sense that the weak interaction scale 
is some seventeen orders of magnitude lower than the Planck scale (the scale where gravity has 
to be treated quantum-mechanically), despite the fact that no symmetry is present to protect 
that low mass scale. This presents a tremendous fine-tuning problem, since radiative corrections 
would immediately drive the Higgs mass, and therefore the electroweak scale, towards the 
Planck scale unless fine-tuned counterterms are introduced order by order in perturbation 
theory. Supersymmetry, on the other hand, is "nice" to hierarchies: once there in lowest 
order, the susy corrections come with alternating signs between the fermions and the bosons 
in the theory and therefore do not spoil the hierarchy. The postulation of supersymmetry 
at a high mass scale with soft breaking terms (at the Grand Unification or even the Planck 
scale) may through radiative effects and renormalization group flow of the parameters generate 
an exponential hierarchy that explains the disparate lowest order mass scales of the effective 
theories. 

The third reason is the fact that although Grand Unification is such an attractive possibility, 
the proton does not want to decay, and the gauge coupling constants seem to unify better at 
high energies if intermediate mass scales (such as new thresholds given by susy particles) are 
present 3l . 

Perhaps the strongest reason for susy is a very indirect one, and one that has only recently 
been appreciated: the remarkably beautiful new duality properties relating strong and weak 
coupling of supersymmetric theories, discovered by Seiberg and \Vitt.en I ) .  This work has 
led to a phenomenal succession of interesting developments also in string theories and their 
higher-dimensional counterparts, once again reviving the hope of finding a unique " theory of 
everything" . 

With all these particle physics motivations for supersymmetry, the fact that supersymmetric 
models also can produce natural dark matter candidates comes as a nice extra bonus. (At this 
point, one may even be tempted to appeal to the populistic argument for the existence of 
supersymmetry: 1500 theorists and 5000 experimentalists cannot be wrong!) 

Thus, the particle dark matter candidate we will focus on is the lightest supersymmetric 
particle x, assumed to be a neutralino, i.e. a mixture of the supersymmetric partners of the 
photon, the zo and the two neutral GP-even Higgs bosons present in the minimal extension of 
the supersymmetric standard model (see, e.g. 2l ) .  The attractiveness of  this candidate stems 
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from the fact that its generic couplings and mass range naturally gives a relic density close to 
the critical one. (For a recent review of supersymmetric dark matter, see Ref. 4.) 

2 The minimal supersymmetric extension of the standard model 

The minimal N = 1 supersymmetric extension of the standard model is defined by, besides 
the particle content and gauge couplings required by supersymmetry, the superpotential (for 
details, see Ref. 5) 

(2) 

Breaking of supersymmetry has to be present (since no supersymmetric particles have as yet 
been detected ,  and supersymmetry requires particles and sparticles to have the same mass). 
This can be achieved by a soft supersymmetry-breaking potential which does not re-introduce 
big radiative mass-shifts. 

Often a simplifying unification assumption is used for the gaugino mass parameters, 

l'vf1 = � tan2 OwM2 <:::< 0.5}\.12, 
M2 = siSo:a. Ma <:::< 0.3M3. (3) 

Electroweak symmetry breaking is caused by both neutral Higgs fields in the the theory, Hi 
and Hi, acquiring vacuum expectation values, 

(Hf ) = V1 , (4) 

with 

g

2

(

vr + vi) = 2mrv , with the further assumption that vacuum expectation values of all 
other scalar fields (in particular, squark and sleptons) vanish. This avoids color and/or charge 
breaking vacua. 

The minimization conditions of the Higgs potential allow one to trade two of the three 
arbitrary parameters entering the Higgs potential µi, µ� and Bµ for the Z boson mass m� = � 
(g

2 + g'2 ) (  vr + vi) and the ratio of vevs tan ,3 = vz/ V1 . The t�ird parameter can further be 
reexpressed in terms of the mass of one of the physical Higgs bosons. 

Choosing as independent parameter the mass mA of the CP-odd Higgs boson, the masses 
of the other Higgs bosons are given by 

Mz _ ( m� cos2 (3 + m� sin2 (3 + 6Mf1 
H - - sin (J cos ,3(m� + m�) + 6M�1 

- sin(J cos (J(m� + m�) + 6Mi2 ) 
m� sin2 (3 + m� cos2 (3 + 6Mi2 (5) 

(6) 

The quantities 6Mri and 6± are the one-loop radiative corrections coming from virtual (s)top 
and (s)bottom loops. Diagonalization of My1 gives the two CP-even Higgs boson masses, mH,,, , 
and their mixing angle. 

The neutralinos x? are linear combination of the neutral gauge bosons B, lV3 and of the 
neutral higgsinos fip, fI�. In this basis, their mass matrix 

( '�· 

0 _fi.2!i +

�l 

v'2 v'2 
M2 +.2'.!'I. = 

Mx�.2,3,4 = v'2 - v'2 (7) _!6!.t_ +17z 0 -µ v'2 !L.!!l. - = -µ 0 + v'2 v'2 
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can be diagonalized analytically to give four neutral Majorana states, 

x? = Z;1B + Z;2lV3 + Z;3H? + Z;4Hg, (8) 
the lightest of which, to be called x, is then the candidate for the particle making up (at least 
some of) the dark matter in the universe. 

When using the minimal supersymmetric standard model in calculations of relic dark matter 
density, one should of course make sure that all accelerator constraints on supersymmetric 
particles and couplings are imposed. In particular, the measurement of the b -t s')' process at 
the Cornell accelerator 7) is providing important bounds. Also, the recent 130 GeV run at LEP 
has given significant new constrints (e.g. raising the lower bound of the chargino to around 65 
GeV). 

3 Indirect detection methods 

Besides the possibilities of direct detection of supersymmetric dark matter (see the talk by P. 
Gondola at this Workshop) , one should also consider indirect detection methods of neutralino 
annihilation in the galactic halo. 

In principle, all stable particles produced in annihilation processes in the halo can serve as 
signatures of the dark matter candidate. However, electrons and protons are much too abundant 
in the ordinary cosmic rays to be useful. Much lower background fluxes, and therefore greater 
potential for detection of an additional component, are present in the case of positrons and 
antiprotons. The problem is still that the signal does not have a distinct signature. This is 
due to the fact that the primary annihilation processes are into quarks, heavy leptons, gauge 
bosons and Higgs particles, whereas the positrons and antiprotons are secondary or tertiary 
decay products. The reason for the small direct coupling to electron-positron pairs is the 
llfajorana nature of the neutralino coupled with the fact that the annihilation takes place 
essentially at rest. Selection rules then force the coupling to fermions to be proportional to the 
fermion mass. 

There has recently been a new balloon-borne detection experiment s) , with increased sen­
sitivity to eventual positrons from neutralino annihilation, but also this is far from being able 
to put stringent limits on such dark matter annihilation processes. Antiprotons could for some 
supersymmetric parameters constitute a useful signal 9) , but probably space experiments lO) 
would be needed to disentangle a low-energy signal from the smooth cosmic-ray induced back­
ground. A problem that plagues estimates of the signal strength of both positrons and 

antiprotons is the uncertainty of the galactic propagation model, and solar wind modula­
tions. 

4 Gamma rays 

\Vith these problems of positrons and antiprotons, one would expect that problems of gamma 
rays and neutrinos are similar, if they only arise from secondary decays in the annihilation 
process. This is certainly true if that were the only source of gammas and neutrinos. However, 
neutrinos can escape from the centre of the Sun or Earth, where neutralinos may have been 
gravitationally trapped and therefore their density 

' 

enhanced ll) . Gamma rays may result from loop-induced annihilations XX -t // 12) or 
xx -t ,,zo 13) .  

Theses processes may still b e  difficult to estimate because of uncertainties in the supersym­
metric parameters, cross sections and halo density profile. However, in contrast to the other 
proposed detection methods they have the virtue of giving a very distinct, "smoking gun" sig­
nal: high-energy neutrinos from the centre of the Earth or Sun, and monoenergetic photons 
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with £, == mx from the halo (the signal in that case is expected to be strongest in the direction 
of the galactic centre) . In addition, the detection of a gamma line signal could enable a map 
of the density profile of the dark matter halo. 

To illustrate the latter point, let us consider the characteristic angular dependence of the 
gamma-ray intensity from neutralino annihilation in the galactic halo 14l . Annihilation of 
neutralinos in an isothermal halo with core radius a leads to a gamma-ray flux of 

where 7'J is the angle between the line of sight and the Galactic center, r (7'J) is the distance 
along that line of sight, and p�4 is the local neutralino halo density in units of 0 .4 GeV cm-3. 
The quantity u,.v is the cross section times relative velocity v for annihilation of neutralinos 
into two photons. \Ve remind of the fact that since the neutralino velocities in the halo are 
of the order of 10-3 of the velocity of light, the annihilation can be considered to be at rest. 
The resulting gamma ray spectrum is a line at E, == mx of relative linewidth 10-3 which in 
favourable cases could have a chance to stand out against background. 

The calculation of the XX -+ 'Y'Y cross section is technically quite involved with a large 
number of loop diagrams contributing. In fact, a full calculation still remains to be done (the 
most complete one up to date is that of 15l ) .  However, it is quite easy to get an order of 
magnitude estimate of the various contributions. Loops with fermions and sfermions in the 
intermediate state generally contribute an amplitude of order o:2mx/m}. Since the different 
contributions all have to be added coherently, there may be cancellations or enhancements, 
depending on the supersymmetric parameters. 

A potentially important contribution, especially for neutralinos that contain a fair fraction 
of Higgsino components, is from iv+w- intermediate states. This is also the dominant loop 
for the even more important z0

-y final state for very massive neutralinos 13) .  \Vriting 

one finds 13l 

where ,8 == j1 - (mw/mx)2 . 

Ce2 
A,, == -4 E[µvq1q2] (Mre + i1vlim) , 7r 

........ 
2 ( 1 + ,8) Mim == /3 log l _ f3 , 

In the limit of large x masses (above, say, 500 GeV) this becomes 

LL ( S ) ,\1im == log -2- ' mw 

LL 1 2 ( S ) }..fre == - log -2- ' 27r mw 

(10) 

(1 1 )  

(12) 

(13) 

where s == 4m�. Non-leading corrections to this result have recently also been calculated 15) . 
In Fig. 1 ,  we show the gamma ray line flux given in a scan 5) of supersymmetric models 

consistent will all experimental bounds (including b -+ s-y) . The open points are from a 
"standard" scan in the parameter space letting µ, l\.12, tan/3 and mu, vary at random between 
generous bounds. The filled points are from a "special" scan, where as an extra condition a 
spin independent cross section on nucleons greater than 5% of the Dirac cross section has been 
required. As can be seen, this condition has little effect on the gamma rates (the two populations 
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of points cannot be easily distinguished), in contrast to the case of neutrinos discussed below 
(see Fig. 2) and to direct detection rates 5l ) .  

It  can be seen that some models give rates that could be probed by a next generation of  air 
Cherenkov telescopes 161

, which would have an area· of up to several tens of thousand square 
metres. 

5 Neutrinos 
Another promising indirect detection meth<;>d is to use neutrinos from annihilations of neutrali­
nos accumulated in the centre of the Sun or Earth. This will be a field of extensive experimental 
investigations in view of the new neutrino telescopes (A�IANDA, Baikal, NESTOR, DUMAND) 
being planned or under construction (see the talks of these groups in these proceedings; an 
overview can be found in 17) ) .  

The prediction of  rates is quite involved, as  one has to compute capture rates, fragmentation 
functions in basic annihilation processes, propagation through the solar or terrestial medium, 
charged current cross sections and muon propagation in the rock, ice or water surrounding 
the detector. In addition, there may be scattering of the Cherenkov photons generated by the 
muons, due to impurities in the medium. 

The capture rate induced by scalar (spin-independent) interactions between the neutralinos 
and the nuclei in the interior of the Earth or Sun is the most difficult one to compute, since it 
depends sensitively on Higgs mass, form factors, and other poorly known quantities. For the 
Sun, the axial cross section is relatively easy to compute, a good approximation is given by 4J 

x H(40) 
cR = (1 .3  x 1020 s-1) Po.3 uospin 

(mx/(lGeV))v270 
(14) 

where u�s�i� is the cross section for neutralino-proton elastic scattering via the axial-vector 
interaction in units of 10-40cm2, v270 is the dark-matter wlocity dispersion in units of 270 
kms-1, and PJ.3 is the local halo mass density in units of 0.3 GeV cm-3. The capture rate 
in the Earth is dominated by scalar interactions, where there may be kinematic and other 
enhancements, in particular if the mass of the neutralino almost matches one of the heavy 
elements in the Earth. For this case, a more detailed analysis is called for, but convenient 
approximations are available 4) .  

;\feutrinos produced by neutralino annihilations in the Sun may suffer energy loss one their 
way out through the solar medium. Charge-current reactions make neutrinos disappear whereas 
neutral current reactions degrade the energy of the original neutrino. Since these events are 
rare but "catastrophic" when they occur, they should be modelled event-by-event 181 instead 
of in a statistical fashion 191 . For the Earth such effects can be neglected in the energy range 
of interest. 

To illustrate the potential of neutrino telescopes for discovery of dark matter through neu­
trinos from the Earth or Sun, we present the results of a full calculation zo) .  In Fig. 2 it can be 
seen that a neutrino telescope of area around 1 km2, which is a size currently being discussed, 
would have discovery potential for the supersymme�ric models with high scalar cross sections 
discussed above. It can also be seen that gamma line detection and neutrino detection are 
complementary techniques in the sense that the respective rates are not strongly correlated. 

6 Conclusions 
To conclude, we have seen that indirect detection methods have the potential to be very useful 
complements to direct detection of supersymmetric dark matter candidates. In particular, new 



� 
w 1 0  2 
� 

0 
E E - 1  c'5 1 0  

- 2  1 0  

97 

1 0  1 o3 
m, (GeV) 

Figure 1: The gamma line flux coming from XX --+ /'Y vs neutralino mass ( = gamma ray energy) 
for a variety of supersymmetric models consistent with all accelerator bounds. 

air Cherenkov and neutrino telescopes may have the sensitivity to rule out or confirm the 
supersymmetry solution of the dark matter problem. 
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Detection indirecte de matiere cache supersymmetrique 

Une revue est presente sur les methodes differentes de detection de particules 
supersymmetriques neutres comprennant hypothetiquement le halo de notre galaxie. 

Indirekt detektion av supersymmetrisk mork materia 

I denna artikel ges en oversikt av olika indirekta metoder for detektion av den hypotetiska 
supersymmetriska meteria, som kan utgora merparten av massan i Vintergatans halo. 





WIMP ANNIHILATIONS IN THE SUN AND I N  THE EARTH 
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Abstract 
Weakly-interacting massive particles (WIMPs) annihilating in the center of the Sun or 

the Earth may give rise to energetic neutrinos which might be discovered by astronomical 
neutrino detectors. The angular distribution of the neutrino-induced muons is considered 
in detail via Monte Carlo simulations. It is shown that large underground Cerenkov 
neutrino telescopes might be able to extract the WIMP mass from the width of the muon 
angular distribution. 

1 Introduction 
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Weakly-interacting massive particles (WIMPs) with masses in  the GeV-TeV range are among 
the leading non-baryonic candidates for the dark matter in our galactic halo. One of the most 
promising methods for the discovery of WIMPs in the halo is via observation of energetic 
neutrinos from annihilation of WIMPs in the Sun and/or the Earth l ) .  

Here we want to study if Cerenkov neutrino telescopes might realistically expect to be able 
to extract the WIMP mass from the muon angular distribution (once measured) .  

2 Annihilation channels and muon fluxes 

WIMPs trapped in the core of the Sun and/or Earth can annihilate to a fermion-antifermion 
pair, to gauge bosons, Higgs bosons and gluons (xx -t e+e-, qq, gg, qqg, w+w-, z0Zo , 
z0 H0 , w± HT, H0 H0) .  These annihilation products will hadronize and/ or decay, eventually 
producing high energy muon neutrinos. 

We have performed detailed Monte Carlo simulations of the hadronization and decay of the 
annihilation products using J ETSET 7.4 3), of the neutrino interactions on their way out of the 
Sun and of the charged-current neutrino interactions near the detector using PYTHIA 5 .73\ 
and finally of the multiple Coulomb scattering of the muon on its way to the detector using 
distributions from the Particle Data Group 4) . 

*E-mail address: edsjo@teorfys.uu.se 
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Figure 1: Projected angular distributions of a) neutrinos and b} neutrino-induced muons from 
WIMP annihilations in the Earth. The distribution in b} are shown for hard channels (W+w­
for 100-750 Ge V and r+r- for 50 Ge V), with a detector muon threshold E!h = 10 Ge V and a 
detector angular resolution ()det = 1 -4° . 

With respect to previous calculations 5• I ) ,  this Monte Carlo treatment of the neutrino prop­
agation through the Sun bypasses simplifying assumptions previously made, namely neutral 
currents are no more assumed to be much weaker than charged currents and the energy loss 
is no more considered to be continuous. This results in that for a WIMP mass of 1500 GeV 
(50 GeV) we find a muon flux 20% (5%) higher than that obtained by llitz and Seckel 5J .  For 
details about the simulation, see Ref. 6• 2) 

3 Annihilation profiles 

The annihilation region in the Sun can be regarded as point-like, its angular size being ;:;;, 0.005° 
for the WIMP masses we are interested in, m <, 10 GeV. For the Earth, on the contrary, 
the angular extension of the annihilation region is non-negligible I) .  One can show 2J that the 
projected angular distribution from the Earth is approximately Gaussian with root mean square 
value ()�ms c::: 23° / /m/GeV for m <, 1 0  GeV. 

Projected angular distributions of the neutrino flux from the Earth are shown in Fig. la for 
WIMP masses between 50 and 750 GeV. Note that these distributions are independent of the 
neutrino energy spectrum and of the specific annihilation channel. The analogous distributions 
for the Sun are simply narrow peaks at Bv = 0. 

4 Muon angular distributions 

In Cerenkov neutrino telescopes it is not possible to measure the angular distribution of the 
neutrinos directly since it is the muon produced in charged-current interactions that can be 
detected. The direction of the neutrino is somewhat lost because of two effects: (1 )  the muon 
produced in a charged-current interaction exits at an angle ()cc with respect to the incoming 
neutrino and (2) the same muon undergoes multiple Coulomb scattering on its way to the 
detector, changing direction by an angle Bcoul · We use the charged current angular distributions 
as given by PYTHIA and the multiple Coulomb scattering distributions given in Ref. 4J . Both 
angles get smaller with increasing neutrino (and muon) energy, their root mean square values 
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15 

Figure 2: WIMP mass m versus full width half maximum IJFWHM of the neutrino-induced muon 
distribution for soft (bb) and hard (W+w- and T+T-) channels. a) For WIMPs annihilating 
in the Sun with a detector angular resolution of IJdet = 1.4° . b) For WIMPs annihilating in the 
Earth with a detector angular resolution of IJdet = 1 .4° .  

being approximately inversely proportional to the square root of the energy. 
There is an additional uncertainty coming from the reconstruction of the muon track. Each 

neutrino telescope has an intrinsic angular resolution in determining the direction of the muon. 
We assume that the error in its determination is Gaussian with root mean square value Odeh 
typically of the order of 1-2°. 

In Fig. lb we plot the muon angular distributions for hard channels in the Earth, where 
we by hard mean that it is dominated by a hard channel, like w+w-, z0 z0 and T+ T- . Since 
the rate is proportional to the neutrino energy squaredt it suffices that the branching ratio into 
hard channels is greater than � 10%. Softer neutrino spectra, e.g. those from the bb and H0 H0 

channels, give rise to wider angular distributions. This is due to the energy dependence of 
IJc'Cs and IJc';;�1 . Note the difference between the neutrino (Fig. la) and muon (Fig. lb) angular 
distributions: charged-current interactions and multiple Coulomb scattering make the width 
dependence on WIMP mass stronger. 

5 WIMP mass determination 

In Figs. 2a-b we show the dependence of the WIMP mass on the full width half maximum of the 
projected muon angular distributions. We present the soft bb-channel and the hard w+w--
and T+T--channels for the Earth and the Sun for two different muon energy thresholds, E;!' = 
2 GeV and Eth = 10 GeV. 

We find that the detector angular resolution is the limiting factor for the mass determination 
of heavy WIMPs (m ;<::, 400 GeV).  For lighter WIMPs, it seems promising to infer their mass 
from the Earth muon distribution. We remind that this is also the mass range in which the 
signal from the Earth is expected to be significant. The WIMP mass could also be extracted 
from the Sun muon distributions provided the detector muon energy threshold is low. In fact, 
the width of the angular distribution for the Sun is dominated by charged-current scattering, 
which acts as a mass spectrometer in diffusing neutrinos according to their energies and so 
according to the WIMP mass. 

1This is so since both the cross section and the muon range rises linearly with energy. 
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6 Conclusions 

WIMPs annihilating in the center of the Sun or the Earth may give rise to a neutrino-induced 
muon flux in neutrino telescopes. The width of the muon angular distribution carries infor­
mation on the WIMP mass, because the size of the annihilation region, the charged-current 
neutrino-nucleon scattering and the multiple Coulomb scattering of the muons all depend on 
the WIMP mass. It has been shown that the WIMP mass can be inferred, for WIMPs lighter 
than � 400 GeV, from the Earth distribution and, provided the muon energy threshold is 
low (;:; 5 GeV) , also from the Sun distribution. This seems therefore a promising method of 
determining the WIMP mass. 

Acknowledgments 

The work on the angular distributions has been performed in collaboration with P. Gondolo. 
This work has been partially supported by the EC Theoretical Astroparticle Network under 
contract No. CHRX-CT93-0120 (Direction Generale 12 COMA). 

References 

1) See Ref. Z) for a detailed list of references. 

2) J. Edsjo and P. Gondolo, Phys. Lett. B357 ( 1995) 595. 

3) T. Sjostrand, Comp. Phys. Comm. 82 ( 1994) 74. T. Sjostrand, P YTHIA 5.7 and JETSET 
7.4. Physics and Manual, CERN-TH.71 12/93, hep-ph/9508391 (revised version). 

4) Particle Data Group, Phys. Rev. D50 (1994) 1 173. 

5) S .  Ritz and D. Seckel, Nucl. Phys. B304 ( 1988) 877. 

6) J. Edsjo, Diploma Thesis, Uppsala University preprint TSL/ISV-93-0091 (ISSN 0284-
2769). J. Edsjo, Nucl. Phys. B (Proc. Suppl.) 43 ( 1995) 265. 

ANNIH ILATIONS DES WIMPS DANS LE SOLEIL ET DANS LA TERRE 

Resume 

WIMPs annihilant clans le centre du Soleil ou de la Terre peuvent produire neutrinos 
energique qui on peut decouvrir avec des detecteurs astronomiques des neutrinos. La 
distribution anguiaire des muons (de !'interaction neutrino-nucleon) est examine par des 
simulations Monte Carlo. Nous montrons que des telescopes des neutrinos peuvent extraire 
la masse de la WIMP par la largeur de la distribution angulaire des muons. 
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Abstract 
The NESTOR collaboration intends to build a high energy neutrino detector located on 

deep sea bottom. The physics topics of the projects include astrophysics, neutrino physics 
and dark matter search in the form of heavy neutralinos. The expected performances and 
the present status are described. The major works under way a.re reviewed, together with 
the essential milestones. 
The NESTOR collaboration participates to the discussions in view of a future international 
one km3 detector. 

. 

1 Introduction 
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NESTOR is an experiment dedicated to the search of high-energy astrophysical neutrinos. It 
is based on the detection of the Tcherenkov light radiated by the muon issued from a muon 
neutrino interaction, in a transparent medium like the sea water; the detector needs to be 
shielded from the muons produced by the cosmic ray interactions in the atmosphere, therefore 
it is located on the deepest possible submarine ground. The interactions of neutrinos in the sea 
water or in the sublying rocks can therefore be distinguished more easily from the background 
muons coming from atmospheric sources. 

Benefiting from the DUMAND experience, NESTOR aims to deploy, in a single procedure, 
a tower structure already large enough to reach many physics goals [1] . The full physics program 
needs the deployment of seven towers, a first step towards a one km3 detector. 

The physics program includes the study of point-like or diffuse neutrino sources - galactic 
or extragalactic - like the active galactic nuclei (AGN) or the supernovae remnants, and the 
study of neutrino oscillations using atmospheric neutrinos induced by high energy cosmic rays 

1http://infodan.in2p3.fr/delphi/user/sacquin/sacquin.html 
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interacting with the terrestrial atmosphere, or accelerator produced neutrinos. The detection of 
WIMPs in the form of supersymetric neutralinos will also be looked for: we refer the reader to 
the contributions of J. Edsjo and of L. Bergstrom, in the same proceedings, for the production 
modes and expected rates. Unexpected signals will also be looked for, owing to the fact that a 
full transmission of all data is foreseen. 

The collaboration presently consists of high energy physicists, astrophysicists and ocean­
ologists from 18 institutes in 6 countries (Greece, Russia, France, Germany, Italy, U.S.A.) .  

2 Apparatus 

The NESTOR structure (Figure 1) consists in a semi-rigid buoyant tower made of 12 floors, 
anchored on the sea bottom. Each floor is made of 6 rigid titanium arms, 16 m long, whose 
extremities are equipped with optical modules. The arms are fixed to the center axis of the 
tower, and the center of each floor is also equipped with optical modules. Two adjacent floors 
are vertically 20 m from each other. 

An optical module consists in a 15" Hamamatsu phototube, housed in a 17" oceanological 
glass sphere (Benthosphere) .  There are 7 pairs of optical modules on each floor, each pair having 
one PM looking downwards and one looking upwards. The optical modules are connected to a 
titanium sphere in the middle of each floor, housing the electronics for the signals and the slow 
control. From each floor, an optical fiber transmits the signals to a submarine opto-electrical 
cable, with 12 optical fibers, going to the shore station. 

The transmission of the signals will be either digital or analog, depending of the per­
formances reached in the presently ongoing developpments of both options. All signals above 
a threshold of one quarter of photoelectron will be transmitted, and used for a physics trigger 
by the acquisition station on the shore. 

The slow control includes a calibration system with light emitting diodes in glass sphere 
in between two floors, an accurate sonar positioning system and a continuous monitoring of 
environmental parameters (temperatures, currents, magnetic field, tilt measurements . . .  ) .  

3 Environment 

The chosen site of NESTOR is located in the Ionian Sea near the city of Pylos, South-West of 
Peloponesos (Greece). There lies a flat submarine plateau at 3800m depth, 1 1  nautical miles 
away from the shore, on a wide area (5 nautical mile large), which is convenient for the future 
extension to 7 towers. 

Several cruises with oceanological vessels have been dedicated to the environmental studies 
and hydrographic survey of the site. The water transmissivity to light has been monitored, and 
found to be of the order of 55m for the wavelength of the Tcherenkov light. Underwater currents 
have been measured in several cruises, at values less than 5 cm/ s. The temperature of the water 
at the bottom is around 14°0, and the water salinity and radioactivity has been measured at 
an acceptable level (13 Bq/l). 

4 Performances 

The reconstruction of the muon trajectory parameters is the result of a minimization using the 
time and amplitude recorded on each module. This ensures an angular resolution from 1 to 3 
degrees depending on the azimuth and distance of the track. The effective area covered by one 
tower varies with azimuth from 10 000 to 18 000 m2. A 411" acceptance is covered, and muons 
with energies as low as 5 GeV can be reconstructed. An approximate energy determination is 
possible, using the amplitudes of the signals. 
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Figure 2: Minimal exposure time necessary to 
detect a 4u effect in neutralino search, with one 
NESTOR tower. a) refers to a signal coming 

Figure 1: Sketch of the NESTOR tower with from the Earth core and b) for neutrinos com­
its 12 floors, and a close-up view of a pair of ing from the Sun. The three different curves 
optical modules, made of two spheres with PM refer to different gaugino fractionnal weight P: 
looking up and down. dotted line is for P = 0 .1 ,  solid line for P = 0.5, 

dashed line for P = 0.9. 

For the point-like sources search, a rate of a few events per year is expected using standard 
prediction [2]. The diffuse AGN background should provide a few tens to a few hundreds of 
events per year, still with one tower. The contamination due to atmospheric neutrinos is 
important only below 1 TeV. 

For the neutralino search [3], the knowledge of the exact direction of the muon (the Earth 
core or the Sun) allows a better rejection of the background and a better constraint on the 
fit. As seen in figure 2, one year of exposure time of one tower allows to put a limit on the 
neutralino mass at around 150 GeV/c2. A longer exposure time can extend greatly this limit, 
specially looking at the signal from the Sun. 

The study of neutrinos from atmospheric origin allows to look for neutrino oscillations,  
with very long base-line. The surveyed domain is comparable to the one covered by the Kamioka 
experiment, which has claimed a positive result. 

Eventually, a neutrino beam coming from CERN is under study. Such a beam would 
allow to investigate a large area of the sin2211-Llm2 plane. 

5 Present studies in mechanics and electronics 

Presently the collaboration is actively working on the definition of the mechanical structure 
and on the transmission scheme. 

The original drawing of the structure results from a titanium smaller structure deployed in 
1992 by the russian collaborators. They are presently building a full size two floors prototype, 
which should be delivered in spring and tested on the NESTOR site. The deployment procedure, 
which is crucial for this kind of apparatus, should lead to a better definition of the tower. 

In the mean time, engineers from Saclay and Marseilles, an active observator yet in 
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NESTOR, are exploring alternative options, whith the help of french oceanological companies. 
A floor mock-up is tested in wind tunnel, and studies continue in oceanological research basin. 
This should lead to a white paper on the deployment and structures before summer. 

Two alternative transmission schemes are explored in parallel: A digital solution is de­
velopped by the Rome group, now building a two channels prototype, to be used in the fore­
coming tests. An important parameter of this option, the MTBF (mean time before failure) is 
presently under study. 

An analog transmission of the signals is studied in Saclay. A three channel prototype is 
about to be delivered, and tested with a long optical fiber. The analog signals are multiplexed 
on a radio frequency which modulates a laser source. A hybrid solution with an additionnal 
laser multiplexing is also investigated. 

6 Summary and prospects 

The necessary material for the optical modules of one tower is already bought and tested in 
Athens. The construction of mu-metal cages is in progress. 

Work is progressing on the trigger, developped on DecPeRLe, on the shore station and 
laboratories, and on the opto-electical cable deployment. 

Deployments of strings with one or two optical modules is scheduled this year, to extend 
the study of the light background conditions in the site, of the sedimentation and currents, and 
of the sea-water transparency. 

By the end of 1996, the immersion of two floors and the validation of a transmission 
scheme shall be the starting point of the complete definition of the apparatus. The building of 
a tower is planned to follow during the next two years. The project will afterwards be completed 
by extending to seven towers. 

Eventually a one km3 detector is foreseen, for which a world-wide collaboration is in active 
discussions. 
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Resume 
La collaboration NESTOR a pour but de construire un detecteur de neutrinos de 

haute energie, installe en mer a grande profondeur. Les objectifs de physique couverts 
par le projet concernent l'astrophysique, la physique des neutrinos, ainsi que la recherche 
de matiere noire sous la forme de neutralinos massifs. Les performances attendues du 
detecteur ainsi que l'etat actuel du projet sont presentes. Les principaux travaux en cours 
sont passes en revue, ainsi que les etapes essentielles du projet. 
La collaboration NESTOR entend participer a la realisation d'un futur detecteur mondial 
de un km3. 
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Status of the Projects BAIKAL and AMANDA 

CH . SPIERING 

DESY-Zeuthen, Platanenallee 6, D-15738 Zeuthen, Germany 

1 Introduction 

The idea to detect the Cherenkov light emitted by particles produced in neutrino interactions 
in big water basins was proposed in 1960 l) .  In spite of the efforts of the pioneering experiments 
DUMAND (in the Pacific near Hawaii) and BAIKAL (in the Siberian Lake Baikal), it was not 
until 1993 before the first small underwater telescope went into operation. This was NT-36 
("Neutrino Telescope with 36 phototubes" ) ,  a detector in Lake Baikal carrying 36 PMTs at 3 
strings. After several upgrades, a 96-PMT telescope takes data since April 1996. 

The BAIKAL project aims to build a large deep underwater detector for muons and neutrinos 
in a depth of about 1 km. The specifics of the project is the ice cover of the lake which allows 
for easy deployment and retrieval of detector components in late winter. This advantage could 
balance the drawbacks of the site: the comparatively low depth, giving a high background rate 
of atmospheric muons punching through the water to 1 km depth; and the moderate absorbtion 
length of about 20 m (compared to 40-50 m in Oceans and more than 100 m in the Antarctic 
ice). 

AMANDA is a project to build a large neutrino telescope in the deep ice at the South Pole. 
The motivation to move to a remote location like the Pole has been given by several arguments: 
a) the geographical location is complementary to the other detectors, b) ice is a sterile medium 
with a background noise determined only by the intrinsic dark noise of a PMT, and c) the 
ice provides a stable deployment platform, the position of OMs does not change once they are 
placed, and the distance between detector and DAQ system is kept short, 1-2 km compared to 
7-30 km in the deep water experiments. The optical properties .of the ice are different compared 
to those of Lake Baikal. Whereas the absorption length is extremely large, the influence of 
scattering is much higher than in water. 

In 1994, the AMANDA group deployed a 80-PMT array in 0.8-1.0 km depth. Residual bubbles 
in the ice turned out to cause unacceptably high light scattering in the ice. Therefore, in 1996 a 
detector of 86 PMTs was deployed at depths ranging from 1500 to 2000 meters - with scattering 
reduced by about two orders of magnitude. 

The present report describes the status of the two projects. 
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2 Status of the Lake BAIKAL Telescope 

The BAIKAL Collaboration: I.A.Belolaptikov7, L.B.Bezrukov1 , B.A.Borisovets1 ,  N.M.Budnev2, 

A.G.Chensky2, I.A.Danilchenko1 , J.-A.M.Djilkibaev1 ,  V.I.Dobrynin2 ,  G.V.Domogatsky1, A.A.Doroshenko1 , 

S.V.Fialkovsky4, A.A.Garus', A.Gaponenko2, O.A.Gress2, T.A.Gress2, H.Heukenkamp8', S.B.Ignatev3, 

A.Karle8, A.M.Klabukov1, A.I.Klimov6, S.I.Klimushin1 , A.P.Koshechkin2, J .Krabi8 , V.F .Kulepov4, 

L.A.Kuzmichov3, B.K.Lubsandorzhiev1 , M.B.Milenin4 , T.Mikolajski8, R.R.Mirgazov2, A.V.Moroz2, 

N.I.Moseiko3, S.A.Nikiforov2, E.A.Osipova3, A.I.Panfilov', Yu.V.Parfenov2, A.A.Pavlov' ,  D.P.Petukhov', 

K.A.Pocheikin2, P.G.Pokhil1, P.A.Pokolev2, M.I.Rosanov5, V.Yu.Rubzov2, S.I.Sinegovsky2, I.A.Sokalski1 , 

Ch.Spiering8, O.Streicher8 , P.A.Pokolev2, T.Thon8, I.I.Trofimenko1, Ch.Wiebusch8, R.Wischnewski8 

1 Institute for Nuclear Research, Russian Acad. of Science (Moscow, Russia), 2 Irkutsk State University (Irkutsk, 

Russia), 3 Moscow State University (Moscow, Russia), 4 Nizhni Novgorod State Technical University (Nizhni 

Novgorod, Russia}, 5 St.Petersburg State Marine Technical University (St.Petersburg, Russia}, 6 Kurchatov 

Institute {Moscow, Russia}, 7 Joint Institute for Nuclear Research {Dubna, Russia}, 8 DESY Institute for High 

Energy Physics (Zeuthen, Germany) 

2.1 Detector and Performance 

The Baikal Neutrino Telescope 2l is being deployed in the Siberian Lake Baikal, at a depth of 
1.1 km, see fig.1. At April 13th 1993, the detector NT-36 ( 36 PMTs at 3 strings) was put 
into operation and took data up to March 1994. During 240 days of data taking, 7 · 107 events 
for the basic trigger 3/1 (2:  3 hits at 2: 1 string) have been taken, 107 of them fulfilling the 
trigger condition 6/3 (i.e. 2: 6 hits at 3 strings), suitable for unambiguous track reconstruction. 
A modified array, NT-311, came into operation at April 3th, 1994. During 242 days operating 
time, 9.7 · 107 events for trigger 3/1 have been taken. An array carrying 72 PMTs has been 
deployed in March 1995 (see fig.2). In April 1996, a 96-PMT variant has started data taking. 
These arrays are steps towards the Neutrino Telescope NT-200 which will carry 192 PMTs. 

Figure 1 :  Installations at the Baikal site 
(status 1995); 1-3: shore cables, 4-6: string 
stations for shore cables, 7: string with the 
telescope, 8: environmental string, 9-14: ul­
trasonic emitters. 

-20-4060 
20° x / m  0 20 40 &f040 

·40 

Coordinates 
Figure 2: Schematical view of NT-72, de­
ployed in 1995. It consists of 36 PMT-pairs 
at 4 short and 1 long string. Open circles 
indicate positions of the distant calibration 
laser (see text). 
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The 7 arms of the frame carrying the detector, each 21.5 m in length, are at a height of 250 m 
above the bottom of the lake. Two underwater electrical cables and one optical cable connect 
the detector site with the shore station. Detector components are deployed form the ice cover 
in later winter. 

The optical modules are grouped in pairs along the strings, directed alternatively upward and 
downward. The two PMTs of a pair are connected in coincidence and define a channel. The 
local coincidences are mandatory for the suppression of the background from bioluminescence 
and PMT noise: the typical 1 p.e. counting rate is 100 kHz for a single tube, but only 200 Hz 
for a channel. 

A muon-trigger is formed by the requirement of ;::: 3(4) fired channels within a time window 
of 500 nsec. A second system (monopole trigger) searches for time patterns characteristic for 
slowly moving, bright particles like nuclearities or GUT magnetic monopoles catalyzing proton 
decays. 

The time calibration of the array is performed with the help of a stationary nitrogen laser 
positioned just above the array. The spatial position of the components of the array is monitored 
by a hydroacoustical system. A special "environmental" string carries devices to measure the 
optical parameters of the water, temperature, pressure, sound velocity and water currents. 

The performance of the detector can be summarized as follows: 

• Seasonal variations of the water luminescence (reaching sometimes an order of magnitude) 
do not influence the muon trigger rate. 

• Upward pointing modules loose after 150 days �50 % of their sensitivity due to sedi­
mentation, downward modules do not show any remarkable change of their sensitivity. 
That means that for long term operation, the optical modules dominantly should point 
downwards. We are searching for methods to reduce the settlement of matter on the glass 
spheres. 

• Displacements of the whole array due to water currents are small ( < 2m) and monitored 
by our ultrasonic system. The relative positions of the optical modules do not change by 
more than 20 cm. 

• All mechanical components of the system worked reliably, particularly none of the modules 
did leak over the first 2 years. On the other hand, some of the electronical components 
do not satisfy the standards requested for long-time remote operation. 

2.2 Selected results 

First physical results based on the data taken with the 1993 array have been presented at 
different occasions (see ref.3 and refs. therein) .  Some of the results are given in the following: 

a) Muon Spectra 

Muon angular distributions are well described by MC expectations. Converting the measured 
angular dependence into a depth dependence of the vertical flux, good agreement with other 
published values is observed (fig.3). 
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depth. 

b) Search for Neutrino Candidates 
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Figure 4: Upper limits {90% CL) on the flux 
of magnetic GUT monopoles as a function of 
their velocity (3, for different catalysis cross 
sections u0• 

With NT-36, a signal-to-noise ratio, S/N of 1 :50 has been achieved over the full lower hemi­
sphere. Here, the signal is given by upward muons from interactions of atmospheric neutrinos, 
and the noise are downward muons faking upward muons. 
In selected angular regions, however, S / N may be much larger. Searching for muons just around 
the opposite zenith (as expected from neutralino annihilation in the center of the Earth) even 
with the samll NT-36, the S/N-ratio approaches unity. A first promising candidate for a nearly 
vertical upward muon was found in the 1994 data. S / N for this events is estimated to be about 
3, i.e. the probability to be a fake event is only 25%. 

c) Search for Magnetic GUT Monopoles 

From monopole induced proton decays one would expect Cherenkov light signals generated by 
the decay products. For certain regions of the parameter space in /3 (monopole velocity) and <Tc 
(catalysis cross section) ,  GUT monopoles would cause sequential hits in individual channels in 
time windows of 10-4 - 10-3 sec. Having searched for such enhanced counting rates we deduce 
upper limits for the flux of monopoles catalyzing the decay of free protons with cross section 
<Tc = 0.17 · <r0 · 13-2• E.g., with <T0 = 10-29 cm2 and /3 = 10-4 one gets a flux limit of 10-15 cm-2 
sec-1 sr-1, just at the Parker limit and of the same order of magnitude as limits obtained by 
our collaboration with dedicated setups in 1984-89 (fig.4). 

d) Laser Experiment 1995 

Just after deployment of NT-72, a calibration experiment with a distant laser was performed. 
Fig. 1 indicates the different positions of the laser. An isotropic light source was used to 
simulate distant electromagnetic showers .  From the time and amplitude pattern of the hit 
channels light attenuation and scattering lengths, >.a and >.., could be determined. We found 
Aa = 22 .7 m at 475nm. 
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2 . 3  Future plans 
The main goal of 1996 is to identify neutrinos with the help of NT-96. S/N for this array was 
calculated to be larger than 1 over most of the lower hemisphere, with 40-60 neutrino events 
to be taken with a fully functioning detector over one year. For 1997, an extended array with 
a series of qualitative improvements is scheduled. NT-200 is planned to be finished in spring 
1998. 

3 Status of the AMANDA Project 

The AMANDA Collaboration: P. Askebjer 1, S.W. Barwick 2 ,  L. Bergstrom 3 ,  A. Bouchta 1, S. Carius 

3, E. Dahlberg 1 ,  B. Erlandsson 1, A. Goobar 1, L. Gray 4, A. Ha.!lgren 3, F. Halzen 4, H. Heukenkamp 5, 
P.O. Hulth 1,  St. Hundertmark 5 ,  J. Jacobsen 4, S. Johansson 1 ,  V. Kandhadai 4, A. Karle 5 ,  I. Liubarsky 4, 
D. Lowder 6, T.C. Miller 7, T.Mikolajski 5, P.C. Mock 2 ,  R. Morse 4, R. Porrata 2, P.B. Price 6 ,  A. Richards 6, 

H. Rubinstein 3, C. Spiering 5,  0. Streicher 5,  Q. Sun 1,  T. Thon 5 ,  S. Tilav 4, C. Walck 1 ,  R. Wischnewski 5, 

G. Yodh 2 

1 Stockholm University, Stockholm, Sweden, 2 University of California, Irvine, USA, 3 University of Uppsala, 

Uppsala, Sweden, 4 University of Wisconsin, Madison, USA, 5 DESY - Inst.High En. Physics, Zeuthen, Ger­

many, 6 University of Californi�, Berkeley, USA, 7 Bartol Research Institute, University of Delaware, Newark, 

USA 

Rather than in water, the optical modules of AMANDA (Antarctic Muon And Neutrino De­
tector Array) are deployed in the 3 km thick ice cover at the geographical South Pole 4). Holes 
are drilled in the ice with the help of a hot water drill. The strings with the optical modules 
are deployed into the water column in the hole which then refreezes within some days. 
The only elements under ice are 8" PMTs (including HV dividers) in pressure spheres. Each 
PMT has its own cable supplying the HV and transmitting the anode signal in the other 
direction. All electronics is housed in a comfortable building at the surface. The simplicity of 
the components under ice and the non-hierarchical structure makes the detector highly reliable. 
A muon trigger is formed by the requirement of a minimum number of fired PMTs within a time 
window of 2µsec. A second system searches for enhanced counting rates over time windows of 
some seconds (which could be due to the vast amount of low energy neutrino reactions induced 
by a supernova collapse) . The same system also looks for time patterns which might be due to 
slowly moving bright objects. 

AMANDA profits from the excellent logistics and infrastructure created to support scientific 
research at the Pole. 

3 .1  AMANDA-A 

Preliminary explorations of the site and the drilling technology were performed in the antarctic 
summer 1991/92. During the 1993/94 campaign, four strings each with 20 PMTs have been 
frozen between 800 and 1000 m depth (AMANDA-A, see fig.6) . Along with the coax cable, 
optical fibers carry light from a laser at the surface to each PMT. Each fiber was terminated by 
a light diffuser placed about 30 cm from the PMT. By sending laser pulses to individual diffusers 
and measuring the photon arrival time distributions at distant PMTs, the optical properties of 
the medium could be derived. The timing distributions indicated that photons do not propagate 
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straight-forward but are scattered and considerably delayed due to residual bubbles in the ice. 
The scattering prevents a proper reconstruction of the Cherenkov cone. One year later these 
measurements have been repeated in more detail and at different wavelengths. It turns out, 
that ice has an enormous absorption length, exceeding 200 m at a wavelength of 400 nm! The 
scattering length increases with depth, from 10 cm at 800 m depth to 20 cm at 1000 m depth 
(fig.7),  with 20 cm scattering length of bubbles corresponding to an effective scattering length 
of about 70 cm 5) • In accordance with measurements at Vostok (East Antarctica) and Byrd 
Station (West Antarctica) these results suggest, that at depths greater than 1300-1400 m the 
bubbles will have disappeared and converted into clathrate crystals 6). 
AMANDA-A is used for supernova search (see below) ,  and to study events with high energy 
deposition and events registrated in coincidence with the South Pole surface array SP ASE 6) .  

810 m 

1 o m _  

1000 m 

Figure 5: Schematical view of the shallow 
array AMANDA-A 

3.2  AMANDA-B 
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Figure 6:  AMANDA-A: Top - Absorption 
length vs. wavelength, bottom - inverse 
scattering length vs. depth. 

In January 1996, strings were deployed in greater depth. The main aim of the 1995/96 campaign 
was the exploration of the ice parameters in greater depth and the test wether the deep ice 
allows to construct a neutrino telescope. 
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Four strings have been deployed at depths between 1520 and 2000 m. The strings were equipped 
with 8-inch PMTs from Hamamatsu {R5912-2). With 14 dynodes and an amplification of 109 
these tubes are tailored to drive signals over 2 km coax cable. Each string carries 20 PMTs with 
a vertical spacing of 20 m. The fourth string, in addition, carries 6 PMTs below the "standard" 
ones, whose signals are transmitted via twisted pair cable. The depths of the strings are 1520-
1900 m {strings 1 and 2), 1570-1950 m {string 3) and 1570-1930 m {"standard" PMTs of string 
4). The lowest of the PMTs equipped with twisted pair cables {string 4) is at 2000 m depth. 
All PMTs look down with the exception of levels 1 and 10 (string 1-3) and levels 1,2,10,19,20 
{string 4). String 1-3 form a triangle with side lengths 84-57-52 m, string 4 is near the center 
(fig.7). 
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Figure 7: Top view of AMANDA-B and 
AMANDA-A 
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Figure 8: Distribution of the number of 
hits per 10 sec, summed over 70 PMTs of 
AMANDA-B. 

The deployment procedure is well under control. The typical drilling time for 2 km depth is 
3.5 days. The diameter of a hole is 50 cm. The deployment of one string took about 18 hours 
(with a limit of 35-40 hours set by the refreezing hole). Seven of the 86 PMTs were lost during 
the refreezing period, the remaining work stable. The time resolution for 1-PE signals was 
measured to be better than 5 nsec. 
Various light calibration sources allow investigation of the optical properties of the ice: 

• Optical fibers with diffusers for each OM. Fed by tunable laser at surface. Range of 
transmitted wavelengths 2: 450 nm, time resolution about 15 nsec at 530 nm. 

• Nitrogen laser at 1850 m depth, wavelength 337 nm, time resolution 1 nsec. 
• Three DC halogen lamps (one broadband and two with filters for 350 and 380 nm). 
• Six LEDs {operated in both modes, pulsed and DC), wavelength 390 nm and 450 nm. 

The pulsed sources allow the determination of both absorption and scattering lengths by mea­
suring timing distributions and the decrease of amplitudes with increasing distances. DC 
sources allow determination of the attenuation length by measuring the counting rate as a 
function of the distance. A natural calibration source is given by cosmic muons. 
Preliminary analyses indicate, that for short wavelengths the absorption length is larger than 
100 m. The effective scattering length seems to be about hundred times larger than at the 
depth of 800 m. 
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3.3 Physics Capabilities and Plans for the Next Season 

The main goal of AMANDA-B is the investigation of ice properties. Hopefully, first upward 
going muons from neutrino interactions will .be separated, including a few neutrino events 
identified by coincidences between AMANDA-B and AMANDA-A. 
Energetic cascades will be searched for in both arrays. For the shallow array, the fast isotropiza­
tion of light results in a calorimeter-like mode, with efficient light collection but no directional 
information of the showers. The deep array will allow crude pointing for cascades. 
Coincidences between the surface air shower detector SPASE and AMANDA will be used to 
investigate muons in cosmic ray showers and to calibrate AMANDA. 
We continue to search for counting rate excesses related to supernovae (time scales of seconds) ,  
Gamma Ray Bursts (time scales of  msec) and non-relativistic bright particles (scales of  hundred 
µsec). Fig.8 shows the distribution of the number of hits, summed over 70 PMTs of AMANDA­
B, for adjacent 10 sec time intervals and a total run time of 66 hours. Arrows indicate the 
rate expected rate excess for a supernova at 8 and 16 kpc distance, respectively. Obviously, a 
supernova in most parts of our galaxy can be detected with great statistical certainty. 
AMANDA-B will be upgraded next season with 6-7 new strings. Most of them will be equipped 
with twisted pair cables. However, a significant fraction of the PMTs will be used to test alterna­
tive technologies like analog transmission of the anode signal via optical fibers, or transmission 
of digitized data. 
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L'etat des projets BAIKAL et AMANDA 

Nous resumons l'etat actuel des telescopes de neutrino sous construction au lac Baikal en Siberie et 
au pole de Sud. Les resultats de !'experience Baikal comprennent un premier candidate de neutrino 
et des limites superieures de monopoles magnetiques. En 1996 le groupe Amanda a developpe un 
detecteur clans une profondeur de 1500 a 2000 m. Nous resumons la configuration et les capabilites 
du reseau du detecteur. 
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As a probe of the Universe through its most energetic gamma production, the Atmospheric Cerenkov 
Technique (ACT) could contribute to resolve the dark matter problem. Two such possibilities are 
examined. WIMPS may be observed through the gammas produced by their pair annihilations. 
Probing how the gamma from AGN's are absorbed by the light the galaxies deposed into the 
intergalactic medium may yield information on galaxy formation. The state of the art in ACT is 
outlined and the development of this activity, in France and elsewhere, is described. 

1. Gamma ray astronomy above 10 Ge V and the dark matter problem: 

Above 10 GeV, the gamma ray fluxes expected are so small that only ground-based telescopes are 

viable. Quite recently, with the detection of the Crab nebula by the Whipple obs.[1] ,  it has been 

demonstrated that the atmospheric Cerenkov technique is sensitive enough to open a new window in 

the electromagnetic spectrum around 1 TeV. Since then, another nebula[2] and two extragalactic 

sources (AGN) have been detected[3, 4] . Second generation telescopes, with higher sensitivity, are 

now under construction. Several projects, which will be in operation before the end of the century, 

will push the energy threshold down to the 10 GeV domain and the sensitivity down to the limit of 

the technique. These new instruments can contribute to the dark matter problem either by detecting 

gammas coming from the WIMP annihilation or by observing gamma ray absorption that will give 

information on the epoch of the galactic formation. 

WIMP annihilation 

A popular cold dark matter candidate is the lightest neutral supersymmetric particle called the 

neutralino. The mass of this particle is above 1 8.4 GeV from accelerator searches. In the minimum 

supersymmetric model, the neutralino is a mixture of Higgsino and Bino depending on the values of a 
few free parameters (µ, tan�, .. ) [5]. Given the values of these parameters, annihilation cross sections 

can be calculated and the relic density estimated. The mass of the neutralino should be below 3 Te V 
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(pure Higgsino case) or below 600 GeV (pure Bino) in order not to overdose the universe (Q < 1) .  

The annihilation process would then be a source of gamma rays above 10 Ge V in the present day 

Universe. Gamma rays can appear in the decay chain of primary annihilation products (quarks, W, 

... ) and their energy will be continuously distributed. Alternatively, they can appear as lines at the 

neutralino mass (or a bit less) in two-body annihilation processes like y y or y z0, the branching ratios 

being of the order of a percent [6]. It may be difficult to prove that the soft gammas are not emitted by 

an ordinary astrophysical object, but detection of a line would be absolutely conclusive as no 

astrophysical process is known that emits lines in this energy range. The mean energy of the soft 

component is very low compared with the neutralino mass, so very low energy threshold detectors 

are needed. For the line detection, good energy resolution is necessary. 

The emission rate depends on calculable annihilation cross sections and on the density (squared) of 

the neutralino. If it turns out that the neutralinos are distributed in the Galaxy as in the standard 

isothermal model, then the fluxes are much too low to be detected by Cerenkov detectors. According 

to Ipser and Sikivie[7] ,  however, the dark matter density may be enhanced by a factor near 1000 at 

the Galactic centre. The emission, concentrated 150 pc from the centre, would appear as a diffuse 
source (t.Q � 10-3 str). The gamma ray fluxes are expected to be around lQ-13 cm-2 s-1 [8] but can 

vary by two orders of magnitude depending on the parameters of the supersymetric model and, for 

the gamma spectrum, on the energy threshold of the telescope. This flux is a bit less than the 

sensitivity of existing telescopes, so detection is only possible for some models. An even larger 

amplification (� 104 times Ipser & Sikivie) was suggested by Berezinsky[9], who proposed that the 
density can vary like p(r) - rl .8 down to 0. 1 pc from the galactic centre. The signature will be a very 

bright point-like source (angular size smaller than detector resolution) with an expected flux well 

above the ACT sensitivity. 

Extragalactic diffuse light as a probe of the era of galaxy formation 

Dark matter is a necessary ingredient to explain structure formation in the early universe, but the 

scenario is different according to the nature of the dark matter. With hot dark matter large structures 

appear first and galaxies (and stars) are formed afterwards. In contrast, cold dark matter would 

trigger galaxy formation earlier. The light emitted by the stars contributes to the infrared/visible 

extragalactic background light (EBL). The measurement of the density of the EBL can then put 

constraints on the nature of the dark matter. Unfortunately, direct measurement is very difficult in this 

wavelength region due to the very dominant foregrounds (zodiacal light, etc ... ) and only upper limits 

have been obtained so far. 

By using the absorption of gamma rays coming from distant AGN it may be possible to infer the 
EBL density. The absorption process is electron-positron pair production (YAGN Ydiff -> e+ e-) and 

will appear as a break in the energy spectrum of the AGN. Calculations show that the EBL as a steeply 

falling spectrum as a function of the energy so that the extragalactic universe is transparent below 10 

GeV and completely opaque above 100 TeV. In between, sources at z = 0.03 should show a cut-off 

at a few TeV (scattering on the near infrared) while for sources at z = 1 the cut-off is below 100 GeV 
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(scattering on visible light). Because of the dilation of the universe, the absorption occurs mainly 

close to the source, so the EBL can be measured as a function of the red shift, z, and constrain 

evolution scenarios[IO]. 

The fact that only two AON have been detected in the TeV range, and that these are the among the 

closest (z = 0.03) objects emitting ganuna rays suggests that this absorption process has already been 

observed[!  I] .  The EGRET satellite has detected 50 AON with redshifts ranging from 0.03 to over 2 

none of which show any cut-off in the energy spectrum up to 10 GeV[l2]. The extrapolated fluxes 

for these sources at 100 GeV are above 10-10 cm-2 s-1 (for a typical spectral index of 2), thus above 

the ACT sensitivity. Some projects aim to lower the energy threshold of the ACT down to 20 GeV or 

less. They should be able to detect many AGNs at different z and answer the question of whether the 

absorption of ganuna rays occurs inside the source (study of the AON acceleration process) or on their 

way to Earth (measurement of the EBL). 

2. The Atmospheric Cerenkov Technique (ACT) 

I will briefly review the main features of ACT telescopes, limiting myself to the imaging and the 

sampling techniques. I will describe the different strategies to improve the sensitivity and extend the 

energy range. I will also stress the intrinsic limitation of the technique. The properties of the major 

experiments in operation and of projected experiments can be found in table I. 

Sensitive area 

The atmosphere with its 27 radiation lengths is a good electromagnetic calorimeter. A ganuna shower 

starts at 25 km in the stratosphere with a maximum depending on the energy of the primary (around 

10 km at 100 GeV). The mean Cerenkov angle is about 1° so that the Cerenkov light is spread over a 

disk of 250 m diameter for a shower at zenith and for an observatory at an altitude of 1 500 m. A 

telescope anywhere in that disk can detect the shower, so the sensitive area of this detector is around 

5x 104 m2. For simple geometrical reasons, the size of the Cerenkov pool increases with the distance 

between the observer and the shower maximum, that is, for showers observed at large zenith angles 

or for observers at sea level. On the other hand, the Cerenkov light density decreases accordingly, 

leading to a higher energy threshold. At an elevation of 45° the sensitive area is multiplied by 2 and at 

35° by 5. This effect has already been tested by two different telescopes [13, 14]. 

Energy Threshold and field of view 

The energy threshold of a detector is generally dictated by its ability the separate the Cerenkov light 

from the diffuse background light coming from the sky. Because the Cerenkov light is emitted mostly 

in the blue band and because the pulse duration lies in the nanosecond range, only fast photo 

multipliers (PM) can be used. The price to pay is a collection efficiency (E) reduced to less than 20%. 

The amount of Cerenkov light on the ground is proportional to the shower energy and the collection 

area of the telescope (A). Simulations show that for energies around 100 GeV, the Cerenkov density 

is 0.06 I m2 I Ge V. The density of background light is proportional to the field of view (Q) and to the 

integration time ( 't) of the PM and the trigger electronics. A shower is detectable if the Cerenkov pulse 



Running Technique Location Altitude Latitude Collection Pixel size Field of Energy 
experiments (km) area (m2) view Threshold 

Whipple Imager Arizona 2.3 31°N 75 + 66 0.25° 'J' 250 GeV 
Cangaroo Imager Australia 0.2 31°S 1 1  0. 15° 'J' 1 TeV 

Bigrat Imager Australia 0.2 3 1°S 3 x 4  0.25°& 1 .6° 2.5° 600 GeV 
Airobicc Sampling Canaries 2.2 29°N 49 x 0. 13  7(J' 20 TeV 
C-Hegra Imager Canaries 2.2 29°N 5 + 8.5 0.25°&0.5° 3.3° 1 TeV 

Shalon-Alatoo Imager Kasahkstan 3 . 3  42°N 2 x  10 0.7° 8' > 1 TeV 
Asgat Sampling France 1 .6 42°N 7 x 37 1.90 5' 600 GeV 

Themistocle Sampling France 1 .6 42°N 1 8  x 0.5 2.30 3 TeV 
GT-48 Imaging Crimea 1 . 1  45°N 2 x 13  0.40 2.8° 1 TeV 

Under 
development 

C-Hegra Im ager Canaries 2.2 29°N 5 x 8.5 0.25° 3.3° & 4.8° 300 GeV 
Mark VI Imager Australia 3 1°S 3 x 50 0.25° & 0.5° 'J' < 250 GeV 

CAT Imager France 1 .6 42°N 15 0.12° 4.8° 200 GeV 
Projects 

Magic Imager Canaries (?) 2 .2  29°N 216 0.08° 'Z' 50 GeV 
Telescope Imager Australia (?) 25 x 7 0.25° 8' lOO GeV 

Array 
Whipple Upgr. Imager Arizona 2 .3 31°N 2 x  75 0.125° 6° lOO GeV 

Cangaroo II Imager Australia 0.2 31°S 38 ? ? lOO GeV 
Celeste Sampling France 1 .7 42°N 168 x 54 0.6° < 20 GeV 
Stacee Sampling California 0.6 35°N 1800 x 40 0.6° ? < 20 GeV 

Table I : Characteristics of the major experiments in operation, experiments under development and projects. 

Detected sources 

Crab, l\1rk421, l\1rk501 
PSR1706-44 

Crab, l\1rk421 
Crab, l\1rk42 l (?) 

Crab 
Crab 
Crab 

1997 
1995 
1996 

1998 (?) 
(?) 

1999 
(?) 

1997 (?) 
1997 (?) 

........ N 0 
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is well above the background fluctuations so that the energy threshold is given by: 

Eth = Y  0. 't / A / e  
The basic telescope consists of a large mirror with a PM in the focal plane to detect photons in a small 

field of view around the mirror axis. From the ground, the shower appears as an elongated ellipse of 

typically about 0.3° long and 0. 1°  wide. This ellipse is not centred on the shower axis but can be 

offset as much as 1 .5°. This parallax depends on the altitude of the shower maximum and on the 

impact parameter of the shower. A small field of view ( 0.5°) improves the energy threshold with a 

significant loss in the sensitive area, whereas a large field of view (> 3°) gives the telescope the 

maximum sensitive area. The only way to reconcile large sensitive area and low energy threshold is to 

pixelize the camera, that is, to replace a single PM by a large number of small PMs. With this 

technique, called imaging, the solid angle Q can be reduced to the image size of the shower. The 

oldest and still the most powerful imaging telescope is the Whipple Obs. In 1988, the first crude 

imaging camera was replaced by a finer one, decreasing the energy threshold from 700 Ge V to 400 

GeV and then to 250 GeV with some other improvements (collecting cones). This movement toward 

small pixel size was pursued by the CANGAROO collaboration and more recently by the CAT 

collaboration who hope to reach the same energy threshold as the Whipple with less than half the 

mirror diameter. 

For mechanical reasons, an orientable dish much larger than 10 m is costly. To increase the 

collection area further one must build an array of independent reflectors. The Cerenkov front will hit 

the different mirrors at different times so that complicated, and costly, trigger and read-out electronics 

are needed. No convincing results have yet been obtained with arrays of imagers, but tests are still 

going on. The sampling technique consists on an array of telescopes with one, or a few, PMs on 

each. THEMISTOCLE[15] and ASGAT[ 16] are pioneer experiments of the sampling technique. The 

small number of channels, compared with arrays of imagers, makes very large arrays of more than 

5000 m2 conceivable. Large collection areas are available for free in decommissioned solar plants; 

and two projects, CELESTE[!?] at Themis and STACEE[ 18] at solar II have been proposed for 

feasibility tests. In solar plants, each heliostat focuses the Cerenkov light onto a common solar 

furnace at the top of a tower. To separate the signals reflected from different heliostats, the furnace is 

replaced by secondary optics having a PM camera in the image plane such that each PM "sees" only 

one heliostat. The solar plant is then exactly equivalent to a sampling array. For space considerations 

and in order to lower the energy threshold, the field of view, defined by the size of the secondary 

optics, is limited to 0.6°. The shower image must be centred for each heliostat's PM so each heliostat 

must be aimed at the shower maximum. This constrains the shower axis to be well-centred in the 

heliostat field, limiting the sensitive area to Io4 m2. A 20 GeV threshold should be reached with an 

array of 40 heliostats. 

The collection efficiency is severely limited by the PM quantum efficiency. New photo detectors 

like AsGaP photocathodes or avalanche photo diodes are promising devices that can increase the 

quantum efficiency by a factor 2 or more. More technical developments are needed to adapt these 

detectors to the ACT domain, in particular concerning the range of wavelength sensitivity. 
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Duty cycle and source visibility 

The increase of the background light due to the moon is so great that ACT telescopes do not operate 

when the moon is up. The duty cycle is thus limited to 5 or 10% depending on the weather. The 

ARTEMIS collaboration has demonstrated that it is possible to operate with the full moon by restricting 

the wavelength sensitivity to the UV range (solar blind PMs plus filter). Due to the absorption of UV 

light in the atmosphere, the energy threshold is increased by a factor 4-5 and the sensitive area is 

limited to - 1 04 m2[19]. Although observation with a UV filter and a classical camera has been tested 

successfully by the Whipple collaboration[20], this operation mode is limited to nights with a faint 

moon so the increase of the duty cycle is small. 

The lowest energy threshold is obtained for observations at zenith angles less than 35°. For a 

typical ground-based Cerenkov observatory (lat - 30-40°) this represents nearly half of the sky. It is 

possible to observe sources lower on the horizon but at a higher energy threshold; for example the 

Crab nebulae was detected from the southern hemisphere by CANGAROO (zenith angle > 53°) at 7 

TeV whereas the nominal threshold is 1 TeV[l3] .  Detection in the northern hemisphere of a garnma­

ray line from the galactic centre is thus only possible if the intrinsic threshold of the telescope is very 

low (- mx I 10). A given source is observable in the optimum zone less than 25% of the time. If we 

take 10% as a mean value, the observation period for a source is between 50 and 100 hours I year. 

Angular resolution and energy resolution 

For an imaging telescope the shower image is simply given by the amount of light collected by 

each pixel. The primary direction lies on the main axis of this image at a distance from the centre of 

the image that depends on the impact parameter. So, in its simplest version, the imaging techniques 

allow measurement of one co-ordinate of the primary direction with a typical accuracy of 0. 1 -0.2°, 

the other co-ordinate being merely constrained by the limited field of view. Two dimensional 

reconstruction is possible with a stereoscopic system of 2 or more telescopes separated by 50-100 m. 

However, at least 3 telescopes are necessary to recover the full sensitive area of a single mirror. The 

first stereoscopic system was built at Whipple in 1992, but due to mechanical problems with the 

second telescope, no significant results were obtained. In the Canaries, the HEGRA collaboration is 

installing a system of 5 small imagers, 80 m apart. The first one and a prototype have given some 

encouraging results but the analysis of the events detected in coincidence is not yet finished. 

Exploiting the fact that the exact image shape depends slightly on the impact parameter, simulation 

shows that full reconstruction is possible with a single imager. This demands a high resolution 

camera[2 1 ] .  The lateral distribution of Cerenkov light on the ground is not uniform, so energy 

resolution also depends on the accuracy of the impact parameter measurement. With a limited field of 

view ( -3 °) part of the Cerenkov light is lost outside of the camera and the energy measurement is 

degraded. Energy resolution should be improved from 40% for the existing imagers to 20% with the 

second generation telescopes[21 ,22] . 

Samplers use the Cerenkov pulse arrival times and amplitudes at each station to determine the 

direction and the energy of the primary. In the TeV range, the Cerenkov wave front is a cone so 
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timing information is enough to achieve an angular resolution of 0. 1-0.2°[15]. At lower energy, the 

shower longitudinal development is so short that the wave front becomes spherical and timing 

information can only give the position of the shower maximum. The impact parameter can be inferred 

from the lateral distribution on the ground. The resolution is expected to be nearly as good above 50 

Ge V but will be degraded at lower energy by the geomagnetic field[23]. Note that this method is only 

valid if the lateral extension of the field is at least as large as the Cerenkov pool. Because the 

amplitude is measured on many different point of the Cerenkov pool, energy resolution better than 

10% can be reached[15]. 

Sensitivity 

Sensitivity to y rays depends on the ability to reject the diffuse background of protons and, to a lesser 

extent, of electrons. Images of hadronic showers are broader and longer than electromagnetic ones. 

Using simple shape cuts, a simple imager can 

obtain rejection factors between 50 and 1 50. 

An array of imagers, looking at the same 

shower from different directions, should have 

much larger rejection power. The sensitivity 

will be ultimately limited by the electron 

background (figure 1) .  Samplers can perform 

similar cuts based on the uniformity of the 

lateral distribution of the Cerenkov light, but 

they appear to be much less powerful. At low 

energy (<100 GeV) proton showers generate 

less Cerenkov light; compared to gamma 

showers they generate 1/2 as much at 1 TeV 

and 1/100 at 20 GeV. With this natural cut, 

almost all the low energy protons are rejected at 

the trigger level. In this low energy region, 

local muons, for which only a fraction of the 

Cerenkov ring is detected, become a major 

source of background for single imagers. For 

point-like sources, pointing criteria can be used 

to reject the remaining protons and the 

electrons. 

Conclusions 
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Figure 1 : Sensitivity for point-like sources of 
the existing (black circles) and proposed (open 
circles) experiments for an observation time of 
50 hours. For extended sources the sensitivity 
is 3 to 5 times worse. The line shows to the 
limiting sensitivity (electron background) with a 
angular resolution of 0.1 °. 

The nature of the dark matter is still a open question after Zwicky first raised the question in the 

fifties. The answer might come directly from the observation of new objects -WIMPS, MACHOs, 
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brown dwarfs, or other- or by the accumulation of indirect information. For both of these 

approaches, the ACT may play a role. 

A direct signature of WHIMPs could be obtained by observing mono-energetic gamma rays from the 

centre of the Galaxy; this search requires a good ACT detector. Nevertheless, a negative result would 

not exclude a WIMP hypothesis as long as there exist too large a class of scenarios of dark matter 

accumulation at a galactic centre. 

The probing of the intergalactic diffuse light by energetic gamma rays from distant quasars may 

help to distinguish between early or late galaxy formation scenarios and, in consequence, between 

cold or hot dark matter hypothesis. The present (z=O) density of diffuse light is hard to measure 

because of the foreground light from our Galaxy. Furthermore, the diffuse light variation with z can 

only be inferred through the absorption of gammas from quasars at different z-values. This study 

requires that the gamma radiation is observed with a good sensitivity within a large energy domain, 

typically from 1 GeV to I TeV. Such a goal could be fulfilled with simultaneous data from the space 

detectors EGRET -and/or AMS- and from the ground based detectors CAT and CELESTE. 
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Resume 

En observant l'Univers par le biais de son emission de gammas a tres haute energie, la technique du 
Cerenkov Atmospherique (ACT) peut contribuer a resoudre le probleme de la matiere noire. Deux 
possibilites sont etudiees. Les WIMPS peuvent etre observes par !es gammas generes !'ors de ]eurs 
annihilations. En mesurant comment !es gammas venant d'AGN sont absorbes par la lumiere emise 
par !es galaxies dans le milieu intergalactique, on peut donner des informations sur l'epoque de 
formation de ces galaxies. L'etat de !'art de la technique sera expose ainsi que !es developpements et 
projets en France et ailleurs. 
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Abstract 

We review the current status of the indirect detection of WIMPs using cosmic ray 

antiprotons and positrons. Very recent measurements of the low energy (< lGeV) 

antiproton/proton ratio are in excellent agreement with new calculations of 

secondary production on the interstellar medium. The ratio exceeds the most 

optimistic values predicted for WIMP annihilation at all energies dimming the 

prospects for WIMP detection through this channel. Recent measurements of the 

positron fraction have not confirmed the interesting rise at high energies (> 1 0  Ge V) 

reported earlier. Greatly improved measurements with higher statistics and 

improved hadron rejection will be required to uncover even the most optimistic 

predictions of WIMP annihilation into positron-electron pairs. 
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Anti protons 

Antiprotons are produced as secondaries through the interaction of cosmic 

rays (mostly protons) with the interstellar medium. One expects the ratio p/p to 

0.. 
--10., 

1 1 0  
Energy (GeV) 

Figure 1 .  Early measurements of the p /p ratio compared to 

expectations based on secondary production .. Also shown 
are theoretical models created to explain the apparent 

decrease abruptly below I Ge V 

due to kinematic constraints and 

decline slowly at very high 

energies due to rigidity depen­

dent leakage from our Galaxy. 

An early prediction of this ratio 

calculated within the context of 

the Leaky Box Model'> is shown 

in Fig. 1 .  The lower bound is the 

ratio in interstellar space where-

as the upper curve includes the 

effects of solar modulation. 
excess of p s. 

Early measurements2·•> showing 

an excess of p s  were received with considerable surprise. A number of unusual 

explanations were proposed to explain the excess.  Some models could explain the 

excess at high energies (closed galaxy'>, continuous acceleration6\ extragalactic 

sources7>) or at low energies (evaporation of primordial black holes">) but not both. 

Perhaps the most interesting was the possibility that heavy supersymmetric relic 

particles might be annihilating in the Galactic halo to produce the excess of low 

energy antiprotons9•10>. One particular model10l shown in Fig. 1 invoked a 1 5  GeV 

Higgsino as the lightest supersymmetric particle and was able to reproduce all the 

early measurements. 

The PBAR experiment11·'2> was the first to employ powerful methods of 

particle identification using rigidity R vs. time-of-flight (TOF) to produce a mass 

spectrum. No antiprotons were observed by PBAR and a lower limit was set more 

than an order of magnitude below ref. 4 (see Fig. 2). LEAP"> confirmed the PBAR 
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results and Bogomolov et al.14> 

continued to see p s. Theorists 

began to devise more realistic 

WIMP models15'16J which lay tanta­

lizingly below the PBAR mea-

surements. 

Figure 2. New measurements �s of 1987 and the more 

"realistic" models which add p s to the secondary flux. 

Within the last year, two 

new instruments, BESS l?J and 

IMAX18>, using R vs. TOF but 

with significantly greater expo­

sure, have identified p s over the 

energy range relevant to WIMP detection. In addition, the MASS2 experiment1•>, 

using the same technique as Golden et al.2>, has obtained a much smaller ratio. In 

addition, new calculations of the expected antiproton and proton flux20> have been 

IC.. 

made using improved interstellar 

reference spectra21•22> and an 

improved model of solar modu­

lation. Fig. 3 shows the new mea­

surements, and the new predic­

tions. The dotted lines represent 
� a the range of uncertainty using the 
� 

BESS (Preliminary-93,94,95) 1:1:1• extrema provided in ref. 21 and 
IMAX 
MASS2 

_7 the solid line is the most probable 
10 �.,-����������-���� 2 

1 0  1 
Energy (GeV) 

10 10 calculation using ref. 22 for the 
Figure 3. Current p measurements with updated 

secondary models and the WIMP model from ref. 1 6). 
interstellar spectra. The calcula­

tions are in excellent agreement 

with the new measurements with the uncertainty in the calculation now exceeding 

the statistical uncertainty in the measurements. It is evident that the early 

measurements of antiprotons were dominated by background and that the BESS and 
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IMAX measurements are the first genuine detection of cosmic ray antiprotons. The 

current measurements and theoretical expectations make it unlikely that any feature 

will ever be seen above background. Future measurements of antiprotons will 

clarify issues of interstellar propagation and the details of solar modulation but will 

not permit a search for WIMPs. 

Positrons 

{ ·1 
+-10 
" 
c: 
.g � t.t 
c: 8 .� &10 "2 

Positrons, like p s, result from secondary interactions of cosmic rays (mostly 

protons) with the interstellar me­

dium. At energies below a few 

Ge V the uncertain effects of solar 

modulation makes interpretation 

difficult. Between 1-10 Ge V the 

positron fraction e+/(e++ e) is low 

(-10%) indicating a sizable con­

tribution from primary e". Above 

,
Energy (GeV)

10 io2 1 GeV, the positron fraction, is 

Figure 4. Positron fraction measurements2•i prior to 1995 expected to fall slowly with 
with predictions from the Leaky Box and various WIMP 
annihilation models. energy23>. Instead, early measure-

ments2•> (See Fig. 4) showed a 

dramatic increase in the positron fraction above 10 GeV. A number of theoretical 

explanations were proposed. Of particular interest was the possibility that WIMPs in 

the Galactic halo could be annihilating into e± pairs, creating the feature in the 

positron fraction. For WIMPs lighter than the W, the annihilation would proceed 

directly, producing a distinctive rise followed by a cut-off at the WIMP mass25>. For 

WIMPs heavier than the W or Z mass, annihilation would proceed to w± or Z0 pairs26> 

which could then decay to produce e±. This would produce a characteristic "bump" 

at high energies. Although the most optimistic scenarios did not provide a sufficient 

e± yield to explain the data, the authors of ref. 25 artificially "boosted" the 
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calculations by a factor of 20 as shown in Fig. 4 to "make comparison with the data 

intriguing." 

Since 1995, three new positron measurements (HEAT27, MASS228land TS9329l) 

1 10 

have been made using advanced 

methods of particle ID to 

eliminate hadron background . .  

The HEAT experiment27l utilized 

a magnetic spectrometer, transi­

tion radiation detectors, an elec­

tromagnetic calorimeter and 

energy momentum matching to 

achieve an unprecidented level of 
Energy (GeV) 

Figure 5. Current positron fraction results. The HEAT hadron rejection at high energies. 
data are consistent with the simple Leaky Box model. The HEAT data shown in Fig 5 

do not show the dramatic rise seen previously. It is apparent that earlier measure­

ments were dominated by hadronic background. 

Detection of WIMPs through the positron channel will present a unique 

experimental challenge in the future. Although the detection of a "bump" at high 

energies would represent a "smoking gun" for WIMP annihilation, the models could 

easily accommodate several orders of magnitude reduction in the signal. Even in the 

most optimistic scenario shown in Fig. 4, larger exposures and improved particle ID 

are required. It is possible that long duration balloons and/or dedicated satellites 

such as P AMELA30l may make this possible within the next five years. 
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Detection lndirecte des WIMPs par les Positrons et Antiprotons Cosmiques: 

Situation Actuelle et Perspectives d' Avenir 

Abstract 
Nous passons en revue la situation actuelle concemant la detection indirecte 

des WIMPs utilisant les antiprotons et positrons presents dans la radiation cosmique. 
De tres recentes mesures du rapport antiproton/proton a basses energies ( < 1 Ge V ) 
sont en excellent accord avec de nouveaux calculs de production secondaire sur le 
milieu interstellaire. Le rapport depasse les valeurs les plus optimistes predites pour 
I' annihilation des WIMPs a toutes energies, reduisant la probabilite de detection des 
WIMPs par cette methode. De recentes mesures de la fraction de positrons n'ont pas 
confirme I' augmentation interessante precedemment rapportee a hautes energies 
( > 10 GeV ). 11 faudra des mesures grandement ameliorees, avec de plus amples 
echantillons statistiques et un meilleur rejet des hadrons, avant d' atteindre les 
predictions les plus optimistes pour I' annihilation des WIMPs en paires d'electron et 
positron. 
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"HERON", which is the acronym for "Helium: Roton detection of Neutrinos", is a project 
whose principal goal is a next generation detector of solar neutrinos from the p-p and 7Be 
branches. It will utilize superfluid helium as the target material and employ event energy 
transport out of the target by phonon and roton processes unique to helium. Many of the 
challenges presented for dark matter detection are very similar to those for low energy 
solar neutrinos. We present new results from our feasibility studies for HERON which 
indicate an asymmetry in the roton emission distribution from stopping particles and the 
ability to detect simultaneously the ultra violet fluorescence photons also emitted. These 
features are potentially valuable for solar neutrino detection and the question is explored 
as to whether or not the same helium technique could be valuable for WIMP dark matter 
detection. 
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Measurements of  the recoil energy spectrum from low energy solar neutrinos place 

many of the same demands on any detector, designed to do so, as they do in the case of 

measurements for WIMP dark matter. Both require an effective mix of several features. 

Among them are: a) an extremely low radioactivity in the target material and its 

container, b) good event signature discrimination, c) modest energy resolution, d)real time 

detection and e) relatively massive targets. Many avenues for event signature 

discrimination can be valuable; such as event position in the detector by taking advantage 

of differing mean free paths for interaction by background entering from the exterior, 

directionality of the recoil to take advantage of sidereal effects or source location, and 

particle identification to distinguish between nuclear and electron recoils. 

We have been developing a particle detection technique based upon the use of 

superfluid helium as the target material for detecting neutrinos from the p-p and 7Be 

branches of the sun's principal fusion cycle. The project is referred to as HERON (for 

Helium: Roton detection of Neutrinos) which, if the present R&D shows it to be feasible, is 

intended to be a "next generation" solar neutrino detector detecting > 20 events per day in 

real time. Such a full scale detector would utilize roughly 10 tons (fiducial volume) of 

liquid helium in the 100 milli-Kelvin temperature range and the events would consist of 

elastic scattering of neutrinos by electrons in which the recoiling electron energies are in a 

continuum up to 660 keV. Liquid helium is a very attractive material for this type of 

application for many reasons. It is the purest material known since nothing is soluble in it, 

foreign elements freeze out on the walls (it is self-cleaning), its first nuclear excited state is 

� 20 MeV and it has no long-lived isotopes. It is very inexpensive even in these quantities 

and industrial/ commercial handling on this scale is standard and routine. Additionally, 

some of the materials suitable for containment cryostats, such as OFHC copper, tend to 

have few long-lived cosmogenically induced activities. In spite of this attractiveness, 

the traditional methods for extracting a signal from a fluid target such as drifting ions, 

reconstruction from scintillation, or calorimetry do not prove adequate to obtaining useful 

information. The primary problems, respectively, are due to too low drift velocity, too 

long lifetime for the fluorescing state and too large a heat capacity. However, there are a 

sequence of phonon and roton processes in superfluid helium which, when taken 

together, have been suggested 1l as a means for extracting the energy and other 

information from a large detector2l of just this type. In recent years we have been carrying 
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out experiments 3) which have established the basic properties of particle detection by this 

method. 

These experiments have been carried out in prototype cells (typically containing 3 liters 

of liquid helium) attached to a 3He - 4He dilution refrigerator. The interior of the cell 

contains an array of instrumentation which can be readily re-configured to suit the goals 

of a particular test. Radioactive sources of alpha particles (< 6 MeV), gamma rays (662 

keV) and electrons (364 keV) as well as pulsed heaters are utilized to study the sequence of 

processes which permit particle detection via phonons. Small superconducting motors are 

used to move the sources within the liquid which is typically at 30 mK. 
While the principal interest for possible application of this technique for WIMP dark 

matter centers upon our recent experimental results which suggest a sensitivity to recoil 

track spatial orientation4) and simultaneous detection of a fast fluorescence signal 

calorimetrically5), it is instructive to first describe the sequence of processes which are the 

basis of the detection method. The following steps occur. 

a) A recoil particle > 100 eV generates mainly secondary ions and electrons. 

b) The secondary electrons lose energy by further ionization or atomic excitation until 

they fall below -20 eV whereupon they scatter from the atom as a whole. 

c) recombination of the ionization then occurs resulting in the formation of dimers which 

subsequently fluoresce primarily - 16 eV photons to which helium is transparent. 

d) The energy received by atoms scattered from secondary electron collisions appears as 

phonons and rotons. 

e) The rotons (which are a class of phonons distinguished by their position in the non­

linear, higher energy portion of the dispersion curve for superfluid helium) dominate the 

available phase space, are stable against interaction or decay and propagate at - 150 m-s-1 . 

f) The energy of the rotons is greater than the binding energy of a helium atom to the 

liquid (0.65 meV) and those satisfying certain kinematic conditions undergo a process 

referred to as quantum evaporation in which a single roton ejects a single helium atom. 

g)A consequence of this kinematic condition is that the ejected atoms arise from those 

rotons contained within a cone (with axis normal to the free surface of the liquid). In our 

experiments the cone half-angle is -17° and corresponds to about 1 % of the recoil energy. 

h)The number of ejected atoms is very large (- 105/keV of recoil energy) and these are 

positioned just above the liquid. The binding energy to the low heat capacity wafers is 
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- 9 meV / atom thus producing an energy deposit in the wafer roughly ten times that of 

the original roton or, for the complete deposition, -10% of the recoil particle's energy. 

Additionally, the ultra violet radiation (5 photons/keV) is absorbed in the wafer as a fast 

pulse. 

i) In the final step, tiny thermometers (thin, superconducting films or thermistors) 

attached to the wafers record the resulting temperature pulse induced. 

In any large scale application of this technique a close-spaced, regular array of wafers 

would be placed just above the liquid and, from the wafer hit pattern as well as pulse 

magnitude and timing distributions, the coordinates and energy of the event would be 

derived. 

In order to investigate further the possibility of obtaining directional information on 

the recoil as well as to make measurements of the presence of detectable fluorescence 

photons, we have performed the following test. A collimated source of alpha particles was 

constructed; the average energy of the emerging alpha particles was 3.3 Me V with a 15 % 
FWHM determined by the geometry and Kapton window thickness. The source (4.5 cm. 

below the surface) was mounted on the drive shaft of a small superconducting stepper 

motor oriented so that the direction of the alpha particles could be rotated in a plane 

perpendicular to the helium liquid surface (see Figure 1). A lcm. by 2 cm. silicon wafer 

with an Ir-Au superconducting transition edge thermometer attached was placed just 

above the liquid and readout by a SQUID. Data were taken as the track direction was 

stepped at 6.5° intervals through a full 180° . In Figure 2 are shown traces (100 event 

averaged to illustrate detail) taken with the track orientation a) horizontal and b) vertical. 

The rise time of the wafer is -50 µ-s and the relaxation time to the reservoir is -500 µ-s. 

The fast, small step at the start is due to the arrival of the UV photons and the large 

subsequent rise is due to the slower rotons and is consistent with their known speed of 

propagation. The value of the pulse heights for both portions of the pulse at all of the track 

angles is shown in Figure 3. As can be seen, the roton pul_ses range a factor -3.5 between a 

direction parallel and normal to the surface while the photon pulses are independent of 

track direction as would be expected for photon emission. In contrast, the large difference 

in energy collection due to rotons suggests a commensurate asymmetry in the radiation of 

rotons from the track itself. This asymmetry is believed to arise due to the very high 

density of rotons in the volume swept out by the stopping track and by the large roton-
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roton scattering cross section ( 10-14 cm2). For these alpha particles there are -109 rotons in 

-10-13 cm3 resulting in the down conversion of the original rotons to lower energy and 

then radiating the resulting thermal distribution whose directional intensity reflects the 

geometrical aspect ratio of the track volume. We have confirmed this thermalization effect 

in separate experiments previously reported3l. This picture is also supported by our 

detection of the fluorescence photons. Experiments5l have established that the fluorescence 

results due to collisional de-excitation of helium dimers which requires a region of high 

energy density. Additionally, the photon intensity we measure (5 photons/keV) is 

consistent with that measured in these same experiments. 

How could either of these effects be used in a real detector of WIMPS or solar neutrinos? 

Differences in the ratio of scintillation light relative to roton signal strength for electron or 

4He recoils may provide a useful particle I.D. Should these observations of roton emission 

asymmetry survive to lower energy recoils and to other particle types (e.g., electrons) 

then, with the known distribution of emission versus track orientation and the differential 

pulse height distribution on the wafers, both the track orientation and the event energy 

could be found. This would be a very powerful addition to event signature discrimination 

by correlation of the sun's position with solar neutrino events or to observe the sidereal 

direction change of WIMP dark matter due to the Earth's motion through the 

dark matter distribution. 

Much work remains before the feasibility of these applications is known. We are now 

beginning a new set of experiments which will attempt to address some of the issues 

involved.  Among them are experiments on the following. We need to improve the 

sensitivity of our wafer calorimeters and their attached thermometers in order to build 

detectors large enough for solar neutrinos and at the same time bring our knowledge of 

the energy deposition by low energy electrons up to the same level we have for alfa 

particles (particularly with respect to directionality). In order to get a measure of 

thepotential for energy, position and directional resolution we are planning to construct a 

new prototype roughly ten times larger than our present one. It would be 30 liters (-4 kg.) 

and be instrumented with eight wafer channels. The prototype will also be useful for other 
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test of a more structural sort such as the use of cesium films for superfluid film flow 

control and test of construction materials. On this scale, it is not inconceivable that the 

prototype could itself serve a useful purpose for dark matter detection. 

On any scale, however, we must take into account what the weaknesses and strengths 

of helium are as a target material for WIMP dark matter. Among its weaknesses must be 

counted its poor cross section for supersymmetric particles (a well motivated candidate 

for WIMP dark matter); further it is a spin-0 nucleus. Its low nuclear mass is both a 
\ 

weakness and a strength in that although that makes the visible recoil energy greater at 

the same time it is most effective when the dark matter mass is also low. On the strength 

side, we can count its extreme purity, the potential for event directionality and position, 

the absence of form factors at low collision energies and the ease of making very large 

targets. We will have to wait and see whether our future tests and Mother Nature together 

can answer our original question. 
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ABSTRACT: We describe recent progress in understanding the dark matter content of 
early-type (elliptical and SO) galaxies. ROSAT observations of the hot X-ray coronae around 
early-type galaxies show that these galaxies include a dark matter halo with a mass-to-light 
ratio of � 100M0/L0 . We compare these measurements to those for larger systems, groups and 
clusters. We summarize the cosmological implications of the dark matter, hot gas, and stellar 
mass distributions. 

I. Introduction 
The history of the study of gas in early type (elliptical and SO) galaxies began at least as 

early as 1957. In that year Sandage (1957) estimated that during the course of normal stellar 

evolution, the constituent stars of a bright elliptical would shed 5 x 109 M0 of gas. Sandage 

suggested that much of this gas could be in the form of neutral hydrogen although a portion 

of it could be ionized and might explain the optical emission lines of forbidden oxygen which 

were seen in 15% of the ellipticals observed by Humason, Mayall, and Sandage (1956). 

In the 30 intervening years, the limits on various forms of gas in early type galaxies became 
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increasingly more stringent and models were developed to explain the absence of gas in elliptical 

galaxies. For example, Mathews and Baker ( 1971) discussed the possibility of driving the gas 

from galaxies in galactic winds powered by supernova explosions. 

With the launch of the Einstein Observatory and the ability to obtain spatially resolved 

X-ray images on galaxy scales, it became apparent that in fact E and SO galaxies were not 

devoid of gas, but that the gas was stored in a reservoir of hot, � 1 keV ( � 107K) gas (Forman, 

Jones, and Tucker 1985; see also Nulsen et al. 1984 and Canizares et al. 1987). The quantity 

of gas was roughly that calculated by Sandage, 25 years earlier. 

The gas can tell us something fundamental about early type galaxies - namely their gravi­

tational mass and the shape of the underlying potential which have been difficult to determine 

for this class of galaxy. The presence of a cool interstellar medium has been used to system­

atically measure the dynamical masses in spiral systems at large radii with both optical and 

radio techniques. The absence of such tracers at large radii in early-type galaxies has made 

the determination of their mass distributions significantly more difficult using optical or radio 

techniques. However, the observed X-ray coronae provide ideal test particles to trace the total 

mass distribution in individual early type galaxies. The gas obeys well-understood laws and 

comprises a small fraction of the total galaxy mass. 

The method used to derive the mass distribution in early type galaxies relies on two simple 

principles - the ideal gas law and hydrostatic equilibrium. The hydrostatic equation can be 

written as 

dP dr = -GpM(< r)/r2 ( 1 ) 

where P i s  the pressure, p is the gas density, G i s  the gravitational constant, and M( < r) is 
the total mass interior to the radius r. We should emphasize that the mass in equation 1) is 

not the mass in gas but all the mass that contributes to the gravitational potential whether 

it be stars, collapsed objects, or exotic particles. The ideal gas law allows us to eliminate the 

pressure in favor of the gas temperature and density and solving for the mass interior to r we 

find: 

M(< r) = _ __!'!___ (d ln p  + d ln T) r. Gµmp din r din r (2) 

where T is the gas temperature at a radius r, µ is the mean molecular weight and mp is the 

mass of a proton. Numerically this becomes: 

, ( d ln p  dln T) M(< r) = 3 x 1012 (T/107/i ) -d ln r  - dln r (r/lOOkpc)M0 . (3) 

If one can measure the temperature and density gradients, then one can measure the total mass 
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as a function of radius. This is a remarkably powerful technique and has been applied to a 

variety of systems which are sufficiently massive to bind gas which radiates at X-ray energies. 

IL Masses of Early-Type Galaxies 

The first X-ray mass determination of an early-type galaxy was performed using Einstein 

observations of the galaxy NGC4472 Figure 1 shows a ROSAT X-ray contour map superposed 

on an optical image. The X-ray emission extends well beyond the optical image of the galaxy. To 

measure the mass of NGC4472 requires the determination of the gas density and temperature 

profiles. The gas temperature profile as measured from ROSAT PSPC images is shown in 

Figure 2. The earlier Einstein temperature determinations are also presented and the figure 

shows the dramatic improvement in precision available with ROSAT compared to the first 

Einstein observations. We see an isothermal corona with a temperature.of about 1 keV (1 .2  x 
107K) measured to 16 arcminutes (74 kpc) from the galaxy center. Note that there is a small, 

but significant temperature decrease at small radii where the gas density is sufficiently high 

and the cooling time is sufficiently short (see Thomas 1986 for a discussion of cooling cores in 

hot coronae) . 

Figure 1 shows an optical image of 

NGC4472 with the ROSAT PSPC X-

ray contour map superposed. The X-

ray contours extend well beyond the opti-

cally luminous region of the galaxy. The 

contour map was generated with a new 

wavelet smoothing technique (Vikhlinin 

et al. 1996). 

The surface brightness can be used to derive the gas density profile which is also needed 

to calculate the gravitating mass. Figure 3 shows the surface brightness profile. The surface 

brightness can be written as S(r) = 50 J n2 A(T)dV where A(T) is the emissivity of the gas as a 

function of temperature and n is the radial gas density profile (assuming spherical symmetry) . 

As Figure 2 shows, the gas is essentially isothermal and hence A(T) is a constant. Fitting the 

points beyond 2' to a power law gives the slope of the surface brightness profile, a, which is 

directly converted to the logarithmic derivative of the gas density, / ,  needed in equation 1 ) :  

/ = (a +  1 ) /2  = 1 .65 ± 0.15. 
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Figure 2 - The radial temperature profile of 
NGC4472 is shown as derived from PSPC ROSAT 
observations (solid lines) . The temperature de­
crease at the center may arise from gas with a 
short cooling time. Also shown are the Einstein 
observations (dashed lines) which demonstrated 
that the early-type galaxies had massive, dark ha­
los. 
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Figure 3 - The radial X-ray surface brightness pro­
file of NGC4472 is shown extending to large radii. 
Given the isothermal temperature profile, the sur­
face brightness, beyond the central cooling region1 
translates directly into the gas density distribution 
which is needed to derive the gravitating mass. 

With the measured gas density and temperature profiles, we can calculate the gravitating 

mass using equation 2. For NGC4472, we use Tgas = 1 .3  x 107K and / = 0.55 ± 0.05 and 

find a gravitating mass of 4.5 x 1012M0 at 70 kpc where the gas temperature is measured 

or 6.4 x 1012M0 at lOOkpc if we assume that the gas temperature remains constant within 

the regions where the brightness profile is well-determined. The galaxy luminosity (in the blue 

band) is L8 = 7.4 x 1010L0for the assumed distance of 16 Mpc. Taking the uncertainties into 

account this yields a mass to light ratio of 

at 100 kpc 
at 70 kpc (4) 

These numbers are to be compared to the mass-to-light ratio where the mass is dominated 

by stellar matter. For example, Lauer (1985) studied a sample of 14 elliptical galaxies. The 

derived mass-to-light ratios for the central regions of the galaxy are: 

M/L = { 14M0/L0 
1 1 .9M0/L0 

galaxy core 
within 6.1 kpc (5) 

Thus, we clearly see that the outer regions of the galaxy are dominated by dark matter. If 

we exclude the inner 6 .1 kpc, and compute the mass-to-light in the outer region (excluding the 
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central region of the galaxy) 16-70 kpc, we find a mass-to-light ratio of 96-1 18 M0/L0. Thus, 

the outer regions are dominated by dark matter and have a very different mass-to-light ration 

than the central regions. 

NGC4472 is not an atypical galaxy. The bright galaxies that have been studied all yield 

similar results. For example, from work in progress, we find mass-to-light ratios in solar units 

of 97, 89, 1 10 ,  and 50-90 (including diffuse light seen at large radii around the galaxy) for 

NGC507, NGC499, NGC5846, and NGC1399 respectively. For NGC4636, M/LB = 145 at 

about 100 kpc (Mushotzky et al. 1996). 
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Figure 4 - The mass-to-light ratios for systems 
ranging from early-type galaxies (within about 
lOOkpc) to rich clusters (measured within 1 Mpc). 
The error bars include only the uncertainty in the 
total mass as derived from the X-ray observations. 
The data show that the mass-to-light ratios are 
nearly constant over a wide range of systems and 
demonstrate that the dark matter in clusters is 
very likely the same material in galaxy halos. 
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Figure 5 - The ratio of total gravitating mass to 
luminous mass (including both hot gas and stel­
lar matter) as a function of total gravitating mass. 
A typical elliptical, groups, cool clusters, and hot 
clusters are shown long dashed, short dashed, dot­
ted, and solid lines respectively. The two symbols 
( +) show measurements for A2163 made at two 
different radii. On the largest mass scales, the ra­
tio of total to luminous baryonic matter is about 
3-4. 

1Q16 

III. Comparison of Galaxies to Groups and Clusters 

How do the galaxies compare to larger/hotter systems. Figure 4 shows the mass-to-light 

ratios for a variety of systems from galaxies to rich clusters. The figure shows a remarkable 

constancy of the ratio of dark to luminous matter on scales from galaxies to rich clusters. The 

linear scales range from lOOkpc for the galaxies to 1 Mpc for the clusters. This suggests that 

the dark matter in clusters is the same as that in galaxies. The dark matter in clusters may be 

only the dark matter stripped from galaxy halos. No new dark matter component is required 

in clusters. 

With the ability to determine the gas, stellar, and gravitating masses, we can compare the 

observable (luminous) baryonic matter to the total gravitating matter. In galaxies, the gas 
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represents only a few percent of the total mass and the stellar light dominates the observed 

baryonic matter. In rich clusters, the hot intracluster gas is the dominant baryonic component 

(3-5 times more massive than the stellar matter observed in galaxies). Figure 5 shows the 

variation of the ratio of total mass to luminous mass (the inverse luminous baryonic fraction) .  

From a high value of 10 for galaxies, the value decreases by more than a factor of  two. Thus, as 

one goes to larger scales, the universe is brighter (as long as one takes a panchromatic view). 

Finally, we mention that Figure 5 suggests that the gas mass fraction (equivalently the 

minimum baryonic fraction) on cluster scales approaches fb = l!b/!2 � 0.30h�0312 . If this 

fraction is representative of the universe as a whole, then, with the Big Bang Nucleosynthesis 

constraint that 0.04 < nbh;0 < 0.06 (Walker et al. 1991) ,  we can derive an upper limit on the 

total mass density of n < 0.2 - 0.3 (see White et al. 1992 and David et al. 1995) . This result 

argues in favor of a low-density universe. 

IV. Conclusions 

The application of X-ray imaging to the study of early-type galaxies and the discovery of 

their hot gaseous corona has provided a new tool for measuring the distribution of dark matter 

around these galaxies. The X-ray observations show that early-type (elliptical and SO) galaxies, 

like their spiral counterparts, are surrounded by dark halos with mass-to-light ratios of � 100. 

The luminous baryonic fraction increases from about 10% in galaxies to a roughly universal 

value of about 30% of the total mass for rich clusters. The large baryonic fraction observed in 

hot gas and the limit on the baryonic fraction from Big Bang Nucleosynthesis argue for a low 

density universe. 
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Abstract 

Recently the interest in the axion has enhanced since it is a good candidate for cold 

dark matter. We discuss invisible axions, which agree with conditions as a cold dark 
matter candidate, in both local SUSY SU(3)@SU(2)®U(l) and local SUSY GUT SO(lO) 
models. Several possible ways of searching for axions are discussed too. 
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1. Introduction 

There are several obvious evidences indicating the existence of nonluminous matter in the 
Universe, galaxies and holes, furthermore, the bulk of it must be non-baryonic.3 The interest 
in axions as a possible dark matter candidate has been enhanced recently, although there 
are many others. There are two reasons. First, the COBE observations of structure in the 
microwave background radiation favor cold dark matter cosmologies [1] .  The axion is one of 
prime candidates for cold dark matter. Second, some interesting experiments to search for the 
axion have a realistic chance of finding these elusive particles [2]. 

The axion was first proposed as an elegant solution to the strong C P violation pra'blem 
in QCD [3]. It was realised soon that axions could have an important role to play as a dark 
matter candidate since they acquire a small mass at the QCD phase transition. 

In this talk I would like to present our results of axions in both SUSY SM and SUSY GUT 
models, in which the strong C P violation was eliminated via the DFSZ mechanism [4] and the 
Upq ( l )  breaking scale fa is close to the geometric hierarchy mass scale MR = ../MuMw � 
1011�1012GeV. Thus, the axion mass in the models is around 10-5eV and the low energy 
coupling to normal matter is suppressed by 1/ fa · These make it to be a good candidate for 
cold dark matter. There are only two prime cold dark matter candidates: axions and neutralinos 
[5] , so to discuss axions as cold dark matter in some SUSY models is still significant. 

2. The Axion in a SUSY SU(3)@SU(2)129U(l) Model 

There are several motivations to discuss axions in SUSY models. Say, there is so called 
automaticity of the PQ symmetry. Two Higgs doublets are needed to implement a Upq (l )  
symmetry in original axion models. On the other hand, minimal SUSY models also require two 
SU (2) doublet Higgs superfields H and H' . Because if there were only one Higgs superfield, the 
theory could not be anomaly free. SUSY might give PQ symmetry an automaticity. Thus, the 
interest in SUSY axion models has recently soared [6]. 

At first, I would like to introduce a SUSY SUc(3) 0 SU(2) 0 U(l )  axion model, in which the 
gauge interaction is the same as those in the Standard Model (SM). The superpotential f is 

f = aQUCH + bQD' fl +  cLE' fl +  dH HS + oSSS, ( 1 ) 

where H, fl, L and Q are SU(2) doublets; D', U' and E' are singlets; Q, D' and U' are SU(3) 
triplets and S is the singlet for both SU(3) and SU(2) .  The VEV's are < S >= v,  < H >= 
vi , < fl >= v2  with all others vanishing. We can set v1 � v2 « v .  The potential v is 

(2) 

where Zi denote all fields, g" is the group coupling constant and Ta is the group generator. �" is 
an arbitrary parameter which is non-zero only for Uy(l)  group and to break the supersymmetry. 
There is an additional U A ( 1) symmetry in the potential v. Axions will be occur in its breaking. 

3for example, see lectures: K. Olive, Why Do We Need Non-Baryonic Dark Matter and G. Jungman, Particle 
Dark Matter in this proceedings. 
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If replace the complex scarlar fields H, ff and S by their phase fields respectively: Ho --+ 
eiv1"1 , Ho --+ eiv'"' , S --+ eiv"' , then we have the axion current : 

(3) 

where 1)a = ( Jvr + v5 + v2 )-1 ( V1 1)1 + V21)2 + V!)s) is the axion field and fa = �Jvr + v5 + v2 � �v. The axion mass can be estimated by the standard current algebra method. 

2 
m2 = mao 

a ../2JJGw 
9m2 

ao (4) 

where ma0 � 50keV. Combining this model with N = 1 supergravity and introducing SUSY 
breaking in the second term of the potential v, the gravitino acquires a mass: 

ffi3/2 = _9_ !{2 m�0 . M 8../2 m�Gw (5) 

It is a mass relation among gravitinos, axions and other fermions. The axion mass expression 
can be obtained from it: 

(6) 

If setting fa = Mn � 101 1 � 1012GeV, m3;2 � 103 � 104GeV, and M = Mp � 1019GeV, 
then the axion mass window in our model is as follows: 

(7) 

3. Embedding in a Local SUSY GUT SO(lO) Model 

We can also similarly discuss the axion model in a local SUSY GUT SO(lO)  model. The 
symmtry breaking chain is 

SO(lO) @ Upq( l )  � SUc(4) @SUR(2) @ SUL(2) @ Upq(l) 1:!f SUc(3) @SU(2)0U(l ) ,  

where Mu � 1016GeV and Mn � 1012GeV. Upq( l) is broken at Mn. 
In this model, the superfields are 

5(54, o) H13 (10, -2) G13(1o,  2) x" 
U(l ,  0) 1j!f3(16, 1 )  -013(16, -1)  (3 = 1 ,  2 

where a = 1, 2, 3 is the family index. The first number in the paenthese is the dimension of 
representation and the second one is the quantum number of UPQ( l ) . 

The superpotential is 

f = �µTr(SS) + �hTr(SSS) + 'L, cU(-0131/!13 - Mk) - "£(aH13SG13 + �aVH13G13) 2 3 /3 /3 2 

+ L b( 1/!11/!1 H/3 + -01-01Gf3 - 1/!21/!2 H/3 - -02-02Gf3) + L h�bHf x7;rixb· (8) 
/3 a,b,/3 



1 46 

The potential is 
1 v = f2 + -D"' D"' ' 2 

where fi = af /azi, Zi stands for all fields. The VEV's are 

3 3 3 3 2µ 
< S >= So = v( l ,  1 ,  1, 1, 1 ,  1 , -2 ,  -2 ,  -2 ,  -2) ,  v = h; 

< H13 >=< C13 >= U = 0 .  

After coupling it with N = 1 supergravity, the VEV's are determined by 

fi + �K2z7J = 0. 

Thus eq. ( 1 0) becomes 

< S >= So + S1 , S1 = (0 ,  0, 0, 0, 0 , 0, +c:, +c:, -c:, -c: ) , 

(9) 

( 10)  

( 1 1 )  

< ,Pf6 >=< 1/;f6 >= Xo + c:2 ; < Hg >=< cg >= P+; < Hf >=< cg >= iP_ ;  < U >= -� ,  c 
( 12)  

where P± = (5Khv2/2!2) [( 1 /a) ( l/2 ± l /h)] 112• Choosing these coefficients appropriately, the 
expecting low-energy behaviour can be obtained. 

4. Summary and Discussion 

In both SUSY SM and SUSY GUT models, we set the UpQ (l )  breaking scale fa at MR = 
101 2GeV. The axion mass is around a few x 10-5eV . It has been shown such axions would 
provide closure density, and would be the dark matter. Our axion mass window eq. (7) agrees 
with most constraints from cosmology and astrophysics 

The axion interacts with the photon in analogy to 7ro . This interaction allows the axion 
decay to 2T If one photon is emitted along the direction of the axion moving and the other 
in opposite direction, there is a difference in the photon energy between these two directions. 
This provides an opportunity of searching for axions. Several optical experiments have been 
proposed and some of them are on the way [2]. Because 9a"f'Y is strongly sensitive to the PQ 
charge assignments. In our SUSY SM axion model, the PQ charges are the same as those in 
DFSZ models. The results of such experiments will probably distinguish different models. 

The source of cosmic axions is cosmic strings. From the radiation of cosmic strings, one 
can calculate and the axion density and its fluctuations. It is well known that large amplitude 
density fluctuations produced on scales of the horizon at the QCD epoch will cause gravitational 
bound "mini clusters" . If the axion miniclusters exist, they can be detected by femtolensing (or 
picolensing) because they naturally meet all three conditions of detecting [7] . This will probably 
provide another way to catch these elusive particles. 
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Abstract 

The LEP 1 .5 was a three weeks period of data taking which took place in autumn 
1995 . The data recorded at centre-of-mass energies of 1 30 and 136  GeV, correspond­
ing to a total integrated luminosity of 5.7 pb-1 , have been analysed by the four LEP 
experiments. Active searches for new particles and new phenomena have been carried 
out. With a limited statistic, searches for supersymmetric particles produced in e+e­
collisions have been performed. No candidate events were found, allowing limits to be 
set on the masses and production cross-sections of scalar leptons, scalar tops, 
charginos and neutralinos. The domains previously excluded at LEPl are substantially 
extended. Search for pair-produced heavy particles decaying hadronically have also 
been carried out in the four-jet topology. Preliminary results from the four LEP 
experiments 1 ) are presented without any attempt to combine them. 
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1.0 Search for SUSY particles 

Searches for SUSY particles in the framework of the Minimal Super Symmetric 

Model 2) (MSSM) have been performed by the four LEP experiments. Chargino pair 

production, is mediated by s-channel Z and photon exchange, and by t-channel sneu­

trino exchange. These two contributions interfere destructively, an effect which is 

most pronounced when the sneutrino is light and when the chargino is predominantly 

gaugino-like. When sneutrino exchange can be ignored, the production cross-section 

at 136 GeV ranges from 5 .5 to 1 8  pb for a 60 GeV/c mass chargino, depending on its 

field content. The second lightest neutralino, x0 2, could be produced together with 

the lightest one by s-channel Z exchange, and by t-channel selectron exchange. In con­

trast to the cases of slepton and chargino production, the couplings involved in neutral­

ino production are very strongly model dependent. Since no events have been 

observed, limits on production cross section can be set as shown on Figure 1 . 

Figure 1 : (left) Limit on the chargino production cross section at centre-of-mass of 1 36 GeV, 
assuming W* exchange dominance in chargino decays, as a function of the chargino and 
neutralino masses. The lines show the upper limit at 95% confidence level. The shaded region is 
kinematically forbidden. (right) Neutralino production cross section limits. 
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In the MSSM, the masses and production cross-sections for charginos and neutralinos 

depend firstly on M2, µ, and tan�, and secondly on the masses of the sleptons 

exchanged in the t-channel (sneutrinos for charginos, selectrons for neutralinos). Con­

sequently, the experimental results can be translated into excluded regions in the 

MSSM parameter space, as shown in Figure 2 (left). And lower limits on chargino 

and neutralino masses can be set (Figure 2 right). 

Figure 2 : (left) Domains in the MSSM (M2,µ) plane excluded at LEP 1 .5. (right) lower limit on 
the chargino and neutralino masses as a function of M2. The value of M2 is signed by µ. 
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The stop production cross-section depends on the mixing angle 9rn. When the stop 

coupling to the Z vanishes i.e. for SLR = 0.98 rad, there is no improvement on the lim­

its obtained at LEPl .  For a purely right stop i.e. for cosSLR=O, the gain with respect to 

LEPI is moderate: mstop< 48 GeV is excluded at the 95% C.L. for ffix = 30 GeV. In the 

theoretically unlikely case where the lightest mass eigenstate is a purely left stop i.e. 
for cos8rn= l ,  mstop < 57 GeV is excluded at the 95% C.L. for mx <43 GeV (Figure 3 

left). 
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For the right selectron, the production cross-section also depends o n  the mass and on 

the field content of the neutralinos which are exchanged in the t-channel. As a result, 

interesting limits can be obtained when these contributions are enhanced, which 

occurs in the "deep gaugino" region. In the MSSM, this corresponds to lµI >> M2. 

The exclusion domain shown in Figure 3 (right) has been derived in this context, the 

dependence on tanp is very weak. 

Figure 3 : (left) Excluded mass region as a function of stop and neutralino masses for the choice 
of cos8LR=l .  (right) Excluded region in the right selectron, neutralino masses plane. 
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The analysis was first presented by the ALEPH collaboration. It was originally moti­

vated by the search for the e+e- -> hA -> bbbb process, but it can also be applied to 

search for other pair-produced particles. At the end of the ALEPH selection proce­

dure, sixteen events are selected in the data while 8.6 +/- 0.3 (stat. only) were expected 

from the standard processes. In addition to an overall excess of events,  the production 

of two equal (or slightly different) mass objects is also expected to be seen in the dis­

tribution of the sum EM of the two di-jet masses for the jet pair combination with the 

smallest di-jet mass difference. EM distribution obtained in ALEPH data is shown in 

Figure 4 , together with the standard model expectation. A total of twelve events is 
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observed above 90 GeV (where particle pair-production is not yet excluded) to be 

compared to the standard model expectation of 4.8 +/- 0.2 (stat. only), corresponding 

to a Poisson probability of 0.4%. In addition, while the background mass distribution 

is expected to be quite fiat over the whole mass interval, the data show an accumula­

tion of 9 events around 105 GeV. Similar analysis have been preformed by the other 

LEP experiments (with comparable mass resolution and efficiencies), none of the 

experiments find an excess (Figure 5 ). 

Figure 4 : Distribution of the sum of the di-jet masses for the combination with the smallest mass 
difference in ALEPH data. The hatched histogram is the distribution expected from a simulation 
of the standard processes. 
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3.0 Conclusions 

SUSY domains previously excluded by LEPl have substantially been extended. Kine­

matical limits have almost been reached. An excess of four jet events has been 

observed by the ALEPH experiment. Those events cluster in the di-jet mass sum dis­

tribution around 105 GeV. This excess has not been seen by the other LEP experi­

ments. Higher statistics is therefore needed to claim the presence of new physics and, 

in this case, to establish a coherent scenario for it. Additional data are expected to be 

collected during the year 1996. 
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Figure 5 : (left-a) Sum of the two reconstructed by OPAL jet-jet masses of the events passing a 
selection similar to the ALEPH one. (left-b) The same data as (a), but plotted in a manner which 
would make the observation of any signal peak independent of the choice of bin boundaries. Each 
point shows the total number of events in a bin of two times the resolution centred at that point. 
(right) Invariant mass plot observed by L3 (top) together with the Monte-Carlo expectation. Also 
shown (bottom), the mass distribution for a MC signal of H+ff events. 
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Here I review* some observational constraints on the cosmological parameters !1 and H,. These 
constraints were chosen on the basis of reliability. Error bars have been shown explicitly to indicate the 
amount of freedom allowed by the constraints. I consider two classes of cosmological models, namely 
flat models with cosmological constant and open models without any cosmological constant. I use the 
standard CDM model for constraints from structure formation. Models with cosmological constant 
have a greater chance of surviving, as compared to the open models. 

Introduction 

The standard scenario in big bang cosmology assumes that at any given time the universe 

is homogenous and isotropic when averaged over a sufficiently large scale. The expansion of 

the universe is described by a scale factor "a" that satisfies the Friedmann equation (a) 2 KC2 Srr A 
- + - = -Gp + -
a a2 3 3 

( 1 )  

here K = 0,  ± 1  represents curvature of the universe [ K = + 1  represents a closed universe, 

K = - 1 an open universe and K = 0 the flat universe.] , A is the cosmological constant and 

p is the density of matter. The second equation is the Friedmann equation rewritten for 

the present epoch. Ho = (a/a)today is the Hubble's constant, !10 and !1A are the densities 

contributed by matter and cosmological constant, respectively, in units of critical density 

Pc = 3H� /SrrG. Radiation does not contribute any significant amount to the energy density 

today, however it was the dominant constituent in the early universe and the microwave 

background radiation is a relic from that era. 

* This work was done in collaboration with T.Padmanabhan and J . V .Narlikarl1l. Here I summarise 
the main results. 
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Structures like galaxies etc. are believed to have grown out of small inhomogenieties 

via gravitational instability. Observations suggest that most of the matter in the universe is 

invisible and this "dark" matter is likely to be nonbaryonic, noninteracting and collisionless. 

The only model that can be used to study generation of perturbations is the inflationary 

hypothesis, and this generically leads to two predictions: (i) The total density parameter 

no + nA = 1 and (ii) The initial power spectrum of inhomogenities has the form P;n (k) ex kn 

with n � 1 .  I will work with models that have n = 1. A transfer function151 parametrised by 

r = noh describes changes induced in the power spectrum during linear evolution, and this 

is normalised with the COBE DMR observations1211 that give Qrms-ps = 18.0 ± l .4µK. Here 

Qrms-ps is the inferred amplitude of fluctuations in the quadrapole. 

Constraints 

I consider constraints for two cosmological models, namely those with (i) n0 + nA = 1 ; K = 0 

and (ii) no < 1 ; nA = 0 ;  K = - 1 . These are two natural subsets of all models. 

Ages of Globular Clusters : Stars in the globular clusters are the oldest known objects. 

By definition, the universe must be older than these. Bolte and Hogan131 compute the ages 

of stars in M 92 to be 15.8 ± 2.lGyr. 

In any given model of the universe, the age can be computed and it is a function of 

the Hubble's constant and other cosmological parameters. Any combination of cosmological 

parameters that leads to an age smaller than that indicated by globular clusters is ruled out. 

In figure 1 I have plotted curves for t0 = 12 and 15Gyr (dashed lines); the allowed region for 

any age lies below the corresponding curve. 

Hubble's Constant : I will use the parametrization h = H0/100 km s-1 Mpc-1 . To 

measure h,  we must measure distance and recession velocity of a galaxy, or a group of galaxies. 

Uncertainity in measurement of recession velocity of galaxies comes mainly from their peculier 

motions . These can be reduced by going to large recession velocities, i.e. large distances, 

where the fractional error arising from peculier velocities is small. Error in the distance 

estimate depends upon the method that is used, and in general it increases with distance. 

An alternative to the standard distance indicators based on the distance ladder is a class 
Figure 1 This figure shows the constraints on the density parameter contributed by matter, n0, 
and the Hubble's constant h arising from : (i)  ages of globular clusters, (ii) measurements of Hubble's 
constant, (iii) abundance of rich clusters, (iv) abundance of high redshift objects, and, (v) fraction of 
mass contributed by baryons in clusters and primordial nucleosynthesis Top frame shows the constraints 
for a model with K = 0, [}A oF 0 and no + nA = 1. The lower frame is for K = -1 ,  nA = 0 and 
no :':'.'. 1 model. Lines of constant age are shown as dashed lines for specified values of no and h. 
Dotted lines mark the band enclosing value of local Hubble constant (0.63 < h < 0.97) obtained from 
HST measurements. We have also shown the assumed lower limit for its global value ( h = 0.5). Thick 
unbroken lines enclose region which is permitted by the observed abundance of clusters. Thin unbroken 
lines show the extent to which this region can shift due to uncertainity in the COBE normalisation of 
power spectrum. The almost horizontal thick unbroken line is a lower bound on permitted values of h 
from abundance of high redshift objects. This line depicts a(101 1  M0, z = 2) = 1. Dot-dashed line 
marks the extreme upper limit allowed by primordial nucleosynthesis and fraction of mass contributed 
by baryons in clusters. For a given n0 allowed values of h lie below this curve. Thin dot dashed l ine 
shows the upper bound impl ied by observation of deuterium abundance at high redshifts. Uncertainities 
in all observations have been included while plotting this curve. We have shaded allowed region in the 
parameter space by assuming that globular clusters are not older than 12Gyr and h > 0.5. If we take 
a more conservative view then the permitted area shrinks considerably and is shown as cross hatched 
region . 
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of "physics" based indicators which are independent of the entire distance ladder, e.g., the 
Sunyaev-Zeldovich effect. A reduction in errors related to modelling parameters required for 
analysis of this effect can lead to very accurate determination of the Hubble's constant. 

Measurement[6l of distance to M 100 ( a galaxy in the Virgo cluster) by the Hubble 
space telescope, with the use of the cepheid period luminosity relation, gives the value h = 
0.80 ± 0 .17. This "local" value of Hubble constant may differ somewhat from its global value. 
Some authors[I7,9J have computed the probability distribution for the difference between the 
global and local value. They show that values smaller than h = 0.5 are ruled out at 94% 
confidence level, given the local HST measurement. Global value of Hubble's constant can 
be measured directly with the Sunyaev-Zeldovich effect. Observations of Abell 2218 give[2l 
h = 0.65 ± 0.25. Using supernovae as distance indicators leads to similar values of h [I4l . 

In figure 1 I have plotted dotted lines bounding the region allowed by the value obtained 
for M 100 ( 0.63 < h < 0.97) and also for h = 0.5 as a lower limit for the global value of the 
Hubble constant. 

Abundance of Rich Clusters : Mass per unit volume contained in rich clusters can be 
estimated from the observed number density of such clusters and their average mass. Mass of 
these clusters can be estimated by a variety of methods like assuming virial equilibrium and 
using the velocity dispersion of galaxies, gravitational lensing etc. One way of representing the 
observed number is to state the contribution of mass in these clusters to the density parameter, 
ll�f:sters · This number can be computed for any theoretical model using the Press-Schechter 
method[I3J and successful models should satisfy the equality f!(> Mc1usters )  = ll�f:sters ' 
within the errors of observations. 

A comparison of observations with theory can also be carried out in a more involved 
manner by converting the number density of clusters into amplitude of density fluctuations at 
their mass scale. This amplitude is then scaled to s1i-1 Mpc, a scale typically associated with 
cluster mass, assuming power law form for a, the rms fluctuations in density perturbations. 
The index is chosen to match that expected in the model being considered[19l. The result is 
expressed as a constraint on a8 , the rms amplitude of fluctuations at sh-1 Mpc. 

I have used observational constraints given by Viana & Liddlel18l .  For flat model the 
constraints are similar to those discussed in ref. 19. I have [in figure l] plotted thick lines 
showing region within one sigma of the mean. Thin lines show the bounds if the uncertainity 
in COBE normalisation is taken into account. 

Baryon content of galaxy clusters : Rich clusters of galaxies like the Coma cluster have 
been studied in great detail. It is possible to determine the fraction of mass contributed by 
baryons to rich clusters by assuming the Coma cluster to be a prototype. It is found that[20l 

MB = nB > 0.009 + o.o501i-3/2 
Mtot llo -

(2) 

with 25% uncertainity in the right hand side. This can be combined with the value of ll8 
determined from primordial nucleosynthesis to further constrain l10. 

Light nuclei form in the early universe as it cools from a very dense high temperature 
phase. Relative abundance of different elements is a function of ll8 h2 .  The observed relative 
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abundance of elements can b e  used to put limits on this parameterl3 ,ioJ . I have used the 

values 0.01 :::; f/.8h2 :::; 0.02. By combining this value with the fraction of mass contributed 

by baryons in clusters we can constrain f/.0. Plotted in figure 1 is the upper bound on matter 

density after the uncertainity in the observations of fraction of mass contributed by baryons 

has been taken into account. The permitted region lies to the left of this curve. Generalising 

to inhomogenous primordial nucleosynthesis does not help as that tends to reduce the value 

of the baryon densityl8J , leading to a tighter bound on fl.o . 

Recent observationsl15l of Deuterium in a high redshift absorption system suggest that 

nB is much smaller than previously thought. (f/.B = 6.2 ± 0.8 x 10-3 ) This eliminates 

large regions from the parameter space. However, more detailed observations are required to 

confirm these numbers171 . I have plotted a thin dot dashed line for the upper bound implied 

by this observation. The permitted region lies to the left of this curve. 

Abundance of High Redshift Objects : Existence of high redshift objects like radio 

galaxies and damped lyman alpha systems (DLAS) allows us to conclude that the amplitude 

of density perturbations is of order unity at M c::: 101 1  M0 at redshift z = 2. I have plotted 

this lower bound in figure l. For flat models, the curve runs almost parallel to lines of constant 

age and thus provides an upper bound for the age of the universe. If this constraint becomes 

stronger or we discover globular clusters with age greater than 19Gyr, no room will be left 

in the parameter space we are considering. Similar results follow for open models. 

A more rigorous calculation can be done along the same lines as that described for 

abundance of clusters. However in the case of DLAS, theoretically computed value of density 

parameter fl.(> M, z) should be greater than or equal to the observed value as not all systems 

in that mass range host a DLAS. Observations of DLAS give us mean column density (N) 

of neutral hydrogen and the number of DLAS per unit redshift dN/dz. Using these and 

the estimated neutral fraction for gas (JN � 0.5) we can estimate the density parameter 

contributed by DLAS ( for more details on method of comparison with models, see ref. 16). 

Apart from the constraints discussed above, observations of supernovae of type Ia, which 

are believed to be standard candles, can be used to determine the deceleration parameter1 1 1 • 121 

q0 • This constraint is independent of detailed cosmogony. 

Discussion 

These constraints eliminate large regions from the parameter space and the surviving region 

shrinks further or may even disappear if observational uncertainity is reduced. I have shaded 

allowed regions after taking all the constraints into account. I draw the following conclusions 

from this figure and the preceeding discussion. 1 f/.0 = 1 [ A =  O] model is ruled out. 

2 A confirmation of low deuterium abundance at high redshifts will rule out almost all 

models, irrespective of the detailed cosmogony. 

3 Irrespective of the value of Hubble's constant, discovery of a globular cluster with age 

greater that 19Gyr will create serious difficulties for CDM cosmogonies. 

Acknowledgements I thank CSIR India for continued support through the SRF grant. 
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GALAXY FORMATION : 
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1 Introduction 

The Cosmological relativistic models describe the average properties of the Universe. In par­
ticular the Friedmann - Lemaitre (FL) models assume homogeneity and isotropy of the cosmic 
properties and of the matter distribution, which are comforted by the observations of the cosmic 
microwave background (CMB) , at z � 1000 and the very large scale distribution of galaxies. 

Galaxies, clusters, superclusters and still larger structures presently observed have not been 
always present. This sets the question of when and how they were formed, the general an­
swer invoking the mechanism of Gravitational instability. As initial conditions, weak initial 
fluctuations have been created very early during the cosmic history, and have been amplified 
by gravitation, the more efficient interaction at large scale. Pressure is believed to have also 
played a role in the latest (non linear) stages of the condensation. The role of magnetic fields, 
which may also be important, has not been discussed very much (see, however, Coles 1992). 
For gravitational instability, the important quantities are the mass density p(x), the density 
fluctuation 8p(x), or the density contrast 8(x) = 8p/ p. 

• A first question to arise is that of the background cosmological model : any scenario for 
structure formation must be played on the scene designed by a peculiar FL model, among 
their variety. The corresponding choice requires to assign some values to the parameters 
Ha, !1 and A. Observations seem to favor presently Ha � 70 - 80 km.sec1Mpc1 and 
!1 � 0.1  - 0.3 although the most popular choices for models of structure formation are 
rather Ha � 50 km.sec-1 Mpc-1 and !1 = 1 .  Nevertheless these quantities remain free 
parameters for the models. 

• Many observations suggest that large amounts of dark matter are present in galaxies 
and galaxies clusters, contributing to !1. The respective contributions !1B and !1NB of 
baryonic and non-baryonic matter remain still unknown, although they are determinant 
for structure formation models. The distribution of dark matter also remains a mystery. 
The state of the art of the models for galaxy and structure formation is far from allowing 
its prediction, although it should be possible in principle. When considering fluctuations, 
it is necessary to distinguish matter and radiation; among matter, to distinguish between 
baryonic and non baryonic; and, among baryonic, between visible and non visible. A 
phenomenological ratio Dvisibie/ Dtotal is introduced as an additional free parameter, the bias 
parameter, which may vary from place to place, and also with the spatial scale. 

• Finally, a model must have prescribed initial conditions : when have been imprinted the 
initial fluctuations, and with which characteristics, among those listed below ? 
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The set of answers to these questions designs a cosmogonic model, which allows, in principle, 
to follow the development of the fluctuations up to the recent stages, i.e. , the formation of the 
real observable structl.ifes. Different kinds of predictions allow to compare it with the real 
world. 

2 A short history of the fluctuations 

2.1 The main steps 

• The origin of fluctuations 
Very weak initial fluctuations must have been imprinted very early in the Universe by a 
process which remains presently unknown. Their origin may be searched at the Planck 
time, as the final state of an hypothetical era of quantum cosmology. They may also have 
been created as the result of a cosmic phase transition : for instance during inflation, 
or from topological defects (the most popular being cosmic strings) although there are 
presently no convincing models to describe such processes. 

• Relativistic amplification 
After their creation, most fluctuations experienced a first phase of amplification, which 
requires a relativistic approach for different reasons: 

- The Universe was dynamically dominated by electromagnetic radiation, up to the 
moment of matter-radiation equivalence defined by Zequ >::J 104n, or iequ >::J 2 l011n-2 s. 

- Baryonic matter and electromagnetic radiation were thermally and dynamically cou­
pled up to recombination. The sound velocity was that of the radiation gas, c, >::J c/ V3. 

- The energy density p was very strong. 
- The horizon had a small extent, possibly larger than the size of the fluctuations them-

selves. 

These conditions require a relativistic treatment, in the form of perturbations to the FRW 
models. The relativistic calculations (see below) allow to distinguish different kinds of 
perturbations, which experience different kinds of evolution, as detailed below. 

• The recombination 
The recombination of free electrons to form atoms causes the decoupling of matter and 
radiation. This marks the end of the primordial Universe and changes dramatically the 
dynamics of the fluctuations. This is also the moment where primordial anisotropies 
were imprinted onto the CMB. This makes very important to examine the status of the 
perturbations at this period, as predicted by the various models. 

• The post recombination evolution 
At the recombination, the - still very weak - fluctuations begin a new phase of amplifica­
tion. The low level of the density contrast at the first stages allows a linear analysis. But 
this linear phase evolves until its own disappearance, when the fluctuations have reached a 
level which forbids a linear approximation. Gravitational effects become then non linear, 
and various dissipation mechanisms will finally help the collapse and the formation of the 
structures that we observe now. 
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The evolution of density fluctuations result from a competition between gravity, pressure, and 
the cosmic expansion. The Jean's theory gives some insights of this competition. It is based 
onto the system of linearized hydrodynamic equations, for which a Fourier transform is made. 
Although the initial work of Jean neglected expansion, he obtained a criterion which also applies 
to the expanding Universe. 

Two regimes appear according to the characteristic size L of the density perturbation. One 
defines the critical Jean 's length 

.x - 27r _ � J - kJ - v G<P>' 
where < p > and C s  are respectively the average density and sound velocity of the cosmic fluid. 
The Jean 's mass MJ = (.XJ/2)3 < p > is defined as the mass contained in a sphere having a 
radius AJ. Only fluctuations with a size .X > AJ can grow. 

Before the recombination, the Jean's length is about equal to the size of the particle horizon, 
which is itself proportional to the cosmic time t. Two different definitions of the Jean's mass are 
used, for this period. The most useful one refers to the mass Mm ( Ahor) of the (non relativistic) 
matter contained in a sphere of radius AJ. Since the content of the matter contained in a 
fluctuation remains constant, the comparison is thus easy. Note that Mm(Ahor) <X t312 <X 
(1 + zt3 before Zequ · On the other hand it is sometimes refereed to the Jean's mass as the 
total mass contained in the horizon. Since the universe is radiation dominated at this period, 
it is made essentially of electromagnetic radiation and increases proportionally to t. 

At the recombination, the Jean's length and the Jean's mass decrease strongly. Then, 

.XJ � 8000 n-1/2 h-1 ( 1  + zt1 Mpc andMJ � 5 105 n-1/2 h-1 M0, 

which remains approximately constant with time. 

2.3 Different types of fluctuations 

In the frame of a given cosmological model, different types of fluctuations should be distin­
guished. Among metric fluctuations one distinguishes 

• Adiabatic (or isentropic fluctuations) . These scalar perturbations of the density imprint 
fluctuations onto the metric, with an accompanying (irrotational) velocity field. They con­
cern equally matter and radiation, with 8matter = (3/4) 8total· They are pure compressive 
modes, where the wave vector k II v. 
If .X > AJ , 8 increases according to a growing mode (there is also a decreasing one) . 
Pressure can be neglected in first approximation. The dynamics of the growth depends 
on the peculiar cosmological model and on the period during the cosmic evolution. It is 
approximately described by a power law of time, depending on the peculiar cosmological 
model and of the equation of state. For instance, 8 <X t during the radiation dominated 
period and 8 <X t213 approximately, during the matter dominated period (the relation is 
exact if the Universe has the critical density) . 
For .X < AJ the pressure forbids the condensation: the fluctuations oscillate like acoustic 
waves, almost independently of gravity which can be neglected. Their amplitude remains 
approximately constant in time, although damping can occur, as we see below. 

• Vectors modes describe pure velocity fluctuations: the velocity field has a pure vorticity 
component, in opposition with the previous case where it was purely irrotational. There 
is no compressive part, i.e., no accompanying density perturbation and the wave vector 
k J_ v. Their amplitude decreases proportionally to 1/a(t), the inverse of the scale factor. 
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• Tensor modes are purely relativistic. Involving no density or velocity perturbations, they 
correspond to gravitational waves. They are characterized by a perturbation to the metric 
which decreases as 1/a(t). The fractional perturbation to the proper distance between 
freely falling particles, due to this effect, decreases with the same factor (Peebles 1980 ) . 

Entropy fluctuations do not modify the total density but only the ratio Pmatter/ Pradiation , 
approximately equal to the entropy per baryon. They do not perturb the the metric and remain 
thus isocurvature. Since the relative radiation density fluctuation is small, entropy fluctuations 
are very near from being isothermal. Not sensitive to gravitation, they do not increase in 
time (only their wavelength grows withexpansion). Entropy fluctuations possibly give rise to 
adiabatic fluctuations at the recombination. 

3 Evolution before the recombination 

3.1 Relativistic amplification 

In the primordial Universe, the cosmic fluid, assumed to be perfect, is described by its stress­
energy tensor Tij · To study gravitational instability, all quantities, like the metric tensor g;j, 
are considered as perturbations with respect to the FL model. The pressure fluctuation 8p is 
related to the density fluctuation 8p through the equation of state of the fluid. The metric 
fluctuation 8g;j is determined partially by 8T;j, although not completely because of the possible 
additional existence of gravitational waves. On the other hand, density, pressure, and velocities 
are not relativistic invariants and their values, which are frame dependent, have not necessarily 
a clear physical signification. Even the notion of "smallness" of the fluctuations is frame 
dependent. I will not discuss this question in details here, whose solution is either to consider 
jauge-independent quantities, or to work in a defined frame and interpret correctly all quantities 
involved. In any case it is necessary to discard the "unphysical" modes. 

The scale of the fluctuation is assumed to be smaller than the radius of curvature of the 
Universe but, possibly, larger than the horizon. This allows to make the approximation of a 
flat background universe. It is usual and convenient to use the conformal time 77 defined by 
d77 = c dt/a(t) where a(t) is the scale factor. In the radiation dominated universe, a(t) = 
a0 (t/t0)1l2, which implies 77 = 770 - c (t t0)1l2 /2a0• 

The simplicity of the FL models allows to define without ambiguity linear fluctuations in 
a synchronous coordinate system. Under this linear approximation, calculations show the 
existence of the three modes of metric fluctuations described above. 

In the early stages of the big bang models, the Universe is radiation dominated, up to 
the moment of matter-radiation equivalence at Zequ· During this period, a(t) ex: t1l2 and the 
energy density of photons Pr = !7T4 ex: t-2 ex: (1 + z)4• On the other hand the matter density 
Pm = !1 Po,crit ( 1  + z)3. 

3.2 Adiabatic modes 

The cosmic fluid has the equation of state p = pc2 /3 . For adiabatic fluctuations, the peculiar 
velocity u is related to density fluctuations through 8matter = 3 8 / 4 = u/ C5• 

If L > LJ, there is a growing mode (I will not consider further the decaying mode) 8 ex: t ex: 
(1 + z )-2• It is remarkable that the associated dimensionless fluctuation of the gravitational 
potential 8¢>/c2 remains constant with time. In other words density fluctuation grow but metric 
fluctuation remain constant. 

If L < LJ, the solution corresponds to acoustic oscillations with sound velocity c/,,/3. One 
can neglect the gravity and the amplitude 8 remains constant. Dissipation effects however may 
play an important role. 
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For adiabatic fluctuations concerning baryonic matter, the photons are scattered by the free 
electrons, with the Thomson cross section aT. Their mean free path 1 /aT ne can be less than 
the wavelength of the perturbation. This generates a viscosity, leading to the damping of the 
oscillations having a scale smaller than a characteristic length Lsilk· To this length corresponds 
the "Silk mass" Ms;ik Rj 1013 M0. Fluctuations with M < Msilk suffer damping. 

3.3 Other perturbations 

The existence of important initial vorticity contradicts the hypotheses at the basis of the FL 
models. Thus vector fluctuations are not considered in the standard models. Gravitational 
waves may have been generated in the primordial Universe, for instance during an inflationary 
phase. Their amplitude decreases with expansion as a(t)-1 . They may be present at recombi­
nation, with a level comparable to density fluctuations, and thus generate anisotropies of the 
CMB of the same order of magnitude than those expected from density fluctuations. 

Entropy perturbations, which only concern the ratio of photons to matter densities, have 
no dynamics and remain frozen up to the recombination. At this moment, those with mass 
larger than the Jean's mass at recombination, MJ,rec Rj 5 105(!1h2 J-112 M0, begin to increase 
like adiabatic ones. 

The first models for gravitational instability involved baryonic matter only. But in the last 
years, the possibility of fluctuations in a (possibly dominant) non baryonic component, became 
more and more popular, with three essential features. First, the presence of non baryonic matter 
allows a higher value of !1 , since the constraint due to the primordial nucleosynthesis applies 
to WB only. This allows a more efficient dynamics. Secondly, the non baryonic component is 
not coupled with the electromagnetic radiation. Thus, adiabatic perturbations, for instance, 
do not suffer the Silk damping due to the viscous interactions between electrons and photons. 
On the other hand, a different process, the collisionless damping may concern the non baryonic 
fluctuations, with similar consequences: all fluctuations with scale below a given limit are 
washed out. This suggest to distinguish three different classes among possible candidates for 
non baryonic matter, according to the limiting scale for collisionless damping: for hot dark 
matter (hdm) , the scale is about that of superclusters, for warm dark matter, it is about that 
of galaxies; it is much smaller for for cold dark matter (cdm) , so that collisionless damping is 
inefficient for this kind of models. A mixture of different components may also be present. 

3.4 The statistics of the fluctuations 

The density field p(x) has a spatially averaged value < p >, from which is defined the density 
contrast 

.S(x) = p(x)- < p > . < p > 
A correct model of structure formation is expected to reproduce the main statistical features of 
the field .S(x). Those derive from a distribution function P[.S(x1 ) , . . ., .S(xN ) ] ,  which represents 
the probability that the field takes the value .S(x1 ) at point x1 , .S(x2) at point x2 , etc. Many 
models for structure formation are constructed on the assumption that the statistic is Gaussian, 
i.e. that the distribution function is a multigaussian. Strictly speaking, this cannot be the case, 
since the probability that .S < -1 must be strictly zero. The consequences of the departure 
from gaussianity and, more generally, the influence of the rare events with large values of I .S I , 
have not been fully explored, nor the related question of the validity of the linear hypothesis. 

The field .S(x) is usually developed in spatial Fourier components, defining the modes .Sk , 
i.e., plane waves with wave vector k, associated to a spatial scale L = 27r / k : 

Dk = � [ d3x .S(x) exp(ik.x) 
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which i s  inverted as 
8(x) = 2: 8k exp(ik.x) 

k 
(other normalizations can be used with V and 27r factors at different places). The isotropy of 
the Universe implies that the averaged modes depend on the modulus k = I  k I of k only, and 
not on its orientation. The averaged level at scale L is characterized by the power spectrum 

P(k) = { d3k 8�, l1kl=k 
a kind of averaged power over all modes having a wave vector k of modulus k = 27r / L (for 
a more complete introductory discussion, see Bertschinger,1992). The power spectrum is the 
Fourier transform of the autocorrelation function of the density field. When the statistics is 
Gaussian, the spectrum contains all statistical information. Its knowledge makes it possible, 
for instance, to calculate the averaged mass or density fluctuation as 

1 loo 
a2 =: 8(t)2 =< I 8(x, t) 1 2>= 2: 8� = -

2 
P(k) k2 dk. 

k 27r 0 

Similarly, moments of higher order are defined as 

3.5 The linear power spectrum 

(1 )  

(2) 

The spectrum evolves with time because amplification and damping of the fluctuations depend 
on the spatial scale. To follow this evolution, it is convenient to define a transfer function 
T(k; t) ,  the ratio of the amplitude of the mode k at instant t, divided by the initial value of 
the mode with same (comoving) value of k. As far as the background cosmological model and 
the properties of the initial conditions are defined, T(k; t) can be calculated (see for instance 
Peacock, 1992, for expressions of the transfer functions corresponding to standard models) .  At 
recombination, the statistics is obtained as P(k, tree) = T(k, tree) P(k, tin) · 

Because of the simplicity of the linear dynamics, the knowledge of some characteristics of the 
fluctuation in their linear stage of development would give direct informations concerning the 
initial conditions. It is thus highly desirable to determine observationally the linear statistics, 
and in particular the power spectrum. Since there is no doubt that the statistics is liner at 
the recombination, this statistics can be estimated from that of the Cosmic Microwave Back­
ground fluctuations (see next section). Other methods involve either the spatial distribution 
of objects like galaxies or galaxy clusters, or the analysis of cosmic velocity fields. Conclusions 
concerning the linear statistics of fluctuations suffer however from three fundamental difficulties 
(Peacock & Dodds, 1994). (i) There is no real scale where we can be certain that non linear 
effects have not played a role and modified the linear characteristics of the statisitics. The 
simplP act that we observe a collapsed object like a cluster of galaxies implies that non linear 
effects (and also dissipative processes) have played a role. {ii) Because of proper velocities, the 
observed spatial distribution of galaxies, or other objects, does not reflect their real distribution 
(redshift distorsion). (iii) The spatial distribution of galaxies, or of any type of visible objects, 
has different statistical properties than that of the mass. The phenomenological modelization 
by a bias parameter is certainly much too simple to take correctly this discrepancy into account. 

Presently, there is no very convincing argument favouring a Gaussian character of the initial 
statistics although all observational results remain compatible with Gaussiannity (see for in­
stance Kaiser & Peacock 1991) .  Many results concerning the power spectrum (which contains 
all information if the statistics is Gaussian), have been obtained from galaxies and clusters 
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samples, as well as from velocity fields catalogs. Assuming that these results express the linear 
dynamics imply strong biases and redshift distorsion corrections (Peacock & Dodds, 1994). 
This questions the validity of the linear approximation in this context, and also of the proposed 
corrections for non linearity. 

4 The fluctuations at the recombination 

The period of recombination is fundamental for the growth of structure. First, the recombi­
nation causes a dynamical decoupling between matter and radiation. Thus, large scale matter 
fluctuations become free to condense, without influence of the radiation pressure. This is ex­
pressed by a strong decrease of the Jean's mass and length. Secondly, the Universe is already 
matter dominated at the moment of recombination, so that the dynamics of the fluctuation's 
growth differs than from during the radiation dominated phase. Finally, matter and radiation 
interact for the last time at the recombination. Radiation will then propagate (almost) with­
out interaction up to now, where it constitutes the CMB. Matter fluctuations present at the 
recombination have imprinted their mark on the CMB in the form of intrinsic anisotropies. 
Measuring those provides thus informations about fluctuations at the recombination. 

4 . 1  Intrinsic anisotropies of the CMB 

The CMB originates from the recombination. Simple geometric arguments (in curved space­
time) indicates that a proper length d at recombination is subtended by an observation angle 

() = 0.95° !1 (L/100 h-1 Mpc). (3) 

This angle corresponds to a mass M such that 

() = 10' (!12 h ) 1/3 ( 101� MJ 1/3 
(4) 

Galaxy-size fluctuations are thus seen under less than 1 ' . On the other hand the size of the 
particle horizon at the recombination, Lhorizon,rec � 41 n-1/2 h-1 Mpc, is seen under an angle 

()horizon,rec � 2/3 (!1/ Zrec)1/2 radians, 

i.e., 1 or few degrees, depending on the cosmological model. This scale is comparable to that 
under which we see a typical supercluster. The 7° angle corresponding to the beam of the 
COBE satellite subtends a comoving dimension almost 1 000 h-1 Mpc if !1 = 1. Thus (under 
the conventional interpretation) the size of the fluctuations seen by the DMR are much greater 
than the horizon scale at the recombination, and than the dimensions of all known structures. 

Different kinds of temperature anisotropies are generated in the CMB by primordial fluctu­
ations. Their relative importance depends on the scale of the fluctuations. 

4.2 The Sachs-Wolfe effect 

To a density fluctuation 8 of dimension L is associated a fluctuation 8¢> in the gravitational 
potential, with the same spatial scale. Photons issuing from the corresponding zone suffer a 
gravitational redshift caused by this potential well. This is the Sachs-Wolfe (SW) effect. For 
adiabatic fluctuations, and in a fiat Universe (k = 0), it generates a temperature anisotropy 

(5) 
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in the CMB. This cumulative effect dominates at the larger spatial scales, beyond about 1 - 2°,  
i.e., about 100 Mpc in comoving units. 

If initial fluctuations had a (almost) Gaussian statistics, this property should have been 
preserved up to the recombination. The corresponding models predict a Gaussian statistics 
also for the CMB fluctuations. The elements R;j =< L\;L\j > of the correlation matrix of CMB 
anisotropies can be calculated from the power spectrum of the potential fluctuations : 

(6) 

where W;(k) is a window function, i.e. , the Fourier transform of the selection function charac­
terizing the observation beam. When the fluctuations have a Gaussian statistics, it is possible 
to calculate the autocorrelation function C( B) of the CMB : this requires first to calculate the 
statistics of the gravitational potential fluctuations from the power spectrum ; and then to 
calculate spherical harmonics from the Fourier modes of the development of the fluctuations. 

4.3 The Doppler shift 

Density fluctuations generate matter motions with (weak) velocities V, which may be calculated 
from the hydrodynamic continuity equation 

88 
at = -\7

.
V (7) 

(linear approximation) . The photons scattered by the moving (baryonic) matter suffer a 
Doppler redshift , m one direction or the other. The corresponding temperature difference 
can be written 

(
L\T

) 
v L 

T Doppler � � � b d,' (8) 

where L is the spatial scale of the fluctuation, assumed to have been created without initial 
velocity, and t the time since this creation. 

Doppler fluctuations dominate at angular scales around 1° (corresponding to about 50 Mpc, 
depending on the model) . According to the details of the recombination, one or some Doppler 
peaks appear at angular sizes which depend on the cosmological parameters. In a given model 
for galaxy formation, the intensity of the Doppler peak(s) depends specifically on the value of 
!18. Thus future missions of CMB observations may allow to measure these parameters with a 
good precision (Delabrouille 1996) 

4.4 The adiabatic component 

Adiabatic fluctuations, associating matter and radiation generate temperature anisotropies in 
the CMB, 

(
L\
T
T
) . . = -4

1 
Dradiation = -31 Dmatter i 

adiabatique 
(9) 

which may be important at scales of a few Mpc, corresponding to angular scales ::::: 5'. 
However, all anisotropies with scales smaller than a few arc minutes cannot be observed 

because of the depth L\z � 80 of the last scattering surface, due to the non instantaneous 
character of the recombination. All fluctuations with a comoving length smaller than about 
7 n1/2h-1 Mpc are washed out (a similar destruction could happen at larger scales if there was 
a late strong reionization) . 
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5 The growth of fluctuations after the recombination 

After having decoupled from the photons, the baryonic matter begins its post-recombination con­
traction, at least for fluctuations with scales larger than the new Jean's mass MJ � 106 M0 . A 
Newtonian treatment is now allowed and, in a first approximation, it is convenient to neglect 
the pressure. After a first linear phase, the amplification will become non linear. 

5.1 Equations for the self-gravitating system 

The Newtonian evolution is described by the following Vlasov-Poisson equations. This provides 
a particular description for the matter (here I assume that all particles have the same mass m), 
with a distribution function f(r, P, t), where P = mV is the impulsion and V the velocity of 
a particle. 

Macroscopic quantities are defined from moments : the matter density 

p(r, t) = j d3P J(r, P , t) ,  

and the average impulsion at  point r ,  
- 1 J 3 P(r, t) = -(-) 

d P P f(r, P, t) = m u , 
p r, t 

with u(r, t) the average velocity. 
The Liouville equation takes the form 

The gravitational potential ¢ obeys the Poisson equation 

!':.-r<fi = 47rG p. 

Usually, the gravitational potential at a point r0 is taken as 

¢( t) = -Gj dr 
J(q, P, t) 

ro, I q - ro I ' 

(10) 

( 1 1 )  

( 12) 

( 13) 

where df = d3 P d3q is the phase space volume element. Note however that there may be 
convergence problems as r tends towards zero or infinity. 

The kinetic and potential energies associated to one particle are respectively T = P2 /2 and 
¢( r ) . However the total energy of the system is not the sum of those, but rather J d3r d3 P f [P2 /2+ 
¢(r)/2] , because of the self gravitating character of the system. 

5.2 The fluid equations 

In many circumstances, a fluid description is sufficient to follow the properties of the flow. 
This is the case for the cosmological solutions, and for the main aspects of the gravitational 
instability. The fluid description can be considered as a peculiar case of the Vlasov description, 
with a appropriate closure assumption and the fluid equations are obtained by taking moments 
of the previous system. For a perfect fluid, the velocity moments reduce to the pressure p. The 
evolution of cosmic matter is described by the dynamical equation 
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together with the Poisson equation. The density evolves according to  mass conservation 

� = -divr(pu). 

It is classical to define the Lagrangian time derivative, i.e., following the motion, as ft = 
ft +  u .Y'r . The velocity is then u = '¥,- , if r(t) is the position of a moving fluid particle. Then 
the equations may be written 

and 

du 1 dt = p Y'rp - Y'r</J, 

dp 
dt 

= -u.grad, (p) . 

(14) 

(15) 

The fluid equations may be seen as a peculiar case of the Vlasov system, with a distribution 
function f(r, P, t) = p(r, t) 8n[P - P(r, t)] ,  where 8n is the Dirac function. 

A Newtonian description of the cosmological solution 
All FL models can be expressed in a Newtonian form obeying these equations. For a dust 

universe (p = 0) with no cosmological constant (to consider a. more general model, it will be 
sufficient to modify the two Friedmann equations below),  the unperturbed distribution function 
takes the simple form 

fu(r, P, t) = p0 a(t)-3 8n [P - H(t)mr],  
where H(t) = a(t)/a(t) is the Hubble parameter and the scale factor a(t) obeys the Friedmann 
equations 

and 
a2 a" = -1/2 ( 1 6) 

a'2 = 1a-1 - k, (17)  

where we have defined / = 87r G p0/3. The scale factor a is  normalized to its value at a time 
t0, chosen as an origin and p0 denotes the value of the density at t0 ; k = -1 ,  0, or 1 is the 
curvature factor of space. Note that the gravitational potential, as well as the velocity field 
diverge at infinity, which is the price to pay if one desires to have a Newtonian description of 
the cosmological solution. 

Since the perfect fluid assumption is at the basis of the FL cosmology, the fluid description 
is also perfectly adequate. 

Pu(t) = Po a(tt3 , with an equation of state Pu = C Pu 
u(r, t)u = H r = (a'/a) r ( 18) 

rPu(r, t) = 27rG Pu r2 /3. (19) 

This is the unperturbed solution for gravitational instability and the perturbed quantities 
are defined as the difference between total quantities and unperturbed quantities. 

5.3 Perturbations 

The perturbed quantities are defined as 8p = p - Pu = 8.pu , 8¢ = ¢ - <Pu, 8u = V = u - Uu. 
Introduced in the fluid equations, and taking account explicitly of the cosmological solution, 
they lead to a new system with a rather complicated form. This system may be conveniently 
simplified by using as a new variable the comoving position x = r a(t). The change of variables 
{ t, r} --+ { t, x} implies 8, Ir= {), Ix -H x. V' x and the velocity is V = a( t )8,x. In comoving 
coordinates, the system becomes. 

{JV 1 
--,,--- + H V + -V.V'V = g, 
ut a 

(20) 
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88 1 
-
8 + -V'.(1 + 8)V = 0 ,  (21) 
t a 

where now the gradient and divergence are with respect to x and the time derivatives are at 
constant x. Note than g = -�V',,8¢>. 

5.4 The linear solution 

For small enough values of the density contrast 8 << 1, the quadratic terms can be neglected 
in the equations, which become very easy to solve. The solution for the growing mode can 
be found for instance in Peebles (1990) or in Zel'dovich & Novikov (1983) , for the different 
cosmological models: the density contrast increases proportionally to the linear growth's rate 
D(t), whose exact expression depends on the cosmological model. For a flat Einstein - de 
Sitter model, D(t) ex a(t) ex t213. It is remarkable that the solution for the growing mode is 
local, which means that the time evolution at one point can be obtained from the values of the 
physical quantities at the same point, without spatial integration. 

The validity of the linear approximation is limited. Even for a small average value of the 
density contrast, 8 takes occasionally larger values at some positions, especially when the statis­
tics is non Gaussian. Such occurrences may be rare but rare events can a priori influence the 
global development of fluctuations through non linear coupling. The further developments 
of the equations at second, third, . . .  orders (which are very tedious) suffers from the same 
limitations. Note also that the agreement between numerical simulations and calculations at 
some order does not prove the validity of these latter, since the limited dynamical range of the 
simulations does not allow to reproduce, precisely, the influence of the rare events. 

The Zel'dovich approximation 

It is classical, in hydrodynamics, to introduce a Lagrangian formalism: each particle follow­
ing the flow is represented by its initial position q, also called its Lagrangian coordinate. At 
time t, its position can be written x(q, t) = q + w(q, t) . This defines the displacement field 
w, which introduces a time dependent mapping between the Lagrangian variable q and the 
Eulerian one x(q, t) , with a Jacobian matrix J,1 = dx;fdqi > which must be non singular in 
order that the Lagrangian approach makes sense (see for instance Lachieze-Rey 1992b). The 
density contrast is calculated as 

1 + 8 = l /Det[J;1] = l/J (22) 

The Lagrangian time derivative d/dt = 8/8t + (dx/dt).d/dx is adapted to follow motion with 
Lagrangian coordinates (the dot means scalar product) .  

The Lagrangian formalism i s  exact, as far as  no  orbit crossing occurs. In  the linear approxi­
mation, it is easy to check that the displacement vector remains proportional to its initial value, 
according to 

w(q, t) = D(t) w0(q), (23) 
where D(t) is the linear solution for the growth of fluctuations (see above) . Zel'dovich has 
proposed to use the previous formula beyond the range of validity for the linear approximation, 
the density being calculated through equ.(22). This "Zel'dovich approximation" (ZA) goes 
beyond the linear approximation, and has been shown to give a correct description of the mildly 
non linear development, at least in some simple situations, in particular those corresponding 
to "paricakes" ,  i.e., fluctuations for which one proper value of the Jacobian matrix dominates 
the two others. The ZA may for instance be used for the reconstrnction of density from cosmic 
velocity fields, for which it is generally estimated that a mildly non linear treatment is correct 
(see for instance Nusser & Dekel 1992, or Lachieze-Rey 1992a). 

The validity of the ZA is however also limited however, as it can be seen from the fact that 
the formula leads rapidly to infinite density. Various attempts have been made to extend its 
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validity. The most convincing one has been proposed by Gurbatov, Saichez and Shandarin 
(1989), but with a limited validity also. Adhesion and frozen flow approximations, Burger's 
equation have also been introduced in this purpose but it is very difficult to establish the 
(limited) range of validity of these approaches. 

5.5 Hamiltonian formulation 

I present here very shortly an other possible approach to the study of gravitational instability 
beyond the linear range. Although it has not led already to any practical result, it may help to 
understand some aspects of its development. In an exterior gravitational field, a fluid described 
by the Vlasov-system, may be characterized by the Hamiltonian density P2 /2m + .P(r, t) , where 
,P(r, t) is given from outside. To take account of the self-gravitating character of the fluid, this 
Hamiltonian density must be modified as 

P2 /2m + ,P(r, t)/2, 

where ¢> is explicitly obtained as a functional of the distribution function f from the solution 
(13) of the Poisson equation. Perez and Lachieze-Rey ( 1996, hereafter PLR) have shown that 
it is possible to take as an Hamiltonian the functional integral 

Ji =  j dI' f(q, P, t )  P2/2-

G/2j arj ar' f(q, P, t) f(q', P', t) 

I q - q' I ' 

where dI' = d3q d3 P. They have developed an Hamiltonian theory for continuous systems with 
functional expressions : any physical quantity A(t)  evolves through 

where M3 is a bilinear operator (a Lie bracket) which applies to A and Ji, both considered as 
functionals of f. 

Explicitly, this requires first to calculate the functional derivative 9tJ of A with respect to f. 
Then it is necessary to derivate this quantity with respect to the variables x and P, which gives 
the quantities A Ir, and A IP, . Applied to Ji, these calculations give Ji I,,= -gi and Ji Ip,= P;. 
Then, the application of the formula above leads to the fundamental evolution equation 

dA J dt = dI' J(q, P , t) (P; A 1,, +g; A IP. ) . (24) 

Applied to f itself, this gives the Vlasov equation. More generally, this gives the time 
evolution of any quantity which characterizes the fluid, i.e., which can be calculated from 
the distribution function. The main originality of this approach, beside the self-gravitating 
character of the fluid, lies in its "integral" character, hased on the use of functionals the 
distribution function. Current work is presently adaptating this approach to a fluid (rather 
than Vlasov) description, and to the study of the (comoving) fluctuations themselves. 
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Resume 

Je presente !es grandes lignes du developpement des fluctuations qui ant ete a l'origine de 
la formation des galaxies et des grandes structures cosmiques. Je restreins la presentation aux 
premiers moments de ce developpement, caracterise par la possibilite d'appliquer une approxi­
mation lineaire qui donne son nom a la phase correspondante de la dynamique. Je decris aussi Jes 
anisotropies attendues clans le fond diffus cosmologique, qui sont engendrees durant cette phase 
lineaire. Enfin, j 'indique tres brievement une piste possible pour examiner le developpement 
des fluctuations ulterieur a cette phase lineaire. 





THE DISTRIBUTION OF MATTER AROUND 
LUMINOUS GALAXIES 

B. C. Bromley, R. Laflamme, M. S. Warren, & W. H. Zurek 
Los Alamos National Laboratory, Los Alamos, NM, USA 

Abstract 

We discuss rlR, a measure defined as the contribution to the cosmic mass density 

by material within some fixed distance R of any luminous galaxy. If all the matter in 

the Universe were strongly correlated with galaxies, then rlR would rise rapidly to the 
standard cosmic mass density parameter rl at small scales corresponding to the size of 
a typical galaxy halo. With numerical simulations we show that in both standard and 
low-mass CDM models only half of the mass of the Universe lies within megaparsec of 
galaxies with luminosity of roughly L. or brighter. The implications of this clustering 
property are considerable for conventional mass measures which treat galaxies as point 

particles. We explore two such measures, based on the Least Action Method and the 
Cosmic Virial Theorem. In the former case, the method is not likely to work on scales 
of a typical intergalaxy spacing; however, it may perform nicely in estimating the mass 

of an isolated set of galaxy groups or poor clusters. In the case of the Cosmic Virial 

Theorem, we find that having a large fraction of the mass in the Universe located at some 
distance from galaxies brings in potentially severe problems of bias which can introduce 

large uncertainties in the estimation of rl. 

1 Introduction 

177 

The component of our research presented at the Moriond workshop by one of us (WHZ) was the 
viability of cold dark matter models in light of recent COBE measurements and observations 
of nearby cosmic large-scale structures. The bulk of this material is being published elsewhere 
(see [1] for an analysis of CDM and the redshift-space power spectrum which shows no incom­
patibility between the models and observations; also see [2] for a broader discussion) . Hence we 
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focus o n  an issue. which was only lightly touched upon at the workshop but which ultimately 

may be important to our understanding of distribution of dark matter in the Universe. 

At the Heron Island Workshop on Peculiar Velocities in the summer of 1995, Jim Peebles 

posed the following question: How does the of cosmic mass density that is inferred by including 

only the mass within some distance R of a galaxy vary with R? In a system where all of the 

dark matter is tightly bound to luminous galaxies, this density-call it fJR when expressed in 

units of the critical density-rises rapidly to unity at distances corresponding to the typical size 

of a galaxy. In systems where the galaxy distribution does not account for the total mass, OR 

may rise much more slowly, reflecting a situation where a significant amount of dark matter lies 

outside of galaxies, or perhaps in large, extended halos. It is clear that Peebles' question has 

important ramifications for observational cosmology. For example, many conventional measures 

of dynamical mass in large-scale structures are based on the assumption that galaxies are point 

particles. If OR rises slowly with R then there may exist a large and uncertain distribution of 

dark matter which can seriously compromise these mass measures. 

Here, we explore some properties of OR in the context of high and low n cosmogonies. We 

consider the implications for large-scale dynamics which originally motivated Peebles to define 

OR. Our discussion will include the Least Action Method [3, 4] and the Cosmic Virial Theorem 

[5] . 

2 The OR Measure 
The density measure nR(R) is most easily described in algorithmic terms given above. The 

prescription is to determine if an infinitesimal mass element is within a distance R of any 

galaxy in a Fair Sample volume V; if so it is added to a running sum of mass which, after all 

such elements have been examined, is divided by the total volume in the sample. To relate 

this measure to other statistics of large-scale structure, we consider the following more formal 

definition: 

(1) 

where p and Pg are the continuous mass density and discrete galaxy distribution, respectively, 

and the function 0 represents the mass which is counted more than once by integration in 

spheres (denoted by subscript r < R) which overlap. In the limit of small R, 0 vanishes and 

fJR can be immediately related to the galaxy-mass pairwise correlation function �gm by taking 

an ensemble average of OR· In this case, OR will have the form of the average cumulative mass 

profile of a galaxy. However, in general, the volume of integration can be of complicated topol­

ogy and an ensemble average will introduce dependencies on high-order correlations between 

galaxies and mass (�ggg ... gm) · In a loose sense, OR as a diagnostic of structure lies between the 

count-in-cell statistic (e.g., [6]) and the topological genus of isodensity contours [7] . 
We can estimate the behavior of OR in various cosmological models with high-resolution 

N-body simulations. We present the results from three sets of numerical data corresponding 
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to a COBE-normalized standard cold dark matter ( lOOh = H = 50 km/s/Mpc; l! = l ;  A =  0) , 

a standard CDM model with lower normalization (a8 = 0.74) , and a low density CDM model 

in a flat universe (h = 0.8; [! = 0.2; A = 0.8) . In each case, 17 million particles were used to 

represent the dissipationless dark matter in periodic cubes of length 125h-1 Mpc to a side; the 

interparticle forces were determined using a treecode with lOh-1 kpc force smoothing. Galaxy 

halos, candidates for realistic galaxies, are identified on the basis of local density and potential 

fields. 

Figure 1 illustrates our results. Evidently, the profile of l!R(R) is only modestly sensitive to 

changes in normalization of the primordial density field or to the cosmic mass density. There 

is also significant dependence on the choice of threshold mass used to identify halos. This fact 

is not surprising; for a given mass distribution an increase in the galaxy number density will 

generally steepen the l!R profile by increasing the volume in which the mass is counted. 

A useful length scale can also be defined for the purposes of understanding dynamics of clus­

tering: we take R1;2 to be such that l!R(R1;2) = 0.5. This measure gives a length that roughly 

characterizes the failure in the assumption that the mass of the universe can be approximated 

by point-like galaxies. For the full halo catalogs with �15,000 objects with "luminosity" of 

roughly L. or brighter, R1;2 is approximately 0.5-1 h-1 Mpc; (the COBE-normalized l! = 1 

model has the smallest R1;2 value, and the low Omega model has the largest value. For the 

top 8000 most massive objects, R1;2 is roughly double the value for each model. 

3 A Point-Mass Approximation? 

The [!R profiles presented in §2 suggest that the approximation of the mass distribution of 

the Universe as point-like galaxies may be valid only when the characteristic interaction scale 

between galaxies is well above R1;2; below this value a significant fraction of the mass lies 

outside of the luminous galaxies and may have dynamical consequences which are neglected by 

the point-mass approximation. 

Since R1;2 is representative of a lower limit to interaction distances for which a point-mass 

approximation is expected to work well, then interactions between objects larger than galaxies, 

such clusters or superclusters, may be less susceptible to the effects of outlying dark matter. Of 

course there is an obvious difficulty with this naive line of thought if the approximation is to 

be applied to entities which themselves consist of many galaxies. A large astrophysical object 

like a supercluster can generate a gravitational potential with significant high-order multipole 

terms; a point-mass approximation for such an object will certainly fail. 

Perhaps there exists a limited range of interaction scales which is above R1;2 yet below the 

limit imposed by strong multipole interactions between extended massive objects. To determine 

if such a range exists, we propose a way to approximate the susceptibility of a massive object 

to multipole interactions, based on the evolution of an object inhomogeneity with no high­

order multipole moments-a spherically symmetric overdensity. The idea is that multipole 
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Figure 1 :  The profile of r!R, the mass within a radius R of galaxies (top) and the corresponding 
volume which contains that mass (bottom) . Shown are profiles from standard CDM of two 
different normalizations and from a cosmologically flat, low density CDM model. The two 
rightmost curves are taken from subsets of the low-normalization standard model and the low­
density model; each subset consists of the top 8,000 most massive galaxy halos. These curves 
shows the sensitivity of nR to the galaxy mass cutoff. 
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interactions will be important only if an object collapses at some late time. Something which 

virializes at high redshift is likely to be well-approximated as a point mass, at least for the 

purposes of tracking interactions with similar, neighboring objects. 

The spherical collapse model allows us to get a quick handle on the collapse time, here 

measured by Zmax, the redshift at which an overdense region has maximum size in proper 

coordinates. With the definition that 5R is the overdensity relative to the mean in a sphere of 

radius R, we find that 

(A = D) 

(flat) 
(2) 

for cosmogonies with negligible cosmological constant A (upper equation) and negligible spatial 

curvature (lower equation) .  In the spirit of the Press-Schechter theory of structure formation 

[8] we suppose that collapsed objects originate from overdensities at the 2-u to 3-u level, where 

u2 is the variance in the primordial mass density field smoothed on a scale R. For galactic 

scales we find that for standard CDM 5R ;:::, 10, leading to Zmax ;:::, 5, and a redshift of z ;:::, 2.8 

at time of collapse. This redshift estimate is reasonably large-we may at least hope that objects 

which reach their maximum radius at Zmax = 5 have spent a good fraction of their history in a 

collapsed state, neither producing excessive quadrupole potential terms nor reacting strongly 

to tidal fields of other neighboring objects. Of course we are neglecting a great deal of physics 

such as merging that arises in a hierarchical clustering scenarios. 

At larger scales, the fluctuation amplitudes for a 3-u peak get considerably smaller and the 

redshift of maximum expansion is accordingly reduced. On a mass scale of several megaparsecs, 

corresponding to the Local Group, Zmax � 3, with virialization occurring at a redshift of roughly 

half that value. A cluster with a mass of 1015 M0reaches its maximum radius at a redshift near 

unity in a standard CDM scenario. The implication is that rich clusters may have formed too 

late to be considered as point objects over the course of their evolution, however, groups of 

galaxies or poor clusters may have interacted with one another as if points since a redshift of 

3 or more. 

This criterion, although extremely loose, gives hope of finding dynamical systems in the 

universe for which the actual distribution of dark matter need not be known precisely. In this 

way, dynamical mass estimates may be accurately derived solely on the basis of phase-space 

locations of luminous objects. It remains to be determined for each such estimate whether 

this hope can be realized-that is, whether the set of objects for which we are looking is not 

empty- and this calls for detailed analysis using numerical simulations. 

We now consider the implications of nR for two specific measures of cosmic mass, the Least 

Action Method and the Cosmic Virial Theorem. 
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4 The Least Action Method 

Peebles [3, 4] proposed that trajectories of galaxies in the Local group could be derived from an 

action principle operating in an expanding cosmological background spacetime with assumed 

cosmological parameters. An estimate of !1 then results from a best-fit between the actual 

phase-space locations of the galaxies (or some subset of coordinates defined in either real or 

redshift space) and the least action prediction. This Least Action Method (LAM), treats 

galaxies as point masses and its reliability hinges upon the extent to which this approximation 

is valid. 

From Figure 1 and the discussion in §2 above, it seems unlikely that the LAM should succeed 

on the submegaparsec scales characteristic of intergalaxy separations within the Local Group, 

at least for the case of CDM cosmogonies. Simply too much mass lies outside of galaxies for 

the point-mass approximation to be valid on these scales. This inference from the behavior 

of !1n is actually made in retrospect. Dunn & Laflamme [9] demonstrated that that in CDM 

cosmogonies the LAM is seriously affected by the presence of mass outside of galaxy halos. In 

the context of N-body simulations, they labeled dark matter particles which are dynamically 

important but which are not associated with a particular galaxy halo as "orphans" .  Their 

conclusion was that the orphans cause the LAM to underestimate !1 by a significant factor. 

We note that Dunn & Laflamme considered only dissipationless CDM models. The dif­

ficulties with the LAM that arise from the orphaned particles are expected to be worse in 

cosmogonies with hot dark matter, as the mass around galaxies is even more diffuse than for 

CDM. On the other hand, models with high baryonic mass fractions admit the possibility that 

material can cluster more densely around galaxies than in dissipationless CDM or HDM models. 

In this case the LAM may work well. 

The LAM may also fare better when applied to objects associated with larger mass scales. 

As mentioned above, perhaps isolated systems of galaxy groups or poor clusters may be immune 

to the problems created by orphaned dark matter. We are investigating this possibility with 

numerical simulations although preliminary results are at best ambiguous. 

5 The Cosmic Virial Theorem 

Measures of kinetic and potential energy in cosmological systems are found in the pairwise radial 

velocity dispersion, av, and the two-point correlation function, 6, respectively. The Cosmic 

Virial Theorem (CVT) provides a means to relate these two. The mechanism is provided by 

the BBGKY equations which give av as a function of both the two- and three-point correlation 

functions. Dependence on 6 alone can arise only in the context of a clustering model; for 

example, in hierarchical models, the three-point correlation function 6 has the form 

(3) 
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Virtually all incarnations of the CVT in the literature {e.g., [5, 10, 1 1] )  are based upon an 
assumption of hierarchical clustering. 

If hierarchical clustering is assumed, the CVT can be expressed as 

(4) 

where I(r) has weak dependence on r, and the evaluation of the constant "' is critical to the 
success of the CVT as a measure of n. 

There is a recent article by Bartlett & Blanchard [ 11] which discusses the CVT and the 
effects of using �2 and a. as inferred from galaxies when the real issues are the velocity and 
spatial correlations between the galaxies and the mass in the Universe. The conclusion reached 
in their paper is that the distribution of matter around galaxies is extremely important for the 
CVT if it is based on 6 and av as measured from galaxies. In particular, they claimed, the 
low n value inferred from the CVT with the observed 6 and <lv for galaxies is not necessarily 
incompatible with an n = 1 universe because of the presence of large, extended galaxy halos. 

We can add somewhat to the discussion of Bartlett & Blanchard first by noting that the 
av value of 350 km/s they used from the Davis & Peebles [10] analysis of the CfA I survey has 
been revised upward on the basis of reanalysis of the old data [12, 14, 13] and new data [15, 16]. 
The more recent estimates place a. above 700 km/s, giving a factor of 4 boost to the inferred 
n from the CVT. 

However good this news may seem for those who favor a high-n value, caution is due to 
any observational estimate based on the CVT. We have worked with the CVT in numerical 
simulations and hold perhaps stronger views on the possible biases that can effect the CVT. Not 
only are there biases in <lv and the normalization of 6 between galaxies and the total matter, 
but Q and the power Jaw index / for 6 � r--r inferred for galaxies can be different from the 
mass distribution. Furthermore, even something as fundamental as the hierarchical nature of 
the galaxy clustering may not hold for the mass. In our simulations of structure formation in 
CDM we have found that all of these problems exist. 

In a comparison of the simulated galaxies to the mass particles we find that ( 1) the galaxies 
have a significantly reduced av profile, an effect which gets more pronounced at scales below a 
megaparsec; (2) the two-point correlation function of galaxies is well-fit by a power law with 
index 'Y = 1 .8  on scales of � 10 kpc to � 10 Mpc, while 6 for mass has a steeper slope, I � 2, 
which holds down to a "core" radius of � 100 kpc; {3) the correlation length for galaxies is 
�203 less than that of the mass; and {4) the Q values for mass and galaxies differ, with Q near 
unity for galaxies over a broad range of scales, while Q is a function of characteristic separation 
for mass, and rises steeply from unity below a megaparsec. This latter difference indicates that 
even though the galaxies may appear hierarchically clustered, the mass may not exhibit the 
same broad clustering property. Since the CVT as it appears in equation {4) is derived from 
the assumption that mass is hierarchically clustered, it is perhaps not appropriate for the CDM 
models. We must caution that this departure from the hierarchical clustering paradigm in the 
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mass distribution may be a numerical artifact, most likely the result of finite time steps in the 
evolution code which can wash out structure in the densest (and hottest) regions. 

Despite these problems, we applied the CVT to both the mass and galaxy halo distributions 
in our simulations. In the case of mass, for which the CVT should work best, we found that 
an effective Q value near 3 gave a reasonably flat curve for n as a function of pair separation 
on scales of a megaparsec and below, suggesting that equation (4) holds despite the deviation 
from hierarchical clustering at small scales. 

When we applied the CVT to the galaxy halos, using parameters derived from the halo 
distributions alone, we found that the inferred fl was near zero for separation much above and 
below a megaparsec. But near the peak of the curve, at the canonical scale for applying the 
CVT, the inferred n is near unity. Unfortunately this holds true not only in the standard CDM 
simulations but in the model with the true n value of 0.2. Thus we have come up with an 
example, complementary to that of Bartlett & Blanchard, wherein the CVT overestimates fl 
in a low density universe. 

6 Conclusion 

On the basis of a simple curve, the density of mass within a distance R of a luminous galaxy 
we have argued that extreme caution must be exercised in the application of mass measures 
that treat galaxies as point-particles. For CDM models, the distance R1;2 which contains half 
of the total mass of the Universe about L. galaxies is around a megaparsec. Below this scale 
the point mass approximation is likely to break down. Indeed, the numerical results for two 
particular mass measures, based on the Least Action Method and the Cosmic Virial Theorem, 
are less than promising. 

With the LAM, there is hope of success when it is applied to objects larger than galaxies 
but much smaller than superclusters-perhaps isolated poor clusters or galaxy groups may 
work best. The criteria are that (1)  the distance between objects to which the LAM is applied 
must be above R1;2 and (2) the collapse of each individual object must have occurred at a 
high redshift (certainly greater than z = 1) so that the objects neither generate nor respond to 
tidal forces in a way which might significantly affect their center-of-mass motion. However the 
existence of such objects remains to be confirmed in simulations. 

The CVT seems even more problematic because it depends on integral expressions that mix 
a range of scales, including those below R112• The principal difficulty is that the presence of 
matter at some distance from galaxies may render fundamental parameters of the mass phase­
space distribution (e.g., the correlation function index / and the pairwise velocity dispersion, 
O"v ) irretrievable from observations of galaxies alone. However we do not reject the possibility 
that the CVT can be calibrated for galaxies, or perhaps a certain class of galaxies, using high­
resolution numerical simulations. 
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LA DISTRIBUTION DE MATIERE AUTOUR DE GALAXIES LUMINEUSES 

Nous allond discuter rlR; une mesure de la contribution a la densite de matiere cosmique de 
materiel a l'interieur d'une disatnce R de galaxies lumineuses. Si la matiere de l'Universe etait 
fortement relie aux galaxies, alors [lR s'accroitrait rapidement jusqu'a la densite moyenne Sl a 
une echelle comparable aux dimensions d'un halo typique de galaxie. Utilisant des simulations 
numeriques, nous demontrons que dans les models CDM standard et de faible densite, seulement 
la moitie de la masse totale de l'Univers se trouve dans une region d'environ 1 megaparsec 
du centre de des galaxies ayant une lurninosite plus grande que L.. L' importance de cette 
conclusion a propos de l'agregation de la matiere est considerable pour les mesures coventionels 
de masse qui utilise un modele ponctuel pour les galaxies. Nous explorons deux de ces mesures: 
la methode de moindre action {Least Action Method) et le theoreme cosmic viriel. Dans le 
premier cas, la methode sera probablement en difficulte a une echelle comparable a la distance 
entre galaxies, mais devrait etre raisonable pour estimer la masse d'un groupe isole de galaxies 
ou dans un agregas pauvre. Dans le deuxieme cas, nous trouvons que cette large masse qui 
n'appartient pas aux galaxies est problematique pour le "bias" et done apporte une grande 
incertitude pour l" estimation de n. 





1 87 

Large-Scale Structure Formation m the Quasi-linear 

Regime 

F. Bernardeau 
Service de Physique Theorique, C.E. de Saclay, 

F-91191 Gif-sur- Yvette, France 

Abstract 

The understanding of the large-scale structure formation requires the resolution of 
coupled nonlinear equations describing the cosmic density and velocity fields. This is a 
complicated problem that, for the last decade, has been essentially addressed with N­
body simulations. There is however a regime, the so-called quasi-linear regime, for which 
the relative density fluctuations are on average below unity. It is then possible to apply 
Perturbation Theory techniques where the perturbation expansions are made with respect 
to the initial fluctuations. I review here the major results that have been obtained in this 
regime. 

1 The Gravitational Instability Scenarios 

Perturbation Theory (PT) has had important developments in the last few years simultaneously 
from theoretical, numerical and observational points of view. These techniques allow indeed to 
explore nonlinear features revealed in the statistical properties of the large-scale structures of 
the Universe, for which precise and robust data are now available. The general frame of these 
calculations is based on the dynamics of a self-gravitating pressure-less fluid. The large-scale 
structures are then assumed to have gravitationally grown from small initial fluctuations. It 
is important to note that in the following these initial fluctuations will be assumed to follow 
a Gaussian statistics. That excludes a priori exotic models that make intervene topological 
defects as seeds of structure formation. 

By linearizing the field equations, i .e. when the quadratic coupling between the fields 
are neglected, one can compute the growth rate of the fluctuations. This allows to compare 
for instance the Cosmic Microwave Background temperature anisotropies as measured by the 
COBE satellite with the local density fluctuations observed in galaxy catalogues. The linear 
approximation cannot be used however to explore the statistical properties of the density field: 
the local fluctuations are just amplified, their shapes are not changed, and therefore the linear 
density field remains Gaussian if it obeyed such statistics initially. 
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2 The Perturbation Theory 

The principles of these calculations have been initially presented by Peebles [35] , then explored 
in more details in a series of recent papers [18, 22, 12, 3, 27, 28, 33, 5, 37, 38]. The starting 
point of all these calculations is the system of field equations, Continuity, Euler and Poisson 
equations, describing a single stream pressure-less fluid. 

The density and velocity fields which satisfy those equations are then expanded with respect 
to the initial fluctuation field, 

8(t, x) = 2:: 8(i)(t, x), u(t, x) = L: u(il (t, x). ( 1 )  

The fields 8(1) (  t ,  x )  and u(ll (t, x )  are just the local linearized density and velocity fields. They 
are linear in the initial density field. The higher order terms, 8(2) ,  8(3) , . . are respectively 
quadratic, cubic, .. in the initial density field, and therefore these terms do not obey a Gaussian 
statistics. 

2.1  The Density Field 

The time and space dependences of the linearized density field, 8(1), factorize so that it can be 
written, 

8(1l(t, x) = D(t) j d3k 8(k) exp(ikx) , (2) 

where 8(k) are the Fourier transforms of the initial density field. They are assumed to form a 
set of Gaussian variables. Their statistical properties are then entirely determined by the shape 
of the power spectrum, P(k), defined by, 

(8(k) 8(k')) = 8Dirac(k + k') P(k), (3) 

where (.) denotes ensemble averages over the initial conditions. The function D(t) is determined 
by the cosmological parameters. It is proportional to the expansion factor a(t) for an Einstein­
de Sitter universe. In general it has been found to depend on the cosmological density !1 in such 
a way that ( d log D / d log a) � !1°·6 [35] and to be very weakly dependent on the cosmological 
constant A [29]. 

The higher order terms can all be recursively obtained from the linear term. In general one 
can write the i1h order term as [22], 

8(il (t , x) = Di(t) j d3k1 . . .  d3k; 8(k1 ) . . .  8(k;) exp[ix · (k1 + . . .  + ki)] F(k1 , . . .  , ki) ,  (4) 

where F(k1 , . . .  , k;) is a homogeneous function of the angles between the different wave vectors. 
Note that the time dependence given here is only approximate for a non Einstein-de Sitter 
Universe. It is however a very good approximation [3, 12, 4, 5]. 

2.2 The Velocity Field 

For the velocity field the situation is very similar. We have first to notice that in the single 
flow approximation the vorticity is expected to be diluted by the expansion ( eg. [35]) and thus 
to be negligible at any order of the perturbation expansion. Then it is more natural to present 
the properties of the velocity field in terms of the local divergence (expressed in units of the 
Hubble constant) ,  

(J( ) = Y'x · u(t, x) 
t, x -

H(t) . (5) 



We then have, 
9(1l (t, x) = 

d
d

l
l
og D 0(1l (t, x) � n°·6(t) o(ll(t, x) . 
og a 

The higher order terms can be written 
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(6) 

where G is another homogeneous function, clifferent from F. Note that in general the time 
dependence of B(i) is not the power i of the time dependence of O(l). We will see that it induces 
remarkable statistical properties for the local ,velocity field. 

2.3 Implications for the Statistical Properties of the Cosmic Fields 

In general the consequences of the existence of higher order terms can be separated in two 
categories. These terms can affect the mean growth rate of the fluctuations or they can introduce 
new statistical properties because of their non-Gaussian nature. I will briefly review both 
aspects here. 

3 The Mean Growth Rate of the Fluctuations 

The mean growth rate of the fluctuation can be calculated from the shape and magnitude of the 
variance of the local density contrast [26, 32, 38), or equivalently of the evolved power spectrum 
[33, 25]. For instance the variance, (02) ,  can be calculated using the expansion in (1) ,  

(8) 

By re-expanding this expression with respect to the initial density field one gets, 

(9) 

The term (o(ll o(2l) is zero because it is cubic in the initial Gaussian variables. The calculation of 
the corrective terms (the so-called "loop corrections" ' see [22, 3, 37' 38]) '  ( ( o(2) r )  + 2(  o(l) o(3l ) '  
can be done from the recursive solution of the field equations. In practice these calculations 
become rapidly very complicated but they can be simplified in case of a power law spectrum, 

Thus for n = -2 one gets 

( 2) - ( 2 ) 1375 
( 2 )2 � 2 ) 2 2 0 - Olin + 

1568 Olin � (Olin + Q.88 (Olin) 

(10) 

( 1 1 )  

where OJin i s  the linearized density contrast, OJin = 0(1l. This prediction can be compared with 
numerical results obtained from N-body codes. An interesting way to compared the two is to 
use the phenomenological description of the nonlinear growth rate of the fluctuations proposed 
by Hamilton et al. [23]. This description relates the mean linear density contrast at the scale 
Rlin to the full non-linear one at the scale Ruon-lin defined by 

(12) 
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The universal transform proposed by Hamilton et al. (given here in terms of the power spec­
trum) is presented in Fig. 1 (solid line) and compared to the prediction (11 ) ,  (dotted line). The 
latter gives remarkably well the position of the departure from the pure linear regime (straight 
line). On the other hand the position of this transition is quite poorly given by the Zel'dovich 
approximation (long dashed line) . 
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Figure 1 .  Comparison of the PT predictions (11 )  with the Hamilton et al. [23] prescription 
for the growth rate of the fluctuation (solid line) in case of P( k) ex: k-2. The dotted line is the 
prediction of the next-to-leading order Perturbation Theory result [38], and the straight line is 

the linear theory prediction (figure taken from [38]) .  

Surprisingly the corrective terms are finite only for n < -1.  For n larger than - 1 the loop 
terms contain a divergence so that the results explicitly depends on a cutoff kc introduced in 
the shape of the power spectrum a large k. Thus when (R kc) is large we have, 

(13) 

where R is the filtering radius. The existence of this divergence was not really expected since 
the numerical results do not indicate any significant change of behavior for n � -1 .  One 
could argue that in practice this is not a relevant problem since in realistic scenarios (like the 
CDM power spectrum) the index reaches n = -3 at small scale, so that the corrective terms 
are naturally regularized. However with such an interpretation it implies that the growth of 
the very large scale fluctuations is fed with smaller scale fluctuations, which would be slightly 
surprising in view of the numerical results accumulated over the last few years. Another possible 
explanation is that the higher order corrections induce other divergences that cancel each other 
(a phenomenon quite common in statistical physics). Then the corrective terms to the linear 
growth rate would not be proportional to the square of (8fin) but to a smaller power of it. 
Future analytic investigations may be able to throw light on this problem. 



4 The Emergence of non-Gaussian Features 

4.1 The Moments 
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The other major consequence of the existence of non-linear terms in ( 1 )  is the apparition of 
non-Gaussian properties. Although it is possible to characterize non-Gaussian features in many 
different ways, most of the efforts have been devoted to properties of the one-point probability 
distribution function (PDF) of the local density. More particularly, attention has been focussed 
on the moments if this distribution and how they are sensitive to non-linear corrections. In his 
treatise [35], Peebles already considered the implications of second order perturbation theory 
for the behavior of the third moment of the local density in case of initial Gaussian fluctuations. 
Indeed, using the expansion (1 ) ,  the third moment reads, 

(14) 

and what should be the dominant term of this series, ( (8(1))3 
) ,  is identically zero in case of 

Gaussian initial conditions leading to, 

(15) 

Peebles calculated this expression neglecting the effects of smoothing and found (for an Einstein­
de Sitter Universe), 

(16) 

so that the ratio, (83) / (82)2, is expected to be finite at large scale. It is actually possible to 
extend this quantitative behavior to higher order moment and to show that the cumulants (i.e., 
the connected parts of the moments) are related to the second moment so that the ratios, 

(17) 

are all finite at large scale. As mentioned before the coefficient S3 was computed by Peebles [35], 
Fry [18] derived S4 and eventually Bernardeau [3] gave the whole series of these coefficients. 

Unfortunately these early calculations did not take into account the filtering effects, that 
is that the ensemble averages should be done on the local smoothed fields. This problem was 
addressed numerically by Goroff et al. [22] for a Gaussian window function for the third and 
fourth moments. More recently these two coefficients have been calculated analytically and 
semi-analytically in [28, 31] for this window function. However, the results turn out to be 
simpler in case of a top-hat window, as it was noticed by Juszkiewicz et al. [27] for S3 and 
power law spectra. The coefficients S3 and S4 were calculated for this window in [4] for any 
spectrum and any cosmological models. Eventually Bernardeau [5] proposed a method to derive 
the whole series of these coefficients from the spherical collapse dynamics. 

I recall here the expression of the first two coefficients S3 and S4, as a function of the shape 
of the second moment, 

with 

34 
S3(R) = 7 + 1(R); 

S (R) _ 60712 621(R) 7 1(R)2 3-_ d1(R) . 4 - 1323
+ 

3 + 3 
+

3 d log R' 

d log u2(R) I = 
d log R 

. 

( 18) 

( 19) 

(20) 
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One can notice that S3 depends only on the local slope, and that S4 also depends (but weakly) 
on the variations of that slope. These results are valid for an Einstein-de Sitter Universe but 
are found to be weakly !! and A dependent [12, 3, 4] .  

10 10  10  
R (h-1 Mpc) R (h-1 Mpc) R (h-1 Mpc) 

Figure 2. Comparison of PT predictions with results of numerical simulations with CDM 
initial conditions for moments of the local density contrast. The PT results (dashed lines) are 
compared to the measured Sp coefficients as a function of radius for three different time-steps 

(figure taken from [2] ) .  

These coefficients have been tested against numerical results by different groups [12, 4, 2, 31] 
and have been found to be in extremely good agreement with the numerical results. In particular 
as shown in Fig.2, it has been found that the measured Sp coefficients are in good agreement 
with the PT results up to p = 7 as long as the variance (IJ2)1/2 is lower than unity [2]. This 
constraint does not seem to become tighter for higher orders. 

4.2 From Cumulants to PDF-s 

The shape of the PDF and the values of the cumulants are obviously related. When a limited 
number of cumulants is known it is possible to reconstruct some aspect of the shape of the 
PDF using the so-called Edgeworth expansion (see [28, 7] ) .  But actually as the whole series 
of the cumulants is known for top-hat filtering it is possible to invert the problem (at least 



193 

numerically) and build the PDF from the generating function of the cumulants (see [1] for the 
general method and [3, 5] for the application to PT results) .  This method is justified by the 
fact that the Sp coefficients converge to their asymptotic PT values at roughly the same speed, 
i.e. for the same values of (fi2) (Fig. 2). 

1 

0. 1 

p(o) 
0.01 

0 .001 

-1 0 1 2 

R= 5 h-IMpc, a=1 .52, n= - 1 .3 
R= 10 h-1Mpc, a=0.74, n=- 1 .  
R= 15 h-1Mpc, a=0.47, n=-0.7 

3 4 
0 

5 6 7 8 9 10 

Figure 3. Comparison of PT predictions with results of numerical simulations with CDM 
initial conditions for the shape of the one-point PDF of the density contrast. The density 
PDF has been measured at three different radius, R = 5 h-1Mpc (circles) ,  R = 10 h-1Mpc 

(squares) ,  R = 15 h-1Mpc (triangles) and compared to the PT predictions calculatd from the 
measured values of the variance and the local index (figure taken from [5] ) .  

In  Fig. 3, I present a comparison of the PT results obtained in  such a way to  the numerical 
measurements of PDF-s. Three different smoothing radii have been chosen. For each radius 
one can get the value of the initial index, and the value of the variance. The predicted PDF-s 
are entirely determined by those two numbers. As it can be seen the agreement is extremely 
good. 

5 Comparison with data 

These successes have given confidence in the validity of the PT results and have boosted inves­
tigations in the available galaxy catalogues. Using the IRAS galaxy catalogue Bouchet et al. 
[13] measured the 3rd and 4th moment of the one-point PDF of the local galaxy density. The 
observed relation between the third moment and the second is the following, 

(21) 

It  is  a strong indication in favor of Gaussian initial conditions since the exponent is indeed 
the one expected from PT. The coefficient however is lower from what is expected, but the 
comparison with quantitative predictions is complicated for two reasons. The galactic positions 
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are known only in redshift space (that is that their distance is assumed to be proportional to 
their line-of-sight velocity), and IRAS galaxies might be strongly biased with respect to the 
mass distribution. The first problem has been addressed in [24] where it is shown with adapted 
PT calculations that the effects of redshift space distortion on S3 are small at large scale. It 
has been also investigated numerically in [30]. The fact that the measured coefficient, 1 .5, is 
smaller than what is expected (by a factor of about 1 .  7) is then probably due to biases in the 
galaxy distribution. In case of the IRAS galaxies this is not too surprising since those galaxies 
are known to be under-populated (compared to bright galaxies) in very dense areas. 

For these reasons a lot of interest has been devoted recently to the APM angular galaxy 
catalogue. The fact that it has more than 1 ,300,000 objects makes it the largest galaxy cata­
logue now available and a perfect domain of investigation. Measurements of the Sp coefficients 
have been made by Gaztanaga [19] for p :S 7. Comparison with PT predictions are however 
complicated because of the projections effects. It is thus not possible to use the relation (18,19) 
for S3 and S4 and this new geometry has to be taken into account. Calculations using the small 
angle approximation have been made in [6] for any order of cumulants but assuming a power law 
spectrum. These results have been recently extended in [36] for any shape of power spectrum. 
In fig 4. I present the comparison of the measured S3 and S4 coefficients as a function of the 
angle (triangles) compared to the predicted ones from PT (solid lines) .  The latter have been 
calculated with either the small angle approximation or with a direct Monte-Carlo integration 
for which no small angle approximation is required (for S3 only) .  

BO 
B 

60 11 I "'"' 6 "'"' 
3 3 I "-.... "-.... I "' ... 40 IhII 3 4 3 
II II "' ... f/l f/l 

2 20 I 
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0 . 1 1 1 0  0 . 1  1 1 0  
80 (deg) 80 (deg) 

Figure 4.  The s3(11) and s4(11) coefficients in the APM angular catalogue (triangles, see [19]) 
compared to the PT predictions, with the small angle approximation (solid lines), or with a 

numerical integration of the projection effects (squares) .  

There is still a significant discrepancy between the PT results and the observations. As the 
theoretical predictions are very robust with respect to uncertainties in the selection function 
or with respect to values of n and A (see [6]), it does not seem possible to reconcile the PT 
predictions with the observations, unless galaxies are biased. This bias is however less important 
than the one expected for the IRAS galaxies. These observations are anyway a strong indication 
in favor of Gaussian initial conditions. The implications of models with topological defects like 
string theories or textures have been investigated in particular by Gaztaiiaga [20]. He found 
that the current data, unless the galactic distribution is unrelated to the mass distribution(!), 
exclude such theories . 
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Although data on the peculiar velocities are more difficult to obtain, it is a very interesting 
domain of investigation since cosmic velocities are in principle directly related to the mass 
fluctuations. In a recent review, Dekel [15] have presented the observational and theoretical 
status of this rapidly evolving field. 

The line-of-sight peculiar velocities are estimated from the Tully-Fisher (or similar) relation 
between the absolute luminosity of the galaxies and their internal velocity dispersion for ellipti­
cal, or their circular velocity for spirals. From these informations, and taking advantage of the 
expected absence of vorticity, it is possible to build the whole 3D smoothed velocity field. It 
has been done in particular in [ 1 1 ,  1 7] ,  using the so-called POTENT reconstruction method. A 
straightforward application of the reconstructed velocity field is the use of the velocity-density 
relationship obtained in the linear regime (6) that would indeed provide a way to measure !1. 
This is possible however only if galaxies are not biased. Otherwise, assuming that at large 
scale, 8��axie,(x) = b o(ll(x) ,  the observations constrain a combination of !1 and b, (3 = !1°·6 /b. 
Various results for (3 have been given in the literature (see [15] ) .  A rough compilation of them 
leads to 0.3 ;:-,(3 ;;,1 .2. 

As we have no robust models for the large-scale bias of the galaxies, it is quite natural to 
explore the intrinsic properties of the velocity field. In the following, no assumptions are made 
on the bias, galaxies are simply assumed to act as test particles for the large-scale flows. Within 
this scheme Dekel & Rees [16] proposed to use the maximum expanding void to put constraints 
on !1; Nusser & Dekel [34] tried to reconstruct the initial density field using the Zel'dovich 
approximation, thus constraining !1 on the basis of Gaussian initial conditions. Here I propose 
a more systematic study of the expected properties of the local divergence using PT. 

In a similar way than for the density field it is indeed possible to compute the coefficients 
Tp that relate the high order moments of the local divergence to the second moment, 

(22) 

Unlike the Sp coefficients these ones are found to be strongly !1 dependent (but weakly A 
dependent) ,  

(23) 

as is a direct consequence of the time dependence of OU) found in (7). The parameter T3(!1) 
was calculated in [8] as a function of !1, 

1 [26 ] T3(fl) = 110_6 7" + (n + 3) , (24) 

and proposed as a possible indicator to measure !1. A preliminary investigation using the 
POTENT data gave !1 > 0.3 with a good confidence level. 
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Figure 5. Comparison of the PT predictions for the shape of the PDF of the velocity 
divergence (solid lines) with results of numerical simulations for n = - 1 .  In the left panel 

!1 = 0.2 and in the right !1 = l. In both cases we have rJe � 0.4. The dashed lines are the PT 
predictions when the reverse assumption is made on !1. 

But more generally the !1 dependence of the Tp coefficients obviously extends to the shape 
of the PDF of the local divergence. In particular we can show that for a power law spectrum 
with n � -1 , it is approximately given by, 

p(IJ) = 

21J IJ2 
1 

- 3110.6 ' K, = 1 + g,\fll.2 ; 

([2K - 1]/Kl/2 + [A - l]/,\l/2r3/2 

K,3/4(211' )1/2 (J 

(25) 

(26) 

where ,, is the rms of the fluctuations of I}. This distribution exhibits a strong !1 dependence as 
it can be seen on Fig. 5. As expected when !1 is low the distribution is strongly non-Gaussian, 
with a sharp cut-off in the large divergence tails (it corresponds to rapidly expanding voids). 
This is this feature (discovered in an independent way) that was used in [16] to constrain !1. 

We have checked these theoretical predictions with numerical experiments (see Fig. 5) and 
found once again that the numerical results are in excellent agreement with them. It opens 
ways to have reliable measure of !1 from velocity data. 

7 Conclusions 

As this rapid overview have shown it, the study of the quasi-linear regime is in rapid develop­
ment. A lot of efforts have been devoted to analytic calculations, and our understanding of the 
growth of structures in the intermediate regime has considerably improved. In particular com­
parisons with numerical simulations have shown that the PT results had a surprisingly large 
validity domain for the density as well as for the velocity fields. So far, most of the comparisons 
have been done for the cumulants at their leading order. However, the recent analytic results 
obtained for the next-to-leading order have open puzzling questions for their interpretation. 
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These results provide powerful tools to test the gravitational instability scenarios. Compar­
isons with data are extremely powerful in general. It has already provided strong indications in 
favor of Gaussian initial conditions. It can also give valuable indications on the existence and 
nature of biases for the galaxy distribution. Moreover assuming Gaussian initial conditions, 
it seems possible to get reliable constraints on !1 from the statistics of the large-scale cosmic 
flows, independently of the biases. 

Acknowledgements. I would like to thank Roman Scoccimarro and Enrique Ga.ztaiiaga for 
permission to include some of their figures. 
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Resume 

La comprehension de la formation des grandes structures requiert la resolution d'equations 
non-lineaires couplees decrivant !'evolution des champs de densite et de vitesse cosmologiques. 
C'est un probleme complique qui, ces dix dernieres annees, a ete traite essentiellement avec des 
simulations numeriques a N corps. II y a cependant un regime, le regime dit quasi-lineaire, 
pour lequel !es fluctuations relatives de densite sont inferieures a !'unite en moyenne. II est 
alors possible d'utiliser des techniques de theorie des perturbations ou !es developpements 
perturbatifs sont faits par rapport aux fluctuations initiales. Je presente ici !es resultats majeurs 
qui ont ete obtenus clans ce regime. 
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THE STRONGLY NON-LINEAR REGIME AND N-BODY SIMULATIONS 
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Abstract 
I discuss large scale structure dynamics in expanding universes filled with self-gravita­

ting collisionless matter, paying attention to the highly nonlinear regime, which is gener­
ally addressed with N-body simulations. A statistical approach, in terms of correlation 
functions and moments of the probability distribution of the smoothed density field, is 
used. After recalling the theoretical prejudices (self-similarity, stable clustering), I discuss 
measurements in N-body simulations. 

1 Introduction 

Let us consider an expanding Friedman-Lemaitre universe with zero cosmological constant filled 
with self-gravitating collisionless matter particles initially distributed nearly homogeneously. At 
the scales we are interested in (between � 0 .1  Mpc and � 500 Mpc), the system is well described 
by the Vlasov-Poisson equations1l 

a1 � af ail> a1 
ar + p. ax - ax . ap 

= o, ( 1 )  

�il> = 47rGa4(p - Pb) , p = a-3 j f(x, p, r)d3p. (2) 

In the above equations, function f is the density in phase-space, T is a cosmological time related 
to standard time by2l dr ex dt/ a2 , a is the expansion factor, p and Pb are respectively the spatial 
and the background density. The coordinates used here are the comoving position x and the 
momentum p = dx/dr = a2dx/dt. 

In the weakly nonlinear regime, i.e. at large scales, where the fluctuations of the density field 
are small, one can use an analytical, perturbative approach to solve approximately the dynamics 
of the system (see, e.g., Bernardeau in this book). In this paper, I discuss the nonlinear regime, 
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i.e. small scales, where the fluctuations of the density field are significant or large, due to 
structures such as sheets, filaments and clusters of galaxies. This regime is more difficult to 
handle analytically, mostly because of the long range nature of the gravitational forces and 
of the complex structure of the system in phase-space. In that case, N-body simulations are 
required to study the evolution of the distribution function f (except in some very peculiar 
cases with high level of symmetry and specific initial conditions) .  The problem is then to 
disentangle real physical processes from contamination due to numerical calculation. 

There are currently two approaches to the nonlinear regime, which can correlate with each 
other. The first one is local. It consists in studying the evolution of particular objects, such 
as halos of galaxies, clusters, filaments or voids. The second approach has a global point of 
view. It consists in analyzing statistical properties of indicators related to the density and the 
velocity field. I will restrain to this approach in what follows, concentrating particularly on the 
N-point correlation functions of the density field and on moments of its probability distribution 
function, once smoothed. 

This paper is thus organized as follows. In § 2, I define the statistical tools I will use. In 
§ 3, I recall theoretical predictions, expected to apply in the highly nonlinear regime. Section 4 
deals with N-body experiments. As an example, I will confront results of simulations obtained 
from two different codes, a high spatial resolution one (treecode), and a low spatial resolu­
tion one (PM code). Section 5 compares theoretical prejudices with measurements in N-body 
simulations, taking into account expected numerical contamination effects. 

2 The statistical approach 

The two most widely tools currently used to study large-scale structure dynamics are the 
correlation function 6(x) and its Fourier transform, the power spectrum ( l6kl2) (where 6k is the 
Fourier transform of the density contrast). Function e2(x) measures the tendancy of particles 
to gather by pairs. By definition, the probability 6P of finding two particles respectively in two 
elementary volumes 6Vi and 6Vi separated by a distance x is1 ) 

6P(x) = n26Vi.6Vi [1 + 6(x)] , (3) 

where n is the number density of the considered set. Similarly, the three-point function 
6(x12, x23, x31 ) measures the tendancy of particles to gather by triplets, given the fact they 
can already gather by pairs. By definition, the probability 6P of finding three particles respec­
tively in elementary volumes 6Vi, 6Vi , 6V3 at positions x1 , x2 and X3 is 

The notation x;; = Ix; - x; I is used. One can recursively generalize the above definitions to 
higher order correlations functions. 

In principle, the full knowledge of the statistical properties of the system requires the mea­
surement of functions fo for any Q, except for a Gaussian distribution, for which fo = 0, Q ?: 3. 
The numerical estimate of function fo becomes difficult when Q ;<:. a few unities, because of the 
large number of parameters to handle and also because the measurements become quite noisy. 

An alternate, although less complete approach, consists in concentrating on the scaling 
behavior of the system and forgetting about the angular dependence of the correlations. The 
corresponding tool is the probability distribution function P(p, £) of the smoothed density field 
with a window of size £, generally a Gaussian or a top hat filter. I assume here that the 
smoothing window is a spherical cell of radius £ and of volume v = 47r£3 /3. The connected 
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moments of P(p, l) are nothing but the averaged correlation functions over a cell [see, e.g., refs. 
3) and 4)] 

(5) 

The function P(p, l) is much easier to measure than the Q-point correlation functions, but 
involves of course much less information. 

3 Theoretical prejudices1),5) 

3.1  Similarity solution 

One can search for silimilarity solutions of the Vlasov-Poisson system (1) , (2) of the form 
f(x, p, r) =:= r" }(x/rv, fi/rw). This works only in the case a ex t213 (!1 = 1) .  The solution writes 

f(x, p, t) = r3a-1J (�, t"'fi/3) . (6) 

The two-point function can be written as the following ensemble average 

6(x, t) = ( [a-3 Pb"1 j d3pif(fl, fi1 , t) - 1] [a-3pb"1 j d3p2f(fl + x, fi2 , t) - 1] ) . ( 7) 

If the similar solution ( 6) applies, it thus reduces to 

6(x, t) = !,2 (�) . (8) 

Similarly, one can write 
• (X12 X23 X31 ) 6(x12, X23, X31 , t) = 6 �' �' � . (9) 

If the similarity solution applies, one can use linear perturbation theory to relate a to initial 
conditions, which have then to be necessarily scale invariant. Indeed, in the linear regime, the 
correlation function writes 6(x, t) = a2�2(x) = i,2(x/t"'), implying �2(x, t) ex x-(n+3) with 

4 (10) Q = --- . 
9 + 3n 

The (initial) linear power spectrum is thus necessarily of the form 

( l8k l2)Iinear ex kn. ( 1 1 )  

3.2 Stable clustering hypothesis 

Once formed, dense objects, such as halos of galaxies, tend to virialize and to keep approxi­
mately constant physical size. This can be translated in terms of "local statistical equilibrium". 
Then, the conditional probability of finding a particle in an elementary physical volume 8Vi at 
physical distance r = ax from a fixed particle does not depend on time: 

8P(2ll )  � n [1 + �2 (x, t)] 8Vi = 8P(ax). (12) 

The number density scales as n ex a-3, thus 

1 + �2(x, t) = a3F(ax). (13) 

Similarly one can show, with the same arguments 

[1 + 6(x12) + 6(x13) + 6(x31) + 6(x12 , X23, X31 , t)] = a6G(ax12, ax23, ax31), (14) 

and so on. 
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3.3 Similarity plus stable clustering 

Combining equations (8) and (13), we find, in the regime 6 � 1, that 

6( x, t) ex x-", 
6 9 + 3n 

1 = 2 + 3a = 5 + n · 
(15) 

Similarly, one finds that 6(,\x12 , ,\x23, ,\x31) = ,\-2"�3(x12 ,  x23, x31) .  Actually, this property can 
be generalized at arbitrary order as the scaling relation3l 

which implies that the ratios 
- "[Q SQ = .,q-1 , Q � 3, 

�2 

(16) 

(17) 

do not depend on scale. These results are valid only for flat universe, i.e. n = 1,  since the 
similarity solution does not apply otherwise. There are arguments in favor of their generalisation 
to the case where the density parameter n is not too different from unity6l. 

4 N-body experiments : PM versus TREE 

Most of the numerical codes which try to solve the set of equations (1 )  and (2) are particle 
based. They may be separated into two families: low spatial resolution (LSR) and high spatial 
resolution (HSR) codes. The first family is mostly represented by the PM (Particle-Mesh) 
codes 7). These codes interpolate the mass of each particle on a grid to compute the density and 
then generally use fast Fourier transform to solve the Poisson equation. The spatial resolution 
of PM codes is thus given by the grid cell size, �x = Lbox/Ngrid, with Ngrid � 100 - 500, and 
where Lbox is the simulation box size. The low CPU cost of such codes allows a good mass 
resolution, i.e. a large number of particles, typically Npar � 106 to 108. The second family 
of codes includes for example P3M (Particle-Particle Particle-Mesh) codes7J,B) and treecodes. 
P3M codes are modified PM codes. Spatial resolution is improved by computing the individual 
interactions between nearby particles. Treecodes decompose hierarchically the system on a 
tree structure, which can be for example a mutually nearest neighbor binary tree9l, or a space 
balanced oct tree in which each branch is a cubical portion of space10l. In HSR codes, a softening 
parameter E is introduced to bound the forces and reduce two-body (or more) relaxation effects. 
This parameter is generally chosen to be a small fraction of the mean interparticle distance d, 
typically E = d/(10 to 20). In current HSR simulations, the number of particles, Npar• is of 
order of 105 to 107• Spatial resolution, given by E, is typically one order of magnitude better 
than in LSR codes. 

As an illustrative example, I compare results from a PM simulation11l and a treecode 
simulation12l with same initial scale-free conditions (l.Skl2}Iinear ex k-1 (normalized to white noise 
at the Nyquist frequency of the particles). Both simulations assume n = 1, involve Npar = 643 

particles in a cubical box of size Lbox with periodic boundaries. The spatial resolution was 
�x = Lbox/128 and E = Lbox/1280 respectively for the PM and the treecode simulations. The 
two upper panels of Figure 1 show thin slices extracted from the simulations, after 6.4 expan­
sion factors. The left slice corresponds to PM and the right one to tree. There are only tiny 
differences in general, but significant in overdense regions. One can indeed notice that clus­
ters of particles look slightly thicker in the PM case than in the tree case. More quantitative 
comparisons can be made on pairwise statistics. Left bottom panel shows the quantity 6 as 
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Figure 1 :  The two top panels represent thin slices of width Lbox/16 extracted from a P M  simulation 
(left panel) and a tree simulation (right panel) with same initial conditions (see text). Bottom left and 
right panels compare respectively the measured function 6 and the measured line-of-sight pairwise 
velocity dispersion (in units of the Hubble velocity across the box), in both simulations. Triangles and 
circles correspond respectively to PM and tree. 

a function of scale in both simulations. Right bottom panel displays the line-of-sight pairwise 
velocity dispersion 

. 

a1(x) = � ( [v(y + x) - v(y)J2)112 (18) 

as a function of separation. As one can see, spatial resolution effects seem to have less impact 
on the mass distribution than on velocities, which is not very surprising. Note thus the good 
agreement of the measured two-point function in both simulations up to the PM resolution 
scale. There is however a � 15 to 25% difference between the values of a1 measured in each 
simulations for l ;;::, �x, even at separations far above �x. Of course, the quantity a1 is quite 
sensitive to the highly nonlinear details of the dynamics, since it is a mass weighted quantity 
much influenced by what happens in rich clusters of particles. 
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Figure 2: The quantity 6 as function of the similarity variable, measured in scale free simulations12l. 
The power-spectrum index n = +1, 0, -1, -2 decreases from left to right and from top to bottom. 
On each panel, various curves correspond to various stages of the simulations. The dashed line is the 
power-law (15) (the normalization is adjusted to the data). 

5 Theoretical prejudices versus N-body experiments 

One can compare the theoretical prejudices of § 3 to measurements in N-body simulations. 
The problem is to be aware of all the possible, unphysical numerical effects susceptible to 
contaminate the measurements. These spurious effects can be listed as follows: 

• Dynamical effects (for example two-body relaxation) and lack of statistics at small scales 
due to the discreteness of the representation of the phase-space distribution function (the 
mass resolution cannot be arbitrarily large) .  

• Lack of accuracy at small scales due to  the short range softening of the forces (the spatial 
resolution is finite). 

• Memory from a particular way of setting up initial conditions. For example, there are 
grid effectS13) and transients resulting from the use of the Zel'dovich approximation to 
slightly perturb a regular pattern of particles to set up initial conditions. The use of a 
regular pattern is related to the fact one wants to reduce small scale shot noise. Grid 
effects can be eliminated by setting up the particles on a "glass"14l. 

• Finite volume effects from the fact that only a finite part of the universe can be simulated. 

Figure 2 shows the measured quantity 6 as a function of r/t°' in scale-free simulations with 
initial power-spectra of the form (11 ). Figure 3 displays the measured ratios Sq, 3 :S Q :S 5, as 
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Figure 3: The ratios Sq, 3 ::; Q ::; 5, as functions of the variance (Sq increases with Q), measured 
in scale-free simulations12l. Various symbols correspond to various stages of the simulations. Long 
dashes correspond to perturbation theory predictions [except for n = +1, see ref. 12)). Short dashes 
correspond to the following power-law fit Sq oc �-04s(q

-2), in slight disagreement with the stable 
clustering hypothesis predictions Sq =constant. 

functions of variance e2 • The simulations were done with a treecode15l in a cubical box of size 
Lbox with periodic boundaries. They involve Npar = 643 particles and their spatial resolution is 
c; = Lbox/1280. To do the measurements, a "trustable" scaling range has been selected, where 
the contamination effects listed above are of small importance. In some cases, however, finite 
volume effects are so large that they affect all the available dynamic range. In fact, they are 
all the stronger since the ratio of large scale power to small scale power increases and since the 
order Q of the considered statistic is large. The consequence is that they need to be corrected 
for, generally as soon as Q 2'. 3, as done in Fig. 3. Various symbols on each panel of Figs. 2, 
3 correspond to various times in the simulations. Except in the case n = -2 for function 6, 
which is strongly contaminated by finite volume effects, the symbols superpose to each other, in 
agreement with the similarity solution (6). If the stable clustering hypothesis applied, function e2(f, t) should also exhibit the power-law behavior (15) at small scales (short dashes on Fig. 2), 
which is indeed the case for 6 � 100 17l, and the ratios Sq should not depend on scale. This 
last property does not seem to be exactly verified here, except possibly for n = -1 and n = -2. 
More appropriate is the following power-law behavior Sq ex �-04s(

q
-2), a very weak deviation 

from stable clustering. 
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Qualitatively, given all the uncertainties on the measurements, the N-body results are in 
good agreement with theoretical prejudices in the highly nonlinear regime17l. Quantitatively, 
there seem to be some small deviations from the stable clustering predictions. 

Acknowledgements: figure 1 have been generated from measurements in a PM simulation 
done by E. Hivon with the code of Moutarde et al. [ref. 18)] and a treecode simulation done 
by L. Hernquist with the code of Hernquist et al. [ref. 15)]. Results of § 5 and figure 3 are 
extracted from a work done in collaboration with F.R. Bouchet and L. Hernquist [ref. 12)]. 
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Resume 

LE REGIME HAUTEMENT NON LINEAIRE ET LES SIMULATIONS A N  CORPS 

Je discute de la dynamique ii. grande echelle dans un univers en expansion compose de mat'iere non 
collisionnelle autogravitante, en pretant particulierement attention au regime hautement non lineaire, 
qui est generalement tra.ite en utilisant des simulations ii. N corps. Mon approche est statistique, en 
termes de fonctions de correlation et de fonction de distribution du champ de densite lisse. Apres 
avoir rappele !es prejuges theoriques attendus (autosimilarite, equilibre statistique local), je discute 
de mesures dans des simulations ii. N corps. 
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Abstract 

This review is a short introduction to numerical hydrodynamics in a cosmological 

context, intended for the non specialist. The main processes relevant to galaxy formation 

are first presented. The fluid equations are then introduced, and their implementation in 

numerical codes by Eulerian grid based methods and by Smooth Particle Hydrodynamics 

is sketched. As an application, I finally show some results from an SPH simulation of a 

galaxy cluster. 
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1 Gas Physical Processes 

In current cosmological scenarios, the main matter components of the universe are some non 
baryonic Dark Matter (DM) , which constitutes most of the universe, and a mixture of primordial 
gas (H, He) . The DM component is decoupled from the rest of the universe, and interacts only 
through gravity. The gas component instead can be heated and cooled in several ways, and 
the physics involved is more complicated than in the pure gravitational case. Fortunately, 
while gravity is a long range force, hydrodynamic processes are only important on relatively 
small scales, so that on scales larger than a few Mpc the dynamics of structure formation can 
be studied with good accuracy even neglecting the gas component. Gas dynamics, and the 
related radiative processes, are instead fundamental on smaller scales, e.g. in the formation 
of galaxies, and in linking the matter distribution of the universe to the light distribution we 
actually observe1l .  In what follows I list and discuss very briefly the main gas processes relevant 
to galaxy formation. 

1 .1  Heating processes 

Adiabatic compression is the easiest way to heat a gas. By the First Law of Thermody­
namics, compression work is converted into internal energy: dQ = dU + pdV = 0 ===? 
dU = -pdV. 

Viscous heating is due to the small internal friction (viscosity) present in real gas. Velocity 
gradients in a gas cause an irreversible transfer of momentum from high velocity points to 
small velocity ones, with conversion of bulk velocities into random ones, i.e. into heat, and 
generation of entropy. In the context of galaxy formation viscous heating mostly occurs 
in shocks, which are discontinuities in the macroscopic fluid variables due to supersonic 
flows. These arise for example during gravitational collapse, or during supernova (SN) 
explosions. 

Photoionization takes place when atoms interact with the photons of some background of soft 
X-rays, or UV radiation emitted by QSO or stars: e.g. I +  H --+ e- + H+. Observations 
show that at high redshift (z ;<;2) hydrogen in the IGM is indeed ionized (Gunn-Peterson 
effect2l) ,  and although the origin is not clear, this is thought to be caused by some early 
generation of QSO or massive stars. The photoionizing spectrum is usually approxi­
mated by a power law, with flux J(v) ex: (v/vL)-0, where vL is the Lyman-a frequency, 
corresponding to the hydrogen ionization energy, 13.6 eV. 

1.2 Cooling processes 

Gas cooling is the key to galaxy formation. In fact, in our current understanding of structure 
formation, the dark matter component of the universe first undergoes gravitational collapse, 
forming dark matter halos. These provide the potential wells into which gas can fall and heat 
up by shocks, then immediately cool and form cold, dense, rotationally supported gas disks. In 
these disks conditions are favourable to trigger star formation, and eventually give rise to the 
galaxies we observe today3l . The following cooling mechanisms are important in a cosmological 
context. 

Adiabatic expansion is the opposite process of adiabatic compression, with conversion of 
heat into expansion work. 
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Compton cooling is electron cooling against the Cosmic Microwave Background (CMB) 
through inverse Compton effect: 'Y + e- ---+ "f + e- . The condition for this is that 
the temperature of the electrons is higher than the CMB temperature: Te > TT The 
net energy transfer depends on the two densities, and on the temperature difference: 
dE/dT oc nep7(Te - T7). Since E oc neTe, the cooling time: tcool = E/E is in this case 
oc p::,1. The CMB photon density decreases like (1 + z)4 due to the expansion of the 
universe, therefore Compton cooling is only important at high redshifts (typically z :<;8) , 
when the cooling timescale is smaller than the Hubble time. 

Radiative cooling is the most relevant mechanism for the cooling of primordial gas. It is 
caused by inelastic collisions between free electrons and H, He atoms (or their ions) . 
Assuming that the gas is optically thin and in ionization equilibrium, the cooling rate 
per unit volume may be written dE/dt = A(p, T) = nend(T), where ne and n; are 
the number densities of free electrons and of atoms (or ions) , and f(T) is called cooling 
function. The main processes are: 

• Collisional ionization: the inelastic scattering of a free electron and an atom (or 
ion), which unbinds one electron from the latter, e.g. e- + fl  ---+ fl+ + 2e- .  The net 
cooling for the system is equal to the extraction energy. 

• Collisional excitation + line cooling: the same situation as above, but the atom 
is only excited, and it then decays to the ground state, emitting a photon, e.g. 
e- + H ---+ e- + fl* ---+ e- + fl + "!- This is the dominant cooling process at low 
(104 K -::;T -::;106 K) temperatures. 

• Recombination: e.g. e- + fl+ ---+ fl +  'Y· A free electron is captured by an ion and 
emits a (continuum) photon. 

• Bremsstrahlung: free-free scattering between a free electron and an ion, e.g. e- + 
fl+ ---+ e- + fl+ + "!- Its cooling rate grows with the temperature: dE/dt oc T112; 
therefore, bremsstrahlung is the dominant cooling process at high (T :<; 106 K) tem­
peratures. 

Figure 1 shows the cooling and heating functions in different cases. 

1.3 Other processes 
Besides the heating and cooling mechanisms listed above, other processes may be relevant in a 
galaxy formation scenario. Among them: 

Thermal conduction is direct transfer of heat from regions at high temperature to regions 
at lower temperature, due to the energy transport of jiffu�in� electrons. The induced 
change in internal energy per unit volume is dE/dT = V' (t>:V'TJ , with (positive) thermal 
conductivity K = t>:(T, p). 

Radiation transfer is important in an optically thick medium. Photons are absorbed by gas 
clouds, thermalized by multiple scattering and reemitted as Black Body radiation. This 
process depends on the optical depth T ,,,,, of the gas. 

Star formation follows gas cooling as the next natural step in modeling galaxy formation. 
Our understanding of the detailed physics of star formation is still rather poor, so what 
is usually done is to use some empirical prescription to characterize the gas which is 
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Figure 1: Cooling and heating functions. Left panel: cooling function A(T)/n},_ versus temperature, for a 
primordial gas. The different contributions to radiative cooling, and the total cooling curve are indicated. No 
photoionizing background is assumed. Right panel: a heating term r /n}, is added, due to a photoionizing 
UV background with spectral index a = 1.5. Its effect is both to change the ionization equilibrium (�nd so to 
change A(T)/n},), and to heat the gas. Thin lines correspond to a gas density equal to the mean background 
density at redshift z = 5; thick lines correspond to a density 200 times larger. For low density gas the effect of 
a UV background is dramatic, and line cooling is suppressed. The temperature T,q where IA - rj drops to zero 
is called equilibrium temperature. At T > T,q the gas is cooled, at T < T,q it is heated. This figure was kindly 
prepared by I.Forcada using the atomic rates provided by T.Abel. 

supposed to turn into stars. A good example of recipe4l is to require: i) a convergent gas 
flow: V · v < O; ii) a Jeans' instability criterion: the free-fall time of the gas cloud be less 
than its sound crossing time; iii) a minimum number density of H atoms, e.g. nH > 0.1 

cm-3 ;  iv) a minimum gas overdensity, e.g. p9 "f(,Pv = 178/f9, where pv is the virial density 
of the spherical collapse model, and p9 is the mean background gas density. If all these 
conditions are satisfied, the gas will form stars at a formation rate similar to the one 
observed in e.g. spiral galaxies. 

Assuming some Initial Mass Function for the stars so formed, it is possible to compute the 
fraction of gas forming massive stars (M 2 SM0) .  These stars will explode as Type II SN, 
each one releasing 1051 erg of energy back in the ISM, causing new shocks and gas heating, 
and triggering further star formation. It is also possible to include in this recipe gas release 
and metal enrichment from SN explosions. Unfortunately, at this point the physics of star 
formation is still poorly understood, and the resulting scenarios depend very much on the 
kind of assumptions and modeling made. 

2 Fluid Equations 

For our purpose it is useful to treat the gas as a continuum, and to resort to a hydrodynamic 
description. The fluid equations express conservation of mass (continuity equation) , of momen­
tum (Euler equation) and of energy. We also need an adiabatic state equation: ds/dt = 0 or 



p = p(p, T). These equations may be written as 

dp - -dt = 
-p\1 - v, 

dii - -p dt = -\Ip +  viscosity terms - p\l<f>, 

dt - - ( - ) pdt = -p\J - ii+ viscosity terms + \1 - K\/T + (Q - A) , 

P = p(p, T) .  

2 1 1  

(1 )  

(2) 

(3) 

(4) 

Equation (3) is given in terms of the specific internal energy t. In Equations (1) to (3) the lhs 
and the first term on the rhs constitute the usual fluid equations for a perfect adiabatic gas. The 
extra terms on the rhs are the nonadiabatic terms introduced in the previous Section. Gravity is 
included in the Euler equation via the gravitational potential <f>. Artificial viscosity terms must 
be included to enable the numerical treatment of shocks and entropy production, processes 
that do not exist in a perfect adiabatic gas. The terrris Q and A denote respectively the heat 
sources: photon absorption (e.g. photoionization) and energy feedback from SN, and the heat 
sinks: Compton and radiative cooling, and other photon emission processes. Including all these 
processes (and others, e.g. magnetic fields) in a recipe for galaxy formation is not an easy task. 
Limits arise both from the computational limitations of present day machines, and from our 
ignorance of the physics involved (e.g. the epoch and spectrum of a photoionizing background, 
or the mechanism and role of energy feedback from stars and SN) . Moreover, some processes 
naturally go with others, so that if cooling is implemented, star formation and energy feedback 
should also be modeled. For these reasons, different physical processes may or may not be 
taken into account in different computations. For example, current hydrodynamic simulations 
of structure formation sometimes include cooling processes, less often photoionization and star 
formation. On the other hand, thermal conduction and radiative transport have been so far 
neglected. The former may play a role in the central part of a system, but its efficiency 
would depend on the presence of (unknown) magnetic fields. Ignoring the latter is probably a 
good approximation everywhere except in very dense, optically thick regions. Galaxy cluster 
formation is a neat application of these methods, because cooling and star formation are less 
crucial here than in galaxy formation, so they can be ignored to first approximation. An 
example of hydrodynamic simulation of the formation of a galaxy cluster is briefly presented 
in the last Section of the paper. 

2.1  Eulerian Methods 
There are two basic ways to numerically solve the above set of equations: Eulerian and La­
grangian. Eulerian methods solve the fluid equations on a discrete grid fixed in space. In the 
traditional formulation, a Taylor expansion of the terms is used to build a smooth solution 
of the differential equations across different grid cells, as follows. Let f be a one dimensional 
scalar field, and F its flux; the conservation equation for F is 

if we Taylor expand J(x, t) in time: 

af iJt aF 
ax ' 

af i 02 f J(x, t + dt) = J(x, t) + iJt dt + 2 at2 dt2 + O(dt3) 

(5) 

(6) 
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and insert Eq. (5) into Eq. (6), we can substitute all time derivatives with spatial ones: 

oF 1 {) [{)F oF] 
J(x, t + dt) = J(x, t) - OX dt + 2 ax OX of 

dt2 + O(dt3) .  (7) 

This is the time evolution equation for J(x, t) ,  which is discretized and solved on a grid, to first 
or second order accuracy. Macroscopic discontinuities in the flow, like those caused by shocks, 
are mimicked by smooth solutions, obtained introducing explicitly, in the fluid equations, the 
artificial viscosity terms mentioned above. The underlying idea is that in a real fluid shocks 
are smooth solutions if seen at small enough scale. 

More recent techniques, named shock capturing schemes or Riemann solvers, use a different 
approach. They incorporate in the method the exact solution of a simple nonlinear problem, the 
Riemann shock tube. This solution describes the nonlinear waves generated by a discontinuous 
jump separating two constant states. The fluid flow is then approximated by a large number 
of constant states for which the Riemann shock tube problem is solved. This automatically 
leads to an accurate approximation of both smooth solutions and of shocks, with no need of 
explicitly introducing viscosity terms in the equations. This category of techniques includes the 
Piecewise Parabolic Method5) (PPM) and the Total Variation Diminishing6l scheme (TVD) . 

2.2 Lagrangian methods: SPH 

Smooth Particle Hydrodynamics7),s) (SPH) is the most commonly used Lagrangian method in 
dissipative simulations of galaxy formation. By analogy with N-body codes, where a collision­
less fluid is represented with a set of discrete particles, SPH also uses particles to describe the 
evolution of a gas fluid. Each particle i is assigned a position fi, a velocity if, , a density p; 

and a specific internal energy E;, and the fluid equations are solved at the particle's position, 
replacing the true fields with smoothed estimates, which are obtained as local averages of the 
particles' properties. For example, for a scalar field f, the smoothed counterpart (!) is: 

(J(TJ) = J d3uf(u)W(r- u; h); (8) 

W(r - ii; h) is the smoothing kernel, strongly peaked at zero, so that 

limh--+o(J(T)) = J d3uf(ii)5D(r- ii) = j(T) , (9) 

with 5D a 3 dimensional Dirac delta; h is called the smoothing length. Usually the kernel is 
spherically symmetric: W = W(lr - iii; h) , but anisotropic kernels have also been proposed9l . 

In practice, (J ( T)) is evaluated discretely at each particle's position. Defining the particle 
number density at fi as (n(fi)) = p(fi)/m;, in the discrete limit Equation (8) becomes 

N 

(J(TJ) = L mi J(fj)W( IT- fJ I ; h) ;  
j=l  Pi (10) 

for example, for f = p this reduces to 

N 

(p(TJ) = L mi W( IT- f} I ; h) .  (11)  
j=l 

Typically, in SPH codes the kernel is nonzero only for e.g. Ir - iii ::; 2h, and the smoothing 
length can be varied to keep the summations to the N = 30 - 50 closest neighbors. 
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Figure 2: Density (left) and temperature (right) radial profiles fo r  an SPH simulation of a galaxy cluster. The 
cluster has a virial mass of 7 x 1014 M0 and is resolved by roughly 12000 particles for each species. The force 
resolution is 25 kpc. More details on the figure are given in the main text. 

Following this recipe, one can write the fluid equations: mass conservation is automatically 
satisfied; one form of the Euler and energy equations is, in the adiabatic case7l : 

dE; p; � (� � )  "' W(I �  � I  h) dt = -:::2 L..., mj V; - Vj · vi T; - Tj ; . 
Pi J=l 

(12) 

( 13) 

Nonadiabatic terms are introduced in the same way; in particular, shock heating is allowed by 
adding artificial viscosity terms. 

Hybrid methods have also been proposed10l , that make use of a grid to solve the fluid 
equations, but are Lagrangian in nature, since the grid itself is deformable and follows the fluid 
flow. The quite different approaches of Eulerian and Lagrangian methods, and the variety of 
codes within each approach, make it difficult to compare results coming from different codes, 
and to interpret the comparison. An attempt has however been done11l by evolving, from some 
high redshift to the present time, the same initial conditions of a cosmological model, using 
three different Eulerian codes and two different SPH codes; the results seem to indicate that 
Eulerian codes have better resolution on large scales and low p, low T regions, while SPH codes 
can better resolve small scales and high p, high T regions. 

3 Applications: Formation of a galaxy cluster 

Some results from an SPH simulation of a galaxy cluster are shown in Figure 2, as an ex­
ample of application of the theory summarized in the previous Sections. The gas processes 
modeled are adiabatic heating and cooling, and viscous heating, while other cooling processes, 
photoionization and star formation were neglected, since they are not crucial to this particular 
problem. 
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The simulation has an Einstein-de Sitter background universe, with H0 = 50 km s-1 Mpc1 , 
and with scale free power spectrum of perturbation P(k) ex k-1 • The left panel shows the gas 
density (points), and the DM and gas mean density profiles (black and grey curve respectively) , 
as a function of the distance r from the cluster center; the vertical bar indicates the virial radius 
of the cluster. Note how the gas is less centrally concentrated than the DM. The density spikes 
in the gas profile are infalling substructure. The right panel shows the gas temperature and the 
mean temperature profile at different radii: the cluster is not isothermal, and its temperature 
drops by a factor of five from the center to the virial radius. During collapse the gas is shock 
heated to about 107 - 108 K as seen both in the main system and in the infalling substructures. 
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THE SLOAN DIGITAL SKY SURVEY: STATUS AND 

PROSPECTS 

Jon Loveday 
Fermi/ab, Batavia, USA. 

(On behalf of the SDSS collaboration.) 

Abstract 

The Sloan Digital Sky Survey (SDSS) is a project to definitively map 7f steradians 
of the local Universe. An array of CCD detectors used in drift-scan mode will digitally 
image the sky in five passbands to a limiting magnitude of r' � 23. Selected from the 
imaging survey, 106 galaxies and 105 quasars will be observed spectroscopically. I describe 
the current status of the survey, which is due to begin observations early in 1997, and its 
prospects for constraining models for dark matter in the Universe. 

1 Introduction 

Systematic surveys of the local Universe (z ;S 0.2) can provide some of the most important 
constraints on dark matter, particularly through the measurement of the clustering of galaxies 
and clusters of galaxies on large scales. Most existing galaxy and cluster catalogues are based 
on photographic plates [7, 3], and there is growing concern that such surveys might suffer from 
severe surface-brightness selection effects, so that they are missing a substantial fraction of the 
galaxy population. In addition, the limited volume of existing redshift surveys means that 
even low-order clustering statistics, such as the galaxy two-point correlation function, cannot 
reliably be measured on scales beyond lOOh-1 Mpc, an' order of magnitude below the scale on 
which COBE has measured fluctuations in the microwave background radiation. 

A collaboration has therefore been formed with the aim of constructing a definitive map of 
the local universe, incorporating digital COD imaging over a large area in several passbands 
and redshifts for around one million galaxies. In order to complete such an ambitious project 
over a reasonable timescale, it was decided to build a dedicated 2.5-metre telescope equipped 
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with a large CCD array imaging camera and multi-fibre spectrographs. The collaboration com­
prises around 100 astronomers and engineers from University of Chicago, Fermilab, Princeton 
University, Institute for Advanced Study, Johns Hopkins University, US Naval Observatory, 
University of Washington and the JPG-a group of astronomers in Japan. The total cost of 
the survey is around $30 million, and funding sources include the Alfred P. Sloan Foundation, 
the National Science Foundation and the participating institutions. 

2 Survey Overview 

The survey site is Apache Point Observatory, New Mexico, at 2800 metres elevation. While 
better sites probably exist in Chile and atop Mauna Kea, for a survey with such state-of-the­
art instrumentation and significant on-site manpower requirements ( eg. fibre plugging and 
changing spectroscopic plates), it was decided to use a site within mainland USA and with 
good communications and existing infrastructure. 

Figure 1: SDSS system response 
curves, with (lower) and without 
(upper) atmospheric extinction. 

The survey hardware comprises the main 2.5-metre telescope, equipped with CCD imaging 
camera and multi-fibre spectrographs, a 0.6-metre monitor telescope and a 10µ all-sky camera. 
On the best nights (new moon, photometric, sub-arcsecond seeing) the 2.5-metre telescope 
will operate in imaging mode, drift scanning the sky at sidereal rate, and obtaining nearly 
simultaneously images in the five survey bands u', g', r', i' and z'. The system response curves 
through the five filters are shown in Figure 1 .  On sub-optimal nights, which will comprise the 
bulk of observing time, the imaging camera will be replaced with a spectroscopic fibre plug­
plate. It is planned that imaging data will be reduced and calibrated, spectroscopic targets 
selected, and plates drilled within the one-month lunar cycle, so that we will be obtaining 
spectra of objects that were imaged the previous month. We will spend most of the time 
observing within a contiguous 7r steradian area in the north Galactic cap (NGC). For those 
times when the NGC is unavailable, about one third of the time, we will repeatedly observe 
three southern stripes, nominally centred at RA a = 5°, and with central declinations of 
8 = + 15°, 0° and -10°. The nominal location of survey scans is shown in Figure 2. 

In the remainder of this section I discuss the various components of the survey in more 
detail. 
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Figure 2 :  Whole sky plot show­
ing the location of SDSS scans. 
The light lines show galactic lat­
itudes of b = 0, ±30 and ±60°, 
with the north and south Galac­
tic poles being the upper and 
lower crosses respectively. The 
Galactic plane runs horizontally 
through the middle of the plot 
and the grey scale map shows 
Stark HI contours in units of 1020 
cm-2• The dark lines show the 
survey scan-lines, all of which fol­
low great circles. We observe a 
contiguous area of 7r sr in the 
north, and three separated stripes 
in the south. Note that the north­
ern survey is tilted with respect to 
the b = +30° contour to avoid re­
gions of high HI column density. 

2.5-metre telescope. The main 2.5-metre telescope is of modified Richey-Chretien design 
with a 3° field of view, and is optimised for both a wide-area imaging survey and a multi-fibre 
spectroscopic survey of galaxies to r' � 18 .  One of the most unusual aspects of the telescope 
is it's enclosure. Rather than sitting inside a dome, as is the case with conventional optical 
telescopes, the enclosure is a rectangular frame structure mounted on wheels, which is rolled 
away from the telescope in order to take observations. By completely removing the enclosure 
from the telescope, we can avoid the substantial degradation to image quality due to dome 
seeing. The telescope is situated on a pier overlooking a steep dropoff so that the prevailing 
wind will flow smoothly over the telescope in a laminar flow, which will also help to ensure good 
image quality. A wind baffie closely surrounds the telescope, and is independently mounted 
and driven. This baffie serves to protect the telscope from stray light as well as from wind 
buffeting. 

Imaging Camera. In order to image a large area of sky in a short time, we are building 
an imaging camera (Fig. 3) that contains 30 x 20482 CCDs, arranged in six columns. Each 
column occupies its own dewar and contains one chip in each of the five filters. Pixel size is 
0.4". The camera operates in drift-scan mode: a star or galaxy image drifts down the column 
through the five filters, spending about 55 seconds in each. This mode of observing has two 
significant advantages over conventional tracking mode. 1) It makes extremely efficient use of 
observing time, since there is no overhead between exposures: on a good night we can open 
the shutter, drift-scan for eight hours and then close the shutter. 2) Since each image traverses 
a whole column of pixels on each CCD, flat-fielding becomes a one-dimensional problem, and 
so can be done to lower surface-brightness limits than with tracking mode images. This, along 
with the high quantum efficiency of modern CCDs, will enable us to detect galaxies of much 
lower surface brightness than can wide-field photographic surveys. There is a gap between each 
column of CCDs, but this gap is slightly smaller than the width of the light-sensitive area of the 
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Figure 3 :  Focal plane layout of 
the SDSS CCD imaging camera, 
showing the 30 photometric and 
24 astrometric/focus CCDs. 

CCDs, and so having observed six narrow strips of sky one night, we can observe an interleaving 
set of strips a later night, and thus build up a large contiguous area of sky. The northern survey 
comprises 45 pairs of interleaving great circle scans, and so imaging observations for the north 
will require the equivalent of 90 full photometric nights. The camera also includes 24 smaller 
CCDs arranged above and below the photometric columns. These extra CCDs, equipped with 
neutral density filters, are used for astrometric calibration, as most astrometric standards will 
saturate on the photometric CCDs. Thus the photometric data can be tied to the fundamental 
astrometric reference frames defined by bright stars. 

Spectrographs. The 2.5-metre telescope will also be equipped with a pair of fibre-fed, 
dual-beam spectrographs, each with two cameras, two gratings and two 20482 CCD detectors. 
The blue channel will cover the wavelength range 3900-6100 A and the red channel 5900-9100 
A and both will have a spectral resolving power >./�>. "" 1800. The fibres are 3" in diameter and 
the two spectrographs each hold 320 fibres. Rather than employing robotic fibre positioners to 
place the fibres in the focal plane, we will instead drill aluminium plates for each spectroscopic 
field and plug the fibres by hand. We plan on spectroscopic exposure times of 45 minutes and 
allow 15 minutes overhead per fibre plate. On a clear winter's night we can thus obtain 8 plates 
x 640 fibres = 5120 spectra. In order to allow such rapid turnaround time between exposures 
we plan to purchase 8 sets of fibre harnesses, so that each plate can be plugged with fibres 
during the day. It will not be necessary to plug each fibre in any particular hole, as a fibre 
mapping system has been built which will automatically map fibre number onto position in the 
focal plane after the plate has been plugged. This should considerably ease the job of the fibre 
pluggers, and we expect that it will take well under one hour to plug each plate. 

Monitor telescope. In order to check that observing conditions are photometric, and to 
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tie imaging observations to a set of primary photometric standards, we are also employing a 
monitor telescope. While the 2.5-metre telescope is drift-scanning the sky, the 0.6-metre mon­
itor telescope, situated close by, will interleave observations of standard stars with calibration 
patches in the area of sky being scanned. Operation of this telescope will be completely au­
tomated, and each hour will observe three calibration patches plus standard stars in all five 
colours. 

10µ all-sky camera. As an additional check on observing conditions, a 10µ infrared camera 
will survey the entire sky every 10 minutes or so. Light cirrus, which is very hard to see on a 
dark night, is bright at 10µ, and so this camera will provide rapid warning of increasing cloud 
cover, thus enabling us to switch to spectroscopic observing rather than taking non-photometric 
imaging data. 

SURVEY OPERATIONS / SIMULATED OBSERVATIONS 

DATA PROCESSING 
10/7/93 

Figure 4: Top-level data processing diagram. 

Data-reduction pipelines. The last, but by no means least , component of the survey is 
a suite of automated data-reduction pipelines (Fig. 4) ,  which will read DLT tapes mailed to 
Fermilab from the mountain and yield reduced and calibrated data with the minimum of human 
intervention. Such software is very necessary when one considers that the imaging camera will 
produce data at the rate of around 31 Gbytes per hour! A "production system" has been 
specced and purchased that can keep up with such a data rate (bearing in mind that imaging 
will take place only under the best conditions, on average around two full nights per month), 
and consists of two Digital Alphaserver 8200 5/300s, each with 1 GByte of memory. 

Pipelines exist to reduce each source of data from the mountain (photometric frames and 
"postage stamps" ,  astrometric frames, monitor telescope frames and 2-D spectra) as well as 
to perform tasks such as spectroscopic target selection and "adaptive tiling" to work out the 
optimal placing of spectroscopic field centres to maximize the number of spectra obtained. The 
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pipelines are integrated into a purpose-written environment known as SHIVA (Survey Human 
Interface and VisualizAtion environment, also the Hindu god of destruction) <ind the reduced 
data will be written into an object-oriented database. 

3 Data Products 

The raw imaging data in five colours for the 7f steradians of the northern sky will occupy about 
14 Tbytes, but it is expected that very few projects will need to access the raw data, which 
will probably be stored only on magnetic tape. Since most of the sky is blank to r' � 23, all 
detected images can be stored, using suitable compression, in around 200 Gbytes, and it is 
expected that these "atlas images" can be kept on spinning disc. The photometric reduction 
pipeline will meaure a set of parameters for each image, and it is estimated that the parameter 
lists for all objects will occupy � 100 Gbyte. The parameter lists for the spectroscopic sample 
will proabbly fit into 1-2 Gb, and the spectra themselves will occupy � 20 Gb. Work is 
progressing well on an astronomer-friendly interface to the database, which will answer such 
queries as "Return all galaxies with (g' - r') < 0 .5 and within 30 arcminutes of this quasar" , 
etc. 

3.1  Spectroscopic Samples 

The spectroscopic sample is divided into several classes. In a survey of this magnitude, it is 
important that the selection criteria for each class remain fixed throughout the duration of the 
survey. Therefore, we will spend a considerable time (maybe one year), obtaining test data 
with the survey instruments and refining the spectroscopic selection criteria in light of our test 
data. Then, once the survey proper has commenced, these criteria will be "frozen in" for the 
duration of the survey. The numbers discussed below are therefore only preliminary, and we 
expect them to change slightly during the test year. 

The main galaxy sample will consist of � 900 , 000 galaxies selected by Petrosian mag­
nitude in the r' band, r' ;:; 18. Simulations have shown that the Petrosian magnitude, which 
is based on an aperture defined by the ratio of light within an annulus to total light inside 
that radius, provides probably the least biased and most stable estimate of total magnitude. 
There will also be a surface-brightness limit, so that we do not waste fibres on galaxies of too 
low surface brightness to give a reasonable spectrum. This galaxy sample will have a median 
redshift (z) ::::;; 0 . 1 . 

We plan to observe an additional � 100, 000 luminous red galaxies to r' ;:; 19.5. Given 
photometry in the five survey bands, redshifts can be estimated for the reddest galaxies to 
f'lz ::::;; 0.02 or better [4], and so one can also predict their luminosity quite accurately. Selecting 
luminous red galaxies, many of which will be cD galaxies in cluster cores, provides a valuable 
supplement to the main galaxy sample since 1) they will have distinctive spectral features, 
allowing a redshift to be measured up to 1 .5 mag fainter than the main sample, and 2) they 
will form an approximately volume-limited sample with a median redshift (z) ::::;; 0.5. They will 
thus provide an extremely powerful sample for studying clustering on the largest scales and the 
evolution of galaxies. 

Quasar candidates will be selected by making cuts in multi-colour space and from the 
FIRST radio catalogue [1 ] , with the aim of observing � 100, 000 quasars. This sample will 
be orders of magnitude larger than any existing quasar catalogues, and will be invaluable for 
quasar luminosity function, evolution and clustering studies as well as providing sources for 
followup absorption-line observations. 



22 1 

In addition to the above three classes of spectroscopic sources, which are designed to provide 
statistically complete samples, we will also obtain spectra for many thousands of stars and 
for various serendipitous objects. The latter class will include objects of unusual colour or 
morphology which do not fit into the earlier classes, plus unusual objects found by other surveys 
and in other wavebands. 

4 Current Status 

In this section I discuss the status (as of April 1996) of the various systems within the survey. 
The monitor telescope has been operational now for several months, and is routinely 

operated remotely from Chicago. It is equipped with a set of SDSS filters, and is being used to 
observe candidate primary photometric standard stars, as well as known quasars to see where 
they lie in the SDSS colour system [8] . 

Figure 5: Photograph of the 2.5-
metre telescope structure, taken 
shortly after installation, on 10 
October 1995. Part of the tele­
scope enclosure, in its rolled back 
position, appears in the bottom­
left of this picture. Note that nei­
ther the mirrors nor the wind baf­
fle are installed yet. 

The 2.5-metre telescope structure was installed on the mountaintop in October 1995 (see 
Fig. 5) . Work is currently underway on the control systems for the telescope. Telescope optics 
are all due to be ready by June 1996. These include the primary and secondary mirrors and 
various corrector elements. 

We posess all of the CCDs for the imaging camera, which is under construction at Prince­
ton. Delivery to the mountain is expected by September 1996. Construction of the spectro­
graphs is well underway, with the optics installed for one of the spectrograph cameras. 

Each of the data reduction-pipelines is now basically working, with ongoing work on minor 
bug-fixes, speed-ups and integration of the entire data processing system. The photometric 
reduction pipeline is being tested using both simulated data and with data taken using the 
Fermilab drift scan camera on the ARC 3.5-metre telescope at the same site. Similar tests are 
being carried out on the spectroscopic reduction pipeline, and our ability to efficiently place 
fibres on a clustered distribution of galaxies is being tested using the APM galaxy catalogue 
[7]. 

The currently-projected survey schedule is as follows: 
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September 1996 
Autumn 1996 
Winter 1996 
Early 1997 
1998-2003 
2002 
2005 

Optics to be installed on 2.5-metre telescope. 
Imager and spectrograph commissioning. 
Astronomical first light. 
Test period begins. 
Survey proper carried out. 
First two years of survey data become public. 
Complete survey data become public. 

The intent of this project is to make the survey data available to the astronomical community 
in a timely fashion. We currently plan to distribute the data from the first two years of the 
survey no later than two years after it is taken, and the full survey no later than two years after 
it is finished. The first partial release may or may not be in its final form, depending on our 
ability to calibrate it fully at the time of the release. The same remarks apply to the release of 
the full data set, but we expect the calibration effort to be finished before that release. 

5 Prospects for constraining dark matter 

Since one of the topics of this meeting is dark matter, I will highlight two of the areas in which 
the SDSS will provide valuable data for constraining dark matter. 

5 .1  Measurement of the Fluctuation Spectrum 

The huge volume of the SDSS redshift survey will enable estimates of the galaxy power spectrum 
to � lOOoh-1 Mpc scales. Figure 6 shows the power spectrum P( k) we would expect to measure 
from a volume-limited (to M*) sample of galaxies from the SDSS northern redshift survey, 
assuming Gaussian fluctuations and a flh = 0.3 CDM model. The error bars include cosmic 
variance and shot noise, but not systematic errors, due, for example, to galactic obscuration. 
Provided such errors can be corrected for, (and star colours in the Sloan survey will provide 
our best a posteriori estimate of galactic obscuration), then the figure shows that we can easily 
distinguish between D.h = 0.2 and flh = 0.3 models, just using the northern main galaxy 
sample. Adding the southern stripe data, and the luminous red galaxy sample, will further 
decrease measurement errors on the largest scales, and so we also expect to be able to easily 
distinguish between low-density CDM and MDM models, and models with differing indices n 
for the shape of the primordial fluctuation spectrum. 

5.2 Cosmological Density Parameter 

By measuring the distortions introduced by streaming motions into redshift-space measures of 
galaxy clustering, one can constrain the parameter /3 = n°·6 /b, where n is the cosmological 
density paramter and b is the bias factor relating fluctuations in galaxy number density to 
fluctuations in the underlying mass distribution. While existing redshift surveys, eg. IRAS [2] 
and Stromlo-APM [6], are hinting that /3 < 1 (ie. that galaxies are significantly biased tracers 
of mass or that fl < 1 ) ,  their volumes are too small to measure galaxy clustering in the fully 
linear regime reliably enough to measure /3 to much better than 503 or so. With the SDSS 
redshift survey, we expect to be able to constrain /3 to 103 or better. 

There are several ways we might hope to determine the galaxy bias factor b. By measuring 
galaxy clustering on � lOOOh-1 Mpc scales as shown in Figure 6, we can compare with the 
COBE microwave background fluctuations directly, and so constrain large-scale galaxy bias in 
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Figure 6: Expected la uncer­
tainty in the galaxy power spec­
trum measured from a volume­
limited sample from the SDSS 
northern survey, along with pre­
dictions of P(k) from four vari­
ants of the low-density CDM 
model. Note that the models 
have been arbitrarily normalised 
to agree on small scales (k = 0.4); 
in practice the COBE observa­
tions of CMB fluctuations fix the 
amplitude of P(k) on very large 
scales. 
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a model-independent way. Analysis of higher-order clustering statistics [5] , and of non-linear 
dynamical effects [2] will also set constraints on galaxy bias. Knowing (3 and b. we will be in a 
good position to reliably measure the cosmological density parameter !1 independent of models 
for the shape of the fluctuation spectrum. 

6 Conclusions 

It is probably no exaggeration to claim that the Sloan Digital Sky Survey will revolutionize the 
field of large scale structure. Certainly we can expect to rule out large numbers of presently 
viable cosmological models, as illustrated in Figure 6. As well as measuring redshifts for a 
carefully controlled sample of 106 galaxies and 105 quasars, the survey will also provide high 
quality imaging data for about 100 times as many extragalactic objects, from which one can 
obtain colour and morphological information. In addition to measuring the basic cosmological 
parameters !1 and h discussed in the preceding section, the SDSS will also allow us to measure 
the properties of galaxies as a function of their colour, morphology and environment, providing 
valuable clues to the process of galaxy formation. 

Finally, I cannot resist the temptation to give a visual impression of what we might expect 
to see with the SDSS redshift survey. Figure 7 shows the distribution of 62,295 galaxies in a 6° 
slice from a simulation carried out by Changbom Park, assuming a low-density CDM model. 
This slice represents just one sixteenth of the million galaxy redshifts we will be measuring with 
the Sloan survey. I leave it to the readers imagination to dream up all the projects they would 
love to carry but given such a data-set. 

The work described here has been carried out by many people throughout the SDSS collab­
oration, and I thank all my colleagues warmly. I am particularly grateful to Chris Stoughton 
and Michael Vogeley for providing Figures 2 and Figure 6 respectively, and to Philippe Canal 
for translating the Abstract into French. My attendance at the meeting was supported by a 
generous grant from the EEC. 
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Figure 7: Redshift-space distribu­
tion of galaxies in a 6° slice from a 
large, low-density CDM N-body 
simulation generated by Chang­
bom Park. 
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LE SLOAN DIGITAL SKY SURVEY: L'ETAT ET CES PERSPECTIVES 

Le Sloan Digital Sky Survey (SDSS) a pour but de cartographie 7r steradians de l 'univers 
local. Une matrice de dispositif a transfert de charges (CCD) scannant en mode balayage 
produira une image digitalisee du ciel avec cinq differents filtres et avec une precision allant 
jusqu'a a peu pres magnitude 23. Une etude spectroscopique sera faite sur une selection de 106 
galaxies et 105 quasars. Dans cet article, apres avoir decris l 'etat d'advancement du projet qui 
doit commencer a faire des observations des le debut de l'annee 1997, je presente ces perspectives 
pour l'etablissement de modeles de la matiere noire clans l 'univers. 
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The DENIS and 2MASS near infrared surveys are presented. Their applications in extra­
galactic astronomy and cosmology are listed. The prospects for a rapid spectroscopic followup 
survey of a near infrared selected sample of nearly 105 galaxies are illustrated with Monte­
Carlo simulations. 

1. Introduction 

Astronomers have traditionally relied upon optical imagery to view the Universe, ever since 
the early introduction of photographic plates, sensitive to blue light. The main constituents 
of the Universe in the optical are galaxies, and the main constituents of galaxies in the optical 
are stars. In fact, the visible parts of galaxies contain important amounts of gas and non­

negligible amounts of dust, and perhaps some dark matter. Moreover, most of the mass in 
galaxies is thought to be constituted of dark matter residing in near spherical halos. Similarly, 
on the scale of the Universe, most of the baryons are presumed to be locked up in gas, and 
most of the mass is believed to be non-baryonic dark matter. Working in the optical, one 
u

.
ses galaxies to trace the matter distribution in the Universe. But galaxies may very well be 

biased tracers of the underlying matter content of the Universe. 
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Near infrared (NIR) light is also sensitive to stars, hence to galaxies. But there are 
important differences. 

1) NIR light is typically 10 times less extinguished by dust than optical light. This means 
that the cores of galaxies, hidden in the optical, are visible in the NIR. This is illustrated in 
Figure 1 ,  which shows the same galaxy, in blue (B) and NIR (K') light. The white pattern 
cutting through the galaxy in the blue image, is caused by internal extinction by dust, and is 
invisible in the NIR image. The galaxy is much more symmetric in NIR light and the shapes 
of the isophotes from disky inside to boxy outside can only be seen on the NIR image. 

f!J 

B K'  

[> 

'\ 

• 
10" 10" 

Figure 1 .  Galaxy NGC 7172 , seen in blue ( left) and NIR ( right) light .1 l  Object 
at bottom is a foreground star. 

2) The second difference is that, contrary to NIR light, optical light is extremely sensitive 
to populations of newborn stars, because the more massive (and hot) stars are extremely 
luminous, and are the only very blue stars (for cooler stars, the blue band is in the Wien 
part of the spectrum). As stars exhaust their nuclear hydrogen and evolve to the red giant 
branch, they become substantially redder. The more massive ones evolve to cool Red Giants 
in very short times (a few million years) and continue their evolution and finally blow up as 
supernovae in even shorter times. The NIR band picks up principally cool stars, while the 
hot, massive, and young ones, moderately visible as the NIR lies in the Rayleigh-Jeans part 
of their spectrum, are too rare to contribute significantly to NIR light. As a result, blue light 
tends to pick up galaxies with very recent star formation, while NIR light is less affected by 
very recent star formation and traces better the stellar mass content of galaxies. 

However, NIR light is affected by star formation occurring roughly 1 0  million years 
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ago, because after 10  million years the typical very massive stars are in their Red Giant or 
subsequent phases before going supernova. Nevertheless, averaged over all epochs of star 
formation, the NIR wavelength domain seems to be the optimal one to avoid the effects of 
star formation. 

These differences between optical light and NIR light have several important implica-
tions: 

1 )  The lack of extinction allows one to probe the large-scale distribution of galaxies 
behind the dust-filled plane of our own Galaxy.2l 

2) The galaxy tracers of the underlying matter distribution in the Universe is less biased 
by recent star formation in the NIR than in other bands. 

2. The DENIS and 2MASS Surveys 

With these advantages in mind, two consortia have set out to map the sky at NIR wavelengths: 
DENIS (DEep Near Infrared Southern Sky Survey) and 2MASS (Two Micron All Sky Survey) 
The characteristics of the two surveys are given in Table 1 .  

Table 1 :  The DENIS and 2MASS surveys 

DENIS 2MASS 

Institutions Meudon, IAP, Leiden . . .  UMass, IPAC, CfA . . .  
Hemispheres South (o < 2°) North + South 
Telescopes ESO l m  2 new 1 .3m 
Color bands I (0.8 µm) , J ( 1 .25 µm), Ks (2 .15 µm) J, H (l .65 µm) ,  Ks 

Detector CCD 10242 (I), NICMOS-3 2562 (JK) NICMOS-3 2562 
Pixel size 1" (I) , 3" (JK) 2" 
Quantum efficiency 0.4 (I) , 0.65 (JK) 0.65 
Exposure time 8 s  (I) , 9 x l s  (JK) 6 x 1.3 s 
Read-out noise 8 e- (I) ,  30 e- (JK) 3o e-

Observing mode Stop & Stare Freeze-Frame Scan 
Scan geometry 12' x 30° 8' x 6° 
Survey years 1996-2000 1997-2000 (N) , 1998-2000 (S) 
Primary data 4000 GBytes 19 000 GBytes 
Cost $3 million $30 million 

Notes: The NIR exposures are dithered for better angular resolution. 

3. Cosmological Applications 

The applications of NIR surveys such as DENIS and 2MASS for extragalactic astronomy and 
cosmology have been described elsewhere3•4•5•6•7l and are briefly outlined again here. 
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3.1 Statistical properties of NIR galaxies 

The large sample sizes (> 104,  105, and 106 galaxies in K, J, and I, respectively, for DENIS5l 
will help study correlations between properties. 

3.2 Two-dimensional structure of the local Universe. 

Catalogs of groups and clusters will be obtained from the galaxy lists extracted from the sur­
vey images. Statistical measures of large-scale structure will be obtained (such as the angular 
correlation function and higher order functions, counts in cells, and topological measures) , 
in particular statistics on the full sphere from 2MASS data. Not only are NIR bands cleaner 
than optical bands to study the large-scale distribution of galaxies in the Universe (because 
less sensitive to recent star formation) , but the multi-color aspect of the DENIS and 2MASS 
surveys allows one to see how all this 2D structure will vary with waveband, and indicate 
possible biases when going from one waveband to another. The alternative is that any such 
difference in 2D structure may be a reflection of selection effects, but we are working hard 
on avoiding this. Moreover, NIR surveys will probe the largest local concentration of matter, 
the Great Attractor, which is situated roughly right behind the Galactic Plane8l ,  and con­
tains the closest rich cluster of galaxies.9l Unfortunately, although extinction is beaten at low 
galactic latitudes, confusion with stars becomes a serious issue, for example on the accuracy 
of the photometry of fairly bright galaxies. 10) 

3.3 Color segregation 

Instead of studying structure versus waveband, one can study the inverse problem of un­
derstanding colors as a function of structure, hence environment. Color segregation is a 
potentially powerful probe of three dimensional morphological segregation of galaxies in the 
Universe (e.g., the fact that the cores of galaxy clusters have the highest fraction of galaxies 
with elliptical morphological types) .  

3.4 Normalization of galaxy counts at the bright-end 

Counting galaxies as a function of apparent magnitude provides better results at the faint-end 

than at the bright-end, simply because the bright-end suffers from very poor statistics (in the 
local uniform Universe, galaxy counts rise roughly as dex[0.6 m]) .  If our Local Group sits in 
an underdense region, we should see a lack of galaxies at the very bright end of the galaxy 

counts, which is brighter than the DENIS and 2MASS complete/reliable extraction limits. 
However, the error bars in recent studies11 • 12• 13) are too large to draw firm conclusions, and 
very wide-angle surveys such as DENIS and 2MASS will bring them clown. 

3.5 Mapping interstellar extinction 

Among the many ways one can map the interstellar extinction in our Galaxy, one is to use 
galaxy counts14•15), since the count normalization is shifted downwards when galaxies are 
extinguished. Galaxy colors may provide better extinction estimates.6l 
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3.6 Cosmic Dipole 

With its full sky coverage, 2MASS will be able to probe the cosmic dipole, which computes 
the vector sum of the flux vectors from the detected extragalactic objects, and which should 
be close to the peculiar acceleration of our galaxy, assuming that galaxy NIR light is a good 
tracer of the total mass content of the Universe. In particular, it will be interesting to compare 
the cosmic dipole with that obtained with the sparser IRAS galaxy samples. 

4. A spectroscopic followup 

There is much to be gained from knowing the third dimension in any galaxy survey. In 
particular, the statistics of the 3D galaxy distribution can be studied, and projection effects 
are virtuaally eliminated, although the 3D statistics are messed up by peculiar velocities. 3D 
color segregation can be studied as well as the convergence of the cosmic dipole with distance. 
And finally one gains access to the internal kinematics of structures. 

For these reasons, a spectroscopic followup of the DENIS and 2MASS samples are 
highly desirable. In particular, DENIS will extract with high completeness and reliability 
over c:= 160 000 galaxies at J < 14.4.5) Only 25 000 galaxies are expected in the largest com­
plete and reliable K-band sample4l , although if cooling of the DENIS optics is implemented 
this Autumn, as scheduled, this number could be multiplied by three to four. The follow­
ing discussion attempts to optimize the time for obtaining the largest complete J selected 
spectroscopic sample. 

4 .1  Simulated galaxy samples 

To begin, galaxy samples are simulated with random positions in a uniform Universe, random 
blue galaxy luminosities from a Schechter16) luminosity function, random bulge/disk ratio, 
disk inclination, and galactic latitude, plus scatter in the surface brightness versus luminosity 
relations for bulges and disks. Working separately on bulges and disks, the blue and NIR 
apparent magnitudes of each component are estimated using standard colors, k-corrections 
(the effect of redshifting a spectrum through a fixed observation wavelength filter), but no 
luminosity evolution. Samples of typically 25 000 galaxies are simulated with z < 0.25 and 
L > 10 L. ,  and subsamples of typically a few thousand galaxies are extracted with apparent 
magnitude limits in the blue or the NIR. 

4.2 Mean galaxy surface brightness within fiber apertures 

The surface brightness of galaxies are well represented by I: = 1:(0) exp[(-r /r1 )]f3, where 
f3 = 1 for exponential disks and f3 = 1 /4 for r114 bulges. The mean surface magnitude within 
a circular aperture centered on the galaxy is then 

(µ) = µo - 2.5 log{2[1 - (x + 1) exp(-x) ]/x2} , ( 1 )  

for exponential disks and 

(µ) = µo - 2.5 log(8/ [b8x2]) - 2.5 log1 (8, bx114) , (2) 
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for r114 bulges. Here, b = 7.67 and 

(3) 

and, in both cases, x = IJfib/(281) ,  with the angular radius IJ1 = dex[-0.2(m - µo)J/c112 is 
the angular scale length for exponential disks and the angular effective radius for r114 bulges, 
and where c = 27r for exponential disks and c = 8! 7r /b8 = 0.0106 for r114 bulges. We correct 
the mean surface brightness for inclination and internal extinction of the disk, for Galactic 
extinction, and for k-corrections and cosmological dimming (:E � (1 + z)-4) . 

Because spectroscopy of nearby galaxies is done in the optical (we know very little of 
galaxy spectra in the NIR) , one has to be careful when making optical observations of a 
NIR selected sample. Figure 2 shows the optical surface magnitudes (eqs. [1-3], corrected 
as explained above) versus NIR magnitude for a J < 14. 1 ,  subsample and illustrates that 
the lowest surface brightness galaxies (which are the most difficult to obtain spectra for, see 
below) are distant ellipticals. 

4.3 Time constraints for different instruments 

The number of spectroscopic nights required to achieve a complete J-limited sample in the 
southern hemisphere has been estimated for different telescopes in the Southern hemisphere 
with additional Monte-Carlo simulations. The mean surface magnitudes of galaxies, com­
puted over different fiber sizes, are converted to observing times for continuum S/N = 5, 
assuming that all  telescopes have the same transmission from sky to detector, and normalizing 
to the published18) performance of FLAIR-II, a 92-fiber spectroscope on the very wide-field 
(6° Schmidt) UKST telescope in Australia. The maximum time to reach S/N = 5 is recorded 
for each set of N1 galaxies (where N1 is the number of fibers) , after the galaxies have been 
first sorted by galactic latitude. 

Figure 3 shows the comparison of the different available (or soon to be) or potential 
(FIFI, FLAIR Illa, b,c) instruments. Only 60 to 85 nights are required for an 80 000 galaxy 
sample limited to J < 13 .7 on an upgrade of FLAIR II, with more fibers and automatic 
configuration. This would correspond to one year at 503 pressure on the UKST telescope 
(which is also used for Schmidt plate photographic surveys) .  

Discussions are currently underway for upgrading FLAIR I I  and performing a spectro­
scopic followup to DENIS. These involve Q. Parker and M. Colless in Australia, W. Saunders 
in Edinburgh, and V. Cayatte, H. Di Nella, R. Kraan-Korteweg, G. Paturel and others in 
France. Our target is to complete the spectroscopic survey in 2000 or 2001 ,  starting towards 
the end of the DENIS survey. 
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ABSTRACT - The ESA mission COBRAS/SAMBA is designed to 
produce extended, accurate, multifrequency maps of the anisotropy of the 
Cosmic Microwave Background (CMB) radiation, with angular sensitivity 
from 0 . 1  to 180 degrees. This will allow a full identification of the primor­
dial density perturbations which grew to form the large-scale structures 
observed in the present universe. The COBRAS/SAMBA observations will 
provide decisive tests of competing theories describing the origin of large­
scale structure, and will lead to very accurate determination of all cosmo­
logical parameters. A combination of bolometric and radiometric detection 
techniques will ensure the sensitivity and wide spectral coverage required 
for accurate foreground discrimination. The project has recently completed 
the feasibility study within the European Space Agency M3 programme1 . 

1 Introduction 

Remarkable progress has been achieved in cosmology in recent years, regarding both 
new observational results and consolidation of the underlying theory. New, accurate 
observations of the Cosmic Microwave Background (CMB) have been a major compo­
nent of such progress. In 1992 the COBE team announced the detection of intrinsic 
temperature fluctuations in the CMB at angular scales (} > 7°, with brightness ampli­
tude 6.T /T � 10-5 (Smoot et al. 1992). Shortly after the COBE discovery, exper­
iments from sub-orbital platforms have confirmed the detection of large scale CMB 
anisotropies at comparable 6.T/T amplitudes (Ganga et al 1993, Hancock et al 1994) .  
Fluctuations at these angular scales have been interpreted as clue to the Sachs-Wolfe 
effect, i.e., gravitational red-shifting and blue-shifting of the CMB photons from the 
last scattering surface (Sachs & Wolfe 1967). The COBE results are consistent with a 
scale-invariant primordial spectrum, as predicted by most inflationary scenarios, plac­
ing constraint on the spectral index n at about 30% level. 

The angular resolution of the COBE Differential Microwave Radiometer (DMR) 
provides information on the CMB fluctuation power spectrum only up to multipoles 

1 Before the publication of this work COBRAS/SAMBA has been recommended by ESA as the 
next scientific medium-size mission M3 (May 1996). 
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f � 20, leaving completely untouched the wealth of cosmological information encoded in 
the shape of the fluctuation power spectrum at higher multi poles. As it will be outlined 
in the next section, an accurate reconstruction of the CME fluctuation power spectrum 
would represent a major breakthrough for cosmology and astro-particle physics. Sev­
eral groups have successfully carried out ground based and balloon-borne anisotropy 
experiments at sub-degree angular scales to address the problem (see Scott et al. 19% 
for a review) .  However, it is clear that only a dedicated space mission can ensure 
the mapping capability required to reconstruct the entire power spectrum with high 
precision (Danese et al. 1996) .  

The recognition of this unique scientific opportunity has lead a number of Euro­
pean groups to undertake a joint effort within the ESA M3 program to plan a second 
generation space experiment dedicated to measurements of the CME anisotropies. The 
COBRAS/SAMBA mission is designed to produce definitive maps of the CMB, in the 
sense that they will be limited only by unavoidable astrophysical limits rather than 
instrumental noise or systematic effects. This ambitious goal requires to image nearly 
the whole sky with an angular resolution � 10' and with a sensitivity approaching 
6.T/T � 10-6 per resolution element . In addition, a wide spectral range (30-1000 
GHz) is necessary to safely disentangle foreground emissions from the anisotropies 
of cosmic origin. COBRAS/SAMBA is the result of the merging of two proposa.ls 
presented in 1993 to the European Space Agency M3 Call for Mission Ideas: CO­
BRAS (Cosmic Background Radiation Anisotropy Satellite; Mandolesi et al. 199:) ) 
and SAMBA (Satellite for Measurements of Background Anisotropies; Puget et al. 
1993 ) .  The COBRAS/SAMBA team completed the ESA feasibility study in early 
1996, and the project will be presented in April 1996 for the final ESA selection1 .  

2 Scientific Objectives 

COBRAS/SAMBA will produce near all-sky maps in 9 frequency bands in the range 
30-1000 GHz, providing a high resolution imaging of the last scattering surface. The 
CMB temperature fluctuations are often represented in a spherical harmonic decom­
position: 

t::..:(B, c/>) = L: aTlT(B, c/>) . 
f,m 

( l )  

The fluctuations power spectrum is defined by the mean square of the coefficients a;n ,  
1 I Ce = 

2£ + 1 
L laT l2 • 

m=-£ 
( 2 ) 

COBRAS/SAMBA will allow a measure of all multi poles Ce of the temperature anisotropies 
from f = 1 (dipole term) up to f � 1200 (corresponding to a beam with FWHM'.::'. 7' ) .  
Different cosmological scenarios produce different power spectra. The full, accurate 
reconstruction of the Ce spectrum is the main observational goal of the mission, and it 
will set the basis for a new, fundamental study of the early universe. 

The COBRAS/SAMBA observations at high angular resolution will provide key 
tests for structure formation mechanisms, based on the statistics of the observed 6.T /T 
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distribution. Inflationary models predict Gaussian fluctuations, while alternative mod­
els based on the presence of topological defects, such as strings, monopoles, and tex­
tures, predict non-Gaussian statistics (e.g. Turok 1989, Coulson et al. 1994) .  The 
angular resolution and sensitivity of COBRAS/SAMBA will allow discrimination be­
tween these alternatives. 

Accurate determination of key cosmological parameters (such as !1, !lb , H0, A )  can 
be achieved if the power spectrum is measured with very high precision up to £ �  1200 
(i.e., both the main Doppler peak, at f � 220y'l'fo', and the secondary peaks at higher 
£). This will be the case for COBRAS/SAMBA, thanks to its high angular resolution, 
and the wide frequency range to control foregrounds contamination. Simulations2 have 
shown that these parameters can be determined independently of each other with an 
accuracy of a few percent. For example, it can be shown that the observations of 
COBRAS/SAMBA will lead to a determination of the total density parameter !10 and 
of the Hubble constant H0 with 13 accuracy, while the baryon density !lb can be 
measured with � 33 accuracy. These precisions are far beyond what can be expected 
from conventional astrophysical methods in the foreseeable future. These accuracies 
can be achieved only with very careful handling of the foregrounds, and they are strong 
functions of the angular resolution. For an experiment with 30' angular resolution 
and with the same sensitivity per pixel of COBRAS/SAMBA, the accuracy on these 
parameters would be degraded by a factor of 5 to 8. 

The COBRAS/SAMBA maps will provide fundamental informations also at large 
angular scales, where the expected sensitivity is much greater than the one of COBE­
DMR. The large scale fluctuations will allow an accurate measure of the spectral index 
n of the primordial fluctuation spectrum: 

( 3 )  

where 8,P is  the potential fluctuation responsible for the CMB anisotropies, and ,\ i s  the 
scale of the density perturbation. This corresponds to CMB temperature fluctuations 
( 6.T /T)2 ex e(l-n) for angles greater than the horizon scale eh, i.e., B � eh � 2° !1�/2 
The proposed observations will be able to verify the scale invariant spectrum ( n = 1 )  
predicted by most inflation theories with an accuracy � 33. For comparison, the 
COBE-DMR limit on the spectral index are of order 30-403 (Bennett et al. 1994, 
Gorski et al. 1994 ) .  

Temperature anisotropies at large angular scales can be generated by gravitational 
waves (tensor modes), in addition to the energy-density perturbation component ( sca.lar 

modes) whose fluctuations are characterized by spectral indexes n, and ns,  respectively. 
The parameters n, and n, and the ratio r = CVC2 between the CMB quadrupoles ( € = 
2) from gravitational waves and density perturbation components, can be measured 
by COBRAS/SAMBA, thus providing information on the effective potential which 
controls inflation. Testing inflation with observations of the CMB anisotropies is one 

2See the COBRAS/SAMBA Report on the Phase A study, M.Bersanelli, F.Bouchet, G .Efstathiou, 
M .griffin, J .M.Lamarre, N.Mandolesi, H.U. Norgaard-Nielsen, O.Pace, J.Polny, J.L.Puget, J .Tauber, 
N .Vittorio, S.Volonte; ESA D/SCI(96)3 February 1996. Requests for copies of this report should be 
addressed to J .Tauber, at ESTEC, Keplerlaan 1, P.O.Box 299, 2200 AG Noordwijk, The Netherlands. 
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of the few ways of testing physics at ultra-high energies levels ( � 1015 GeV) which 
can't be reached by any foreseeable particle-accelerators. 

COBRAS/SAMBA will also measure the Sunyaev-Zel'dovich effect for more than 
1000 rich clusters, using the high resolution bolometric channels. Combined with X­
ray observations these measurements can be used to yield an independent estimate the 
Hubble constant H0 (Cavaliere, Danese & De Zotti 1977, 1979, Silk & White 1978). 
The product maps will also constitute a major data base relevant to many aspects 
of astronomy and astrophysics. The multi-frequency observations will produce large 
catalogs of IR and radio galaxies, AGNs, QSOs, Blazars. The COBRAS/SAMBA data 
base will be used also for studies of our Galaxy through the mapping of its diffuse 
emission. Dust properties can be investigated, and the morphology of interstellar 
clouds and cirrus can be mapped. The synchrotron and free-free emissions at low 
frequencies will be studied, leading to new determination of the (spatially dependent ) 
spectral indexes, with important impact on the study of cosmic ray and magnetic field 
distributions. 

3 Foreground Radiation 

The COBRAS/SAMBA mission is designed to recover the power spectrum with an ac­
curacy which is limited by cosmic variance and unavoidable astrophysical foregrounds. 
In fact, in addition to the CMB temperature fluctuations, foreground structures will 
be caused by weak, unresolved extragalactic sources and by radiation of galactic origin 
(interstellar dust, free-free and synchrotron radiation). The COBRAS/SAMBA ob­
servations will reach the required control on the foreground components in two ways. 
First, the large sky coverage (> 90%) will allow accurate modeling of these com­
ponents where they are dominant (e.g. Galactic radiation near the galactic plane). 
Second, the observations will be performed in a spectral range as broad as possible. 
The COBRAS/SAMBA channels will span the spectral region of minimum foreground 
intensity (60-200 GHz) , but with enough margin at high and low frequency to moni­
tor the effect of the various foreground components. By using the COBRAS/SAMBA 
spectral information it will be possible to remove the foreground contributions with 
high accuracy2 • 

The expected fluctuation level at angular resolutions of 10' and 30' clue to Galac­
tic emission and extragalactic sources is shown in Figure 1 .  In the high frequency 
channels (v;:  140 GHz) the main foreground components will be dust emission from 
infrared cirrus and from normal spiral galaxies, as well as that from starburst galax­
ies; towards the low-frequency range (v � 70 GHz) galactic synchrotron and free-free 
emission become increasingly important (Toffolatti et al. 1995). Calculations of the 
residual temperature fluctuations from unresolved extragalactic sources show that in 
the range 50-300 GHz they will contribute 6.T /T � 10-6, i.e. below the expected noise 
level. The final limitation to the cosmological information of the COBRAS/SAMBA 
maps is expected to be clue to the residual uncertainties in the separation of the fore­
ground components rather than statistical noise. Therefore, the overall design of the 
instrument and payload is highly driven by the need of achieving a spectral coverage 
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as large as possible. Performing measurements where the dominant foreground com­
ponents are different will permit a powerful cross check on residual systematic errors 
in the CMB temperature fluctuation maps. 
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Figure 1 - Estimated fluctuation levels due to Galactic polar emission (dashed lines ) 

and to extragalactic sources (solid lines) assuming 10' angular resolution (see Toffolat t i  
et  a l .  1995) . 

4 The Model Payload 

The payload consists mainly of a shielded, off-axis telescope, leading to an integrated 
instrument (Focal Plane Assembly, FPA). The payload is part of a spinning spacecraft. 
with a spin rate of 1 rpm. Figure 2 shows a sketch of the payload, with the main 
features of the optical system and of the FPA. The focal plane assembly is divided 
into low-frequency (LFI) and high-frequency (HFI) instrumentation according to the 
technology of the detectors. Both the LFI and the HFI are designed to produce high­
sensitivity, multifrequency measurements of the diffuse sky radiation. The LFI will 
measure in four bands in the frequency range 30-130 GHz (2.3-10 mm wavelength). 
The HFI will measure in five channels in the range 140-1000 GHz (0.3-2 . l  mm wave­
length) . The highest frequency LFI channel and the lowest HFI channel overlap near 
the minimum foreground region. Table 1 summarizes the main characteristics of the 
COBRAS/SAMBA payload. 
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Table I.  Payload Characteristics 
Telescope 1 . 5  m Diam. Gregorian; system emissivity 1 % 

Viewing direction offset 70° from spin axis 
Instrument LFI HFI 
Detector Technology HEMT receiver arrays Bolometer arrays 
Detector Temperature � 1 00 K 0 .1  - 0 .15 K 
Cooling Requirements Passive Cryocooler + Dilution system 
Center Frequency (GHz) 31 .5  53  90 125 143 217 353 545 857 
Wavelength (mm) 9.5 5 .7  3 .3 2.4 2.1 1 .38 0.84 0.55 o. :3:3 
Number of Detectors 4 1 4  26 12 8 12 12 12 12 
Angular Resolution (arcmin) 30 18  12  12 10.3 7 .1  4.4 4.4 4.'t 
Optical Transmission 1 1 1 1 0.3 0 .3 0.3 0.3 0.3 
Bandwidth C '" )  0 . 15  0 . 15 0.15 0 .15 0.37 0.37 0.37 o. :37 o. :37 ".j Sensi ti vi ty per pixel 7.8 7.5 14.4 35.4 1 .2  2 .0 12 . l  76.6 4166 
(14 months, 10', 10-6 units) 

An off-axis, Gregorian telescope will be used, to avoid spurious signals arising from 
the mirrors or from supports and mechanical mounting. The primary parabolic mirror 
has a diameter of approximately 1 .5 meter, with an elliptic subrefiector of 0.57 m. Stray 
satellite radiation and other off-axis emissions are minimized by underilluminating the 
low-emissivity optics. The telescope reimages the sky onto the focal plane instrument 
located near the payload platform. Blockage is a particularly important factor since 
several feeds and detectors are located in the focal plane, and unwanted, local radiation 
(e.g. from the Earth, the Sun and the Moon) needs to be efficiently rejected. A large, 
flared shield surrounds the entire telescope and FPA, to screen the detectors from 
contaminating sources of radiation. The shield also plays an important role as an 
element of the passive thermal control of the spacecraft. 

The necessary wide spectral range requires the use of two different technologies, 
bolometers and radiometers, incorporated in a single instrument. Both technologies 
have shown impressive progress in the last ten years or so, and more is expected in 
the near future. The thermal requirements of the two types of detectors are widely 
different. The coherent radiometers (LFI) , operating in the low frequency channels, 
give good performance at operational temperature of � 100 K, which is achievable 
with passive cooling. The bolometers, on the other hand, require temperatures of 0.1  
to 0.1 .5 K in order to reach their goal performances. The LFI consists of an array of 
28 corrugated, conical horns, each exploited in the two orthogonal polarization modes, 
feeding a set of state-of-the-art, high sensitivity radio receivers. The receivers will be 
based on MMIC (Monolithic Microwave Integrated Circuits) technology with HEMT 
(High Electron Mobility Transistor) ultra-low noise amplifiers (see e.g. Pospieszalski 
1993). Since the whole LFI system will be passively cooled, it can be operated for a 
duration limited only by spacecraft consumables (up to 5 years) . Fifty-six bolometers 
will be used for the HFI array, which require cooling at � 0.1 K. The cooling system 
combines active coolers reaching 4 K with a dilution refrigeration system working in 
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zero gravity. The refrigeration system will include two pressurized tanks of 3He and 
4He for an operational lifetime of 2 years. 

High Frequency lnslrument 

Bolometer array 

0.1 K � Low Frequency Instrument 

I : Radiometer array 
• 30-130 GHz 1 20-1 000 GHz 

0 

\ 1 00 K I 

Baffle 

1 0  2 0  cm 

Figure 2 - A schematic top view of the Focal Plane Assembly, with the bolometric 
system (HFI) cooled at 0 . 1  K, sharing the focal plane with the arrays of passiYely 
cooled feed horns (LFI). 

5 Orbit and Sky Observation Strategy 

The COBRAS/SAMBA mission plan is designed for maximum control over possible 
residual systematic effects. One of the main requirements is to obsen·e from a far­
Earth orbit with a suitable scan geometry in order to avoid large solid-angle planetary 
sources. In fact, even from an orbit at lunar distance stray radiation from the Earth, 
the Sun and the Moon is a serious potential contaminant (Muciaccia et al. 1996 ) .  
COBRAS/SAMBA will operate from a Lissajous orbit around the 12  Lagrangian point 
of the Sun-Earth system, at a distance of about 1 ,500,000 km from the Earth. From 
this nearly-ideal location the required off-axis rejection is relaxed to a level which is 
achievable with careful, standard optical designs. The selected 12 orbit is also very 
favorable from the point of view of passive cooling and thermal stability. The spacecraft 
will be normally operated in the anti-solar direction, with part of the sky observations 
performed within ±15° from anti-sun. 

The telescope optical axis is offset by 70° from the spin axis. Thus at each space­
craft spin rotation the telescope pointing direction sweeps a 140° circle in the sky. This 
scan strategy provides proper redundancy for checking the effect of possible instrumen­
tal drifts, and allows an efficient absolute calibration exploiting the C�IB dipole ( as 
measured by COBE-DMR) and the spacecraft orbital velocity (Bersanelli et al. 1 996). 
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The accuracy of the overall calibration is expected to be < 0.2%. 

6 Conclusions 

An accurate, extensive imaging of the CMB anisotropies with sub-degree angular res­
olution would provide decisive answers to several major open questions on structure 
formation and cosmological scenarios. The observational requirements of such an am­
bitious objective can be met by a space mission with a far-Earth orbit and instruments 
based on state-of-the-art technologies. While COBRAS/SAMBA is a mission dedi­
cated to cosmological research, it will provide an accurate, multifrequency survey in a 
spectral range extremely interesting for a wide variety of astrophysical problems. 

The Phase A study has shown that a mission combining bolometric and radiomet­
ric technologies is feasible within the European Space Agency medium-size mission 
scope. The wide spectral range (30-800 GHz) and the sensitivity to a very broad 
spectrum of angular scales ( � 10' to 180 degrees) ,  are distinctive features of CO­
BRAS /SAMBA. Simultaneous observations of the CMB anisotropies in bands char­
acterized by different foreground emissions and independent instrumental techniques 
make the COBRAS/SAMBA mission extremely robust against any possible residual 
systematic effects. 
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1 Introduction 

After the encouraging results of the COBE satellite, there has been a burst of new interest in the 
anisotropies of the Cosmic Microwave Background Radiation ( CMBR), both on the experimental side 
and on the theoretical side. While experimenters, in answer to announcements of opportunities by 
several space agencies, proposed sophisticated new generation satellites to map the fluctuations of 
the CMBR with a sensitivity and angular resolution an order of magnitude better than those of the 
COBE-DMR experiment, theorists refined their calculations to evaluate how individual parameters of 
the theories affect the expected properties of the tiny fluctuations of the CMBR. This paper is a short 
review of the main theoretical and experimental issues of this field, with a strong emphasis put on the 
scientific potential of the COBRAS/SAMBA satellite, proposed by a european collaboration in answer 
to the announcement of opportunity for the 3rd medium-sized ESA mission. The interested reader 
can get more details in the proceedings of the XXXI51 Moriond meeting on Microwave Background 
Anisotropies (March 16-23, 1996), and in the COBRAS/SAMBA ESA report1 .  

Before COBE revolutionized the field, the main concerns about the CMBR were whether its 
spectrum was indeed that of a blackbody, as predicted by the theory of the Big-Bang, and whether 
or not there were temperature fluctuations at a level sufficient to testify on the existence, at the time 
of last scattering, of the density fluctuations needed to seed structure formation. The first of these 
questions was answered by the FIRAS experiment (Mather et al., 1993; Fixsen et al., 1 996) which, 
combined to a series of ground measurements, confirmed that the CMBR spectrum is indeed that of 
a blackbody, at a temperature of 2.738 ± 0.010 K, over frequencies ranging from 600 MHz to 600 GHz 
(see Smoot et al., 1996, and references therein, for a review). The second question was answered to 
some extent by the successful detection of temperature anisotropies at the level of D..T /T � 10-5 on 
large angular scales ( � 10° ) by the DMR experiment (Smoot et al., 1992). Several ground-based and 
balloon-borne experiments have confirmed since then the existence of such levels of anisotropies in 
the temperature of the CMBR at large and intermediate angular scales (see e.g., White, Scott & Silk, 
1994 for a review) .  

So,  what can we still learn from the cosmic microwave background radiation, and how? In this 
paper, I first review briefly how the fluctuations of the CMBR are generated, and in which manner 
they are sensitive to the various cosmological parameters, assumptions and theories. Next, I address 
the important instrumental and observational issues that make the observation of CMBR anisotropies 
so difficult. Finally, I summarize the main characteristics and expected scientific outcome of the 
COBRAS/SAMBA mission. 

1 this report summarizes the results of the scientific and technical study activities of the COBRAS/SAMBA phase A; 
copies can be obtained from J.  Tauber or 0. Pace, both at ESTEC1 Keplerlaan 11  P.O. Box 299, 2200 AG Noordwijk, 
The Netherlands, or from S. Volante, Programme Coordination and Planning Office, ESA HQ, D/SCI, 8-10, rue Mario 
Nik.is, 75738 Paris C€dex 15,  France 
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2 Anisotropies of the CMBR 

In addition to the dipole anisotropy of 3.343 ± 0.016mK (Smoot et al . ,  1991) ,  which can be interpreted 
as a consequence of our peculiar motion with respect to the radiation, and to higher order kinematic 
anisotropies, of much lower amplitude, anisotropies of the CMBR can be divided into two main 
categories. Primary anisotropies are generated on the Last Scattering Surface (LSS) at z � 1 100 and 
before, while so-called secondary anisotropies are due to the interaction of CMBR photons with the 
matter constituting the Universe between z = 1 100 and z = 0. The redshift of the LSS does not 
depend much on cosmological parameters, since the last scattering of photons depends essentially on 
the thermal history of the Universe (the Universe became transparent when most of the hydrogen 
recombined) ,  which for the standard Big-Bang model with a Friedmann-Robertson-Walker metric is 
simply T = T0( 1  + z). 

2 . 1  Primary anisotropies 

Primary anisotropies are initiated by some kind of initial perturbations to the homogeneous universe 
at very early times. Currently, the plausible scenarios are that either these primary perturbations 
are the result of quantum fluctuations in an inflationary epoch, or they are due to topological defects 
(monopoles, cosmic strings, domain walls or textures) generated during a phase transition in the early 
Universe. Both processes involve very high energy physics, well above the reach of existing particle 
accelerators. To these initial perturbations of the gravity field and of matter/particle/energy distri­
bution correspond intrinsic temperature inhomogeneities, which depend on the nature and amplitude 
of the initial perturbations (see, e.g., Kolb & Turner, 1990). 

These initial perturbations will then evolve due to gravity and particle interactions. In particular, 
before recombination, oscillations of the hot and dense plasma are expected to occur, depending on the 
models. These oscillations arise due to the driving force of gravity, resisted by the radiation pressure 
of relativistic particles tightly coupled to matter (as long as their mean free path is smaller than the 
scale of interest) .  Such oscillations, if present, will generate temperature anisotropies at the time of 
last scattering by the Sachs-Wolfe (gravitational redshift or blueshift of the photons coming out of an 
overdense or underdense region) and Doppler (due to matter motions) effects, and should be observed 
in the power spectrum2 of temperature fluctuations in the form of one or more so-called "Doppler 
peaks" (which correspond to resonances for some values of £, i.e., for some scales) .  

Given initial perturbations, it is possible to compute the evolution of  these perturbations and the 
properties of the observed CMBR anisotropies. In most inflationary models, it is expected that the 
initial perturbations should be adiabatic fluctuations (pure density fluctuations, with no modification 
of the composition) ,  randomly distributed according to a gaussian statistic, and with an initial power 
spectrum P(k) ex kn ( n co: 1 ) . In this case, given a set of cosmological parameters (i.e. the values of H0, 
Do, Db, A, . . .  )3, it is possible to calculate the expected spectrum of the fluctuations with much accuracy 
(the coupled differential equations must be solved numerically, but the underlying physics is relatively 
simple and well understood, involving only linearized gravity and fundamental particle interactions). 
For models based on topological defects, the calculations are less simple, and the exact shape of the 
spectrum is not very well known yet. However, much work is in progress in this direction, and it 
is likely that similar predictions should be available before accurate and reliable data are available 
to distinguish between the models (see for instance Albrecht et al., 1995, Crittenden & Turok, 1995, 
Coulson et al., 1994). 

2the power spectrum of the temperature fluctuations is defined by the values Ce = {la.eml2)m for all integer £, where 
the a.em are the coefficients of the spherical harmonic decomposition of the temperature fluctuations 

b.T(B, ¢>) _ "'"""' y, (" ") T - L._,; Ulm fm U , ip 
l,m 

in this decomposition large e's correspond to small angular scales and small l!.'s to large angular scales 

(1 ) 

3 Ho is the Hubble constant, f.!o the ratio of total density to critical density, (h the ratio of baryonic density to critical 
density, A the cosmological constant 
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If the inflationary paradigm favoured by most cosmologists is correct, the relative positions and 
heights of the peaks in the spectrum of the fluctuations bear unique signatures of the cosmological 
parameters (Hu & White, 1996; Kamionkowski et al., 1994). For example, the position of the first 
Doppler peak is set by the maximum angular scale of the acoustic plasma oscillations at the time 
of last scattering and thus, since such oscillations cannot occur in causally unconnected regions, by 
the (sonic) horizon size at the LSS. But to first order, the angle subtended by the horizon at a 
redshift z depends only on the redshift and on the geometry of the Universe, that is, on n0. Since 
the redshift of the LSS is almost independent of cosmological parameters, the position of the first 
Doppler peak gives a direct estimation of no (through the dependance relation £ � 220 x no -112). 
Similarly, the relative heights of the Doppler peaks depend on nb and H0. In practice, it has been 
shown by a number of independent calculations (Efstathiou et al., 1996, Jungman et al., 1996) that in 
the standard inflationary models, most cosmological parameters can be recovered with percent level 
accuracy from a precise determination of the spectrum of the fluctuations. In other models, it is still 
expected that a lot of information is contained in the spectrum, but the exact accuracy that could be 
reached on cosmological parameters in defect scenarios, for instance, has not been determined yet. 

2.2  Secondary anisotropies 

Secondary anisotropies are generated after the last-scattering epoch. The most important source of 
secondary anisotropies is the Sunyaev-Zel'dovich effect, inverse Compton scattering of CMBR photons 
by free electrons as those present in the cores of clusters of galaxies. The SZ thermal effect, due to the 
interaction of CMBR photons with hot electrons with no bulk motion, generates a very characteristic 
distortion of the thermal CMBR spectrum, depleting the photon population in low energy states, 
augmenting it at higher energies (Zel'dovich & Sunyaev, 1969). 

The kinetic SZ effect is due to the interaction of the CMBR photons with electrons having a 
bulk velocity with respect to the cosmological blackbody, and generates temperature fluctuations 
that are directly proportional to the radial velocity of the electrons, without any spectral deviation 
from a blackbody. Thus, fluctuations due to the kinetic SZ effect are undistinguishable from primary 
temperature fluctuations by their frequency spectrum alone. Fortunately, most ionized regions of 
the Universe that are susceptible to generate kinetic SZ effect by their peculiar motion (i.e. clusters 
of galaxies) can hopefully be identified from existing source catalogs and, if the electron gas is hot 
enough, from their thermal SZ signature. However, if there are colder ionized regions as for example 
in the case of an early reionization by quasars (Aghanim et al., 1995), the thermal SZ effect might be 
negligible, and the kinetic SZ significant. 

There is a number of other secondary effects, of much smaller amplitude, as the Rees-Sciama effect 
(Rees & Sciama, 1968) on photons crossing a time varying gravitational potential, the gravitational 
lensing effect on the CMBR, or the effect of early reionization due to global or local reheating (see 
e.g. Peebles, 1993, and White, Scott & Silk, 1994, for a review) .  

3 Instrumental and observational issues 

3 . 1  Noise and systematics 

There is a number of technical issues that make the detection of CMBR temperature fluctuations a 
difficult task. The first limitation comes from detector technology. Because of the very low level of 
these temperature fluctuations (a few tens of µK), extremely sensitive detectors are required. Two 
main technologies are currently available: phase sensitive radio detectors with state of the art high gain 
amplifiers using High Electron Mobility Transistors (HEM Ts) ,  and broad band receivers using cooled 
bolometers, sensitive to the total power of the radiation. For both technologies there a significant 
amount of noise, low frequency drifts and gain instabilities. Bolometer detectors tend to be more 
sensitive than H EMTs, especially at high frequencies (above 90 GHz), with the obvious drawback that 
they need to be cooled to sub-Kelvin temperature. In the case of ground-based and,  to a less extent, of 
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balloon-borne experiments, atmospheric turbulence induces an important amount of additional noise. 
There is also a significant amount of atmospheric absorption in the frequency range of interest. 

Two additional very important instrumental requirements are straylight rejection and thermal 
stability. Excellent straylight rejection is necessary since very strong radiation sources such as the 
earth , the moon and the sun, can induce signals that are typically of the same order of magnitude 
than the expected CMBR fluctuations, or even worse, when seen in the sidelobes of the radiation 
pattern of the antenna. Temperature fluctuations of all the elements of the instrument that are 
radiatively coupled to the detector (mirrors, feed horns, filters, radiation shields . . .  ) also induce large 
variations in the signal. Stringent requirements have to be satisfied4 which are almost impossible to 
achieve or even test for in terrestrial environment. Thus, it is very difficult , in the case of ground­
based or balloon-borne experiments, to quantify exactly the effect of systematics on the anisotropy 
rneasurernents. 

3.2 Foregrounds 

The next concern is that at the level of sensitivities required to recover interesting informations from 
primary and secondary anisotropies of the CMBR, it is expected that astrophysical pollution from so­
called "foregrounds" may contribute significantly to the astrophysical signal. The main contributors 
to these foregrounds arise from the emission of our galaxy and are strongly concentrated towards the 
galactic plane. Three main processes contribute to the galactic emission in the interesting waveband 
between 10 and 1000 GHz : greybody emission from interstellar dust, synchrotron emission from elec­
trons moving in the galactic magnetic field, and bremsstrahlung (or "free-free") emission of electrons 
off nuclei. To each of these processes corresponds an emission spectrum, which is known with some 
limited level of accuracy. 

3.3 Component separation 

Thus, several different astrophysical processes contribute to the total fluctuations detected. The 
primary CMBR fluctuations, the SZ effect, and the galactic foregrounds are the most important. 
Each of them has a particular frequency spectrum S(v). 

On most of the sky (away from the galactic plane and bright galaxy clusters) ,  at frequencies around 
100 GHz, the amplitude of primary CMBR fluctuations is expected to be, on average, an order of 
magnitude higher than that of fluctuations due to other processes. Nonetheless, there is much to be 
gained by evaluating as accurately as possible the contribution of each of the components: a good un­
derstanding of the systematics (necessary to test the statistics of CMBR fluctuations, and in particular 
to distinguish unambiguously between inflation-generated and defect-generated initial perturbations), 
and better accuracy on the measurement of CMBR anisotropies (and thus more accurate and reliable 
determination of cosmological parameters). Furthermore, each of the individual processes described 
above is by itself interesting for astrophysics or cosmology (in particular for the physics of galaxies 
and of clusters of galaxies, and for structure formation). 

The simplest approach to component separation can be summarized in the following way. Consider 
n emission processes contributing to the total signal, having different frequency spectra of emission 
S1(v) . . .  Sn(v). If these spectra are different, n different measurements of the total signal Stotai(v) = 

0:1S1(v) + 0:2S2(v) + . . .  + o:nSn(v) at n well chosen frequencies v1, Vz . . .  Vn allow to determine the 
constants O:i , at each point of the sky. Complications arise in the case of astrophysical component 
separation for several reasons. The first is that the spectra of some of the processes are not perfectly 
well known, or depend on several parameters. The second is that measurements available are not 
perfect measurements at a single frequency on individual pixels of the sky, but for each frequency 
channel j an integral over sky and frequency of a signal 5(0, </>, v) multiplied by a channel-dependent 
transmission T;(v) and a beam pattern on the sky A( 0, </>, v). Finally, noise and systematics are present 
in all the measurements. 

4 thermal stabilities in the range of 10 µK to a few mK, and sidelobe rejections towards earth and sun of 100 to 140 
dB1 depending on the instrument1 the observing strategy .. 
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This problem has been studied in some detail during the COBRAS/SAMBA phase A study. It 
has been demonstrated through numerical simulations that with an optimized set of frequency bands 
one could separate the components to an excellent level of accuracy over a large fraction of the sky, 
and obtain 10 arcmin resolution maps of primary CMBR fluctuations with a noise level of less than 
6µJ( per pixel (6.T /T < 2 x 1 0-6) over more than one third of the sky (Bouchet et al., 1996). 

4 COBRAS /SAMBA 

4.1  Mission concept 

The COBRAS/SAMBA instruments have been optimized in order to cope with all the instrumental 
and observational problems described in the previous section. The orbit at the 12 sun-earth Lagrange 
point, 1 .5 million kilometers away from the earth in the anti-sun direction, has been chosen so that 
systematic instrumental effects as sidelobe signals from the earth, sun and moon, and scan-synchronous 
fluctuations of the temperature of the mirrors and the focal plane, are minimized. The scan strategy 
allows post-mission recovery of the radiation pattern of the telescope, almost full-sky coverage, and 
adequate removal of drifts due to low-frequency noise. The large useful diameter of the primary mirror 
of the telescope allows for a good angular resolution in the bolometer channels, enabling measurements 
of the spectrum of CMBR temperature fluctuations for values of i up to i � 1500. 

Frequency channels have been chosen according to the results of the simulation of component 
separation. The highest two frequency channels allow a good measurement of the dust contribution, 
and the lowest two are dedicated to detecting the presence of significant Synchrotron and Free-Free. 
The 217  GHz channel is centered at the frequency where the SZ thermal effect vanishes, and the 353 
GHz around the maximum of the positive thermal SZ spectral distortion. Outside of the galactic 
plane, the contribution of CMBR anisotropy is expected to dominate over other components between 
60 and 200 GHz. 

I Frequency (GHz) 31.5 53 90 125 143 211 353 545 851 I 
Type of detector HEMT HEMT HEMT HEMT bolo bolo bolo bolo bolo 
Resolution 30' 18' 12' 12' 10.3' 7 . 1 '  4.4' 4.4' 4.4' 
Bandwidth tlv/v 0 . 15 0.15 0.15 0.15 0.37 0.37 0.37 0.37 0.37 
Sensitivity tlT/T (10 ·0) 7.8 7.5 14.4 35.4 1.2 2.0 12. 1 76.6 4166 

Table 1: Summary of the COBRAS/SAMBA frequency channels, with resolution, bandwidth and 
sensitivity 

It is important to stress that these characteristics are by far better than those of any other instru­
ment, existing or planned, dedicated to CMBR anisotropy measurements. With COBRAS/SAMBA, 
accurate and reliable data will be made available to constrain the cosmological models. 

All the details of the COBRAS/SAMBA mission concept can be found in the COBRAS/SAMBA 
report on the phase A study. 

4.2 Scientific outcome 

The COBRAS/SAMBA satellite will map the sky in 9 frequency channels between 30 and 850 GHz, 
with a resolution ranging from 30 to 4 arcminutes, depending on the channel. According to the results 
of the phase A study, this should allow: 

1- to distinguish unambiguously between inflationary or defect-generated initial perturbations 
2- to characterize these perturbations, and thus put constraints on very high energy physics 
3- to put constraints on the nature of dark matter 
4- to put constraints on scenarios of structure formation 
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5- to detect the SZ effect in thousands of clusters (Aghanim et al., 1996) 
6- if the Universe is at all as we imagine it is, to determine fundamental parameters (Ho, n0, nb, A . . .  ) 
to an accuracy better than a few percent 
7- if not, to rule out models that would have been erroneously favored by cosmologists so far (although 
this option is not excluded, it is not very likely . . .  ), and provide a fantastic set of data to build better 
models 
8- to enhance our understanding of the physics of our galaxy, of the properties of clusters of galaxies, 
of the infrared background of unresolved sources, and much more . . .  

5 Conclusion 

A lot of information about our Universe is still encrypted in the tiny fluctuations of the CMBR. The 
COBRAS/SAMBA mission, proposed by a european collaboration as a possible third medium-sized 
ESA mission, has been designed to constrain strongly the cosmological scenarios by measuring these 
fluctuations with unprecedented accuracy. If selected, it will revolutionize cosmology, since it will 
provide answers to a large number of open questions. Additionally, if current cosmological models are 
confirmed, it will provide accurate measurements of most cosmological parameters and constants. 
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QUE PEUT-ON ENCORE APPRENDRE DU FOND DE RAYONNEMENT COSMOLOGIQUE ? 

Les anisotropies du fond de rayonnement cosmologiques sont engendrees par toute une variete de 
processus physiques, depuis l'Univers Primordial dans la premiere seconde du Big-Bang, jusqu'a nos 
jours. Le satellite COBRAS/SAMBA, propose par une collaboration europeenne en reponse a l'appel 
d'offre pour la troisieme mission moyenne de l'Agence Spatiale Europeenne, a pour objectif la mesure 
de ces anisotropies avec une precision inegalee. Cette mesure permettrait de contraindre tres fortement 
les modeles cosmologiques et, dans la plupart des cas de figure, de determiner les valeurs des principaux 
parametres cosmologiques comme H0 , n0, ou A avec une precision de l 'ordre du pourcent. 
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Abstract : Our search for high-redshift Type Ia supernovae discovered, in its first years, 
a sample of seven supernovae. The spectra and light curves indicate that almost all were 
Type Ia supernovae at redshifts z = 0.35 to 0.5. These high-redshift supernovae can provide 
a distance indicator to measure the cosmological parameter q0• In this paper, observation 
strategies, analysis and preliminary results on qo, are presented. 

Resume : Dans une premiere etape de notre programme de recherche de supernovae a 
grand decalage vers le rouge, nous avons decouvert 7 supernovae. Les spectres et courbes de 
lumiere indiquent que pratiquement toutes sont de type Ia avec des decalages vers le rouge 
variant entre z=0.3 et z=0.5. Ces supernovae peuvent etre utilisees comme indicateurs 
de distance pour mesurer le parametre cosmologique q0• Dans ce papier, les strategies 
d'observation, !'analyse ainsi que les resultats preliminaires concernant la mesure de q0 sont 
presentes. 

1. Introduction 

Since the mid 1980's, Type Ia supernovae (SNe Ia) have appeared likely to be 
homogeneous enough that they could be used for cosmological measurements. At the time, 
it appeared that they could be used to determine H0, if their absolute magnitude at peak 
could be measured, i.e., if some SN Ia's distance could be calibrated. They could also 
be used to determine q0 from the apparent magnitudes and redshifts of nearby and high 
redshift supernovae, if high redshift SNe Ia could be found. We will here discuss the search 

for high redshift supernovae and the measurement of q0• 

1S. P�rlmutter, S. Deustua, S. Gabi, G. Goldhaber, D. Groom, I. Hook, A. Kim, M. Kim, J. Lee, R. Pain, 
C. Pennypacker and I. Small, Lawrence Berkeley National Laboratory and Center for Particle Astrophysics, 
University of California, Berkeley; A. Goobar, University of Stockholm; R. Ellis and R. McMahon, Institute 
of Astronomy, Cambridge University; B. Boyle, P. Bundark, D. Carter, K. Glazebrook and M. Irwin, 
Royal Greenwich Observatory; H. Newberg, Fermi National Accelerator Laboratory; A.V. Filippenko and 
T. Matheson, University of California, Berkeley; M. Dopita and J. Mould, MSSSO, Australian National 
University; W. Couch, University of the new South Wales 
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2. High Redshift Supernovae Search Strategy 

Type Ia Supernovae at high redshift are difficult to work with for at least three reasons: 
they are rare, they are rapid, and they are random. The estimates of SN Ia rates-a few 
per millennium per galaxy-are daunting, if one wants a statistically useful sample of 
supernovae. Much of the interesting data must be obtained rapidly, since the supernova 
rises to maximum light within a few weeks and, at high redshifts, fades below the largest 

telescopes' limits within a month or two. Furthermore, it is not possible to guarantee 
photometry and particularly spectroscopy of randomly occurring high-redshift supernovae, 
since the largest, most over-scheduled telescopes are needed to observe them. 

To solve these problems, we developed a new search technique. Just after a new moon, 

we observe many tens of high-galactic-latitude fields (including known high-redshift clusters 
when possible) on a 2.5- to 4-meter telescope. With a wide-field camera, each image 
contains hundreds of galaxies at redshifts 0.3 - 0.6. Just before the following new moon, 
we observe the same fields again. We compare the images, thus checking tens of thousands 
of high redshift galaxies (including those below our detection limit) to find the ten or so 
showing the new light of a supernova that was not there on the previous observation. 
The supernovae generally do not have time to reach maximum light, with only 2.5 to 3 
weeks (or approximately 11 to 14 days in the supernova rest frame) between our after­
and before-new-moon comparison images. In order to begin the follow-up photometry and 
spectroscopy immediately, we have developed extensive software to make it possible to 
complete the analysis of all the images within hours of the observations. 

We report here results concerning the first 9 supernovae found during 1994. Seven 
of these were found within the standard 2.5 - 3 week search interval and were followed 
with photometry and spectroscopy (Perlmutter et al. 1994, 1995a). (Since these were the 
demonstration runs of the project, not all of the follow up was scheduled.) We observed 
light curves for all of the supernovae in at least one filter (usually R band), and spectra for 
all of the host galaxies and three of the supernovae. 

The results of the batch search strategy can be seen in Figure 1, which shows a 
preliminary analysis of the R-band light curves as of Dec 1995. For each of the supernovae, 
there is the 2.5 - 3 week gap in the observations leading up to the discovery just before 
maximum light. (There is also a gap during the following full moon.) 
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Fig. 1.- Preliminary R-band light curves for the first seven high-redshift supernovae. 
Shading behind the solid curves represent the 1-u bounds on the best fit Leibundgut template 
light curve. An I-band. light curve is also shown for SN 1994G; other photometry points in 
I and B for these supernovae are not shown on this plot. The lower of a "spontaneous 
generation" event, a transient point-source of light on a region of an image where no host 
galaxy is visible; the follow-up photometry was not as extensive for this event. 
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3. Photometry and Light Curve Analysis 

The data analysis involves several stages, first to reduce the observed image data to 
individual photometry points and then to compare these points with nearby SN Ia light 
curves to determine the luminosity distance and hence q0• The supernova light in each 
image must be measured and the underlying host galaxy light subtracted off. 

To compare these high-redshift supernova photometry points to nearby SN Ia light 
curves, it is necessary to calculate the K correction that accounts for the redshifting of the 
light observed in a given filter. The standard K corrections give the magnitude difference 
between the light emitted in a given filter band and the light observed after redshifting 
in that same band. Since at redshifts of order z = 0.45 the light received in the R band 
corresponds approximately to the light emitted in the B band, we calculate a generalization 
of the K correction, KRB, that gives the magnitude difference between the rest frame B 
magnitude and the observed R magnitude. 

In the past year, the case has become quite strong that SNe Ia are a family of very 
similar events, not all identical. Hamuy et al. (1995) and Riess, Press, and Kirshner 
(1995) present evidence indicating that this family can be described by a single parameter, 
essentially representing the shape or width of the light curve, and that this parameter is 
tightly correlated with the absolute magnitude at maximum. The broad, slow-light-curve 
supernovae appear somewhat brighter, while the narrow, fast-light-curve supernovae are 
somewhat fainter. 

Hamuy et al. used Phillips' (1993) characterizations of this light curve width, li.m15, 
the magnitude drop in the first 15 days past maximum, and fit their data to template 
light curves from supernovae representing various li.m15 values. Riess et al. added and 
subtracted different amounts of a "correction template" to a Leibundgut "normal" template 
(Leibundgut et al. 1991 and references therein) to represent this same light curve variation. 

For our preliminary analysis, we have chosen a third alternative approach, to stretch 
or compress the time axis of the Leibundgut template by a "stretch factor" s. We find 
that this simple parameterization gives variations on the light curve that fit the variety 
of SNe Ia and can be translated to Phillips' li.m15 via the formula li.m15 = 1.7/s - 0.6. 
Calibrating nearby supernovae with this s-factor, we find the width-brightness relation can 
be characterized by a magnitude correction of Ci.mag = 2.35(1 - s-1 ) , which closely matches 
Hamuy et al's li.m15 correction. 
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4. Preliminary Scientific Results 

To use high-redshift SNe Ia as distance indicators, we must first ask if the width­
brightness relation holds at z � 0.4. We plotted the stretch factor-or equivalently 
.6.mi5-versus the K-corrected and Galactic-extinction-corrected absolute magnitude (for 
a given q0 and Ha), and we found a correlation that is consistent with that found for 
nearby supernovae. Using the width-brightness relation as a magnitude "correction," 
established using only nearby SNe Ia, tightens the dispersion of the high redshift supernova 
K-corrected peak magnitudes from O'raw = 0.32 mag to O'corrcctcd = 0.21 mag. These 
dispersions are quite comparable to those found for nearby SNe Ia before and after 
correcting for the width-brightness relation. For our preliminary estimate of q0, we have 
applied the width-brightness correction to all seven of the high-redshift supernovae, on the 
assumption that they are all SNe Ia with negligible extinction and that the zero point of 
the width-brightness relation has not evolved in the �4 billion years back to z � 0.4. Given 
the range of host galaxy ages for the nearby supernovae used to derive this relation, it is 
unlikely that it would have be very different at z � 0.4. 

Figure 2 shows the results of this analysis plotted on a Hubble diagram, together 
with the relatively nearby SNe Ia of Hamuy et al. (1995). Comparing the upper and 
lower panels, it is clear that the scatter about the Hubble line decreases for both near and 
high-redshift supernovae after correcting for the width-brightness relation, although the 
error bars increase in the cases for which the light-curve width (s-factor or ti.mis) is poorly 
constrained by the photometry data. The three supernovae with the smallest error bars, 
after correction for the width-brightness relation, are all near the redshift z = 0.37 and 
their data points in Figure 2, lower panel, lie on top of each other. They favor a relatively 
high value for q0• Note that before the width-brightness correction (Figure 2, upper panel) 
their data points spread from q0 � -0.5 (upper dotted line) to q0 > 1 (lower dotted line); 
generally, the correction has brightened as many points as it has dimmed. 

5. Discussion and Conclusion 

Given the error bars, our current measurements of q0 do not yet clearly distinguish 
between an empty q0 = 0 and closed q0 > 0.5 universe. The data do, however, indicate 
that a decelerating q0 � 0 is a better fit than an accelerating q0 < 0 universe. This is an 
important conclusion since it limits the possibility that qo = na/2 - nA is dominated by the 
cosmological constant A (where nA is the normalized cosmological constant A(3H0)-2). In 
an accelerating universe, high values for the Hubble constant do not conflict with the ages 
of the oldest stars, because the universe was expanding more slowly in the past. However, 
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Fig. 2.- Hubble diagrams for first seven supernovae (preliminary analysis). Upper panel: 
"raw" apparent magnitude measurements, after K correction from R-band (observed) to 
B-band (supernova rest frame),  versus redshift. The upper dotted curve is calculated for 
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brightness relation. Note that the three points with the smallest error bars lie on top of 
each other, in this plot. Inset: Points represent redshifts for the most recent 11 supernova 
discoveries that are still being followed. 
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in a "flat" universe, in which !10 + !]A = 1 ,  a cosmological constant !]A 2': 0.5 would give an 
acceleration q0 S -0.25, a poor fit to our data. 

Note that extinction of the distant supernovae would make this evidence of deceleration 
even stronger, as would the possibility of inhomogeneous matter distribution in the universe 
as described by Kantowski, Vaughan, & Branch (1995), since both of these would lead to 
underestimates of q0 if not taken into account. 

It will be important to compare the q0 value from our most distant supernovae to the 
value from our closest high-redshift supernovae to look for Malmquist bias. An estimate of 
the size of this bias using our studies of our detection efficiency as a function of magnitude 
suggests that a 0.2 mag intrinsic dispersion in calibrated SN Ia magnitudes would lead to 
an overestimate of 0.1 in q0, if not accounted for. 

We have shown here that the scheduled discovery and follow up of batches of 
pre-maximum high-redshift supernovae can be accomplished routinely, that the comparison 
with nearby supernovae can be accomplished with a generalized K-correction, and that a 
width-brightness calibration can be applied to standardize the magnitudes. Ideally this will 
now become a standard method in the field, and SNe Ia beyond z = 0.35 will become a 
well-studied distance indicator-as they already are for z < 0. 1-useful for measuring the 
cosmological parameters. The prospects for this look good: already several other supernova 
groups have now started high-redshift searches. 

The observations described in this paper were primarily obtained as visiting/ guest 
astronomers at the Isaac Newton and William Herschel Telescopes, operated by the Royal 
Greenwich Observatory at the Spanish Observatorio del Roque de los Muchachos of the 
lnstituto de Astrofisica de Canarias; the Kitt Peak National Observatory 4-meter and 
2 .1-meter telescopes and Cerro Tololo lnteramerican Observatory 4-meter telescope, both 
operated by the National Optical Astronomy Observatory under contract to the National 
Science Foundation; the Keck Ten-meter Telescope; and the Siding Springs 2.3-meter 
Telescope of the Australian National University. We thank the staff of these observatories 
for their excellent support. Other observers contributed to this data as well; in particular, 
we thank Marc Postman, Tod Lauer, William Oegerle, and John Hoessel for their more 
extended participation in the observing. This work was supported in part by the Physics 
Division, E. 0. Lawrence Berkeley National Laboratory of the U. S. Department of Energy 
under Contract No. DE-AC03-76SF000098, and by the National Science Foundation's 
Center for Particle Astrophysics, University of California, Berkeley under grant No. 
ADT-88909616. The author would like to thank Gerard Fontaine of CNRS-IN2P3 and 
Bernard Sadoulet of CfPA, Berkeley for encouraging his participation to the project. 
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Abstract 
The modem Theory of Large Scale Structure Formation contains several elements, 
which may be related to physical mechanisms of inflation, baryosynthesis and physics 
of dark matter. These mechanisms are predicted by particle theory, but have no 
experimentally proven grounds. The cosmological framework, spectrum of primordial 
fluctutions and transfer function, defined by the properties of dark matter particles, 
baryonic/dark matter density ratio and relative distribution have different physical 
grounds or motivations and generally are treated independently. Physically 
selfconsistent treatment corresponds to unique theoretical framework for t11eir 
description. Such a description will provide both quantitatively definite basis for LSS 
formation scenarios and the possibilities for its detailed test by the combination of 
additional effects, predicted in the respective t11eoretical framework. The example of 
the cosmological scenarios, based on horizontal unification is considered. 
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The modem theory of large scale structure implies both cosmological framework and 
mechanisms of structure formation as necessary elements. The widely accepted viewpoint is to 
ascribe the observed structure of inhomogeneities to the result of gravitational instability in the big 
bang Universe. So one uses I) cosmological parameters, 2) spectrum of primordial fluctutions, 3) 
dark matter content, defining the transfer function between the density fluctutions and 4) 
baryonic/dark matter density ratio and relative distribution as independent input parameters (See for 
review 0 and Refs. wherein) for calculations and numerical simulations to confront the observational 
data on the cosmological large scale structure. Cosmological tradition is to treat independently the 
framework, i.e. the big bang scenario, and the physical processes in it, the mechanisms of structure 
formation, in particular. So a wide variety of structure formation models, assuming different values 
of n , A, dark matter and baryonic content, follow in fact this tradition. But the proper choice 
between them, as well the possible role and effect of more sophisticated mechanisms of structure 
formation, such as textures, cosmic strings, late phase transitions etc can not be done in the 
framework of cosmology only. However exact the data on the large scale structure would be, they 
are insufficient to make definite conclusion on the origin of the structure, accounting for all the 
reasonable mechanisms offered by the particle theory. The aim of the present note is to stress, that 
cosmoparticle physics21, studying the foundations of cosmology and particle physics in their 
fundamental relationship sheds new light onto the problems of large scale structure formation theory 
and opens the way to its physically selfconsistent treatment. 

The close relationship between cosmology and particle physics in the problems of large scale 
structure (LSS) formation is widely recognized. One needs the existence of nonbaryonic dark matter 
to make consistent the formation of the observed large scale structure from small initial fluctuations 
with the observed level of isotropy of thermal electromagnetic background radiation, putting 
constraint on the amplitude of such fluctuations. From purely cosmological viewpoint it corresponds 
to additional parameter(s) in the theory of large scale structure formation. In the simpliest case of a 
single form of stable dark matter species, whithin the frame of inf!ational cosmology, putting, in 
general, the total density very close to the critical one, and assuming "flat" Harrison-Zeldovich 
(HZ) spectrum one additional parameter is involved, being in the most popular models, either the 
free-streaming scale of HDM, or biasing in relative baryonic and dark matter distribution in CDM. 
One may invoke two-parameter mixed HDM+CDM or unstable dark matter models, or consider 
some cosmological consequences of particle theory leading to cosmic string, texture, late phase 
transition etc mechanisms of structure formation. The other direction of extensions is to relax the 
inflational condition of critical density, to include nonzero cosmological A term or to relax the 
condition of flat spectum and/or Gaussian nature of initial density fluctuations. In most of these 
trends new parameters are included on the base of their own motivation, without any possible 
correspondance with the other parameters of the LSS formation theory. The choice between the 
models is strongly correlated in this case to the matter of taste, to their simplicity or popularity. 

However, the modem cosmological paradygm, treating the big bang Universe as inflational 
model with baryosynthesis and nonbaryonic dark matter opens the way to physically motivated 
cosmological scenarios, in which both the cosmological framework and parameters of physical 
processes in it follow from the respective physical grounds. In this approach flattenness of the 
modem Universe reflects the existence of inflational stage31, the observed baryon asymmetry is 
determined by the process of baryosynthesis41, the large scale structure formation and the modem 
total density are provided by the existence of nonbaryonic dark matter1'51. All these phenomena 
follow from the particle theory, so that the cosmological parameters !l, Bly, op/p, !ldm may be 
treated selfconsistently on its base. The problem is, that the physical grounds for inflation, 
baryosynthesis and dark matter are related to hypothetical phenomena, predicted by particle theory 
but having no direct experimental proofs. Moreover, cosmological consistency is in its tum an 
important test for these predictions of particle theory. The mutual relationship of the foundations of 
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cosmology and particle physics, so that the resolution of their internal problems can not be separated, 
is the bed-rock of cosmoparticle physics, chasing the solution of this puzzle in the complex of 
indirect physical, astrophysical and cosmological means, probing simultaneously the basics of both 
cosmology and particle theory. 

There are two complementary cosmoparticle approaches which may be useful on the way to 
physically selfconsistent theory of LSS formation. Methods of cosmoarcheology61, treating the 
astrophysical data as the experimental sample in the Gedanken Experiment-al study of cosmological 
consequences of particle theory, establish the correlation in these consequences specific for the 
particular physical mechanism, underlying inflation, baryosynthesis and related with the physical 
nature of the dark matter. One may combine then the predictions of the considered model for LSS 
with additional effects, predicted on its base, so that different physical mechanisms may be 
distiguished by their different effects on chemical composition and spatial distribution of baryonic 
matter , in spectrum and angular distribution of blackbody electromagnetic background radiation, in 
nonthermal electromagnetic (rf, IK, optical, UV, X-ray and y), neutrino and gravitational wave 
backgrounds. In the case of LSS formation it provides both the analysis of the physical basis for the 
cosmological framework and for the mechanisms of LSS formation. It means, that the choice of 
particular physical mechanism for inflation, baryosynthesis and of particular candidate for dark 
matter leads to specific influence on the spectrum of density fluctuations and/or initial 
inhomogeneities and on the mechanisms of structure formation, correlated with additional effects in 
the phenomena, lying generally outside the scopes of the LSS formation theory. 

In the modern cosmological paradygm inflation31 explains the global properties of the 
modern Universe, its flattenness and similarity of conditions in apparently causally disconnected 
regions. So the main cosmological parameter of LSS theory, !1, (as a rule, !1=1) finds physical 
grounds in inflational scenarios. In many cases it also provides the mechanism for almost flat 
Harrison-Zeldovich type spectrum for initial density perturbations. But in practically all the 
realizations of inflational scenario post-inflational dust-like stage is to take place after inflation before 
the cosmological reheating. Such a stage may be sufficiently long to provide71 the formation of 
primordial black holes (PBH) 81, and the astrophysical constraints on the PBH spectrum 91 put 
additional restrictions on LSS formation theory parameters. The data, constraining the presence of 
PBHs in the modern Universe or the effects of their evaporation, also put restrictions on the 
multicomponent inflation, in which non-flat spectrum or peaks in it, reflecting phase transitions at 
inflational stage, may appear (See lOJ for review). 

Baryosynthesis is considered in the modern cosmology as the physical reason for baryon 
asymmetric Universe. It provides the physical origin to the important cosmological parameter Bly. 
However, practically all the mechanisms of baryosynthesis may, under some conditions, be 
mechanisms of anti-baryo-synthesis, since the value and even the sign of baryon excess, generated in 
baryogenesis, may vary in space. In the original Sakharov's scenario41, where baryon excess is the 
result nonequilibrium CP violating baryon non conserving processes, spatial variation of the baryon 
excess B(x) reflects the spatial variation of CP violating phase <!>(x), arising in some mechanisms of 
CP violation (See for rev. 6'11'121). In SUSY GUT induced scenarios baryon excess is ascribed to 
primordial condesate of scalar quarks, for which spatial dependence of B(x) is possible. Under the 
condition of spontaneous CP violation spatial variation of baryon excess also may appear in the 
mechanisms of baryon excess generation due to electroweak nonconservation of B at high 
temperatures131• It makes possible the existence of antimatter domains even in the baryon asymmetric 
Universe, so that search for cosmic antimatter and/or for effects of its annihilation in the early 
Universe11'121 turns to be interesting probe for the physical grounds for baryon asymmetric 
cosmology and not only for nontrivial realizations of baryon symmetrical Universe141• The principal 
possibility for spatial variation of baryon excess seem to be the common feature of all the 
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mechanisms of baryosynthesis, thus adding, in general, to LSS formation theory spectrum of 
entropy B(x)/y fluctuations as additional input parameter. 

Dark matter explains the LSS formation at the observed level of isotropy of the black body 
background radiation. In the simpliest case its physical realization is the gas of relic weakly 
interacting particles with nonzero rest mass. In the widely assumed picture (See rev in I)) dark matter 
provides the growth of initial fluctuations and its parameters define the dissipational scale in the 
transfer function relating the spectrum of primordial fluctutions with the one in the beginning of 
matter dominancy stage. In the simpliest case of dark matter particles, frozen out or decoupled from 
the thermal equilibrium in the early Universe, this dissipational scale, determining the minimal size of 
inhomogeneities, formed by the dark matter, is defined by the mass of particles. So, the simpliest 
realization ofHot Dark Matter (HDM) corresponds to few (ten)eV mass of neutrinos and Cold Dark 
Matter (CDM) to few (ten) eV neutrallinos. However, physical grounds even for these simpliest 
cases may lead to additional nontrivial cosmologically significant effects. The see-saw mechanism of 
neutrino mass generation invokes heavy right-handed Majorana neutrino, which may be sufficiently 
stable to dominate in the early Universe and form PBHs at the stage of their dominancy8,15J. The 
mechanisms for supersymmetry breaking may predict the existence of metastable gravitinos, making 
decaying gravitinos nontrivial element of physical processes in the early Universe 16). The more 
complicated dark matter content and its underlying physics is, the more additional effects may be 
predicted in cosmology. Moreover the physical motivations favor in general multicomponent dark 
matter models17J. 

Cosmoarcheology traces these effects and arranges cosmoarcheological chains, linking the 
considered hypothetical phenomenon to respective astrophysical data in order to test its consistency. 
The definite answer here is negative, since each trace, taken separately can definitely put the 
constraint only: the predicted effect should not contradict the observational data. To find definitely 
positive answer, corresponding to the data, the physically selfconsistent treatment of all the necessary 
cosmological elements should take place. 

Such approach may be illustrated by the recently proposed model of horizontal unification18J. 
The extension of the standard SU(2)xU(l)xSU(3)c model of electroweak and strong (QCD) 
interactions to the gauge symmetry SU(3)H of quark and lepton families provides not only reasonable 
theoretical description of the established existence of three families of quarks and leptons (v.,e,u,d); 
(vµ,µ,c,s); (v,;t,t,b), but in its realization19J turns to be the theoretical framework, incorporating in an 
unique scheme physical grounds for inflation (in the role of inflaton - singlet scalar field, used in 
quark and lepton mass generation by Dirac see-saw mechanism,), baryosynthesis (by the combination 
of nonequilibrium CP violating lepton number violating processes an electroweak baryon 
nonconservation at high temperatures) and dark matter candidates (HDM -massive neutrinos, CDM ­
invisible axions, sharing the properies of Majorons and familons and called archions and UDM20) -
heavier neutrinos, decaying on lighter neutrinos and archions). 

Even in the present form the model 18) offers the quantitatively definite correspondance 
between fundamental cosmological parameters (form of inflaton potential, lepton number violation, 
mass, spectrum and lifetime of dark matter particles and fields), astrophysical effects (rate of stellar 
archion emittion, contributing significantly stellar energy losses and dynamics of stellar collapse) and 
particle properties (see-saw mechanism of mass generation, hierachy of masses and mixings of quark 
and lepton families, Majorana mass ratio of neutrinos, rates of archion decays, double neutrinoless 
beta decays). Finally, the amount of free parameters of the model18J turns to be much less, than the 
amount of its signatures in particle processes, astrophysics and cosmology, thus providing its definite 
test. 

On reproducing the observed masses and mixings of quarks and leptons the main free 
parameter of the model18J is the a priori unknown scale of family symmetry breaking, F. Complex 
analysis of the set of its physical, astrophysical and cosmological predictions makes it possible to fix 
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the value of F in two rather narrow windows (around 106 and around 1010 GeV). The both solutions 
correspond to LSS formation theory with flat HZ spectrum of density fluctuations and differ in the 
dark matter content. In the first model, corresponding to F=l06 GeV, LSS is formed in the 
succession of stages of dominancy of massive neutrinos and their decay products, combining the 
advantages ofHDM, CDM and UDM models. The second solution, corresponding to F=l010 GeV, 
seem to reproduce all the main features of widely assumed as standard cosmological scenario with 
inflation, baryosynthesis and cold (axionic) dark matter. However, even this most simple reduced 
cosmological scenario does contain some additional elements (cf post inflational dust-like stage, on 
which PBH formatipn is possible, effects of successive PBH evaporation, formation of primordial 
percollational structure of archioles etc). This example favors the conclusion, that in no cases 
cosmological effects of of realistic particle theory are reduced to inflation, baryosynthesis and dark 
matter only, making physically consistent LSS formation theory nontrivial mixture of different 
existing approaches. It also resembles the system of nontrivial crossdisciplinary links which should be 
used to probe the true physically consistent cosmology and, in particular, LSS formation theory with 
the use of the methods of cosmoparticle physics. 

The work was undertaken in the framework of the project "Cosmoparticle physics" and 
International project "Astrodamus". I express my gratitude to J.Tran Thanh Van and Rencontres de 
Moriond for hospitality. 
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ABSTRACT: The motion of a charged particle over a conducting plate is 
damped by Ohmic resistance to image currents. This interaction between the 
particle and the plate must also produce decoherence, which can be detected 
by examining interference patterns made by diffracted particle beams which 
have passed over the plate. Because the current densities within the plate 
decay rapidly with the height of the particle beam above it, the strength of 
decoherence should be adjustable across a wide range, allowing one to probe 
the full range of quantum through classical behaviour. 
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Introduction 

Charged particles passing close to conducting surfaces have been investi­

gated in tests of the Ahoronov-Bohm effect 1 ) and the equivalence principle 2 ) .  
The phenomenon o f  dissipation due to  electrical resistance t o  image currents 

in the conductors has been investigated extensively, but the effects on the 

particles of the concomitant resistor noise have been discounted 3 ) . Among 

these effects will be decoherence4) . We propose that the strong dependence of 

the image current densities to the easily varied parameter of trajectory height 

makes the motion of a charged particle over a conducting plate an excellent 

precision test for our understanding of decoherence. 

- -- -_ ...,... ""'- -
.... .... .... .... 

Particle 

Figure 1 :  Sketch of proposed system. The heavy dashed lines 
indicate two trajectories of the particle over the conducting plate. 
The large shaded regions represent the disturbance in the electron 
gas inside the plate. 
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Deco here nee 

If a charged particle passes over a conducting plate along some trajectory, 

it induces an image charge on the surface of the conductor, which moves with 

the particle by inducing bulk currents within the body of the conductor 5 ) . 

These bulk currents encounter Ohmic resistance, which is primarily due in 

metals at room temperature to the scattering of coherent electron flow by 

thermal phonons. The passage of the charged particle along a trajectory over 

the conductor thus leaves a wake of disturbance in the electron and phonon 

gas beneath it. 

After the charge has crossed the plate (and continued on its flight towards 

a detector) , the disturbed state of the conductor remains as a record of the 

charge's passage (and in fact, of the particular path that it took) . Quantum 

mechanically, this means that the state of the electron gas and of the charged 

particle must be described together by a joint wave function. The contribution 

to this wave function from a single trajectory T, at the end of which the 

particle is at position Q, can be written as 

l wr) = IQ) l�E [T]) · 

According to Feynman's picture of quantum evolution, the final state of 

the system is found by a weighted sum of such states I \[!  T) over all trajectories 

T which the particle may have taken. Quantum mechanics then predicts the 

probability of finally observing the particle at a given position Q (without 

measuring any properties of the conducting plate) to be 

P(Q) = L </>(Q;)</>* (Q�) 
Q; ,Q; 

x L L  ef(S[T]-S[T'D (�E [T'] \�E[T]) ' T T' 
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where the sums are over trajectories T or T' in which the particle begins at 

Q; or Q; and ends up at Q, and ¢(Q;) is the wave function describing the 

initial state of the particle. 

If this initial state is a superposition of two distinct localized states, such 

as is produced by a double slit, cross terms in (99) can produce a probability 

distribution P(Q) which is not the classical "two lumps" , but an interference 

pattern characteristic of wave mechanics. The familiar textbook case in which 

this possibility is fully realized occurs only when (1fiE [T'] l1fie[T]) -+ 1 ,  so 

that the conducting plate does not effectively distinguish between different 

particle trajectories. In general, though, this inner product is not unity, and 

trajectories that are far apart may disturb the plate's electron gas in such 

different places that the inner product of the electron states will be negligible. 

Interference between these trajectories will therefore be suppressed, and the 

final probability distribution of the particle will thus be altered towards the 

classical limit. 

This phenomenon is an example of the process known as decoherence4) ,  

which i s  believed t o  play a crucial role in enforcing the effective classicality of 

macroscopic physics, and is thought to be the greatest challenge facing such 

hypothetical advanced technologies as quantum computing6) .  A precision test 

of decoherence is thus highly desirable. 

Precision Test of Decoherence 

The system of charged particle and conducting plate is suitable for a 

precision test of decoherence, because the strength of their interaction is ad­

justable over a wide range. Calculations using classical electromagnetism, for 

a charge Q moving over the plate at a height z and constant velocity v show 



a rate of Joule heating in the conductor which is 

Q2pv2 
Pc = l67rz3 ' 
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where p is the specific resistivity of the plate. This implies an Ohmic dissi­

pation rate proportional to d-3 : we can compute the relaxation time Tr to 

be 
v 

Tr =: -:- rv v 
( z ) 3 { 2 x 103s --- X M 6 1Q-4m 3 Q2 x 10 s 

electron 
ion 

where M is the ion mass in units of proton mass, and we take the resistivity 

p to be on the order of 10-6!1m. (This rather high resistivity is possessed by 

manganese at room temperature; since a resistivity a few orders of magnitude 

higher still could be even more convenient, alloys or semi-conductors might 

be contemplated instead of a pure metal. ) 
(Note that adding a thin layer of insulator on top of the conducting plate 

will actually produce dissipation proportional to the inverse fourth power of 

z 2 '5 ) .  The sensitivity to z that we are considering can thus be made even 

greater; but we will not discuss this option here in detail. ) 
These calculations are classical, and a proper quantum treatment is cer­

tainly required to make serious theoretical predictions concerning decoher­

ence in this system. We must consider the unitary evolution of phonons and 

a nearly free electron gas as a charge passes over the plate on an arbitrary 

trajectory. The electromagnetic field may presumably be treated classically, 

and for sufficiently slow particles an adiabatic expansion to first order in the 

particle speed will probably suffice. After the charge has crossed the plate, 

the direct perturbation of the conductor by the charge will cease, but the 

resistive interactions among the conductor's constituents that were driven by 

the charge, as it dragged an image current of electrons through the mill of 
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thermal nuclei, will have brought the conductor into a final quantum state 

that depends on the particle's trajectory. The inner product between two 

such states must then be computed. 

For the present brief communication, we merely suppose that the full 

quantum calculation will recover both the classical dissipation rate, and the 

result (typical in linear systems) that decoherence rates are proportional to 

it. As a zeroth order approximation that should be reasonable at room tem­

perature, we will assume that the decoherence time scale Td is given by the 

formula for a completely linear model at high temperature7) , 

where >..dB = h/yf2mksT is the thermal de Broglie wavelength, and �x is 

a length scale characterizing the difference between the two quantum states 

that are to decohere. In our case, we will take this scale to be the distance 

between Feynman trajectories across the plate, which could perhaps be of 

order 10-4m. 

Since Tr is proportional to the particle mass, we therefore estimate the 

same decoherence time for singly charged ions and electrons: 

If we assume that our charged particles will traverse a conducting plate that 

measures a centimeter across, flying at a speed on the order of a kilometers 

per second, the decoherence time will be on the order of the time of flight for 

z � 0 .1  mm. By varying the trajectory height z we should therefore indeed 

be able to probe the full range from negligible to strong decoherence. 
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Conclusion 

There are a number of aspects of decoherence which one would like to 

have clarified by a precision experiment . One of the most interesting is the 

dependence of the decoherence of two trajectories on the spatial distance 

between them. In simple linear models, decoherence has a Gaussian profile 

with distance, but in general we expect that this profile will instead approach 

some non-zero constant value at large distances 8 '9 ) . In the particle and 

conductor system, we expect the length scale at which this saturation occurs 

to be set by the correlation length in the electron gas. 

By varying the separation between the two slits through which the par­

ticle is coherently passed before crossing the plate (or using different crystal 

lattices for diffraction, if a low intensity electron beam is used instead of a 

stream of ions) , one can vary the distances over which quantum interference 

of trajectories is important in determining the final P( Q) .  This should allow 

one to probe the dependence of decoherence on spatial separation. By also 

varying the overall strength of decoherence, through the trajectory height d, 
we can investigate decoherence in a two dimensional parameter space, and 

provide a stringent test of decoherence in a system which is theoretically 

non-trivial. Unlike set-ups deliberately designed to mimic simple theoretical 

models for decoherence, the particle crossing a conducting plate will thus be 

able to stretch our theory: it is a real precision test of decoherence. 
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French title and abstract: 

UN TEST PRECIS DE DECOHERENCE 

Le mouvement d'une particule chargee au dessus d'un un conducteur 

plat est dissipee par la resistance Ohmique due aux courants images. Cette 

interaction entre la particule et le conducteur produit aussi de la decoherence, 

qu'on peut detecter clans les franges d'interference formees par des faisceaux 

de particules qui ont traverse le conducteur. Puisque la densite de courant 

clans le conducteur est tres sensible a la hauteur de la particule, on peut 

controller le degree de decoherence, et a cette fac;on etudier le phenomene de 

decoherence du domaine quantique jusqu'a celui classique. 
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Propensities : Measuring Quantum States with Quantum 

Rulers 

P. L. Knight 

Optics Section, Blackett Laboratory, Imperial College, 

London SW7 2BZ, England 

1 Introduction 

In this paper I describe recent work in quantum optics on the measurement of quantum fluc­

tuations. A single field mode of frequency w is quantized in a box of volume V, and described 

by the field operator [1] 
, 2w2 , 

E = (- ) ' {j sin kz  EoV ( 1 )  

where Eo i s  the  permittivity of  free space and k = w/c the wavevector; {j i s  an Hermitian 

operator having the dimension of a length. This can be expressed in terms of annihilation (a) 

and creation operators (a 1) as 

(2) 

where a = (2nwt� (wq + ifj) , [&, &1] = 1 ,  where fj is a conjugate field variable to {j. The 

quantity [0 = (hw/2EoV)! is the "electric field per photon'. Alternatively, we can parametrize 
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Figure 1: Homodyne mixing of a system field of interest E., with a local field of amplitude E1 
and adjustable phase x by a beam splitter of transmissivity t and reflectivity r. 

the field in terms of the quadrature operators X and Y so that E = ,,/2£0 sin kz { X cos wt + 
Y sin wt}, where X = ( 1 /2)(a + a1) and Y = ( 1/2)(& - &1) with [X, Y] = i/2 and 2'X2'Y :'.': 1/4. 

The variables X and Y describe the phase-space of the field mode. One can interfere the light 

field of interest with a reference beam from a well-stabilized local oscillator, in homodyne 

phase--sensitive detection. 

The field (tE, + rEz) shown in Fig. l is detected by a square law device responding to the 

intensity. The detected signal thus contains an interference term I1 � (E,E/eix + c.c. ) . If the 

local oscillator is prepared in a coherent state this can be factored out of the expectation value 

as Ii � E1( (EH)e-ix + (E(+l) e+1x) = E1 (E(x) ) .  Normally rE1 » t (E) so that the detected 

intensity (Id) is given by [2] (Id) � j r j 2 jEz l 2+  j t j j r j jE1 l (E(x)) .  A suitable choice of phase angle x 

allows us to read off the value of the system quadrature X and Y directly. The photon number 

fluctuations are given by 

( 3) 

If the quantum noise on the system-field is phase dependent then as x is varied, the number 

fluctuations also vary and for some phase angles these may be reduced below that of the 

normal coherent state "shot noise" result. We can write wt = x, to describe the general 

phase-dependence of the electric field through [2] , 

(4) 
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where the phase x may be due to the insertion of optical elements, in an experimental situation 

to retard the field. The total electric field operators evaluated at different phase-angles do not 

commute: 

[E(O), E(x)] = i 4E5 sin x (5) 

so that the associated field uncertainties L'l.E(O) and L'l.E(x) satisfy the uncertainty relation 

L'l.E(O) L'l.E(x) ::;> 2E5 I sin x i . (6) 

For most field states, the uncertainty is independent of X· But if the uncertainty at one phase 

(say x = 0) is manipulated to be small (compared with E0) ,  then at a later phase angle the 

uncertainty is correspondingly increased: this is the basis of squeezed light [2] . 

2 Phase-Space and Quasi-Probabilities 

A classical stochastic model of fluctuating light fields centers on the joint probability den­

sity P( q, p; t) for finding the field with quadratures X, Y or equivalently of " position" q and 

"momentum" p in phase space. This joint probability density is positive everywhere, and 

is normalized. A classical joint probability P(q, p; t) = P(a, a*; t) where a is some complex 

amplitude, can be related to a characteristic function C(/3, /3* ; t) through the Fourier transform 

C(/3, /3*; t ) = j d2a exp(f3a* - f3*a) P(a, a* , t) .  (7) 

Cahill and Glauber [3] defined the " s-ordered" quantum characteristic function C(/3, s) by 

C(/3, /3*; s) = Tr{exp(f3at - /3*a)p} exp(- l/3 1 2fr ) . (8) 

If s = 0 this generates the Wigner function W, whereas if s = - 1 then we obtain the Glauber­

Sudarshan diagonal P-function and if s = +1 then we obtain the Husimi, or Q-function. For 

the Wigner function, the mean value of some observable M is given by 

(M) = Tr{pM} = � j d2f3W(f3)M(f3). (9) 

The coherent states la) are generated by the Glauber displacement operator D(a) = exp(aat -

a*a) so that la) = D(a) IO) .  The observable M = M(q, fi) has as its phase-space counterpart 

M(q, p) = M(f3) . The Wigner function can be written as 

(10) 
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where Cw(f3) is the Weyl-ordered (symmetric) characteristic function 

( 1 1 )  

so  for example, 

( 12 )  

The marginals of the Wigner function for an oscillator with a = (2!iJ-1l2()..ij + i>,-1p (where 

), = (mw)112 for a material oscillator of mass m) are 

W( ) - -1- j d W( ) -
(2rr!i ) �

( l ' I ) q - >-(2rr!i ) �  P q,
p - >- q p q  

and moments can be calculated from 

( ·n) _ _  

>-_ i d n w( )  
q - (2rrli ) !  q q  q .  

(13) 

(14)  

For coherent states, ( (6
q

)2) = (f/) - (q) 2 = 212 = rw; and ((6p)2) = (p2 ) - ('fi)2 = ";' = nu; so 

that ( (6
q

) 2 ) ( (6p)2 )  = ¥_-.  Wigner functions in general cannot be positive everywhere. Indeed, 

the only Wigner function which is positive everywhere [4] is the Gaussian, i .e . the coherent 

states and the M. U.S. squeezed states. 

3 Joint Measurements of p, q in Phase Space 

Consider a beam-splitter used to generate two output modes, such that one may be used to 

measure 
q 

and one to measure p. The difficulties with this kind of joint measurement scheme 

stems from the unused input port: vacuum noise injected from this port introduces excess noise 

of the kind considered many years ago by Arthurs and Kelly [5]. What permits the simultaneous 

measurement of (p, 
q

) is in· fact the unused port: the output mode variables actually commute 

as they represent system plus meter variables; because of the unused port, we can read out 

the q-variable of one output and p-variable of the other output mode. These can therefore be 

read separately without adding extra noise beyond that represented by the beam-splitter which 

superposes the system and the meter variables to generate the two output modes. 

It is helpfu1 to compare the system state with that of a reference state (sometimes referred 

to as a quantum ruler) [6] , and to employ Popper's concept of "propensity" [7]. The propensity 

P, describes the tendency of the measured object described by the system's density operator Ps 
to take up certain states prescribed by a measuring device (or filter) described by a projection 



275 

operator P,,,1 = l <l>1) (<!>1 I ·  In comparing system and meter states, one normally employs the 

probability Tr(p,Pq,1 ) . But imagine tuning the filter, or quantum ruler in phase space: the 

filter projection operator can be tuned by the action of some unitary transformation U9 by 

varying some parameter g in the filter: 

( 15) 

For example, the filter states can be displaced in phase space by the operator U(q, p) 

exp(iqp/li + iqp/li ) . The propensity can then be written as Pr = const.Tr(p,Pq,1 ) = const. 

Tr(p,UJ l<l>1)(<1>1 I U9) so that we may probe p, by moving the filter around to sample all at­

tributes 'g' . For the case of displacements, 

and if the system is prepared in the pure state p = l \11 1 ) (\11 1 1 , then 

If dxe-ipx/li<l>j(q + x)\ll, (x) l2 
(2�/i) j dqdpWw (q + q', p + p')W,,, (q', p') 

( 16) 

( 17) 

(18) 

In other words the propensity is given by the convolution of system and quantum ruler Wigner 

functions. In terms of the Glauber displacement operator D(q, p) ,  this may be written as 

(19) 

which shows clearly that the propensity is always positive. The ruler states act as a smoothing 

in this convolution process. 

Now let us return to the problem of joint measurement of q and p. If the quantum ruler is 

prepared in the vacuum state 1<1>) = ID) 

(20) 
where Qw (q, p) is the Husimi Q-function. One way of realizing this operational phase-space 

measurement is to use the 8-port homodyne device shown in Fig. 2 in which a beam-splitter 

generates two output fields, each of which is used in a balanced homodyne measurement, one 

for q, the other for p. Of course what is measured is the system coordinates plus the meter (or 

quantum ruler) noise. 

In ordinary homodyne detection, the fields and photon number counts can be easily found 

[2] from the usual beam-splitter transformation from inputs Ct£ (for local oscillator) and a to 

output modes d1 , d2 as 
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System 
signal 

Local 
oscillator 

"p" 

Figure 2: 8-port homodyne set-up for joint measurements in phase-space 

where the amplitude reflection and transmission coefficients are denoted by r and t. Unitarity 

demands that 

1 ,  

t*r + r*t 0 .  

(21 )  

(22) 

In ordinary homodyne detection, l r l 2  « l t l 2 ,  but in balanced homodyne detection lrl = ft[ = 
1/vf2. In ordinary homodyne detection the the measured signal is determined by the operator. 

(23) 

If the local oscillator field is prepared in coherent state la) L , then, 

(24) 

wherex = arg r - arg t + <h = � + </>£. In ordinary homodyne detection, the strong local 

oscillator allows us to write the detected photon number approximately as 

(25) 

and the photon number variance as 

(26) 
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In practice the photodetectors have a finite quantum efficiency 17. This can be modelled 

[8] by considering the finite efficiency detector to be equivalent to a perfect photodetector 

preceded by a beam-splitter which transmits only a fraction y/1) of the incident amplitude. 

The annihilation operator at the detector can be written as 

(27) 

where av represents the unavoidable admixture of vacuum field from the other input to the 

beam-splitter. The field represented by d is then assumed to be detected with unit efficiency. 

Then (n) = 17(a1a) and (dtdtdd) = 172(a1ataa) = 172(n(n - 1 ) ) .  The photocount mean and 

variance are (m) = 17 (n), 

( (6.m)2) = 172((6.n )2)  + 17(l - 17)(n). Here the 'n"s are really the photon flux in quanta per unit 

time multiplied by the integration time T. So for the ordinary homodyne detection process, we 

can write (after subtracting the large local oscillator contribution) the mean photocount as 

(28) 

and its variance as 

(29) 

The first " 1 "  term in the above is the shot noise contribution, and the remaining term vanishes 

for a coherent signal input. If the input signal is squeezed, with ( (f'i.E(x))2) < 1/4 for some 

phase angle x, then the photocount variance is reduced below the shot-noise limit. 

For balanced homodyne detection, the difference in the two photodetector counts is mea­

sured: the relevant quantity is d!d1 - d�d2 = i(alaz - a/a) and the mean difference photon 

number is 

(30) 

with variance (again assuming laL I is large) 

(31 )  

The balancing removes the local oscillator contribution to the noise. For the photocounts, taking 

into account the finite efficiency we find 

217 laL l (E(x)) 

11 1aL l2{ 1 + 17 [4((6.E(x))2) - l]} . 

(32) 

(33) 



278 

If we now use these ( 4-port) homodyne results to describe the 8-port joint measurement 

scheme, then we find for the difference photocounts in the 1-2 and 3-4 detectors (m12) = 

ry/aL / (E(x + �)) (m34) = ry /aL / (E(x)) so that the 8-port device measures the two quadrature 

components of the input field, with phase determined by X· A suitable adjustment of this 

allows us to measure X (or q) in the 1-2 pair, and Y in the 3-4 pair. The photocount difference 

variances are [2] 

((t.m12)2 )  

((t.m34)2)  

(34) 

(35) 

If we compare these 8-port variances with the 4-port result eq. (47), we see the " 1" factor in the 

curly brackets has been replaced by "2" .  This is because the photocount variances are no longer 

determined solely by the input ( ( system) variances alone (even in the case of perfect detectors) .  

The additional contributions to the photocount fluctuations in the 8-port device can be traced 

back to the entrance of vacuum fluctuations in the two unused ports. The additional noise [2] is 

precisely the Arthurs-Kelly excess noise which takes us from the Wigner function of the input 

to the smoother, broader, Husimi Q-function measured in the joint-detection of the conjugate 

variables. The experimental realization of this 8-port homodyne joint measurement of q, p was 

undertaken by Walker and Carroll [9]. As far as I know, such measurements have not been 

attempted for nonclassical fields. 

If our system is prepared in a coherent state /If) = / a) ,  this is a minimum uncertainty state 

with ((t.<1)2),;, = (!f / (t.q)2 /!f) = n/2 = ((t.p)2) .  We can define the joint marginals from the 

propensities through 

� j dpP,;,¢ (P, q) .A 

�JdqP,p¢ (p, q). 
y (2rrn) 

(36) 

(37) 

These carry information about system and ruler. For example, consider the expectation value 

of the position operator 

�JdqqP,;,¢(q) 
y (2rrn) 
(if /q/if) - (<1>14 1</>) . 

(38) 

(39) 

Similarly, for the momentum operator we find (ft),;,¢ = (!f /fi/!f) - (</>/fi/</>). These averages give 

the relative "distance" of the detected state with respect to the reference fixed by the quantum 



ruler state. We can therefore define the operational variances : 

(f/),p¢ - (¢.)�¢ 
((Llq)2),p + ( (Llq)2)¢ 
((Llfi)2),p + ( (Llfi)2)¢ 
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(40) 

(41 ) 

(42) 

which directly exhibit the two sources of measured quantum fluctuations: those from the system 

and those from the filter. The product of the two is :  

(43) 

which is a factor of 4 greater than those of the system alone. For the simple case of the system 

prepared in a coherent state, I;�¢ (q) = n = I;�¢ (P) and the product is fi2 , exhibiting Arthurs­

Kelly excess noise even for these coherent field inputs. We have used the propensity concept to 

discuss operational phase-space entropies [10] :  again the uncertainties in system and quantum 

ruler can be distinguished. Further developements will, I hope, involve joint measurements of 

nonclassical field states. 
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Resume 

Cet article decrit comment le bruit quantique contribue aux processus de detection en op­

tique quantique, et comment ii est represente clans l'espace des phases. Les mesures simultanees 

des variables canoniques sont determinees non seulement par !es proprietes du systeme, mais 

ega!ement par celles de la "reg!e quantique" (OU cosysteme utilise pour realiser la mesure) .  

Titre: "Propensities" : Mesure d'etats quantiques a !'aide de "regles quantiques" 
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Introduction 

2 8 1  

Quantum correlation and nonlocality of a superposition state features various amusing 

phenomena and, in the future, may provide powerful means for secured privacy for communi­

cations and massive-parallel information processing. 1•2) Unfortunately, such a superposition 

state is a fragile object and easily destroyed by dissipative coupling to external worlds. This 

is especially true when two or more states are macroscopically separated: the effect is known 

as the "Schrodinger cat paradox." 

A key concept for providing robustness in classical communications and information 

processing systems is "regeneration." Regeneration prevents a signal from being heavily 

distorted due to attenuation, dephasing, additive noise, and imperfections, and suppresses 

multiplicative increases in the bit error rate. Translation of this concept into the quantum 

domain is not straightforward because complete information for a single superposition state 

cannot be extracted by any measurement scheme. One obvious solution to this problem is to 

introduce redundancy into the system, i.e. , many quantum bits (qubits) are used to represent 

one bit of information and a majority vote is taken (a technique known as error correcting 

codes). 3,4) 

In this paper we will discuss an alternative approach to preserve qubit information.5) The 

new scheme is based on the representation of one bit of information by dual-rail qubits and 

a balanced quantum nondemolition measurement. We begin with two application examples 

of superposition states, i.e., the photonic de Broglie wave interferometer6) and a quantum 

computer solving the Deutsch problem.7) We then discuss the impossibility of measuring a 



282 

single superposition state, S)  and finally describe a quantum regeneration scheme. 

Photonic de Broglie Wave Interferometer 

The time evolution of a photon number eigenstate In) is described by the unitary operator 

(J = exp(-iwnt) which is obtained by standard procedure using the free-field Hamiltonian 

it = nw (ii + � ) .  Therefore, the state vector evolves with angular frequency wn instead 

of w. This means that such a photon number eigenstate In) has a "collective" momentum 

P = n ( �) n and, thus, an associated de Broglie wavelength of >.dB = � = � can be assigned 

to photon number state In) , where >. is an ordinary optical wavelength. 

In order to measure the photonic de Broglie wavelength AdB , an interferometer must be 

constructed in which photon number eigenstate In) simultaneously propagates in two arms as 

a (macroscopically separated) superposition state and acquires a phase difference correspond­

ing to the photonic de Broglie wavelength, i.e. , 11/J) = Jz [ ln) i I0)2eiwni, + IO) i ln)2eiwni2 ] ,  

where £1 and £2 are the upper and lower arm lengths of the interferometer. 

A conventional 50-50% beamsplitter cannot achieve this task because it splits each in­

dividual constituent photon into the two arms (not n photons, as a whole) . A high-Q cavity 

containing a single atom prepared in a superposition state, 1 ¢) = )z( lg) + le) ) ,  can be used 

for this purpose. 9) . The high-Q cavity simultaneously features 100% reflectivity and 100% 

transmission, similar to an atom sitting simultaneously in the ground state and in the excited 

state. The interferometer setup is shown schematically in Fig. 1 .  6) . The first two -:l: pulses 

driving the single atom prepare the two cavities in the form of "intelligent" beamsplitters 

and the third -:l: pulse eliminates the information on which path the photon number state In) 

actually takes. The atomic state (either l e) or lg)) must be measured after the third % pulse 

and activate the two detectors only when the measurement result is le) . 

Fig. 1. A photonic de Broglie wave interferometer.6l 
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An alternative way to construct a photonic de Broglie wave interferometer is to use a 

quantum optical Fredkin gate with two inputs In) and IO) and one control signal prepared in 

a superposition state 1¢) = }z(IO) + 1 1 ) ), where IO) and 1 1 ) are the vacuum and single-photon 

states, respectively. 10l 

Figure 2 shows the average counts at one detector vs. the arm length difference when 

a coherent state la), with an average photon number fi = 100, is incident on the apparatus 

shown in Fig. 1 .  The oscillatory behavior with the photonic de Broglie wavelength � is clearly 

seen. A coherent state consists of many different photon number states and, thus, slightly 

different photonic de Broglie wavelengths of constituent photon number states smear out the 

interference in the large path length difference. 

A. as 
8 0  

Ca 4 0  v 

(a )  

o --� ....... �����"-�--'��-'-��....__. 
0 . 00 0 . 02 0 . 04 0 . 0 6  0 . 08 0 . 1 0  0 . 1 2  

Phase <I> (units of 1t) 
Fig. 2. Average photon count vs. phaseshift for a coherent state la = y'I00) .6l 

It is easily shown that the minimum detectable phaseshift tl¢min in the photonic 

de Broglie wave interferometer, defined by the signal-to-(quantum) noise ratio S/N = 1 ,  

i s  given by tl¢mm = � ,  where n is the photon number per measured time interval. 5 )  This 

sensitivity is known as the fundamental quantum limit and is superior to the standard shot 

noise limit 6.¢min = Jn because n is usually much greater than one. 

The potential applications of a photonic de Broglie wave have not been thoroughly 

studied. A photon number eigenstate In = 103) at an optical wavelength .A = 5000A, for 

instance, can feature the interference period of * = 5A, a fact that is very attractive for 

applications to optical lithography and microscopy with x-ray resolution using visible light. 

Quantum Computer Solving the Deutsch Problem 

The Deutsch problem is the following game:11 l Alice sends Bob one integer x out of 

[O, 2£ - l] .  Bob calculates a function f(x) which is either one or zero and sends it back to 

Alice. Bob's function is either Type I [f(x) is all O's or all l's] or Type II [half of J(x) is zero 
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and the other half is 1] .  How fast can Alice determine the type of Bob's function? This is not 

a useful problem for practical applications but a quite pedagogical example demonstrating 

the power of "quantum parallelism." A classical solution, based on Alice's N(= log22L) bit 

query and Bob's one-bit reply, obviously requires L + 1 (  = 2N-l + 1) query and reply sessions. 

On the other hand, Alice can obtain a correct answer only by two query and reply sessions 

if she can use a quantum superposition state which simultaneously represents all possible 

x E [O, 2L - 1] and J(x) ( = either 0 or 1 ) .  Thus the quantum solution is exponentially more 

efficient than the classical solution. 

Figure 3 shows the quantum computer solving the N bit Deutsch problem.7) Alice pre­

pares a physical system x in a superposition state which simultaneously occupies all possible 

values [O, 2L - 1 J and another physical system y in a ground state and sends both of them to 

Bob. Bob performs a unitary evolution for the two input states x and y. After this evolution, 

y is prepared in a superposition state which simultaneously occupies all possible J(x). Note 

that, in this way, complete quantum correlation is established between x and y. These en­

tangled states are then sent back to Alice. Alice now imposes a 7r-phaseshift on y if J(x) = 1 

and no phaseshift if J(x) = 0 and sends them back to Bob. This time, Bob performs the 

inverse unitary evolution (J+ for the two inputs. After this inverse unitary evolution, y is 

left in the original ground state but x is either 0 or 7r-phaseshifted compared to the orignal 

state, depending on the value of f(x). By appropriate decorrelation, the output x tells Alice 

whether f(x) is all the same value (Type I) or half O's and half l's (Type II) .  This remarkable 

result is the consequence of the nonlocal entanglement between the two systems x and y. 

superposition 

'"�'' � 

preparation decorrelation 

U1" u}" 
one 

qubit D y 

Inputs unitary self-phase inverse output 
transform modulator transform measurement 

14 Alice + Bob + Alice + Bob + Alice �1 
Fig. 3. A quantum computer solving the N-bit Deutsch problem.7) 
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The quantum computer can be physically constructed by single photons, beamsplitters, 

a nonlinear Kerr medium, phaseshifters, and classical switches. 7). As mentioned above, this 

example demonstrates how a certain problem can be solved efficiently by the nonlocal entan­

glement of superposition states. 

Impossibility of the Measurement of a Single Superposition State 

A superposition state will lose its purity once it couples to an external world. Any real 

physical system cannot be completely isolated from the rest of the universe, causing a serious 

problem for applications of a superposition state. In classical communications and computers, 

a binary signal (either on-off intensity or 0-n phase modulation) is distorted by attenuation 

(amplitude damping) , dephasing (phase damping), additive noise, and imperfections of the 

system, which introduce a finite bit error rate. Before the bit error rate exceeds an unac­

ceptable level, the distorted signal is detected and compared with the threshold value. A 

decision is then made on which signal was sent. Based on this information, a clean pulse for 

the next stage of communication or computation can be generated. This important concept 

is termed "regeneration." By accepting a finite (allowable) bit error, the signal-to-noise ratio 

is improved and, in this way, the bit error rate increases only additively rather than multi­

plicatively. In communication systems regenerators are periodically installed; in computer 

systems each transistor gate has this nonlinear function as its inherent property and, thus, 

installation of regenerators is not necessary. 

Unfortunately, this concept cannot be directly applied to a quantum system because a 

single superposition state "cannot be measured by any means" ; rather, after one particular 

measurement result probabilistically appears, a superposition state is destroyed (or, at least, 

distorted). The impossibility of measuring a single superposition state is mathematically 

rigorously proven and shown to be equivalent to the reduction postulate of the wavefunction. S) 
As specific examples, repeated weak quantum nondemolition measurements12l and quantum 

protective measurements13l are shown to obey this rule.8l 

Quantum Bit Regeneration 

Consider the simple optical circuit shown in Fig. 4(a) . The two inputs (signal a and 

its conjugage ii) into this circuit are a single-photon state \ 1 )  and a vacuum state \0). The 

first beamsplitter translates the input state \1jJ0) = \aa) = \ 10) into a superposition state 

\1f)1 ) = Co \01) + C1 \ l0), where \C0 \2 + \C1 \ 2  = 1. The single photon propagates in the upper 

arm with probability \Co \2 and in the lower arm with probability \C1 \ 2 .  This is a dual-rail 
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representation of a single qubit. If both arms couple to external worlds with identical coupling 

strength [i.e., the loss coefficients are the same ('y) for both arms] , the attenuated state f 1,b2) 

is either in the original superposition state [1,b1 ) with probability e-'Y or in the vacuum state 

[O) with probability 1 - e -'Y. Even though the attenuation translates the originally pure 

signal into a mixed state, it can be decomposed into the original (intact) superposition state 

when a photon is not lost and into a vacuum state when a photon is lost . Therefore, the 

interferometer shown in Fig. 4(a) features 1003 visibility if both arms have identical loss; a 

fact that, even classically, is well-known. 

ll) 

!O) 

a 

b f l} 

b fO} 

+ 
!ttli) + 

11/>i.) 

+ 
11/ii ) 

(a) 

(b) 

+ 
Ith) 

+ 
111>3) 

0 

a' 

Fig. 4. (a) An optical interferometer with identical loss in two arms. (b) A quantum 

regeneration circuit for dual-rail qubit representation.5l 

The quantum circuit shown in Fig. 4(b) detects whether a single photon is lost or not 

without destroying a superposition state.5l The circuit consists of two 50-50% beamsplitters 

and two 7r-phaseshifters. If there is one photon in either one of the two arms (aa), the 
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output of the interferometer is switched. If there is no photon in both arms, the output 

of the interferometer is identical to the input. The presence or absence of a photon can 

be detected by the interferometer output. This detection process is the balanced quantum 

nondemolition measurement for the total photon number at a+a ta for which the superposition 

state C0 I01)  + C1 l 10) is an eigenstate and thus is not distorted by the measurement back 

action. 

In this way, the error caused by loss (amplitude damping) can be detected and, if the 

error indeed occurs, the sender can be asked to retransmit the same superposition state. 
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Back Action Evading (BAE) technique can be regarded as the classical limit of the Quantum 

Non Demolition measurament. We applied succefully this technique1) in detecting the motion of a 

mechanical oscillator by coupling dynamically one of the quadrature components of its displacement 

to one of the quadrature components of the charge at the output of a readout circuit at higher 

resonance frequency. In this way we prevent it from the back action of the monitoring apparatus. 

Here we propose to optimize the detection strategy by using a dcSquid and we show that, following 

a classical approach, the standard quantum limit could be evaded. The detection scheme is shown 

in the figure. 

R 2kTR 

v, 

In the BAE configuration the differential transducer is biased by an electric field E( t) 
E, + En with 

where En include the amplitude and phase fluctuations of the field. a1 ,  a2 , ¢1 , ¢2 are the amplitude 

and phase stochastic variables which have a constant power spectrum and are not cross-related. 

The contribution of the pump noise at the output of the circuit is reduced by the balance factor 

of the bridge IJz · The current flowing in the inductor L is a function of the vibration amplitude 

of the mechanical oscillator. To obtain performances of the system close to the quantum limit, we 

plan to send the signal to a dcSquid through the superconducting loop of two inductors Lp and 
L,.  Thus the magnetic flux at the Squid input is related to the current fl.owing into the inductor 
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L at the input of the transformer as 

"' MMsquid .  . 
""Squid = l'vfsquidls 

= L L q = TrMsquidq 
p + ' 

where Is is the current flowing through the input inductance Ls of the Squid, M = kJLL; and 

A1squid = ksquid,/LsLsquid are the mutual inductances between the coil L and LP and between 
Ls and the Squid inductance Lsquid respectively. 

The power spectrum of the voltage noise Vn' that appears in the equivalent circuit, shown in 
the figure, is a function of the Squid voltage noise and of the Johnson noise of the bridge losses: 

The equivalent inductance L' is : 

We assume to be able to filter out at the output all the overtone terms of w, and Wm , we describe 
the behavior of the system in terms of the time evolution equations of the quadrature coordinates 

of the position of the oscillator (X1 , X2) and of the quadrature components of the magnetic flux 

at the Squid input (<P1 ,  <l.>2). We have: [ d 1 ] F, . 
- + -- X1 = - -

.
-- sm wmt + 1'vf1 

dt 2Tm mwm 

- + -- X2 - <l.>2 = - -- cos wmt + l'vf, [ d 1 ] E0 F, 
dt 2Tm 4mL'w,wm mwm [ d 1 ] Eo 

-
d 
+ - tP1 + -X1 = -17,E0coswmt + l\!f3 

t 2r, 4 [� + 2-J <l.>2 = M. 
dt 2r, 

We notice that these equations are coupled because of the presence of the noise terms M1, ]\!f2 , 

1143 and 1'v14 which include the thermal noise, the pump noise and the back action of the amplifier 
(the corresponding explicit formulae are reported in the reference2l). 

In the ideal case of a system of negligible pump noise, it is easy to verify that the component 
X1 determines the evolution of the <P1 variable of the readout circuit, while the electric noise 

V� spoils both components of the electric readout , but it is squeezed only onto the homologous 

mechanical variable X2• This is the typical behaviour of a BAE system. 

The sensitivity of the device is derived in the case of an impulsive force acting on the mechan­
ical osdl0,tor. We express it in terms of the corresponding effective number of phonons (at the 

mechanical frequency vm ) which are involved in the interaction process between the force and the 
device at the signal to noise ratio level equal one1l .  We notice that our detector is a displacement 

meter and that the Standard Quantum Limit is a constraint imposed to the macroscopic mechan­
ical oscillator by the coupling with the apparatus when an amplitude-and-phase measurement is 

operated, then it arises from the measurement process and not from the oscillator. In this scheme 
the status of a quantum oscillator can carry information about classical forces that have exchanged 
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with it even less than one fundamental quantum of energy. For this reason we introduce the effec­

tive parameter t:.N,ff to express the overall sensitivity of the system by normalizing the filtered 

effective energy exchanged between the system and the external world to the energy quantum of 

the mechanical oscillator. It can be shown1l,2) that the explicit expression of !':.Neff is: 

where Tn = JSv. S1. /kB is the noise temperature of the current amplifier, kB and h the Boltzmann 

and Planck constants, and r is 

The factor J is defined as 

H0 depends on the noise impedance of the amplifier Z
n = JSv. /S1. 

and 

1 Ho = T2 Z 
r n 

The equivaler.t bandwidth iv of the detector can also be computed by 

00 
J I,,(w)dw 

W = -00 = JH2 11,(w = w,) 

The B A E  sensitivity is a function o f  s o  many parameters that for the optimization w e  proceede 

by fixing their values on the base of the present realistic technological limits. In particular, a further 

decrease of the e.m. pump noise contribution can be foreseen by improving the balance factor T/ 
and by lowering directly the pumping noise level. In the next we present predictions performed 

assuming T/ = 10-7 (an improvement by a factor 8 in balance to the respect of what has been 

obtained in a previous experiment!) ) and, concerning the pump noise level, the realistic value of 

-180 dBc which corresponds to the best commercially available quartz resonators3) .  We assume to 

maintain the mechanical frequency as close as possible to 1 kHz and the electric one lower than 
200 kHz. These two main constraints are essentially due to the limited operating conditions of 
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S quid-devised amplifiers . Being the system dominated by the thermodynamic component of the 
thermal bath, an extremely low Brownian noise level is the main requirement which can be worked 
out from the model. A thermodynamic temperature of few mI< can be achieved by means of a 
3 He -4 He dilution refrigerator which has already been implemented to cool 2500 kg resonant 
gravitational wav_e antennas•) .  

Regarding the mechanical oscillator, niobium resonators have been variously tested in the 
context of resonant gravitational wave antennas5l and have shown very high mechanical quality 
factors. Niobium is superconductive at T = 8 I< and is a good candidate to replace the Aluminuim 
alloy 5056 used in the old BAE prototype1l .  The results of the sensitivity optimization procedure 
are summarized in the table. 

thermal 
bath 

equiv. 
masses 

Freq. 

quality 

T [K] 

Svn [V'·Hz· ] 
Sin [A'·Hz· ] 

Sa [Hz-1] 
s. [Hz· ] 

m [kg] 
L [H] 

Vm [Hz] 
ve {Hz) 

0-m•21tVmtm 
factors Oe .. 21t Vet.,. 

Et• [m] 

D [m] 

coupling E0 [V/m] 

SQ). <d.X>[m] 

toot [s] 

detection 6Neff 

Thermoaynamic temperature l.0·10·2 
Amplifier voltage noise 2.0·10·35 

Amolifier current noise 9.4·10·24 

Pumn arnnlltude noise 2.()·10·20 
n.. __ -·---·- ""-'-' 2.0·10·18 

f'luivalent mass of resonator 1.s·10·1 
Primary Inductor 7.0·10·4 

.. 1045 

Electric frenuenc-v 13H03 
Mechanical quality factor no7 

Elecnic quality factor 4·1o" 
Thickness of resonator 3.0·10·3 

Gan of differerential transducer 2.S-W-5 

Pumping electric field 9.0·106 

Standard nuantum Limit 23·10·19 

Ootimum inte2.ration time 32·10·3 

Quantum sensitivity 0.5 

We conclude that we can monitor the displacement quantity X1 at a level corresponding to 

an effective energy resolution smaller than the Standard Quantum Limit. 
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UN OSCILLATEUR MECANIQUE MACROSCOPIQUE AU NIVEAU 

DE LA LIMITE QUANTIQUE: UN SCHEMA OP ERATIF. 

Resume 

Avec un system a Evasion de la RetroAction (ERA) il est possible de contourne la limite 
de sensibilite des detecteurs lineaires de deplacement. Nous presentons ici !es previsions sur !es 
performances d'un systeme ERA optimise par rapport au prototype que nous avons deja mis en 
fonction en regime classique. Nous montrerons que ce systeme experimental peut arriver au dela 
de la Limite Quantique Standard. 
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Neutron optics with time dependent devices, e.g. moving slits and mirrors, offers new possi­
bilities of investigating, among other things, details of the time dependent Schrodinger equation 
for massive particles, the transition from quantum to classical behavior for a simple system and 
the coherence properties of neutron beams. 

Spin optics is a kind of analogue computer for optical effects where the average spin of 
classical particles arriving at a point can serve as a model for the optical excitation in ordinary 
optics displaying interference and diffraction effects. We give an introduction to the concept and 
mention some possible applications. 
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1 Introduction 

Neutron optics with time dependent devices, e.g. moving slits and mirrors, offers new possi­
bilities of investigating, among other things, details of the time dependent Schrodinger equation 
for massive particles, the transition from quantum to classical behavior for a simple system and 
the coherence properties of neutron beams. We present the results of calculations of the passage 
of a neutron beam through a rapidly moving slit including the "two slit interference in time" 
where the components of the wave function passing through the slit at one moment in time 
interfere with those passing through at a later opening time. 

We then show experimental results for neutron reflection from a vibrating mirror where 
quantized energy transfer is observed and the tendency to classical behavior as the vibration 
amplitude is increased is demonstrated. 

We go on to discuss some questions associated with coherence properties of neutron waves and 
show that a sideband interferometer (based on interference between the different waves reflected 
from a vibrating surface) can be used to study and/or produce both longitudinal and transverse 
coherent effects. 

Several of the effects discussed here have been observed, or are expected to be observed 
shortly, with atom beam optics (see the contribution of Andrew Steane to these proceedings) .  

Spin optics is a kind of analogue computer for optical effects where the average spin of 
classical particles arriving at a point can serve as a model for the optical excitation in ordinary 
optics displaying interference and diffraction effects. We give an introduction to the concept and 
mention some possible applications. The idea is that in the presence of a uniform magnetic field 
the Larmor precession angle for different particle trajectories is a measure of the path length 
followed by the different particles and the average spin of all the particles arriving at a given 
point is a vector superposition of the individual spins of these particles. This superposition of 
contributions with different phase shifts gives rise to interference and diffraction effects with 
macroscopic wavelengths. 



2 Time dependent neutron optics 

2 .1  Fast chopping of a neutron beam - the 'quantum chopper' 
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If a neutron or other massive particle beam goes through a fast chopper, i. e. a chopper whose 
opening time, T, is not too much longer than l/w0, where 1iw0 is the particle kinetic energy, then 
the resulting beam will have its energy spectrum broadened by 6.w � n/T and this can be 
observed by usual spectrometric methods. 
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Figure 1 :  a) Detector response as a function of position and time for a triangular slit opening 
function with T=l0-8 sec. b) Detector response for a double pulse triangular slit function. 
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On the other hand if the detector intensity is measured as a function of time there will be 
interesting interference effects between the different energy components of the beam. These 
effects are analogous to the diffraction and interference effects seen in ordinary optics and have 
been referred to as diffraction in time.1 l . 

In addition to the diffraction in time we have considered a simultaneous spatial diffraction 
from the time dependent slit.2l . The calculation is based on the Green's function for the time 
dependent Schrodinger equation. The intensity arriving at a detector positioned at a distance L 
from the slit is given by 

1f; (x = d, y = 0, z = L, t) 
1/J± (1)  

where the beam is travelling in the +z direction, the positions of the slit boundaries at time 
t0 are given by (x0 = ±a(t0) , y , z0 = 0), T0 = L/v, and T = t - t0, is the travel time between 
slit and detector. In fig. 1) we show the expected detector intensity as a function of time and 
detector position (distance perpendicular to the beam axis =d) for an experimentally realizable 
triangular slit opening function, a neutron wavelength of 25A, L = l .5m and a maximum slit 
opening of lOµm. 

Fig la) shows the fully developed interference pattern in space and time, where T, the time 
for the slit to fully open was taken as 10-8 sec. Fig lb) shows the pattern to be expected for 
the case of two successive triangular slit openings each with T = 10-8 sec, separated in time by 
2.5 x 10-s sec. The similarity with the usual two slit interference pattern is clear. 

Experiments with the goal of observing these effects are in progress. Opening times of T � 
3 x 10-8 sec have been achieved. 

2.2 Reflection from a Vibrating Surface - the transition from quan­
tum to classical behavior 

There have been several suggestions that quantum mechanics might have to be altered some­
where between the region where physical behavior is 'pure quantum'-like and the region where 
physical behavior is governed by purely classical physics.3l . We present a system where the 
transition between quantum and classical behavior is rather straightforward and where the ob­
servational possibilities are good. However our work does not address the issue of wave function 
collapse at the detector. We have studied the transmission and reflection of slow neutrons at a 
mirror whose position undergoes a high-frequency oscillation in the direction perpendicular to 
its surface. The mirror is of macroscopic dimensions and can be regarded as a classical object, 
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analogous to the oscillating magnetic field in magnetic resonance experiments. We show both 
theoretically and experimentally that the interaction with the neutrons is quantized and can be 
interpreted as a coherent multiphonon exchange. The number of exchanged phonons increases 
with the oscillation amplitude and the behavior gradually approaches that of a classical particle 
bouncing from a moving surface. 

The reflection of a particle from a constant I-dimensional potential step is one of the first 
problems we learn to solve in quantum mechanics. For a one dimensional potential step of height 
V located at x = a, the reflection coefficient is given by R = R0e2ika where R0 is the reflection 
coefficient for a potential step located at x = 0 (R0 = 1 for the case of total reflection, E < V, 
where E is the energy of the incoming particle) . For a vibrating wall 

where Wv is the vibration frequency, and for Wv « E /h we can write 

R (t) = Roe2iktsin(w.t+<p) = Ro JG (w) eiwtdw 

with 

(2) 

(3) 

(4) 

which is exact for V ---> oo.  For finite V it is necessary to resort to numerical solutions, but the 
basic behavior is similar to that shown in equ. [4] . What we have is a phase modulated neutron 
wave with a spectrum familiar from frequency modulation. We see that the amplitude for an 
energy transfer nhwv is given by Jn (2kE), the n'h order Bessel function of the first kind. 

For a classical particle colliding with a moving wall the particle velocity after the collision is 
given by 

V2 = V1 + 2Vw (t) , Vw (t) = WvE COS (wvt + If!) 

with v1 , the initial and v2 the final velocities of the particle. Vw is the wall velocity. 

Then the probability distribution for v2 is given by 

P ( ) d d _ dvw _ dvw dv2 
v2 v2 ex t - --- - . ex -. ------

dvw/dt w;E sm (wvt + ip) sm [cos-1 (u/wvE)] 

(5) 

(6) 

with u = (v2 - vi) /2. This distribution is, of course continuous, and reaches peaks at u = ±wvE. 
It is rather flat in the region of u = 0. According to [5] u is limited to values Ju J  < WvE. This 
distribution is only valid in certain cases. For some choices of parameters there exist trajectories 
which make multiple collisions with the wall and which approach a chaotic behavior.4l 

In fig. 2) we show a comparison of the quantum mechanical and classical energy spectra for 
totally reflected particles for different values of the modulation index, a = 2kE and the relative 
wall velocity 'Y = WvE/v1. The approach to the classical distribution with increasing a is evident. 
It is interesting to note that the classical limit is not approached by all spectral components 
in a uniform way but is only reached by averaging over many spectral lines when the energy 
resolution of the measurement is much wider than the separation between lines: hwv. 
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partial wave index n (= number of absorbed or emitted phonons) 
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Figure 2: Quantum (MW, matter wave) and classical (PB, particle beam) energy spectra 
(calculated) of particles reflected from a vibrating surface. Parameters are defined in the text. 

This is even clearer in fig. 3) where we show the results of calculations for a larger modulation 
index. In fig. 4) we show the results of a series of measurements made at a neutron beam at 
the research reactor in Geestacht (FRG) Germany. The incident neutron velocity was 164 m/sec 
(E0 = l40µev) and the velocity component perpendicular to the mirror surface was 5.7 m/sec 
(EJ. = l7lnev). The potential height of the nickel coated glass mirror was V = 235nev. The 
grey bars show the calculated positions and intensities of the various sidebands corrected for the 
resolution of the apparatus and inhomogeneities in the mirror oscillation which were measured 
by optical measurements of the surface modes using a Michelson type interferometer. The line 
separation was about 3 x 10-4rad in the case of Wv = 27r · 693kH z, corresponding to a distance of 
0.Smm at the detector plane. The experiment was performed using a two-dimensional position 
sensitive detector which was developed at Garching5l and which had a resolution of 35 x 35µm2, 
an efficiency of about 903 at 24A and very low background and 'Y sensitivity. 

While the trend to a classical-like behavior is clear we were not able to go into the highly clas­
sical regime in this first experiment. We also see the influence of the resolution on the approach 
to the classical limit. The measured energy splitting of the reflected beam (2.86nev)agreed with 
that expected from the applied frequency (693kHz) within the error of 10-2nev. 
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Figure 3: Same as fig. 2 but for a larger modulation index a = 73 and 8 = wv/w0 = 10-3 
(nw0 = particle kinetic energy) . The complicated nature of the approach to the classical 

spectrum (smooth curve) is clear. 

3 Coherence properties of neutron beams and a 

side-band interferometer 

The question of the coherence properties of neutron beams arises in connection with the 
neutron interferometer and has been the subject of some discussion in the literature6l . A neutron 
interferometer measures 

(7) 

where A (k) ,  the Fourier transform of 1/; (x). is the amplitude of the momentum k in the beam, 
so that the so-called 'coherence length', li.x, contains no more information than the spectral 
width, i .e. it is the same for a mixture as for a superposition of different k's. Now there is a 
real physical difference between a superposition and a mixture so the question arises as to how 
we can make the distinction in this case. 
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Figure 4: Comparison of measured and calculated energy spectra for neutrons reflected from a 
vibrating surface: Ml-3: vibration frequency 2.2206 MHz. Mean vibration amplitudes: Ml 5,3 
nm (a = .95), M2 8.0 nm (a = 1 .45) , M3 10.9 nm (a = 10.9). M4 , M5 frequency 692.95 kHz, 

amplitudes 23.2 and 32. l  nm (a = 4.21 and a =  5.82) . 

To do this we must measure the average phase difference ('Pii) between the waves having mo­
menta k;, lS, or the average value of the auto-correlation function in k space: (A* (k;) A (fS) + c.c.) , 
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-+ 
i. e. we must form an interference or a beat between different k . 
r (/G - t) = (A* (t) A (/G) ) = 8 (/G - t) are called 'chaotic'. 

In optics, beams witb 
As seen from equ. [8] this 

implies that the ensemble average ( 11/Jinc (X') i2) is independent of x. 

It is usually assumed that neutron beams share this property7l ,  and although the authors see 
no reason to question this it still should be addressed as an experimental question. We now give 
a description of one way in which this can be done. In the event that neutron beams should prove 
to be 'chaotic' our technique will allow the production of beams with r (q) of 8 (q) which can 
then be further investigated in what we call the 'side-band interferometer. 

For example, a periodic system with reciprocal lattice vector q can scatter an incoming ---7 ---+ ---+ ---+ ----+ ---+ ---+ --+ 
momentum ki to a final momentum ki + q = k2 and a momentum k; --t k; - q = k3 . Now 

--+ ---+ ---+ ---+ ---+ ---+ for kj - ki = ti. k = 2 q we have k2 = k3 and the scattered intensity will contain a term 
proportional to8l 

(8) 

Now for scattering from static systems the energy, and thus lk l  is unchanged so that if we wish 
-+ -+ 

to investigate the coherence between ki , kj which are parallel , i.e. longitudinal coherence, we 
have to scatter from a time dependent system in order to produce changes in the energy of the 
scattered neutrons. As shown above reflection from a vibrating surface can produce coherent 
beams of different energies. Thus reflection of a beam from a surface excited by two frequencies 
or, what is more practical, successive reflection from two surfaces vibrating at fr�uencies Wv , 

---+ ---t ---+ ---t ---+ w� = Wv + fl with q ( q') = fawv (w�) will take say ki --t ki + q and kj --t kj + q' . The final 
-----+ --+ --+ ---+ ---+ momenta will be equal in the case where kj - ki = q - q' = 8 = iJ;fl. In this case the 

scattered intensity will contain a term proportional to (J d3kA* (k) A (k + 8)) where 8 is 
-+ 

proportional fl = w� - Wv and, since we have an energy change due to the reflection, 8 can ----+ 
be parallel to k so that we can investigate longitudinal as well as transverse coherence. In a 
similar way, it is easy to see that we can produce interferences between different side bands in 
the case where we have a monochromatic incident beam (side-band interferometer). The point 
is that the different reflected beams shown in fig. 4) above are all coherent. 

If we wish to distinguish between a state and a mixture we have to find some way of measuring 
the phase between different components of the incident state, i.e. we need a method of getting 
these components to interfere with each other. In the work under discussion, this is brought 
about because the individual components,  with slightly different incident energies can scatter 
inelastically into the same final energy state where they can beat to form a steady contribution to 
the detected intensity. It is easy to see that the same phenomenon can take place if the incident 
beam is passed thr�gh a fast chopper as in sec. 2.1 above. In this case the spectra resulting 
from each incident k will overlap and interfere with each other if there is a correlation between 
the different A (k). We hope to discuss this in more detail at a later date. 
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Experiments of this type are also possible using atomic beams and some very beautiful 
experiments have been described by Andrew Steane at this conference. 

4 Neutron Spin Optics 

Using Larmor precession of particle (neutron) spins and measuring the average spin of par­
ticles arriving at a point by various paths it is possible to recreate many optical phenomena 
with effective wave lengths which can be macroscopic in size. In classical optics, interference and 
diffraction effects are often described on the basis of the Huygens-Kirchoff principle - summing 
up the optical vibrations emanating from different source points of a diffracting structure such 
as a collection of holes or slits. The key features are 

1 .  that the phase of the contribution from each source point at a given observation point is a 
linear function of the distance between the two points. 

2. the signal amplitude is a linear superposition of the individual contributions. 

3. the detected intensity is proportional to the square of the resulting amplitude. 

Larmor precession in a constant magnetic field B shares properties 1) and 2)9l. We consider 
the case where the spins are precessing in a plane perpendicular to the field, in which case they 
remain in this plane. The precession frequency wL = 1B and the distance traveled in one period 
is AL = v27r /wL. AL = lmm for a particle velocity, v = 103m/ sec and B = 300 gauss. Note that 
in the cases of interest AL is much greater than the de Broglie wavelength of the particles so that 
they can be considered to be moving classically. That is the particles will move in straight lines 
through any slit large enough to show optical effects on the scale of AL , unless we fill the slit with 
scattering centers which scatter the particles into a reasonably large angle. (Another variant is to 
have a source emitting polarized particles in a wide angle directly behind the slit) .  In either case 
the particles will be assumed to arrive at the slit all polarized in the same direction (x direction, 
while they travel in the y direction). For particles which travel a distance r; between the slit and 
a detector screen the spins will precess through an angle 'Pi = kLri where kL = 27r/AL· The spin 
of the i'h particle arriving at a point P in the detector plane can be represented by 01 (P) = ei

"'' 
and the average spin of all the particles arriving at P will be given by 

(9) 

In the case where the source plane has, say, two slits, the sum [9] will be the same as the 
amplitude of the usual two slit interference pattern corresponding to a wavelength AL. This is 
the case in spite of the fact that there is nothing, neither particles nor waves, which goes through 
both slits. Note that since we start with particles all having the same polarization the particles 
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are effectively all coherent. In order to produce the interference pattern we sum the signal [9] 
over a long time. In addition the whole system can be described classically. 

Using this technique we can construct the spin optics analogues of diffraction gratings, Fresnel 
lenses , holograms and other optical devices with wavelengths in the microwave region. 

If it was possible to use spin optics as a new scattering technique to study materials we 
would be able to carry out neutron scattering studies at macroscopic (mm to cm) distances. 
Unfortunately, as opposed to the usual scattering techniques where (Ef) is measured (Ei refers 
to the amplitude of the radiation in question) with spin optics we can only measure ('"Ot (P) )2 . 
This is easily seen because ( ('"Ot)2) = 1 for any density matrix. This means that spin optics 
scattering from a collection of scatters randomly placed with respect to each other will tend 
to cancel because of the random phases associated with the positions of the scatterers. Thus 
if we consider a scattering system consisting of a series of grains, each containing a number of 
incoherent scattering centers, we will not have any signal unless the grains are arranged in a 
coherent manner (say on a periodic lattice) in which case we could measure grain sizes on the 
scale of the spin optics wavelength >.L which is much larger than length scales available with 
classical small angle scattering. Another possibility is to work with a single grain which may be 
possible given the macrocopic size of A£. 

At the moment the authors see no other possibilities of overcoming this problem, which can 
be characterized as the lack of a square-law detector for spin optics. In addition we do not 
know of any situation where the above mentioned technique might be useful. We look forward 
hopefully to suggestions from our readers. 
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QUANTUM ERROR CORRECTION 

Andrew M. Steane 

Clarendon Laboratory, Oxford OXl 3PU, England. 

The concept of quantum information is proving to be very useful in efforts to elucidate the 

nature of quantum mechanics. Both quantum communication and quantum information pro­

cessing has been shown to be fundamentally different from its classical counterpart. Examples 

where this difference is highlighted are secure key distribution for cryptography, and the ex­

istence of fast algorithms for an idealised quantum computer. However, actual attempts to 

realise these possibilites run up against a further fundamental part of quantum mechanics: 

the problem of the instability of coherence. 

All physical systems are subject to random fluctuations, including those degrees of freedom 

which may be described in terms of classical mechanics. However, classical degrees of freedom 

may be stabilised to a very high degree, either by making the ratio of system size to perurbation 

size very large (passive stabilisation), or by continuously monitoring the system and providing 

greatly enhanced 'inertia' against random fluctuation be means of feedback control (active 

stabilisation). Of these two possibilities, the former, that is passive stabilisation, can be 

applied in the quantum regime only by making the perturbations small rather than by making 

the system large, and stabilisation beyond a certain degree is in practice ruled out. It is 

not hard to show that this makes the experimental realisation of a quantum computer of 

useful computational power impossible by any currently attemptable method. The physics of 

quantum information processing remains interesting, one should add. It is simply that great 

computing power is not available. 
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The method of active stabilisation is extremely powerful in classical systems, and is at the heart 

of mechanical devices from early steam engines to the latest microchip processors. However, 

it is not obvious whether anything like active stabilisation is possible for a quantum system, 

since feedback control involves dissipation, and therefore is non-unitary. Hence one may frame 

the following question: 

"Is active stabilisation of a quantum bit possible?'' 

The idea of a quantum bit or qubit is introduced in order to emphasize that the aim is to 

stabilise a complete quantum state, not just a chosen observable. Also, we are concerned with 

the properties of the quantum state, not with the physical system expressing it. For example, 

a single qubit may be expressed by a system whose Hilbert space has many more than two 

dimensions. Among the possible changes such a system may undergo, some will affect the 

stored single qubit of quantum information, but others will not. 

The surprising answer to our question is "yes," with some important provisos which depend 

on the type of stabilisation sought. The stabilisation is based on the classical theory of error 

correction, which provides a very powerful technique by which classical information can be 

transmitted without errors through the medium of a noisy channel1). Classical error correction 

operates by the judicious use of redundancy, that is, sending the same information many 

times. In this sense it is akin to making the system larger in order to make it more resistent 

to perturbations. However, the precise way in which the redundancy is introduced is very 

important. The type of redundancy, or encoding, employed must be carefully matched to the 

type of noise in the channel. Typically, one considers the case of random noise which affects 

different bits independently, but this is not the only possible case. The encoding enables the 

most likely errors in the information to be identified and corrected. This corrective procedure 

is akin to active stabilisation, and brings the associated benefits of powerful noise suppression. 

To understand the application of these ideas to the quantum regime, it is best to start with 

a simple example. Thus, suppose we have a collection of spin-half particles, each of which is 

subject independently to random 'flips' or amplitude errors IO) <-+ I I ) ,  but which otherwise is 

stable (in particular, the precession is free of phase error) .  Whenever such a flip occurs, the 

relevent two-state system may become entangled with its environment. In order to stabilise 

a single qubit, in the general state a IDL) + b I IL) , we express it by means of three two-state 
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systems, with the 'encoding' IOL) -> IOOO), llL) -> 1 111) .  Thus the total initial state of the 

three spins is a IOOO)+b 1111) .  After a period of time, during which random flips may occur, the 

three-spin system is measured twice. The first measurement is a projection onto the two-state 

basis 

{IOOO) + 1111)  + 1001) + 1 110) , 1010) + 1 101) + 1100) + 1011)} 

The second measurement is a projection onto the two-state basis 

{ IOOO) + 1111)  + 1010) + 1101) , 1001) + 11 10) + 1100) + 1011)}  

(1 )  

(2) 

Each measurement has two possible results, which we will call 0 and 1. Depending on which 

results R are obtained, an appropriate action is carried out: if R = 00, do nothing; if R = 01, 

flip the rightmost spin; if R = 10, flip the middle spin; if R = 11, flip the leftmost spin. 

If, during the time interval when the system was left to evolve freely, no more than one 

spin flipped, then this procedure will return the three-spin state to a IOOO) + b 1111) .  It is 

remarkable that this can be done without gaining information about the values of a and 

b and thus disturbing the stored quantum information. During the correction procedure, 

the entanglement between the system and its environment is transferred to an entanglement 

between the measuring apparatus and the environment. The qubit is actively isolated from 

its environment by means of this carefully controlled entanglement transfer. 

The above error correction technique is based on the simplest classical error correcting code. 

More advanced techniques can be deciuced from more advanced known classical codes, and 

the following striking results are obtained. First, completely general error processes can be 

corrected, including relaxation and entanglement with the environment, and to do this it 

is sufficient merely to be able to correct for spin flips (u., spin operator) and sign flips (u, 

spin operator )2-5> . Second, a subset of the classical codes can be adapted directly to the 

quantum context3-5l. Third, the probability of failure of the quantum error correction falls 

exponentially with the redundancy, in the limit of large redundancy, as long as the error rate 

is below a given level4•5>. Finally, the degree of required redundancy and the complexity of 

the correction process rises only as a low-order polynomial function of the number of qubits 

to be corrected5). 

Note that we define the term 'error' to mean in general any contribution to the evolution of 

a quantum system which is unpredictable. Usually therefore the errors will be continuous 

rather than discrete, and will affect all the qubits rather than a subset. However, during 
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error correction the system is projected onto a subspace of its Hilbert space which contains 

only state vectors with a specific error syndrome. Therefore the continuous error process is 

rendered discrete (collapsed) by the projective measurement. 

The main proviso to all the above is that the correction process can itself be carried out 

without errors. This is clearly a huge assumption. It is probably reasonable in the context of 

quantum communication7•8l, since there one eventually wishes to measure the communicated 

qubits, and the bulk of the error correction can be carried out on the classical information 

obtained after the qubits are measured. The context of quantum computing is another matter, 

however, and it remains to be seen whether quantum error correction can be made sufficiently 

robust against noise during the correction process itself. Thus quantum theory may still rule 

out the possibility of a powerful quantum computer. 

The author is supported by the Royal Society. 
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Resume 

Pour des systemes classiques, les effets indesirables du bruit peuvent etre controles par une 
stabilisation active. Dans le cas des systemes quantiques, pour lesquels une evolution uni­
taire doit etre preservee, une telle stabilisation n'est pas possible. Ceci semble anneantir les 
espoirs que l'on fonde sur les possibilites d'un ordinateur qui fonctionnerait de maniere quan­
tique. Cependant, en adaptant des methodes classiques de correction d'erreur, !'information 
quantique peut etre stabilisee activement. La communication d'etats quantiques en presence 
de bruit est ainsi rendue possible, et il est probable que !'elaboration de calculs au niveau 
quantique puisse beneficier de ces nouvelles techniques. 
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Light signals play a central role in introductory presentations of relativity 
theory. As well known, simultaneity is not an absolute notion for events 
occuring at different spatial positions. Remote clocks can be synchronised 
by transfering field pulses from one clock to the other one [1] .  The rates of 
the clocks are determined by frequency standards and can also be compared 
by transfering a light pulse used as a frequency reference rather than a time 
reference. 

The concepts of time or frequency references certainly differ from the clas­
sical notions of time or frequency. The time reference cannot be identified 
with the time coordinate which is used to write evolution equations of clas­
sical or quantum field theory. Similarly, the frequency reference cannot be 
identified with the frequency parameter which is used to distinguish the var­
ious field modes. Time and frequency references are physical observables 
delivered by specifically designed physical systems, namely clocks and fre­
quency standards. As well known, the modern metrological definition of time 
and frequency has its roots in atomic physics [2] . More generally, clocks and 
frequency standards belong to the quantum domain while light signals are 
built with quantum fields. Any practical realisation of time or frequency has 
therefore to meet quantum limitations [3] . The aim of the present paper 
is precisely to discuss the questions which arise when clock synchronisation 
techniques are confronted with the quantum nature of observables [4] . Prob­
lems associated with the generation of time by quantum clocks will not be 
adressed here. 
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In order to specify these questions, it is worth refering to a gedanken ex­
periment, where an emitter sends a pulse containing some time or frequency 
information to a remote receiver. In classical physics, the problem of encod­
ing time or frequency information in a pulse and then retrieving it has well 
known solutions. The reference to be shared by the remote observers is cho­
sen as a quantity preserved by field propagation, that is either the light-cone 
variable u or the field frequency w 

(1 ) 

te and tr are the emission and reception times, as delivered to the emitter 
and receiver by their private clocks; Xe and Xr are the space coordinates of 
the emitter and receiver, as measured along the line of sight; We and Wr are 
the frequency standards which control the clock rates; for simplicity, we have 
supposed the two clocks to be identical. Now, the discussion of the same 
gedanken experiment in quantum physics raises serious difficulties, since the 
formalism does not directly supply definitions of time or frequency observ­
ables. In order to make an operational discussion of clock synchronisation 
possible, we have first to give a quantum definition of the time reference, 
although it is commonly stated that there is no time operator available in the 
quantum formalism. Such a quantum definition is expected to show quan­
tum fluctuations of time conjugated to quantum fluctuations of energy, in 
consistency with the fourth Heisenberg inequality. We have in fact to define 
a time and a frequency observable for each field pulse. The quality of the 
time and frequency transfer procedures is optimized by using a field pulse 
having respectively a short duration or a good spectral purity. Since these 
requirements cannot be satisfied simultaneously with an arbitrary precision, 
clock synchronisation procedures have to meet quantum limitations. Though 
these limitations cannot be considered to be of practical importance in present 
time-frequency metrology, their precise estimation appears to be important 
from the point of view of fundamental physics [5] . 

A further question now arises, concerning the consistency of time and 
frequency definitions with frame transformations. In classical relativistic 
physics, time and frequency are shifted in a frame transformation. The con­
sistency of these shifts is ensured by Lorentz invariance for transformations 
from an inertial to another inertial frame while they are ensured by covariance 
rules for transformations from an inertial to an accelerated frame [6] . The 
quantum definitions of time and frequency references have also to be affected 
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in frame transformations. We may expect that Lorentz transformations affect 
in the same manner quantum and classical definitions, since quantum field 
theory obeys Lorentz invariance exactly as classical field theory. However, 
we cannot know a priori how transformations to accelerated frames affect 
the quantum definitions since we cannot derive directly quantum shifts from 
classical covariance rules. In the present paper, we will derive the quantum 
shifts from the underlying conformal symmetry of quantum fields, and then 
show that the consistency between time- and frequency-shifts follows from 
this symmetry. 

Electromagnetism in four-dimensional spacetime is invariant not only un­
der Lorentz transformations, but also under the larger group of conformal 
transformations [7] . These transformations are known to fit the relativistic 
definition of uniformly accelerated motion [8] . Light rays remain straight 
lines with such a representation of accelerated frames while frequencies are 
preserved during light propagation. It has also been shown that the defini­
tions of vacuum [9] and particle number [10] are unchanged under conformal 
transformations, so that these concepts may be safely manipulated by inertial 
and accelerated observers. This is consistent with the seminal discussions of 
Einstein who proposed in 1905 the hypothesis of light quanta [ 11 ]  and in­
troduced, a few months later, the principle of relativity. In the latter paper 
[1] , he noticed that energy and frequency of an electromagnetic field change 
in the same manner in Lorentz transformations, thus implicitly referring to 
the consistency of the hypothesis of light quanta with the principle of rel­
ativity. In modern quantum theory, the similarity of energy and frequency 
shifts has to be interpreted as an invariance property for particle number. 
This property is well known for Lorentz transformations, but it is usually not 
admitted for transformations to accelerated frames. The latter are commonly 
represented by Rindler transformations [12] which do not preserve the prop­
agation equations of electromagnetic fields, so that light rays appear curved 
and frequencies changed during propagation. Rindler representation of accel­
erated frames also results in a transformation of vacuum into a thermal bath 
[13] .  Since the concepts of particle number and vacuum play a central role 
in the interpretation of quantum field theory, the fact that they are not pre­
served in accelerated frames raises severe paradoxes and spoils the attempts 
to interpret the Einstein equivalence principle in the quantum domain [14] .  

With a conformal representation of accelerated frames in  contrast, vacuum 
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and photon number are consistently defined for inertial and accelerated ob­
servers. For simplicity, we consider the simple case of a scalar massless field 
propagating along a single direction in a two-dimensional spacetime 

looo dw � ( . t . ) <p(u) = - - awe-lWU + a elWU o 27f 2w w (2) 

We use natural spacetime units (c = 1) ;  w represents the frequency as well 
as the wavevector; aw and al are the standard annihilation and creation 
operators. The total number of photons in the field state 

N =  -at a looo dw 
0 27f w w (3) 

is invariant under conformal transformations to accelerated frames. To state 
more precisely this property, we introduce the conformal generators of quan­
tum field theory as moments of the stress tensor [15] 

E = j e(u)du D = j ue(u)du 
C = j u2e(u)du e(u) =: (8u<p(u))2 : (4) 

The symbol : : prescribes a normal ordering of products of operators, so that 
the energy density e( u) and consequently the conformal generators vanish 
in vacuum. The first generator E is the energy-momentum, that is also the 
translation operator associated with the light-cone variable u. Similarly, D 
corresponds to dilatations of this variable and C to transformations to accel­
erated frames [IO] . Now the invariance of photon number under conformal 
transformations reads as 

[E, N] = [D , N] = [C, N] = 0 (5) 

Hence, the action of any generator amounts to a redistribution of particles in 
the frequency domain without any change of the total particle number [IO] . 

As a particular case, vacuum has the same definition (N = 0) for inertial and 
uniformly accelerated observers defined through conformal transformations 
[9] . For a massless field theory in two-dimensional spacetime, there exist 
higher-order conformal transformations which preserve field propagation, but 
not vacuum and photon number. This is consistent with the phenomenon of 
radiation from mirrors moving in vacuum with a non-uniform acceleration 
[16] .  Here, we consider only the generators E, D and C which preserve N 

and, moreover, formally correspond to conformal transformations in four­
dimensional spacetime. 
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We now give quantum definitions of the operators U and 0 associa t ed 
with light-cone variable u and frequency w. As the classical variables ( l ) ,  
the quantum references have t o  b e  preserved during propagation. They must 
therefore be built from the generators associated with conformal symmetry. 
We will simply define the operator U as the center of inertia of field energy, 
that is as the ratio of D and E (compare with eqs. ( 4)) 

1 
U = D · 

E 
(G) 

We take care of the non-commutativity of generators by introducing a sym­
metrised product represented by the ( · ) symbol. The definition (6) holds for 
any state orthogonal to vacuum (E # 0). It has this simple form because we 
consider a scalar field theory, or equivalently spin-0 particles. The operator 
n is then defined as the ratio of energy to particle number 

E n = nJV 
(7) 

For a single particle state (JV = 1 ) ,  0 plays exactly the same role as E. For 
a more general state however, the quantum fluctuations of 0 and E have in­
dependent meanings, since JV also possesses its proper quantum fluctuations. 
0 appears as a new quantum concept which represents the mean frequency 
of the field quanta and, like U, is defined for any state orthogonal to vacuum 
(JV # 0) .  The expression needs not be symmetrized since E and JV commute 
with each other. 

Since the time and frequency references are defined from the conformal 
generators, their transformations are entirely determined by the commutators 
of these generators, that is by the conformal algebra 

[E, D] = inE [E, C] = 2inD [D, C] = inC (8) 

Using only the first of these commutation relations, one deduces the shift of 
the operator U under frame transformations associated with E and D 

[E, U] = in [D, U] = inU (9) 

These two commutators imply that U is shifted as the classical variable u in 
the translations and dilatations. In particular, the first one means that the 
operator U is canonically conjugated to the operator E. The frequency shifts 
are then obtained by combining the commutators of the conformal algebra 
with the invariance property (5) for the photon number 

[E, O] = 0  [D, O] = -inst [C, OJ = -2in0 · U (10) 
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As expected, the frequency-shift vanishes in a translation and is proportional 
to frequency in a dilatation, thus reproducing the Doppler shift of frequency 
under a Lorentz transformation. The third commutator represents a posi­
tion dependent frequency shift arising from transformations to accelerated 
frames. It fits exactly the form of the classical Einstein effect [6] , while being 
now a quantum statement valid for any state orthogonal to vacuum. To avoid 
any ambiguity, we recall that the operators U and 0 are, like the classical 
variables u and w, conserved during propagation, and may thus be used to 
transfer time or frequency information between remote observers. However 
this does not imply that the operators are invariant under frame transfor­
mations. Clearly, these operators are shifted when different frames, that is 
also different observers, are considered. These shifts, which are described by 
commutation relations (9, 10) ,  reveal the basic relativistic properties of time 
and frequency, within the framework of quantum theory. 

The time-shift under transformation to accelerated frames may also be 
obtained from the conformal algebra 

[C, u] = in ( u2 - �:) 2 2 ri2 a = C · E - D  + -4 ( 1 1 )  

The quadratic form a2 is a Casimir invariant of the conformal algebra (8) 
which commutes with all generators. Strikingly, it has a universal value a2 = 

If in any I-particle state, independently of the frequency or time distribution 
of this state. The first term in the commutator [C, U] corresponds to the 
classical shift. The second term appears as a correction associated with the 
pulse duration [5] . The transformation of U under C thus differs from its 
classical analog while the transformation of n coincides with its classical 
analog. It is however possible to state in a precise manner the consistency 
between time- and frequency-shifts in the quantum domain. As a matter 
of fact, the correction �� to the time-shift ( 1 1 )  commutes with E, and is 
therefore invariant under a time translation. It is thus unchanged when the 
field pulse used for the transfer is delayed. This implies that clock rates, which 
correspond to differences between delayed clock indications, and frequencies 
vary consistently in transformations to accelerated frames, although the time 
shifts depart from the predictions of classical covariance rules. 

A fact of great interest for the physical analysis of time-frequency transfer 
is that the shifts are now expressed in a theoretical framework where quantum 
fluctuations may be analyzed. The various commutators discussed above may 
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indeed b e  considered as setting the quantum limits in clock synchronisation. 
Since N commutes with all conformal generators, it also commutes with U 
and 0, so that there is no constraint on number fluctuations in time-frequency 
transfer. Then time and frequency references obey an Heisenberg inequality 

i 
[O, U] = 

N 
1 

6.0 · 6.U > -
- 2N 

(12) 

In the limiting case of a large number of particles, it is possible to build 
nearly dispersionless field pulses and therefore to perform time-frequency 
transfer in a semiclassical regime. In the general case, the previously written 
relations provide a consistent description of the relativistic transformations 
and of the quantum fluctuations of time and frequency references. 
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Synchronisation d'horloge avec des champs quantiques 

Resume: 

La comparaison de temps par transfert de signaux lumineux joue un role 
central dans la theorie de la relativite. La nature quantique des champs 
utilises dans une procedure de synchronisation d'horloge conduit a rediscuter 
les notions de temps et de frequence ainsi que leurs transformations dans les 
changements de referentiel. 

On utilise !'invariance dans les transformations conformes de la theorie des 
champs quantiques de masse nulle, de la definition du vide et du nombre de 
particules. Ces transformations permettent en particulier de representer les 
referentiels uniformement acceleres. 

On definit les references de temps OU de frequence qui peuvent etre enco­
dees dans un pulse et transferees d'un observateur a un autre. Ces references 
sont des observables quantiques, exprimees en fonction des generateurs asso­
cies a la symetrie conforme. Elles constituent done des notions tres differentes 
des concepts classiques de temps ou de frequence, et presentent des fluctua­
tions quantiques compatibles avec la quatrieme relation de Heisenberg. 

Les relations de commutation caracteristiques de l'algebre conforme per­
mettent ensuite de deduire les transformations de ces observables dans un 
changement de referentiel. La transformation du temps lors du changement 
d'un referentiel inertiel vers un referentiel uniformement accelere differe de la 
prediction classique associee aux proprietes de covariance, tout en respectant 
la compatibilite des transformations des references de temps et de frequence. 
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Vacuum field fluctuations exert radiation pressure forces on any scatterer 
placed in empty space. For two mirrors at rest in vacuum, the effect of vacuum 
radiation pressure is well known as the Casimir effect [ l ] .  It has more recently 
been recognized that dynamical counterparts of this static force appear for 
moving scatterers. For some types of motion the field does not remain in the 
vacuum state, but photons are produced through non adiabatic processes [2] . 
Motion induced effects of vacuum radiation pressure do not require the pres­
ence of two mirrors but already exist for a single mirror moving in vacuum. In 
this case, the radiation reaction force is known to arise as soon as the mirror 
has a non-uniform acceleration [3] . The effects of radiation from a moving mir­
ror and the associated radiation reaction force raise intriguing questions to the 
standard mechanical description of motion. It would therefore be very impor­
tant to obtain experimental evidence of these dissipative processes associated 
with motion in vacuum. But vacuum radiation pressure scales as Planck's con­
stant ti and produces therefore only small mechanical perturbations for any 
macroscopic mirror. However, the number of photons emitted from an empty 
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high finesse cavity oscillating in vacuum, is the ratio of the radiated energy 
to the photon energy and thus scales as n° . This argument clearly supports a 
detection of optical rather than mechanical signatures of motion induced dis­
sipation. A number of calculations has been devoted to the energy build-up 
inside a cavity with perfect mirrors [4] . However these calculations do not pro­
vide satisfactory answers to the previously discussed questions. They do not 
consider the photons radiated by the cavity since the latter is treated like a 
closed system. Even for the photons produced inside the cavity, the hypothesis 
of perfect mirrors amounts to disregard the important problem of finite life­
time of photons inside the cavity. In contrast , we study the configuration of a 
cavity built with partly transmitting mirrors . The cavity thus appears as an 
open system able to radiate into the free field vacuum. At the same time, the 
influence of the cavity finesse may be quantitatively evaluated. 

For simplicity, we limit ourselves here to two-dimensional space-time calcu­
lations. As is well known from the analysis of squeezing experiments, the trans­
verse structure of the cavity modes does not change appreciably the physical 
conclusions drawn from this simple model. Each transverse mode is correctly 
described by the two-dimensional model as soon as the size of the mirrors is 
larger than the spot size associated with the mode. 

In the following, we first consider briefly the case of a single moving mirror 
and calculate the photon flux as well as the spectrum of the emitted radiation. 
To derive the radiation we use general arguments associated with scattering 
theory, without specific assumptions on the form of the interaction between 
mirror and field. This approach does not rely on a detailed microscopic anal­
ysis and is therefore applicable to any type of mirror as long as its internal 
dissipation is negligible. We also consider that the recoil of the mirror can be 
disregarded. The transformation from the incoming to the outgoing free field 
is then described by an S-matrix. We now introduce column-matrices cJ> [w] 
which contain the components at a given frequency w of the free fields which 
propagate in opposite directions 

<P [w] _ � Ii [ (e (w)a+,w + B(-w)a�.-wl l 
- 2 lw l (e (w)a-,w + 8 (-w)a� .-w (1 )  

Field components with positive or negative frequencies correspond respectively 
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to annihilation ( a±,w ) and creation ( a� ,w ) operators ( (} is the Heaviside step 

function) . The scattering of the field on a motionless mirror does not change 

the field frequency. The transformation from the input field <Pin to the output 

one <Pout is described by a unitary S-matrix which contains the transmission and 

reflection amplitudes s [w] and r [w] at a given frequency. Vacuum is preserved 

by a motionless mirror, as a consequence of unitarity. 

When the mirror is moving, the frequency of the field is changed by the 

scattering process and the S-matrix now describes this frequency change 

<Pout [w] = j dw' S [w , w'] <Pin [w'] (2) 27f 
Assuming that the incoming field is in the vacuum state, one obtains the fol-

lowing expression for the number N of photons radiated into vacuum by the 

moving mirror 

N 

n [w, w'] 

loo dw loo dw' [ '] - -n w w  
0 27f 0 27f ' �'Tr ( S [w , -w'] S [w , -w'J

t) (3) 

n [w , w'] is the spectral density which describes the number of particles present 

in the output field. When the S-matrix is evaluated in a first order expansion 

in the displacement the spectral density n [w , w' ] is proportional to the square 

modulus of the frequency component rSq [w + w'] of the displacement 

n [w , w'] w�' / [w , w'J lr5q [w + w'J l2 c 
/ [w, w'] 2 ( 1  - s [w] s [w'] + r [w] r [w' ] 

+ 1 - s [w] * s [w'] * + r [w] * r [w'] * )  (4)  

This expression results from a linear approximation of the motional pertur­

bation of the field, but it is valid without any restriction on the motion's 

frequency. 

We consider now the case of a mirror following a harmonic motion at a 

frequency 0. Since we expect the radiation of photons to be proportional to 

time, we focus our attention onto a harmonic motion of amplitude a during 

a time T. For a long oscillation time T, we find the number N of radiated 

photons to be defined per unit time 

N a2 (n dw 
T = c2 lo 21fw (O - w) i [w, O - w] (5) 
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This result is similar to the expression one would obtain for the number of 
photons spontaneously emitted by an atom coupled to vacuum fluctuations, 
calculated with Fermi's golden rule. Here the emission is generated by the 
parametric coupling of the mirror's mechanical motion to vacuum radiation 
pressure rather than by the coupling of the atomic dipole to the vacuum field . 
Hence photons are emitted through a two-photon parametric process rather 
than through a one-photon process. As is well known, spontaneous emission is 
not accompanied by absorption processes because vacuum is the field ground 
state. Here the same property entails that photons are only emitted at fre­
quencies w and w' smaller than the frequency 12 of the mechanical motion. 

In the limiting case of a nearly perfect mirror ( s -+ 0; r -+ -1 ) , we obtain a 
simplified expression for the number of radiated photons 

N 
T 

N 

8a2 n dw 2a2123 2 fo 2rr w (l2 - w) = 3rrc2 
12T (1:'..) 2 

v = 212a 
67f c 

(6) 

Expression (6) for N is a product of two dimensionless factors, namely the 
number of mechanical oscillation periods during the time T and the square 
of the maximal velocity v of the mirror divided by the velocity of light c. A 
characteristic feature of motion induced radiation , which could be used in an 
experiment to distinguish it from spurious effects, is the parabolic shape of its 
spectral density with a maximum at w = �-

The derivation of  motion induced radiation i s  similar in the case of  two 
moving mirrors. Assuming the two mirrors to follow a harmonic motion at 
the same frequency 12 with respective amplitudes a; ( i = 1 ,  2) ' we deduce the 
number of photons radiated per unit time to be 

N a ·a ·  r" dw 
T = L: �/ lo 27rw (l2 - w) i;j [w, 12 - w] 

ZJ 
(7) 

As in the case of a single mirror, the functions 'fij already appear in the evalua­
tion of motional forces and they have been studied previously [6] . We introduce 
here simplifying assumptions allowing to obtain analytical expressions for the 
motional radiation. In the frequency range [O ,  12] one can in a good approxi­
mation assume the reflexion coefficients r1 and r2 of the two mirrors to be real 
and frequency independent. In the following we are concentrating on the most 
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interesting case where the cavity has a high finesse which implies that both 
r1 and r2 are close to unity. For this case we perform a resonant aprroxima­
tion, where the functions /ij only depend on the product r1r2 of the reflection 
coefficients which we denote 

where l measures the cavity finesse. They then read p 

/1 1 [w , w'] = /22 [w , w'] = 4 + 4D+ [w] D+ [w'] 

/12 [w , w'] = /21 [w, w'] = -4D_ [w] D_ [w'] 

[ 
l _ sinh(p) cosh(p) _ � p D+ w - 2 - � 2 sinh (p) - sin2 (wT) k=-oo p2 + (wT - klr) 

(8) 

D_ [w] = 
sinh(p) cos(wT) = f: (- l) kp 

sinh2 (p) - sin2 (wT) k=-oo p2 + (wT - k7r) 2 (g) 
T is the time of flight of a photon from one mirror to the other. With exception 
of the first term in 11 1 ,  all terms contain denominators clearly associated with 
the presence of the cavity. We can now calculate the emitted photon number 
by performing the integration (7) for the various Lorentzian components of the 
spectrum. Using the assumption of a high finesse cavity we find 

N f23 2 2 f2 2 7r2 
( ( 2 ( )2) T = 37rc2 (a1 + a2) + 67rc2 (Q -

72 ) 6.e a 1 - a2) + 6.o a 1 + a2 

6.e [Q] = 
sinh (p) cosh(p) = 2: 4p 

sinh2 (p) - sin2 ( �T )  k even 4p2 + (r2T - k7r) 2 

6.0 [n] = sinh(p) cosh (p) = 2: 4p 
2 ( lO) 

sinh2 (p) - cos2 (�r )  k odd 4p2 + (r2T - klr) 
The first term in these expressions is a non-resonant contribution coming from 
direct reflection of vacuum fluctuations on both sides of the cavity. All other 
terms describe resonances of the motional radiation occuring when the mechan­
ical excitation frequency n is close to an integer multiple of the fundamental 
optical resonance frequency � and give rise to several emission peaks. Com­
pared to the result obtained for a single mirror, the radiated photon flux is 
enhanced by a resonance factor which is essentially the cavity finesse. The 
emission peaks all have the same spectral width given by the cavity finesse and 
their relative intensities reproduce a parabolic spectrum, as the one obtained 
for a single moving mirror, however with a large resonant enhancement. 
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In equation ( 10) , even modes S1 = �' � . . .  appear as elongation modes 
corresponding to a periodic modulation of the mechanical cavity length. More 
strikingly there also exist odd modes S1 = '*' � . . .  which are excited by a 
global translation of the cavity with its length kept constant. This effect is 
reminiscent of radiation of a single oscillating mirror, since the cavity moves in 
vacuum without any further reference than vacuum itself. However radiation is 
now enhanced by the cavity finesse. These two kinds of vibration modes appear 
to be contrasted in a mechanical point of view, but not in the point of view of 
the field bouncing back and forth in the cavity. Indeed, the optical length as 
seen by the field varies similarly in both cases, although the mechanical cavity 
length is modulated in one case and constant in the other one. 

So far we have given a quantitative estimate for the photon flux. The model 
of a cavity with partly transmitting mirrors allows us to evaluate now the 
resonance enhancement factor in terms of the cavity finesse. A mechanical 
excitation at exact resonance leads to the following orders of magnitude 

OT v2 l N rv  - - ­

- 2n c2 p ( 1 1 )  
where v measures the geometrical mean of the peak velocities of the two vibrat­
ing mirrors. To estimate the stationary number of photons inside the cavity, 
we may use a simple balance argument . Each photon has a probability 4p 
of escaping from the cavity during each roundtrip time 2r. As we know the 
photon flux emitted by the cavity per unit time , we can deduce the number of 
photons N produced by the oscillation in a pair of cavity modes to be 

v2 1 N "' --
- c2 p2 ( 12 )  

We may emphasize that not only the number of  photons inside the cavity, but 
also the number of radiated photons, diverge at the limit of perfectly reflecting 
mirrors. 

To be more specific about the orders of magnitude, let us recall that we 
have assumed the input fields to be in the vacuum state. This assumption 
requires the number of thermal photons per mode to be smaller than 1 in the 
frequency range of interest (1iw < kBG with kB the Boltzmann constant and 
8 the temperature) . Low temperature technology thus points to experiments 
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using small mechanical structures providing optical resonance frequencies as 
well as mechanical oscillation frequencies in the GHz range. In this frequency 
range, the finesse of a superconducting cavity can reach 109 [7] . A peak ve­
locity v '::::'. 1 m/s, corresponding to an amplitude in the nm range, would thus 
be sufficient to obtain a radiated flux of 10 photons per second outside and a 
stationary number of 10 photons inside the cavity. It is important to empha­
size that the peak velocity considered in the present analysis is only a small 
fraction of the typical sound velocity in materials so that fundamental breaking 
limits do not oppose to these numbers. The photons may be detected, either 
by performing sensitive photon-counting detection of the radiated flux or by 
probing the state of the intra-cavity field using Rydberg atoms [7] . Therefore, 
if a technique is found to excite a vibrating motion with the above character­
istics, the challenge of an experimental observation of motional radiation in 
vacuum can be taken up. 
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MEASUREMENT OF THE CASIMIR FORCE IN AN 
OPTICAL CAVITY WITH 

A RESONANT TRANSDUCTION SCHEME 

P. Puppo, Univ. of Firenze, Dept. of Phys., P.le E. Fermi 2, 1-50185 Firenze 

Abstract 

In 1 948 Casimir and Polder11 , with their first calculations of the pressure between 
two conducting plates, showed the existence of the Casimir effect as a consequence of the 
vacuum fluctuations of the electromagnetic field. We present a experimental study to 
measure dynamically the Casimir force in a confocal optical cavity, using a mechanical 
resonant transduction scheme. 
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In a free cavity we cannot avoid to take into account the energy nw/2 of each mode of the 
quantized electromagnetic field which is present even if no measurable photons a.re present. 
The modes and, therefore, the zero-point energy, directly related to the Heisenberg uncertainty 
principle, depend on the boundary conditions which a.re fixed by the geometry of the system. 
The vacuum energy is a.lwa.ys infinite, but its change leads to the important physical consequence 
of the Casimir effect2-4l_ 

Severa.I experiments were performed to measure the Casimir force51 . In particular Sparna.a.y 
reported the test of the Casimir pressure: 

p = _1
_7r2 1ic 

' 240 d4 
( 1) 

using two conducting plates a.t distance 0.3 - 2.5 µm. 
All these experiments had to confront with the smallness of the force and the difficulty to 

disentangle the retarded from the non retarded (Casimir force) pa.rt of the Van der Waals force. 
For instance, in the case of Spa.rnaay experiment, the data could fit with Casimir behaviour 
which decreases a.s d-4 a.s well as with the non-retarded force which decreases as d-3, accordingly 
with the London theory. 

Here we will present an experiment which permits to measure the Casimir force a.t macro­
scopic distances, in an confocal optical cavity by means of a resonant transducer. 
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In a lossles optical cavity formed by two spherical mirrors of curvature R at distance d, the 
allowed normal modes TEMpmq• computed solving the self-consistent field equations are: 

Wpmq = :c [q + � (2p + m + 1) cos-1 ( 1 - �)] (2) 

where q labels the longitudinal modes and (pm) the transverse ones. 
If the distance between the two mirrors is equal to R, i.e. in a confocal cavity, a degeneracy 

between longitudinal and tranverse mode appears: according to equation (2) all the modes 
T EMk-j,2j,q-k resonate at the same frequency w00q when 0 � j � k. 

Let us suppose that one of the cavity mirrors is perfectly reflecting at the frequency fl 
within a bandwidth smaller than the distance between two subsequent longitudinal modes (free 
spectral range) 

flfl < 7rC 
d (3) 

As a consequence, only the longitudinal mode Wooq will resonate when fl - 8fl/2 � Wooq � 
fl +  8fl/2. This can be written as a resonance condition on the parameter q: 

dfl 
q '°' -7rC 

(4) 

When the longitudinal mode q will resonate in the cavity, also the modes in degenaracy with 
it will do the same, therefore the zero-point energy will be: 

(5) 

where N(wooq) = (a2 /4d)2 (w/27rc)2 is the number of transverse modes resonating at the same 
frequency w00q, calculated taking into account the diffraction losses due to the finite size of 
the mirrors having diameter a. From condition (4) we can argue that varying the distance d 
between the two mirrors of a quantity 

f; = 7rC 
2fl (6) 

it is possible to switch from the resonance configuration whose zero-point energy is E to the 
total absence of resonance with a null energy value. As a consequence a Casimir force arises 
between the two mirrors of the cavity, which is modulated with a period 28, and its magnitude 
can be estimated as6l : 

Fe =  lj!__ = 47r 
( lie) ( �)2 

8 >-5 \ 4d>-o 

where ,\0 = 27rc/f! is the central cavity wavelength. 

(7) 

The choice of the geometrical parameter of the confocal cavity has to fulfill two important 

constraints. 

The first condition is d irectly related to equation (3) ,  which can be rewrit ten as 

(8) 

The second constraint is concern ing the confoca.lity condition . If we \·ary the distance 

d = R, the mode c!Pgencracy is indeed partially reduced. As a consequence Fe decreases. For 
this rea.son \I'<' have to p1·a luat.e how much we can move the mirrors, keep ing the transverse 
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Figure 1 :  Experimental apparatus for the measurement of the Casimir force at long distances 

modes degeneration. If d = R(l - E) it can be shown that the number of degenerate modes 
results bounded by the condition 

N < ('rr/E)2 (9) 

The experimental apparatus we are setting up is shown in the Fig. 1 .  In the optical cavity 
the mirrors have a diameter a = 1 cm and a curvature R = 1 .5 cm and one of them is a notch 
optical filter with a bandwidth 6.12 c:e io-sn and ,\0 = 1064nm. 

The variation of the distance d is perfomed using a cilindric piezoelectric actuator which 
moves one mirror with a maximum displacement l = 20 pm (E = 1 . 3  x io-3, N < 5.6 x 106) .  
With these characteristic parameters we have a degeneracy number N = 9 x 1 04 which permits 
io satisfy both constraints (8 ,9 ) .  The value of the corresponding force computed using the 
formula (7) is: 

Fe c:e 7 mdyne 

In order to increase the displacement induced by the force, one of the mirrors is mounted 
on one face of a resonant mass m = 70 g, having a frequency of about 1Jn = 75 Hz with 
a. mechanical quality merit factor Q = 1000. To obtain a time modulation of the force at 
frequency IJR, being the force space modulated with a period 2/i, it is sufficient. to move the 
mirror by means of a piezoelectric with a velocity v = 1!rAo/2 = 1 .9 x io-5 m/ s, i.e. with 
a frequency l/p = v / l = 1 Hz. Any mechanical coupling between the piezoelectric and the 
resonator is consequently avoided. 

The maximum displacement of the resonating mass due to the Casimir force is: 

Fe Fcq .r,,, ,,, = [X(wn ) [  = [ !!(w11 ) [- = --, = 11 n m  11l 1110.:; ( 1 0 )  
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where X(w) in the Fourier transform of the monitored displacement x(t), H(w) = l/(w'k - w2 + 
iwwR/Q) is the trasfer function of the harmonic oscillator. 

The other face of the resonator is equipped with the mirror belonging to an interferometer 
which is used to detect the signal. The arms of the interferometer are L = 12 cm, and we plan 
to use a frequency stabilised He-Ne laser to illuminate it. 

All the experimental apparatus is located in a vacuum chamber and the measurement is 
performed at room temperature. 

The principal noise contributions on the signal output are the thermal noise of the resonating 
mass, the shot noise and the pressure radiation noise of laser light. 

The thermal noise, due to the brownian motion of the harmonic oscillator at its resonant 
frequency VR is: 

( 1 1 )  

The shot and the radiation pressure noise, which are both related to the discrete nature of 
light, can be expressed in terms of equivalent displacement on the resonant mass: 

Xshot == ( 12) 

1 27rhP;n -2• Xrnd.pres. = --2- --1- = 3 .8 X 10 m 
mwR CA ( 13)  

The values, obtained with P;n = 1 mW, are well below the signal we are going to detect, as 
a consequence, they are negligible. 

The mechanical parts of the experimental apparatus have been designed in order to have 
all resonances of the structures higher than the monitored one. 

Thanks to the macroscopic dimension of the optical cavity, it will be possible to perform a 
high sensitive measurement with the total absence of the Van der Waals forces. 

I wish to thank Prof. E. Iacopini for his support and encouragement in the realisation of 
this experiment. 
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M ESURE DE LA FORCE DE CASIMIR DANS UNE C AVITE OPTIQUE 
PAR UN SCHEMA D E  TRANSDUCTION RESONANT 

Resume 

En 1 948 Casimir et Polcler demonsterent !'existence de ! 'effect Casimir comme consequence 
des fluctuations du vide du champ electromagnetique. Nous presentons un etude experimental 
pour mesurer dynamiquement la force de Casimir dans une cavite confocale en utilisant un 
schema de transduction resonant. 



DATA SECURITY AND QUANTUM MECHANICS 
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Abstract 
Is there such a thing as a truly secret code? The ancient art of concealing information 

has in the past been matched by the ingenuity of code-breakers. But a combination of 
quantum physics and cryptography promises to dash the hopes of would-be eavesdroppers, 
perhaps for good. We provide a brief introduction to quantum cryptography and comment 
on the current experimental developments in the field. 

1 What is wrong with classical cryptology ? 
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The purpose of cryptography is to transmit information in such a way that access to it is re­
stricted entirely to the intended recipients. Originally the security of a cryptotext depended 
on the secrecy of the entire encrypting and decrypting procedures; today we use ciphers for 
which the algorithm for encrypting and decrypting could be revealed to anybody without com­
promising the security of a particular cryptogram. In such ciphers a set of specific parameters, 
called a key, is supplied together with the plaintext as an input to the encrypting algorithm, 
and together with the cryptogram as an input to the decrypting algorithm. The encrypting and 
decrypting algorithms are publicly announced; the security of the cryptogram depends entirely 
on the secrecy of the key, and this key must consist of any randomly chosen, sufficiently long 
string of bits. 
Once the key is established, subsequent communication involves sending cryptograms over a 
public channel which is vulnerable to total passive eavesdropping (e.g. public announcement in 
mass-media). However in order to establish the key, two users, who share no secret information 
initially, must at a certain stage of communication use a reliable and a very secure channel. 
Since the interception is a set of measurements performed by the eavesdropper on this channel, 
however difficult this might be from a technological point of view, in principle any classical key 
distribution can always be passively monitored, without the legitimate users being aware that 
any eavesdropping has taken place. 
Mathematicians have tried hard to solve the key distribution problem. The 1970s brought a 
clever mathematical discovery in the shape of 'public key' systems1•2l. In these systems users 
do not need to agree on a secret key before they send the message. They work on the principle 
of a safe with two keys, one public key to lock it, and another private one to open it, Everyone 
has a key to lock the safe but only one person has a key that will open it again, so anyone 
can put a message in the safe but only one person can take it out. These systems exploit 
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the fact that certain mathematical operations are easier to do in one direction than the other. 
The systems avoid the key distribution problem but unfortunately their security depends on 
unproven mathematical assumptions, such as the difficulty of factoring large integers (RSA 
- the most popular public key cryptosystem gets its security from the difficulty of factoring 
large numbers2l). This means that if and when mathematicians or computer scientists come up 
with fast and clever procedures for factoring large integers the whole privacy and discretion of 
public-key cryptosystems could vanish overnight. Indeed, recent work in quantum computation 
shows that quantum computers can factorize much faster than classical computers3l. 

2 Quantum Cryptography 

While classical cryptography employs various mathematical techniques to restrict eavesdroppers 
from learning the contents of encrypted messages, in quantum mechanics the information is 
protected by the laws of physics. In classical cryptography an absolute security of information 
cannot be guaranteed. The Heisenberg uncertainty principle and quantum entanglement can be 
exploited in a system of secure communication, often referred to as "quantum cryptography"4) . 
Quantum cryptography provides means for two parties to exchange a enciphering key, consisting 
of a random sequence of binary numbers, over a private channel with complete security of 
communication. 
There are basically two main types of quantum cryptosystems for the key distribution, these 
are: 

1. Cryptosystems with encoding based on non-commuting observables or non-orthogonal 
quantum states5•6l. 

2. Cryptosystems with encoding based on quantum entanglement7l. 

Quantum cryptosystems based on non-commuting observables or non-orthogonal quantum 
states can be explained with the following simple example. The system includes a transmitter 
and a receiver. A sender may use the transmitter to send photons in one of four polarisations: 
0, 45, 90, or 135 degrees. A recipient at the other end uses the receiver to measure the po­
larisation. According to the laws of quantum mechanics, the receiver can distinguish between 
rectilinear polarisations (0 and 90) , or it can quickly be reconfigured to discriminate between 
diagonal polarisations ( 45 and 135); it can never, however, distinguish both types. The key 
distribution requires several steps. The sender sends photons with one of the four polarisations 
which are chosen at random. For each incoming photon, the receiver chooses at random the 
type of measurement: either the rectilinear type or the diagonal type. The receiver records 
the results of the measurements but keeps them secret. Subsequently the receiver publicly an­
nounces the type of measurement (but not the results) and the sender tells the receiver which 
measurements were of the correct type. The two parties (the sender and the receiver) keep 
all cases in which the receiver measurements were of the correct type. These cases are then 
translated into bits (1 's and O's) and thereby become the key. 
An eavesdropper is bound to introduce errors to this transmission because she does not know in 
advance the type of polarisation of each photon and quantum mechanics does not allow her to 

acquire sharp values of two non-commuting observables (here rectilinear and diagonal polarisa­
tions). The most general eavesdropping strategy can be described as a unitary transformation 
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that entangles the transmitted state to an external system which is subsequently measured by 
the eavesdropper. The two legitimate users of the quantum channel test for eavesdropping by 
revealing a random subset of the key bits and checking (in public) the error rate. Although 
they cannot prevent eavesdropping, they will never be fooled by the eavesdropper because any, 
however subtle and sophisticated, effort to tap the channel will be detected. 
In practice the legitimate users face the problem of distinguishing errors due to entanglement 
with an eavesdropper (caused by her measurements) from errors due to the innocent channel 
noise which cannot be avoided even in the eavesdropping-free environment. Several mathemat­
ical techniques, most notably the 'privacy amplification'8l, were developed to solve the problem 
but they do not cover the whole repertoir of possible eavesdropping strategies. Current research 
efforts are concentrated on specifying practical security criteria which will make the protocol 
described above operable. 
Let us now describe briefly the entangled-based quantum cryptography; the basic idea is as 
follows. A sequence of correlated particle pairs is generated, with one member of each pair 
being detected by each party (for example, a pair of so-called Einstein-Podolsky-Rosen photons, 
whose polarisations are measured by the parties) .  An eavesdropper on this communication 
would have to detect a particle to read the signal, and retransmit it in order for his presence 
to remain unknown. Otherwise, in a more sophisticated eavesdropping strategy the correlated 
pairs undergo an entanglement with the eavesdropper's system, that is subsequently measured. 
However, both strategies destroy the quantum correlation of one particle of a pair with the 
other, and the two parties can easily verify whether this has been done (without revealing the 
results of their own measurements) by communication over an open channel. 
In a noisy quantum channel the distributed pairs become entangled also with the environment. 
It has been shown recently that the entanglement-based cryptosystems can be supplemented 
with a procedure known as 'quantum privacy amplification' which allows to distill a fraction of 
the distributed pairs9l whose entanglement with any outside system (including the eavesdrop­
per) is arbitrarily low. The legitimate users can then use the distilled pairs for establishing the 
key - these pairs are not entangled with eavesdropper's measuring device and therefore the key 
is guaranteed to be perfectly secure. 

3 Practicalities 

A photon polarization measurement scheme has been used to make a working quantum key 
distribution system in a laboratory at the IBM Thomas J. Watson Research Center5l, which 
transmitted over the modest length of 30 cm at a rate of 10 bits/second. This experiment 
was set up to demonstrate the principles of quantum cryptography rather than to build a 
working prototype. Progress in quantum optics has resulted in new photon sources, new photo­
detectors, and better optical fibres; the components which have the potential for exhibiting the 
relevant quantum phenomena over much larger distances. For example, polarization based 
scheme has been successfully tested over a distance of 1 km10), quantum entanglement has been 
tested over a distance of 4 km11l, and single-photon interference fringes have been produced in 
transmission over 10 km of fiber optic cable12l (recent experiments in the laboratory have also 
shown that single-photon interference schemes with key generation rates of a few kilo bits per 
second are already feasible for propagation distances of about 50 km.13l). Moreover, in more 
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recent experiments a polarisation-based quantum cryptographic channel has been successfully 
implemented in the laboratory using 26 km of coiled optical fibre and in the outside world, below 
Lake Geneva, operating with standard installed Swiss Telecom PTT fibres over a distance of 
23 km14l. This holds out a reasonable prospect for implementation of a secure key distribution 
system on a large local area network, transmitting at about 20k bits per second with present 
technology. 

A.E. is supported by the Royal Society and C.M. by the European HCM Programme. 
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Recent progress in trapping and laser cooling has allowed to hold a single ion in the lowest 

level of the 3D trapping potential1) .  Although the original idea was to use this system in 

high resolution metrology, it is now recognized that trapped ions are also ideally suited for 

fundamental studies on Quantum Mechanics2l. Under a specific regime, trapped ions have 

been proposed as an alternative implementation of the well-known Jaynes-Cummings Model, 

usually found in the cavity QED context. This model describes the interaction of a two-level 

system with a harmonic oscillator. In the case of a single trapped ion, the dissipation in the 

oscillator (motion in a harmonic potential) is very small, and the coupling between the two-level 

system and the harmonic oscillator can be easily monitored just changing the laser intensity or 

frecuencies. 

In this work, we will concentrate on the interaction of trapped ions with an environment. As 

it is well known, this coupling leads to dissipation and decoherence in quantum systems, which 

cannot be considered anymore as closed systems following unitary evolution. These processes 

depend critically on the way the system couples to the environment. We will show how to 
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design this coupling in a situation that is experimentally accessible with already developed 

technology. The system under consideration will be an ion confined in an electromagnetic 

trap, and the environment will be the vacuum modes of the electromagnetic field. We stress 

that the trapped ion is also a unique system to study the effects of decoherence in view of 

the recent experimental and theoretical advances, since: (i) on can preµare a variety of non­

classical states3--4l ; (ii) one can perform tomographic measurements that is, one can measure 

the complete density operator of the system after any given interaction time to characterize the 

effects of decoherence5l . Thus, the method we propose gives experimental access to physical 

situations that so far have been regarded as simple theoretical models to acquire a better 

understanding of the process of decoherence. It also opens new possibilities to study other 

more exotic situations that have not been studied yet since they were considered to be too far 

from realizable experiments. 

In general, the master equation describing the markovian coupling between a harmonic 

oscillator and the environment is (ti = 1) 6) 

p = -i [H0 , p] + 1(2f pf! - JIJ p - pJIJ) , (1 )  

where p i s  the reduced density operator for the system after tracing over the states of  the 

environment, Ho is the ion Hamiltonian, and f operators acting on the ion's Hilbert sµace 

(here we have considered a single decay channel) .  The operator f and the parameter / reflects 

the system-environment couµling. For a harmonic oscillator, f will be a function of the creation 

and annihilation operators a and at , which are defined as usual 

X = J 2�)a1 + a) ,  P = i�(a1 - a) , (2) 
where X and P are the position and momentum operators and M the particle's mass. 

The solution and interpretation of this master equation can be formulated in the light of 

continuous measurement theory. According to this theory, the evolution of a state Ill!)  in a 

given experiment takes place in steps, which are composed of: (a) continuous evolution under 

an effective non-hermitian Hamiltonian l ll! (t)) = e-iH.fft lll! ) ,  where Herr = Ho - iff1J; (b) 

quantum jump according to l ll! (t+&) ) = f l ll! (t) ) (the operator J is thus called jump operator) .  

The way decoherence takes place on the system depends on the particular form of the jump 

operator f, which in turn depend on the coupling between the system and the environment, as 

well as on the state of the latter. In particular, a state Ill! )  fulfilling Jiil!) = 0 will be unaffected 
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by decoherence, and therefore it  can be considered as the steady state (at least for a particular 

set of initial conditions) . One might find numerous examples in the literature considering jump 

operators, for which the process of decoherence is qualitatively different. Unfortunately, from 

the experimental point of view there are only few physical systems in which the process of 

decoherence can be studied. Moreover, in most of them the coupling with the environment has 

a fixed form which has precluded so far from testing interesting theoretical predictions. Our goal' 

is to design different Markovian couplings between a system and an environment, which would 

permit a systematic study of decoherence e�perimentally. The coupling between the motion of 

the ion (the system) and the environment (vacuum modes of the electromagnetic field) takes 

place through the absorption of a laser µhoton and subsequent spontaneous emission. We will 

show that for low laser intensities and by choosing the laser frequencies one can select the 

effective coupling between the motion of the ion and the environment. 

Let us consider a single ion moving in a one-dimensional harmonic potential and interacting 

with a laser in a standing wave configuration of frequency WL, close to the transition frequency 

w0 of two internal levels lg) and le) . Using standard methods in quantum optics, the master 

equation that describes this situation can be written in the general form 

p = -iHetrP + ipHetr + J{J, (3) 

with 

Hett (4) 

.:T p (5) 

where H,11 is the effective non-hermitian Hamiltonian and .:J the recycling superoperator. 

Here, CT+ = le) (gl = (u_ )1 and lTz = l e) (e l - lg) (g l are usual spin-� operators describing 

the internal transition, v is the trap frequency, r the sµontaneous emission rate, and 'f/ = 

1/(2Mv)(!/2) the Lamb-Dicke parameter, with M the ion mass. In the expression for the 

jump superoperator, the exponentials are related to the photon recoil that takes µlace in each 

spontaneous emission process, and the integral takes into account the different angles at which 

that photon can be emitted, with a normalized dipole pattern N(u.) . In the Hamiltonian 

describing the coupling with the lasers, n is the Rabi frequency, and <P characterizes the relative­

position of the trap center with respect to the node of the laser standing wave. Here we will 
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assume that either <f> = 0 (excitation at the node of the standing wave) or </> = 7r /2 (excitation 

at the antinode) .  

Our goal now is to find physical situations in which this master equation can be approx­

imated by the one given in (1) ,  in such a way that by selecting the laser parameters (laser 

frequency and intensity) we can have different jump operators f. As a first step, we will sym­

plify the coupling describing in the previous Hamiltonian. To do that, we move to a rotating 

frame defined by the unitary operator U = ci(vata+1wo<T,)t. Following Ref. 3) we assume that: 

(i) For excitation at the node (</> = 0), 6 = WL - w0 = (2k + l)v (k = 0, ±1 ,  . . .  ) (ii) For. 

excitation at the antinode (</> = 7r/2) , 6 = 2kIJ (k = 0 ,±1 ,  . . .  ). In this rotating frame ex­

panding the above master equation in terms of the Lamb-Dicke parameter (r1 « 1) ,  assuming 

r « IJ, and together with low intensity considerations allows one to include in the coupling 

Hamiltonian only on-resonance terms (i.e. to perform rotating wave approximations) , we get 

Heff = %(cr+f + Jiu_ ) ,  where both O' and the form of the operator f depend on the frequency 

of the laser. For example, for 6 = -v, we have J = a, and O' = n'T//2, whereas for 6 = -2IJ, 

f = a2, and O' = -Or12 /6 (see Fig. 1 ). Apart from the strong confinement, in the first case, the 

RWA can be performed for O' « v, whereas in the second case it is needed 02/IJ « 0' . This 

two conditions can always be fulfilled for low enough laser intensity, and together with n' « r 
define the low intensity limit. Although here we will be interested in jump operators at most 

quadratic on a and at, it is clear that the above procedure can be easily generalized to include 

operators with higher orders. 

In the next step we eliminate adiabatically the internal excited state using standard proce­

dures of quantum optics. Physically, since O' « r the ion practically spends no time in the 

excited level and therefore we can elliminate it. Finally, expanding the resulting equation in 

powers of r1, we find the desired master equation (1 ) ,  with corrections of the order r/2. The 

master equation will be valid for times such that these corrections are nut important, that is for 

times t « (/T/2nJ-1 where n is the typical phonon number of the state of the ion. Nevertheless 

in the Lamb-Dicke limit this time can be much longer than the time requiered to reach the 

steady state using the approximated master equation. 

According to our analysis, by varying the laser frequency we obtain the master equation 

with different jump operators f. Note that through the adiabatic elimination we are coupling 

effectively the motion of the ion with the environment. The fact that this coupling takes place 
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Jn+2,e> 

ln- 1 ,e> Jn,e> 

Jn- 1 ,g> 
Jn-2,g> 

Figure 1: Level scheme for different laser configurations leading to various jump operators. 

through the ausorption of laser photons, and we have to choose the way on how this actually 

happens, allows to manipulate the coupling system-environment. 

Let us show how to design a variety of jump operators. For example, consider the case in' 

which two lasers of frequency w1 + v and WL - z; interact with the ion. In this case, following 

the same arguments as before, one can easily show that the jump operator is J = µa + vat, 

where µ2 - v2 = 1 and µ/v is the quotient of the Rabi frequencies. Thus, one can produce a 

squeeze vacuum coupling6) , and vary the squeezing parameter at will. In particular, choosing 

equal Rabi frequencies, the jump operator is f = a +  at ex: x, which correspond to the case 

analized theoretically by Zurek7l , Caldeira and Legget8l and other authors, to describe the 

dynamics of the decoherence process. Another interesting combination of lasers , give rise to 

the jump operator f = a2 - a2 , where a is a given c-number. In this case, one needs a weak 

laser on resonace and another one such that wL = w0 - 2v. The value of a2 is determined 

by the quotient of the effective Rabi frequency corresponding to these laser excitation. There 

are other possibilities to design other jump operators. For example, it is possible to use the 

three spatial dimensions of the ion motion, and to excite the ion with lasers propagating along. 

different directions to vary not only the Rabi frequency but also the Lamb-Dicke parameter. 
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Figure 2 :  Internal level excitation corresponding to a two-level system in a squeezed vacuum. 

One can also have a master equation with more than one jump operator by exciting two or 

more different internal transitions with lasers. There is also the possibility of having lasers 

coupling two different internal levels separately, so that one has a two-levels system coupled to 

a harmonic oscillator (the motion) which is damped . An interesting case is the one in which the 

damping of the harmonic oscillator corresponds to a squeezed reservoir, since in this case one. 

can test experimentally some of the predictions made some time ago6) about the decoherence 

in this problem (Fig. 2). 

In summary, we have proposed a way to design master equations for experimental test of 

the ubiquous phenomena of decoherence in quantum mechanics. This opens a new testground 

to experience with many phenomena that so far have been only addressed theoretical point of 

view. With the recent set of experiments carried out recently by the group of Wineland at Nist, 

it is clear that our proposal is at reach of present technology. 
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Abstract 

A quantum computer is a theorist's dream: it operates exponentially faster than any 
ordinary one, making difficult problems (such as factorization) tractable. At the same 
time, it is an experimenter's nightmare since any large scale realization is doomed by the 
decoherence process. We discuss briefly this topic in the light of recent quantum optics 
experiments. 
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Present computer rely on classical physics to code and manipulate information. The ele­
mentary information is a bit, taking either 0 or 1 value. The calculation is an irreversible pro­
cess driving the computer from its inital state (containing one possible input to the program) 
to its final state containing the corresponding result. A computer which would manipulate 
quantum systems (qbits) as the elementary information carriers, through a unitary quantum 
evolution1 • 2) , would behave in a strikingly different way. Taking benefit of the superposition 
principle, it could process simultaneously all the possible inputs. This "massive quantum par­
allelism" enables the quantum computer to perform in a single run 2n calculations on an n 
qbits input. 

The interest in quantum computers raised recently with the discovery by Shor of an al­
gorithm performing efficiently large integers factorization on a quantum computer3• 4) . This 
problem is well known to be complex for standard computers. The best known algorithms5) 

take a time growing almost exponentially versus size (number of bits), preventing numbers 
with more than 500 bits to be factorized in practical times. Large numbers factorization lies 
therefore at the heart of most cryptographic systems. Since the Shor's algorithm performs this 
factorization in a time growing only as the square of the input size, a quantum computer could 
break easily all the cryptograms. 

It is not possible to give here a detailed account of this algorithm. We only emphasize the 
most important points. Like in a classical computer, the numbers are encoded into words of 
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n qbits, spanning a Hilbert space with dimension 2n . A convenient basis (the so-called "com­
putation basis" ) is the direct product of the individual qbits "logical levels" IO) and I I ) .  Each 
of the 2n kets in this basis can be represented as a string of binary digits, each corresponding 
to a single qbit, and associated to an integer number between 0 and 2n - 1 .  A calculation is a 
unitary transform changing each ket in the basis into another one. The Shor's algorithm makes 
use of two quantum registers. The values coded by one (and thus its state) depend upon the 
values (or upon the state) of the other. The two registers are said to be entangled: they are in a 
state which cannot be cast as a product of two independent ones. For large n's, such entangled 
states are macroscopic versions of the entangled spin pairs at the heart of the EPR paradox6l . 
Quantum nonlocality therefore plays an important role in quantum computing: the projection 
postulate allows to alter one register's contents by measuring the other. This process is used 
in Shor's algorithm to extract the result of the computation. The central role of quantum 
projection makes the quantum computer very different from any optical computer, which could 
also be able to manipulate linear superpositions (of polarizations) .  

A quantum computation amounts i n  a series of unitary transforms performed on the entan­
gled registers. Each transformation can be split into elementary operations involving only two 
or three qbits. By analogy with classical computers architecture, these elementary processes 
are called quantum gates or qgates7' s, 91 . Various types of qgates have been proposed. Most of 
them are "universal" ,  meaning that any computation could be performed by a network made 
of interconnected copies of the same gate. Most of the two-bits qgates implement conditional 
quantum dynamics. The state of one of the qbits (the "control bit" ) controls whether or not 
the other (the "target" ) undergoes a unitary evolution. The control bit state is not altered. 
The simplest version is the "'controlled not" qgate10l . When the control bit is in IO) , the target 
bit is unchanged. When the control bit is in state I I ) ,  the target bit undergoes a 7f rotation, 
amounting to the transform IO) --> I I )  and I I )  --> -10) .  This conditional dynamics clearly 
entangles the two qbits. This qgate can also be viewed as a measurement of the control qbit: 
if the target is initially in IO), its output state will be identical to the one of the control. This 
is a Quantum non Demolition process11) , since the state of the measured system is unchanged. 

Various physical implementations of qgates have been proposed. The schemes for QND mea­
surement at the single quantum limit can be transposed in a controlled not gate. For instance, 
we have proposed a QND field intensity measurement at the photon level using "circular" Ry­
dberg atoms interacting with very high Q superconducting millimeter wave cavities12l . The 
realization of this scheme would also demonstrate operation of a controlled not. Conditional 
dynamics has already been demonstrated experimentally13l , but the entanglement between the 
two qbits has not yet been observed. Improvements in progress now should allow us to explore 
this entanglement. Recent demonstration of similar conditional dynamics in an optical cavity 
quantum electrodynamics experiment has been performed14l . Another very promising system 
is made of a single trapped, laser cooled ion. Laser manipulation of the internal and vibration 
degrees of freedom allows one to realize various types of conditional dynamics, including the 
controlled not gate as demonstrated recently15l . The entanglement of the two qbits has not 
been evidenced, but it is clear that a full demonstration of a two bits quatum gate will occur 
in the next months. 

Realization of a single gate does not mean that a large scale quantum computer could be 
built. At variance with ordinary computers, a quantum one is much more than the sum of 
its parts. The calculation succeeds only if the entanglement between all the involved qbits 
survives during the whole process. A macroscopic quantum computer would be at any stage 
of the computation in a superposition of many macroscopically different states. It would be 
even more complex than the cat imagined by Schrodinger to be in a quantum superposition of 
its dead and alive states16l . Such macroscopic superpositions are extremely fragile, explaining 
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why they are never observed in our macroscopic world. The efficient coupling of large objects 
to thermodynamic reservoirs causes a fast evolution, called decoherence1 7) , from a quantum 
superposition to a statistical, incoherent mixture. The decoherence rate is proportional to the 
"size" of the system. 

The simplest part of a quantum computer, an n qbits register, looses its coherence with a 
rate nI', where I' is the decay rate for a single qbit. The calculation success probability is thus 
exp(-nI'T), where T is the total calculation time, product of the number of elementary gate 
operations, top, multiplied by the number of operations, Nop· The maximum value of Nopn is 
therefore of the order of the qbit "figure of merit" , l /(I'top). For most systems known as good 
candidates to the realization of a qgate, the ultimate figure of merit is between 104 and 106 . 
Since factorization of a p bits number with the Shor's algorithm requires about n = 5p storage 
bits and Nop � 300p3 operations18) , we get nNop � 1500p4. A figure of merit of 106 , achievable 
with present technology at the expense of an experimenter's nightmare, makes it possible to 
factor a p = 4 or 5 bits number, not quite a feat! Factoring an "interesting" number, with 600 
bits, requires improving the figures of merit above this ultimate limit by at least 8 orders of 
magnitude! 

One might think that the above limitations are of a mere technical nature, and could be 
overcome with the development of technology. We think it is quite not the case, and that there 
are fundamental limits to the figure of merit. Since we have to get an handle on the qbits states, 
in order to manipulate them during the qgates operations, this input channel necessarily adds 
some noise, at least of a quantum nature. If we consider, for instance, qbits coded in a two­
level atomic system, such as in the cavity QED experiments, the noise is spontaneous emission, 
whose rate increases with the atomic dipole. Reduced noise means therefore a small dipole, 
and hence a long time to perform a system transformation by acting on the same dipole. This 
argument sets in fact a limit to the figure of merit of the order of N a-3/2, where N is the typical 
quantum number of the levels and a the fine structure constant. With N = 50, the limit value 
is of the order of 105 , quite close to the already achieved one, and far from the requirements 
for a large scale computer. Let us mention that N cannot be arbitrarily increased, since the 
levels are increasingly sensitive to decoherence by stray electric field (the Stark polarisability 
of Rydberg levels scales like N7! ) .  In the case of the trapped ions technique, the situation is 
somewhat different, since the qbits manipulations involve Raman transitions between ground 
state levels, with basically infinite lifetime. However, spontaneous emission after an unwanted 
transition to the excited relay level also puts a limit to the figure of merit, of the order of a-3, 
about 2. 106 . It is very likely that other system would lead to similar fundamental limits. 

Decoherence puts very strong limitations on the feasibility of a quantum computer. The 
only escape would be to devise "error correction codes" , restoring the quantum coherence in 
spite of the relaxation processes. Some schemes have been proposed19) , which could improve 
the effective figure of merit of the calculation by correcting errors at the first order. However, 
these codes add a tremendous overhead to the complexity of the system. As for classical error 
correction codes, they encode the information in a redundant way, using at least 3 qbits instead 
of a single one. Keeping in mind that, in spite of continued efforts, quantum physicists have 
not yet been able to produce a single triplet of entangled particules, it seems unlikely that they 
could be close to use such entangled states to process information. The time scales involved in 
the development of such devices with the present techniques is far beyond a man's life. 

Quantum computing is a graal which will never be reached, unless a completely new tech­
nology appears. If it would be the case, it would have much farther reaching consequences than 
the mere calculation problem. It would indeed change completely our perception of the border 
between the classical and quantum worlds, since it would allow macroscopic objects to behave 
in a quantum way. Even if this is not possible, there are very interesting fundamental quantum 
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mechanics problems related to this quest .  The first one is to get a better understanding, both 
theoretical and experimental, of complex entangled quantum systems. Realizing systems with 
three or four entangled qbits, testing the non locality of quantum mechanics, using them for 
new quantum cryptography schemes, would be a major breakthrough. The quantum computing 
vocabulary gives us valuable insights into the ways to prepare and manipulate such quantum 
systems. Decoherence is another major point. Besides dooming any attempt to build a large 
scale computer, this process plays a very important role, preventing our everyday life from 
being quantum. For all non elementary systems known today, the decoherence times are so 
short that decoherence has never been observed. Preparing a mesoscopic quantum coherence 
and observing it while it relaxes to an incoherent superposition is one of the most challenging 
issues of modern quantum physics. Finally, the study of quantum error correction codes is also 
very interesting for a next step. Their inherent complexity make them of little help to save 
large scale quantum computers, but the possibility to act on decoherence and to limit its effects 
to some extent is certainly a fascinating one. 

In conclusion, it is important to make clear that, unless some completely new physics ap­
pears, the use of quantum mechanics to perform calculations is not a reasonable prospect. 
However, very important fundamental quantum mechanics problems at the heart of the "com­
puting" process have a very large interest. Moreover, they can be explored experimentally in 
the simplest configurations (a few qbits) with cavity quantum electrodynamics or ion traps 
techniques. These problems are by themselves of such an importance that it is not necessary 
to oversell them as new schemes for computing, which would sooner or later backfire and cast 
serious doubts about the whole topic. 
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Abstract 
The French-Italian gravitational wave detector VIRGQl-3) is presently under 
construction. It will be a Michelson type laser interferometer with 3 km long 
arms containing Fabry-Perot cavities for increasing the effective arm length, 
and using the technique of light recycling for increasing the effective laser 
power. This paper gives a short overview over the most important noise 
sources limiting the sensitivity of interferometric gravitational wave detectors, 
and describes the principal elements constituting the VIRGO interferometer. 
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Introduction 

Gravitational waves 
Gravitational waves are fluctuations of the geometry of space-time, predicted by 
Einstein's theory of General Relativity. The effect of a gravitational wave on two 
free floating particles sitting on given space-time coordinate points is a change in 
distance, like between two balls swimming on wavy water, if their distance is 
measured along the water surface. Gravitational waves (GW) are quadrupolar (i.e. 
tensorial), such that a ring of free particles is deformed to an expanding and 
contracting ellipse; accordingly, a mass distribution with a changing quadrupole 
moment emits GW. For example, the earth-moon system radiates 5.6 µW of GW 
energy, the earth-sun system 1 87 W, and two black holes of one solar mass turning 
around each other at 3 km distance 1Q50 W. From these values it is plausible, that 
laboratory generation of reasonably strong GWs is not possible; for a direct proof 
of their existence, GW s from astrophysical events are needed. Examples are: 
• extremely close compact binary stars, losing energy due to GW and therefore 

inspiralling and finally colliding 
• non-spherically symmetric supernova explosions 
• rapidly rotating neutron stars with a quadrupole moment 
• a stochastic GW background from indistinguishable individual sources or 

surviving from the big bang 
The field strength of GW's is defined as the relative change in distance, h = 2·LiL/L 
(dimensionless strain amplitude). Even if the transported energy is considerable, the 
resulting strain is extremely small: In the black hole example from above, the flux 
received on earth at a distance of 10 Mpc would be 100 W/m2, but the induced 
relative length change h is only of the order of l Q-2 1 . Therefore, extremely 
sensitive detection mechanisms are required. 

Detection of Gravitational waves 
The first experiments for the detection of GWs by Weber in the 1 960's4) were 
aluminum cylinders, whose internal resonances can be excited by a GW and read 
out capacitively. A different scheme uses the Michelson interferometer for 
detection. An incident GW, if properly polarized, increases one arm length and 
reduces the other one, and the resulting arm length difference can be detected at the 
interferometer output. Since no internal resonances are involved, a large detection 
bandwidth is possible (in the case of VIRGO, 10 Hz to 10 kHz). The sensitivity can 
be enhanced by taking longer arms, because the length difference LiL is 
proportional to the arm length L. If the arm length exceeds one fourth of the GW 
wavelength, however, the signal reverses its sign before the light round-trip is 
completed, and the sensitivity decreases. For a typical GW frequency of 1 kHz, one 
obtains an optimum of 75 km, which is obviously very difficult to realize. But one 
can have the light perform several roundtrips in the arm before coming back to the 
beam splitter (optical delay line)5), thus increasing the effective arm length. The 
alternative chosen by VIRGO consists in inserting an additional mirror in each arm, 
thus creating Fabry-Perot cavities in the arms which store the light6). In this way, 
the physical arm length can be reduced to 3 km, which is feasible, but still a 
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challenge. A further reduction of arm length is not possible because of the thermal 
noise of the mirrors (see below). 

In order to minimize photon noise, the power of the laser illuminating the 
interferometer must be as high as possible. Since the detection sensitivity is 
optimum when the interferometer is operated at a dark fringe, almost all the light 
entering the interferometer (minus the losses) is reflected back towards the laser. 
By inserting an appropriate mirror, this light can be sent back to the interferometer 
(recycling)?); effectively, a resonant cavity is formed with a resonant enhancement 
which in the case of VIRGO is of the order of 50. Thus an input power of 20 W 
gives an effective power incident on the beam splitter of 1 kW. 

The optical structure of VIRGO, resulting from these considerations, is 
shown in Fig. 1. The interferometer consists of one beam splitter and five mirrors. 

mode 
cleaner 

dZ 

LZ 

d1 

Photodetecto1 

VIRGO 
L 1=L2=3km 
d7=d2=12m 

L 1  

light storage 

Fig. 1 :  Optical structure of the VIRGO interferometer. 

The VIRGO interferometer and its main noise sources 

The VIRGO interferometer is presently under construction in Italy with the 
participation of laboratories from the French CNRS (Annecy, Lyon, Orsay, Paris) 
and the Italian INFN (Frascati, Napoli, Perugia, Pisa, Roma). As it could already be 
seen in the introduction, the design of laser interferometric GW detectors is largely 
determined by the noise sources one wants to minimize. The following overview 
over the various noises affecting the detection sensitivity therefore allows to 
introduce some of the main aspects of VIRGO. 
Seismic noise: Since the mirrors are not, as they would be in the ideal case, freely 
falling masses, unavoidable vibrations of the ground due to seismic human activity 
couple to them. All important optical components are therefore suspended as 
pendulums. A simple pendulum damps vibrations of the suspension point with l/v2 
above the resonance frequency v0• In VIRGO, the mirrors are suspended on seven­
stage pendulums (superattenuator), where each stage provides seismic isolation in 
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all six degrees of freedom. A superattenuator thus gives a seismic isolation of 1fyl4 
above the resonance frequency, assuring that seismic noise becomes negligible 
above 3 Hz. In order to reduce the residual motion of the suspended mirror, the 
second stage is equipped with an electronic damping system which kills the most 
important resonances. In a first prototype, residual rms movements of a few µm 
were measured above about 0.1 Hz. 

pressure 

Laser noise 
(freq., power) 

', 
--- - - ,({)detector 

Shot noise 

Fig. 2: Overview over some important noise sources. 

noise 

Thermal noise: A thermal energy of 112 kT is stored in each degree of freedom 
of a thermally equilibrated system, exciting each vibrational mode with a certain 
amplitude. Especially internal modes of the mirrors causing the whole surface to 
vibrate back and forth will mimic an arm length change. The most disturbing effect 
is a wide band noise floor below the resonance itself; it is in fact the sum of the 
noise floors of all internal mirror modes which limits the VIRGO sensitivity in the 
medium frequency range8). Thermal noise also causes the pendulum, at which the 
mirror is suspended, to oscillate, and excites violin modes of the suspension wires. 
Thermal noise can be minimized by selecting materials with a high mechanical 
quality factor; by selecting a specific mirror shape and weight, the position of the 
resonance peaks can be manipulated. A heavy mirror (VIRGO: around 20 kg) 
assures that a given excitation energy leads to a small surface amplitude. 
Quantum noise: Phase and amplitude of the light field are conjugate variables in 
the sense of the Heisenberg uncertainty principle, and cannot be measured 
simultaneously with arbitrary precision; therefore the power of a light beam falling 
on a photodiode fluctuates, and the observed photocurrent exhibits a noise (shot 
noise). The corresponding measurement noise in our case is 

- _ [iiV - 'A _ [iiV <1> = -\j p  or x = 47t -\f P , 
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where � and x are the noise spectral densities of light phase and arm length, and P,v and 'A are the laser power, frequency and wavelength. Obviously, the noise can 
be reduced by increasing the laser power. 

A second source of quantum noise comes from the irregular impact of 
photons on the mirrors, which creates a fluctuating radiation pressure on the 
mirrors, which in tum perform tiny movements. The noise force F on a mirror of 
weight M is 

- h v _ � - h v - � F = c -\J hv or x = M c  co2 
-\J hv ' 

where co is the Fourier frequency. Here, it is best to work at low laser power. The 
two opposite conditions le�d for a given co to an optimum laser power Popt and a 
quantum limited displacement noise Xopt: 

'AMcco2 _ _ /h Popt = ---:fJt ; Xopt = -\J 7tMffi2 
which gives an Xopt of 7· 1 0- 2 1  rn!-V Hz (M= l O  Kg, co /2rt = 1 00 Hz) ; the 
corresponding laser power of 10 MW is far beyond current technical limits, such 
that radiation pressure fluctuations play no role in presently planned GW detectors. 
For VIRGO, it is therefore desirable to have as high a laser power as possible; the 
foreseen 20 W are chosen such as to be achievable with current technology. 
Residual gas pressure fluctuations: Gas in the interferometer arms will lead to 
apparently varying arm lengths due to refractive index fluctuations. The beam path 
must therefore be evacuated to a sufficiently low pressure; this is also necessary in 
order to keep the mirrors clean. The tolerable residual pressure is of the order of 
l Q-9 mbar for hydrogen, and 10- 10 mbar for the other gases. In order to reduce the 
hydrogen outgassing rate, the steel for the VIRGO tubes will be thermally treated at 
the factory at 400°C; afterwards, the tube can be baked at 1 50°C by ohmic heating 
to remove mostly water vapour. With their kilometer long vacuum tubes for the 
arms, the GW interferometers presently under construction will represent the 
biggest existing vacuum systems. 
Scattered light noise: Light scattered at mirror surfaces due to imperfections 
may hit the wall of the vacuum tube, where it picks up seismic noise, since the tube 
is directly mounted on the ground. This noisy light may be reinjected into the main 
beam path upon a second scattering process on the other mirror of the arm cavity, 
which, according to estimates, is not at all negligible. It is therefore important to 
have extremely high quality mirrors with low scattering losses (0.5 ppm for the 
VIRGO mirrors); moreover, it will probably be necessary to install baffles in the 
tubes which trap and absorb scattered light. 
Laser noise: In the ideal case of perfect symmetry between both arms, the 
Michelson interferometer is not sensitive to laser noise, which cancels at the output. 
Every asymmetry, however, reintroduces a certain degree of sensitivity to laser 
imperfections. Therefore the laser beam entering the interferometer must be of 
good quality (low frequency and power fluctuations, and good beam geometry). In 
order to combine this requirement with the necessary high power, which is difficult 
with a single laser, the high-quality output of a 1 W monolithic Nd:YAG ring 
laser9) (master laser) is sent into the cavity of a high power (20 W) slave laser 
(injection lockingl O)) .  By this procedure, the slave laser is phase locked to the 
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laser, such that it reproduces at a higher power level the low noise characteristics of 
the master laser. 

Master � Slave 
l W  20W 

___ _. lockmg � pump :1odes 

.. 

Fig. 3: Generation of a high quality high power laser beam by injection locking. 

The required frequency stability of the master laser is achieved by stabilizing to a 
reference cavity with ultra-low thermal expansion and carefully optimized internal 
resonances in order to avoid thermal noise. The presently demonstrated frequency 
stability of I Q-2 Hz/� Hz at 500 Hz fulfills the VIRGO specifications. This 
prestabilized laser will then be further stabilized to the whole of the interferometer 
as an even more precise frequency reference. 

Sending the beam through a special mode cleaner cavity eliminates beam jitter 
and assures a well defined beam geometry. The lasers operate in the infrared ( 1.06 
µm), because at this wavelength diode-pumped Nd-Y AG lasers with good quality 
and reliability and high power are available. 
Other noise sources: Especially disturbing are nonstationary, impulse-like noise 
signals, since they cannot be distinguished from gravitational waves. Examples are 
pressure bursts in the vacuum system, electromagnetic disturbances, or sudden 
release of stored tensions, crystal defects etc. in the mirror suspension wire (creep). 
For this reason, coincidence measurements between several GW wave detectors are 
very important; moreover, they give additional information on a GW, such as 
direction of arrival and polarization. 
Overall sensitivity: The expected overall sensitivity is limited by seismic noise 
below 3 Hz, by pendulum thermal noise in the range up to about 30 Hz, by mirror 
thermal noise up to 400 Hz, and by shot noise above. The optimum sensitivity will 
be achieved around 400 Hz with fi ""  3 - J 0-23/-{HZ (Fig. 4). 

" /O ���IO��������
IO

,cc---�������1�0'�,,-.q�u-.n-cy�(-H z�) � 

:Fig. 4: Sensitivity of VIRGO ( l h/Hz), with seismic (a), thermal (b-e) and shot noise (f). 
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Outlook 
The VIRGO interferometer will be constructed near the village of Cascina in 
Tuscany, not far from Pisa. At present, the site acquisition procedure is in its final 
phase and the first steps for the construction of buildings are being undertaken. The 
central area, including laser, mode cleaner, beam splitter and Fabry-Perot near 
mirrors will be realized first, constituting a small Michelson interferometer of 12  
m arm length (without the 3 km arm cavities). With a few changes in  the optics, this 
makes it possible to test a large part of the functioning of the interferometer, such 
as the control systems, automatic alignment, locking etc.; all this can be done while 
the 3 km arms are being installed, which will take about 2 years. This strategy 
makes it possible to shorten the final test phase and to achieve reliable functioning 
of the interferometer earlier. 
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Resume 
Le detecteur Franco-Italien d'ondes gravitationnelles VIRGO est a present 
en cours de construction. 11 s'agit d'un interferometre laser de type 
Michelson avec des bras de 3 km de longueur, contenant des cavites 
Fabry-Perot pour augmenter la longueur effective des bras, et utilisant la 
technique de recyclage de lumiere pour augmenter la puissance effective 
du laser. Ce papier donne brievement un resume des differentes sources 
de bruit lirnitant la sensibilite des detecteurs interferometriques d'ondes 
gravitationnelles, et decrit les principaux elements constituant 
l'interferometre VIRGO. 
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The Laser Interferometric Gravitational Wave Observatory (UG0)1), 2) will open the field 
of gravitational wave astrophysics. UGO will detect minute time dependent strains in the 
spacetime metric induced by gravitational waves using laser interferometry between nearly 
free masses. The project is designed to permit phased incorporation, at later dates, of 
improvements in the technology of laser gravitational wave detection to further improve 
the instrumental sensitivity and bandwidth. UGO will be part of an international network 
of long baseline interferometric detectors3l to establish the polarization of the waves and 
the location of the astrophysical sources. 

The observations carried out by UGO are expected to provide fundamental and new 
information concerning the gravitational interaction including: 

• direct measurement of strong field gravity through the observation of the gravita­
tional waves from black holes. The waves will convey information about: 

the normal modes of black holes 
inertial frame dragging by rotating black holes 

• the observation of compact stellar systems such as neutron star /neutron star, 
black hole/black hole and black hole/neutron star binaries thereby providing 
detailed information of the relativistic equations of motion. 

• the direct measurement of the polarization states of gravitational waves in con-
junction with other interferometric gravitational wave detectors. 

• a direct measurement of the speed of propagation of gravitational waves. 

The astrophysical information derived from UGO observations includes: 

• the spatial and mass distribution of neutron star binary systems in the universe. 

• the spatial and mass distribution of black holes and black hole binary systems in 
the universe. 

a new and independent method of determining the Hubble expansion using com­
pact binary systems as standard objects. 



356 

the equation of state of neutron stars from the gravitational waveforms at the 
final coalescence of neutron star binaries. 

the internal dynamics of asymmetric supernova explosions. 

limits to or measurements of the gravitational multipole moments of pulsars. 

• limits or observations of the gravitational wave background from the earliest 
epoch of cosmic evolution. 

• a new view of the universe with a high probability of uncovering phenomena 
not observed by electromagnetic astronomy. 

UGO DETECTOR 
The UGO detector will have the capability of making a confident detection of gravita-

tional waves alone. The UGO detector will also be capable of providing angle-of-arrival 

information for detected signals. To achieve these design requirements, the initial detector 

will consist of three independent laser interferometers operating in coincidence or correla­

tion. Interferometers will be built on two scales: two interferometers have arm lengths of 4 
km and the third has arm lengths of 2 km. Each is a Michelson interferometer with reso­

nant Fabry-Perot cavities in the arms. One interferometer will be located at sufficient dis­

tance from the other two to enable angle-of-arrival determination by temporal correlation 

of coincident signals. The two UGO observatory sites are (i) at the DOE Hanford Nuclear 

Facility in Washington State (Hanford), and (ii) in Livingston Parish, Louisiana (Living­

ston). 

Hanford houses two instruments in the same vacuum envelope: a full length (4 km) 

and the half length (2 km) interferometer. Livingston comprises of one 4 km interferome­

ter. The separation between sites is 3000 km, or L/c=lO ms in time delay. The operation of 

a full length and a half length interferometer at one site serves several functions: [i] it 

improves the rejection of accidental coincidences by imposing a triple coincidence for a 

valid burst event; [ii] it is a diagnostic for gravitational waves by demanding that dis­

placement signals scale with interferometer length; (iii] it enables a broad-band search for 

a stochastic gravitational wave background limited by the environmental correlations at a 

single site. 

The interferometer arms at the two sites are oriented for maximum coincidence sensi-

tivity for a single gravitational wave polarization. This is achieved by orienting one arm of 

each interferometer at the same angle relative to the great circle passing through the two 

interferometer sites. 

The data from the detector will be analyzed for impulsive, chirp, periodic and stochas­

tic background gravitational waves. Accurate and precise absolute timing will be pro­

vided by the Global Positioning System (GPS). Precision permits narrow coincidence 
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gates among interferometers and accuracy permits correlation of UGO data with other 

detector systems, such as resonant bar detectors, particle (neutrino) detectors, and electro­

magnetic (y-ray, x-ray, visible, infrared, and radio) astronomical observatories. Gravita­

tional waves signals will be correlated and this property is used in making observations. 

Both sites include environmental monitoring systems used to (i) identify terrestrial pertur­

bations to the interferometers to reduce false alarm rates in burst searches; (ii) to measure 

the background perturbations that could influence periodic and stochastic gravitational 

wave measurements, and (iii) as diagnostics for interferometer development. 

INTERFEROMETER CONFIGURATION 
The initial UGO interferometer configuration is a power recycled Michelson interferom-

eter with optically resonant Fabry - Perot cavities in the 4km (2km) arms4), S), 6) (see Figure 

1) .  All the optical components in the phase sensitive part of the interferometer are sus­

pended as pendula to reduce the coupling to seismic and thermal noise and to provide a 

means to control the optical path lengths in the interferometer. The path lengths are main­

tained by servo systems to hold the light incident on the detector, placed at the antisym­

metric port of the beamsplitter, at a dark fringe. A gravitational wave disturbs this 

condition by inducing an differential path length change in the two Fabry - Perot cavities 

Laser 
Nd:YAG 

Recycling 

6 W  

Mirror C:::_ 
T- 3% 

4 km Fabry-Perot Arm Cavity 

Input Mirror 
T - 3% 

Photodetector 

1 0  kW 

End Mirror 
R - 100 % 

Figure 1: UGO Configuration for the initial interferometers 

and increasing the 

intensity at the photo­

detector. When the 

interferometer is oper­

ated at a dark fringe, 

the light not absorbed 

or scattered into higher 

cavity modes by optical 

components is reflected 

by the interferometer 

towards the laser from 

the beamsplitter. A 

recycling mirror is placed between the laser and the interferometer to enclose the entire 

interferometer in an optical cavity. The position and reflectivity of this mirror is chosen so 

that the light from the laser is added constructively with that circulating in the interferome­

ter while the light reflected by the mirror back to the laser is combined destructively with 

light emerging from the interferometer. The result is that the optical power circulating in the 
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interferometer is  increased by the reciprocal of the interferometer optical loss. The improve­

ment in shot noise is equivalent to using a more powerful laser. Tables 1 and 2 present the 

design parameters of the presently planned (initial) interferometers. Also presented in the 

table are sample parameters for an enhancement contemplated for the initial interferome­

ter. Later phases advanced detector designs will incoporate further configurational 

changes, such as resonant signal recycling and frequency agile interfeometer designs. 

SENSITIVITY 

INSTRUMENT NOISE FLOOR 

The initial LIGO detector with three interferometers operating in coincidence will have a 

strain sensitivity adequate to provide confident detection of gravitational waves generated 

by astrophysical objects and processes discussed above. As an example, the gravitational 

strain near 100 Hz produced by the coalescence of two 1.4 solar mass neutron stars at a dis­

tance of the Virgo cluster has a characteristic magnitude at Earth of 6xl0-21 . An initial LIGO 

detector strain sensitivity goal of 10-21 RMS, integrated over a 100 Hz bandwidth centered 

Table 1: LIGO Interferometer Optical Parameters 

Optical Characteristics Nominal Initial Interferometer Sample Enhanced 
Interferometer 

Arm Length 4000 m 4000 m 
Laser Type & wavelength Nd:YAL., A =  1 .064 µm Nd:YAL., A =l.064 µm 
Input Power into 6W lOOW 
Recycling Cavity, P 
Contrast Defect, 1-c 3 x 10-3 3 x 1cr3 

Mirror Loss, LM 1 x 10-4 1.3 x 10-0 

Fower Recyclmg Gam 30 .51'.IU 
Arm Cavity �torage Time, 'tArm 8.8 x 10-4 s 1.3 x 10-3s 
Cavity Input Mirror 3 x 10-2 2 x 10-2 

Transmission, T 
Total Optical Loss, 4 x 10-2 3 x 10-3 

Lr = (Absorption + Scattering) 

Table 2: LIGO Interferometer Mechanical Parameters 

Mechanical Nominal Sample Enhanced 
Characteristics Initial Interferometer Interferometer 

Mirror Mass, MM lU./ kg 40 kg 

Mirror Diameter, DM 0.25 m 0.40 m 

Mirror Internal QMp7J ,31 1 x 106 3 x 107 

Pendulum Vp\damping mecha- 1 x 105 (material) 1 x 108 (material) 
nism) 
Pendulum Period, T p 1 s \Single) 1 s (Double) 

Seismic Isolation System9l T(lOO Hz) = -100 dB T(lO Hz) = -100 dB 
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at the minimum noise region of the strain spectral density is commensurate with this sensi­

tivity. At the threshold of sensitivity, the false signal rate (i.e., triple coincidences not due to 

astrophysical sources) will be held to less than 0.1 events per year. The design strain spec­

tral densities of the initial instruments and an example enhanced instrument are shown in 

Figures 2 and 3. 
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Figure 2: Envelope of the broadband strain spectral 
density noise floor of the initial UGO detector. Dif­
ferent spectral regions of the noise floor are domi-

nated by the indicated noise mechanisms. 

NATURAL AND FACILITY SENSITIVITY 

LIMITS 

The facilities design permits the ulti-

mately attainable strain sensitivity lim­

its indicated in Figure 4. The limiting 

sensitivity is set at low frequencies (f < 

20 Hz) by the naturally occurring grav­

ity gradients due to density variations in 

the ground and atmosphere. The design 

goal for the facilities is to not increase 

the naturally occurring environmental 

perturbations, such as mechanical vibra­

tions, acoustic noise, electromagnetic 

fields and gravitational gradients, by 

more than a factor of two in the gravita­

tional wave detection band 

Ultimate UGO vacuum levels are 

derived from the need to maintain opti-

cal phase noise due to fluctuations in the residual gas column density in the beam tubes and 

vacuum chambers at a level at or below an equivalent strain noise of 2 x 10-25 Hz-112. This is 

expected to be the limiting facility noise source at the highest frequencies (100 Hz < f < 1 

kHz). 

The clear aperture of the beam tubes and vacuum chambers is in part determined by the 

requirement to maintain optical phase noise produced by scattered light to an acceptable 

level. 

SYSTEM EXTENSIBILITY 
UGO is planned to accommodate multiple interferometers at Hanford and Livingston in 

the advanced phase. These later instruments will have sensitivities representing reasonable 

extrapolations of the state of the art of interferometric detection over the 30 year lifetime of 

the facilities. Hence the desirn and construction of thP farilitiP« m11«t nPrmit Ii\ ""''"t"�1 
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Enhanced UGO Interferometer Noise Budget 

N' 
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Figure 3: Dominant contributions to the strain spectral 
density noise floor of an example Enhanced UGO detector 
The Standard Quantum Limit (SQL) shown in Figure 3-3 
represents the limiting strain sensitivity arising from radia 
tion pressure fluctuations (producing momentum uncer­
tainty) and shot noise (producing measurement 
uncertainty). It depends on the mass, sensing frequency, 
and arm length of the interferometer. The curve shows the 

locus of points where sensing noise, which varies as p-112, 
and radiation pressure, which varies as pl/Z, are mini­
mized simultaneously].  
��������������������� 

OBSERVATORY OPERATIONS 

operation at higher sensitivity and 

bandwidth and (ii) eventual expansion 

and upgrade to more interferometers 

than are in the initial phase. 

Beam tube assemblies and vacuum 

chambers will have clear aperture 

diameters >1 m capable of accommo­

dating multiple interferometers operat­

ing simultaneously. 

The layout and design of UGO facil­

ities constructed in the initial phase 

will allow further expansion, as 

required at a later date, to accommo­

date multiple interferometers with 

minimum interference during installa­

tion and operation. Wherever possible, 

the construction of the initial phase 

will provide for extensible infrastruc­

ture requiring a minimum of later 

alteration and replacement other than 

facility additions. 

Observatory operations must satisfy a range of scientific requirements to further the 

field of gravitational wave astrophysics. The facility needs to support operations allowing: 

• reliable searches for gravitational wave impulsive, chirp, periodic and stochastic 
background sources at the level of detector sensitivity current at the time; 

• retain high enough duty cycle to give a reasonable probability that rare gravita­
tional wave events observable by other gravitational detection techniques or 
astrophysical measurements will be detected by the UGO; 

time for the development of improved detectors. 

SINGLE INTERFEROMETER OPERATIONS 

The goal for the initial detector is the ability to maintain at least one interferometer in 

operation at an annually integrated availability of 90% with minimum continuous operat­

ing periods of 40 hours, allowing for short term loss of lock. Such loss of lock may occur in 

order to accommodate long-term, low frequency drift (i.e., out of the GW measurement 

band) by shifting resonant operation from one longitudinal mode to another. 
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MULTIPLE COINCIDENCE OPERATIONS 

As a goal, UGO will have the abil-

ity to operate in triple coincidence 

mode for an annually averaged avail­

ability of 75%. As a goal, operation in 

double coincidence mode (defined as 

operation of the Livingston interfer­

ometer with either of the two Han­

ford interferometers) will be possible 

with an annually averaged duty cycle 

of 85%. For both these modes, the 

minimum period of continuous oper­

ation will be 100 hours. The same 

allowances as above are permitted for 

short term loss of lock. 

DATA 
Data collected with the UGO 

detector will be available in a format which is compatible with other gravitational wave 

detectors world wide. This is to enable ease of data interchange and coincidence analysis. 

Observatory-based analyses will include immediate-response data for correlation with 

other (non-interferometric) detectors and also on-line detection of interesting signatures 

using real-time or near-real-time filtering of the data stream. 

LIGO is being constructed jointly by CIT and MIT under NSF Cooperative Agreement No. PHYS-9210038 
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LASER INTERFEROMETER SPACE ANTENNA (LISA) 

Y. Jafry 
Space Science Department, ESA/ESTEC, Noordwijk, The Netherlands 

Introduction 

LISA (Laser Interferometer Space Antenna) is basically a proposal for a "LIGO in space" , with 
the advantages of a longer baseline and a quieter environment than on the ground, allowing the 
observation of low-frequency gravitational waves (from 10-4 to 10-2 Hz) which are precluded 
from terrestrial detectors because of unshieldable gravity-gradient noise associated with seismic 
motion of matter within the Earth, and with the motion of the atmosphere (better known as 
'weather' ) .  The importance of low frequencies is a simple consequence of Newton's laws. For 
systems involving solar-mass objects, lower frequencies imply larger orbital radii, and the range 
down to 10-4 Hz includes the radii of many galactic neutron star binaries (e.g. the famous 
Hulse· Taylor binary pulsar) , cataclysmic binaries, some known binaries, and so on. In terms 
of the likelihood of observation, these are the most certain sources for LISA. Additionally, 
for highly relativistic systems, where the orbital speeds approach the speed of light, lower 
frequencies imply larger masses (M � 1/ !) ,  and the range down to 10-4 Hz reaches masses 
of 107 M0 , typical of the black holes that are thought to exist in the centres of many, if not 
most, galaxies. Their formation and coalescence could be seen anywhere in the Universe and 
are among the most exciting of possible sources. Detecting them would test the high field 
limit of gravitational theory and illuminate galaxy formation and quasar models. Signals from 
compact objects orbiting supermassive black holes and from the postulated gravitational wave 
cosmological background may also be observable. This rich array of sources is the motivation 
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Fig. 1. LISA interferometer concept: six spacecraft in a triangle, with a pair at each vertex. 

for building a large antenna in space, nicely complementing the high-frequency signals expected 
from the advanced ground-based detectors. 

Mission concept 

Conceptual ideas for interferometers in space using separate spacecraft were suggested in the 
US already in 1978 and 1981 .  The concept was further developed in the next decade, leading 
ultimately to the LISA proposal to ESA in 1993. As presently conceived1l, LISA consists 
of six identical spacecraft, forming a large equilateral triangle in space (fig. 1 ) .  The length 
of each side of the triangle is 5 x 106 km, defining the interferometer arm length. This is 
just about the ideal size: if it were larger, the low-frequency gravitational waves would cancel 
themselves out, resulting in an undesirable loss of science signal; if it were shorter, the spacecraft 
control requirements would be correspondingly tightened, and thus more difficult to meet. At 
each vertex of the triangle, there are two closely-spaced (200 km) spacecraft which, together, 
serve as light sources and beamsplitters for the interferometry. In principle, one "V- shaped" 
spacecraft at each vertex would be sufficient. However, orbit perturbations will distort the 
plane of the triangle, such that a single spacecraft at a given vertex would have to incorporate 
steerable optics (inside each arm of the "V") in order to point its two beams towards each 
of the two distant vertices at the same time. This complicates the design of each spacecraft, 
so the alternative "twin spacecraft" approach has been adopted whereby each one uses its 
attitude control system to point itself (and therefore its single main beam) at the distant 
vertex. Nevertheless, within each twin pair, a small fraction of the light (10 mW) must be 
communicated between the neighbouring spacecraft in order for the two lasers to be phase­
locked and behave as a single light source. This is achieved using small steerable mirrors. 
For reasons of compactness, stability, and reliability, LISA will use solid-state diode-pumped 
monolithic miniature Nd:YAG ring lasers which generate a continuous 1 W infrared beam with 
a wavelength (,X.) of 1 . 064 µm. Furthermore, with this short wavelength (compared to radio) the 
light is immune from refraction caused by the charged particles which permeate interplanetary 
space and thwart the search for gravitational waves by conventional spacecraft radio-tracking. 
Each main 1 W beam is transmitted to the corresponding remote spacecraft via a 38 cm-aperture 
f/1 Cassegrain telescope (fig. 2) .  The same telescope serves to focus the weak return beam (from 
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..-'--------------- 2000 mm 

Payload thermal shield 

t 

Fig. 2. Cross-section of the payload on each of the six identical LISA spacecraft. The payload 

cylinder, surrounded by multiple layers of thermal shielding, houses four major assemblies: a 38 cm 

diameter f/1 Cassegrain send/receive telescope; an optical bench with laser-injection, cavity for laser 

stabilisation, beam-shaping optics, photodetectors, and drag-free accelerometer (containing the ,inter­

ferometer "mirror"); a preamplifier disk which carries the accelerometer preamplifiers, photodetector 
preamplifiers, and an ultrastable oscillator; a radiator disk which carries the lasers (with light fed 

to the optical bench via a single-mode optical fibre) and radiates their waste heat to space. The 
small steerable mirror for the laser-link between each corner pair of spacecraft is also mounted on this 

radiator disk. 

the distant spacecraft) onto a sensitive photodetector where it is superimposed with a fraction 
of the original local light (and interference takes place). Despite the great distance travelled, 
the intensity of the received light is high ( � 108 photons/sec), making the signal detection 
straightforward, and many orders of magnitude less demanding than routinely achieved on 
prototype ground-based interferometers. The interference signals, thus obtained from each arm, 
are combined in software by the on-board computers to perform the multiple-arm interferometry 
required to cancel the common-mode phase-noise by nine orders of magnitude. The data are 
then transmitted to Earth via X-band transponders with steerable 30 cm high-gain antennas. 
With the triangular configuration, the three arms give two almost-independent interferometers 
and also provide redundancy in case of the failure of up to two spacecraft (though not at the 
same vertex) .  

At the heart of each spacecraft is a vacuum-enclosure containing a polished platinum-gold 
cube (test mass) which serves as an optical reference ( "mirror" ) for the light beams. When a 
gravitational wave passes through the system it causes a strain distortion of space, which, in 
turn, causes fluctuations in the separation of the remotely-spaced test masses. This leads to 
fluctuations in the optical path between them, causing the phase-shifts which are detected 
by the interferometry2l. The goal is to measure distance fluctuations with a precision of 
25 x 10-12 m/ v'iiz' in the frequency range from 10-3 and 10-1 Hz. Combined with the large 
separation between the spacecraft, this corresponds to a gravitational-wave strain sensitivity 
(for stable periodic sources) of 10-23 after one year of observation (with a signal-to-noise ratio 
of five) .  Obviously, great care must be taken to ensure that the strain measurements are not 
disturbed by other means. The main error sources fall into two categories: optical path noise 
(e.g. laser shot noise on the receiving photodetectors, laser frequency noise, thermo-mechanical 
deformation of optical components etc) and acceleration noise due to spurious forces acting on 
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the mirrors. For example, the displacement measurement limit from shot noise is set by the 
available power, and amounts to about 5 x 10-12 m/VIIz' l) which is a factor of five below the 
desired sensitivity. Other optical path disturbances are reduced by the use of ultrastable struc­
tures (carbon epoxy with a thermal expansion coefficient of 4x 10-7 /K) and multilayer thermal 
insulation on the spacecraft. To eliminate the acceleration noise, each test mass is shielded from 
external disturbances (e.g. solar radiation pressure) by the spacecraft in which it is accommo­
dated. Capacitive sensing is used to monitor the relative motion between each spacecraft and 
its test mass. These position signals are used in a feedback loop to command thrusters to 
enable the spacecraft to follow its test mass precisely and without introducing disturbances (in 
the bandwidth of interest) . The ultimate performance of this servo system will be dictated by 
the noise of the capacitive sensor (e.g. electronic "1/f" noise) and the level of back-action and 
parasitic forces (e.g. gravitational, electromagnetic, residual gas pressure etc) acting directly 
on the test mass. Therefore, the design of the spacecraft and sensor must ensure that these 
combined effects are below the required level of 10-15 (m/s2)/$z. For historical reasons, this 
technique of spacecraft control is termed "drag-free control" since it was originally conceived as 
a means of suppressing atmospheric drag on Earth-orbiting spacecraft3). Conventional space­
craft thrusters are not appropriate for the delicate control action required: they are too hefty 
and too noisy. LISA requires only a few micronewtons to combat the nominal solar pressure, 
and, furthermore, the thrust must be smoothly controllable to cater for the slight variations 
in solar radiation flux associated with the internal dynamics of the Sun. Fortunately, suitable 
thrusters do exist: they are called FEEPs (Field Emission Electric Propulsion), which operate 
on the principle of reaction from the ejection of ionized caesium atoms4). The same thrusters 
employed by the drag-free system are used to precisely control the attitude of the spacecraft 
relative to the incoming optical wavefronts, using signals derived from quadrant photodetec­
tors. For a nominal wavefront 'quality' of >../15 (non-sphericity), the attitude control must be 
maintained to within a few nrad/$z, requiring, again, that the sensors (photodetectors) must 
exceed this noise performance. 

Naturally, the LISA spacecraft must be designed to minimise the total mass and required 
power. Preliminary results yield a mass, per spacecraft , of 300kg, and an operational power 
requirement, per spacecraft, of 192 W. The six spacecraft , including three propulsion mod­
ules for the transfer from the Earth orbit to the final position in interplanetary space, can be 
launched by a single Ariane 5 rocket . The three pairs of spacecraft are positioned on indi­
vidual heliocentric orbits of specific inclination and eccentricity in such a way that the three 
spacecraft-pairs will move relative to each other on a circular orbit inclined at 60° to the ecliptic 
(fig. 1 ) ,  maintaining an almost constant separation of the vertices, which is desirable from the 
point of view of the interferometry (the difference in arm lengths must be known absolutely 
to within a few hundred metres - easily achievable with X-band radio-tracking). Needless to 
say, gravitational perturbations from the Earth (and, to a lesser extent, other Solar System 
bodies) will disturb the orbits .  To minimise these effects ,  the spacecraft constellation should 
be placed as far away from the Earth as possible. The performance of the Ariane 5 limits the 
choice to no more than 20° behind the Earth (on its orbit around the Sun), and the resulting 
orbit perturbations will give rise to undesirable Doppler-shifts in the signals between the var­
ious spacecraft . Typical relative motion of about a kilometre per hour can be expected. This 
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causes a frequency-shift approaching a megahertz, on top of which the phase-measurements are 
modulated. Compared with the practical data-transmission bandwidth between the spacecraft 
and the Earth, this frequency shift is much too large, and must somehow be reduced before 
transmission. Various schemes are under investigation, the most elegant of which is to send 
two laser-frequencies along each arm (this doesn' t  require two separate lasers - the second 
frequency can be modulated as a 'side-band' on the primary) .  The effects of the Doppler-shifts 
can be reduced by combining the returning signals such that the phase-information is modu­
lated on the relatively low-frequency obtained from the 'beats' (difference) of the original two 
Doppler-shifted signals. This can then be further reduced in frequency by 'beating' it against a 
local ultrastable oscillator to eliminate the remaining shift. An ultrastable oscillator (USO) is 
a very stable clock which can be used as a frequency reference to mix with the high-frequency 
Doppler-shifted signal in order to recover the low-frequency science signal. Of course, this clock 
must be quiet enough that it does not introduce phase-noise during the mixing process. There 
are already-existing USO's qualified for use on spacecraft. These typically have frequency sta­
bilities of 2 x 10-13 which is good enough if the dual-frequency approach is used. Although, 
as described, the Doppler-shift due to relative velocities between the spacecraft is undesirable, 
the velocity of the entire constellation as it orbits the Sun (in the course of one year) can be 
harnessed and put to good use. The observed gravitational waves are Doppler shifted by the 
orbital motion. So, for periodic waves with sufficient signal-to-noise, this allows the direction of 
the source to be determined. It is expected that the strongest LISA sources (from very distant 
black holes) should be resolvable to better than an arcminute; and even the weaker sources 
(galactic binaries) ,  to within one degree throughout the entire galaxy. 
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ABSTRACT 

Triaxial neutron stars may be important sources of gravitational radiation for 
the forthcoming generation of interferometric gravitational wave detectors such as 
LIGO, V IRGO, and GE0600. We investigate the viscosity triggered bar mode secular 
instability of rapidly rotating neutron stars by means of a perturbation analysis of 
numerically constructed "exact" general relativistic axisymmetric star models. In 
the theoretical approach, only the dominant parts of the nonaxisymmetric terms 
of the 3D-Einstein equations are taken into account. A comparison of our results 
with previous studies of Newtonian polytropic stars confirms James' classical result 
/crit = 2.238 for the critical polytropic index. Beyond the Newtonian regime, /crit 
reveals a slight increase toward highly relativistic configurations. Six out of twelve 
employed realistic dense matter equations of state admit the spontaneous symmetry 
breaking for masses above 1 .6  M0. 

1. Introduction 

Rapidly rotating neutron stars are highly relativistic objects, and, provided there is some 
physical process operative, which induces a significant deviation from axisymmetry, may be 
important sources of gravitational radiation. A transition toward triaxial configurations can 
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FIG. 1.- Triaxial maximum rotation 
Newtonian polytropic star for 1= 2.4. The 
ellipticity in the equatorial plane is about 
0.1 .  Notice the cusp at the stellar equa­
tor in direction of the semimajor axis ( x­
axis), where the rotation is Keplerian, and 
which is absent along the semiminor axis 
(y-axis). 

occur, when the ratio T / JWJ of rotational kinetic energy and gravitational potential energy 
reaches some critical value1•2). The equation of state, hereafter EOS, has an important influ­
ence on the development of a triaxial instability since the neutron star matter must be stiff 
enough to admit a maximum angular velocity flK higher than the critical one. Homogeneous, 
incompressible fluid bodies, rotating at moderate constant angular velocity, take the shape of 
some oblate axisymmetric Maclaurin spheroid. Maclaurin spheroids are dynamically unstable 
for T / IWI  > 0.2738, but there are two other families of triaxial ellipsoids which bifurcate from 
the Maclaurin sequence earlier at T / IWJ = 0 . 1375. We focus on the sequence of Jacobi ellipsoids 
which rotate uniformly about their smallest axis in an inertial frame. The evolution toward 
a Jacobi ellipsoid at the bifurcation point is triggered by some viscous dissipative mechanism. 
This instability is called a secular one, because it evolves on the associated viscous timescale 
which is much longer than the dynamical one. The astrophysical realization corresponds to 
the scenario of a cold highly viscous binary neutron star, being spun up by accretion from its 
companion. Viscosity dissipates mechanical energy, while it preserves angular momentum. As 
a consequence, the Maclaurin spheroid, once the instability point is reached, develops toward 
a Jacobi ellipsoid which exhibits the lowest rotational kinetic energy for a fixed value of the 
angular momentum. In this final state, viscous dissipation has ceased, and the star is rotating 
rigidly. Former studies had been performed at the Newtonian3•4•5•6) or Post-Newtonian7•8) level 
which is by no means adequate for highly relativistic objects like neutron stars. Furthermore, 
the neutron star matter was modeled by a simplifying polytropic equation of state. 

2. Numerical models of triaxial neutron stars 

Before the symmetry breaking sets in, the neutron star, modeled as a rigidly rotating per­
fect fluid, can be considered as stationary and axisymmetric. Making the further assumption 
that no meridional matter currents are present, a favourable choice of elliptic field equations 
was given by Bonazzola et al.9) . The numerical code9), based upon these equations, relies on a 
spectral method, and allows to compute neutron star models with a precision of '.:e 10-14 in the 
spherical symmetric case and '.:e 10-6 for maximum rotation configurations, when a 'Y = 2 poly­
tropic, analytic EOS is used, as well as '.:e 10-4 for realistic EOS10) . The neutron star models are 
"exact" in the sense that the full Einstein equations are solved without any analytic approxima­
tion., while the numerical integration covers all space and respects the exact flat space boundary 
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FIG. 2.- Critical polytropic index 
'Yerit as function of the lapse func­
tion Ne, measured at the centre of 
the star. Black boxes indicate con­
figurations unstable with respect to 
radial oscillations. 
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condition at spatial infinity. When the symmetry breaking occurs, spacetime is neither sta­
tionary nor axisymmetric. However, at the very beginning the deviation from axisymmetry is 
sufficiently small, and the emitted gravitational radiation may be neglected. Under the addi­
tional assumption of rigid rotation, the helical symmetry of spacetime is preserved. Taking 
into account only the dominant non-axisymmetric terms, one basically recovers the original 
equations of the axisymmetric case11l .  The only difference is that the lapse function N - its 
logarithm v = log N reduces to the Newtonian potential in the weak field approximation -
and the matter fields are three-dimensional quantities which depend on r, B, and 1f! = </> - 0 t ,  
where 0 is the angular velocity of the star. As a consequence, the present approach is exact 
for the stationary and axisymmetric relativistic, as well as for the fully three-dimensional New­
tonian case. After relaxation to a particular axisymmetric configuration, a small perturbation 
ov = tHe (r sin B cos 7jJ)2, which excites the l = 2, m = ±2 bar mode, is added to v = log N, 
and the growth of ov during the subsequent relaxation is followed. He denotes the central 
log-enthalpy, and t is a small parameter of the order of 10-6. A particular configuration is 
secularly unstable if the perturbation increases, and the fluid body evolves subsequently toward 
a triaxial spheroid. It is conditionally secularly stable if the perturbation tends to zero. In this 
case, however, three-dimensional terms of higher relativistic order, which have not been taken 
into account at the present level of approximation, may induce the symmetry breaking. 

3. Results for polytropic and realistic equations of state 

The investigation of the symmetry breaking of relativistic polytropic stars avoids the prob­
lems associated with the use of realistic dense matter EOS10) , and allowed us to perform some 
comparison with former results obtained for Newtonian stars4•5•6) . In particular, we have con­
firmed J ames'4) value /erit = 2.238 of the critical polytropic index, where secular instability sets 
in at maximum angular velocity, as well as the asymptotic ratio T/ IWl,__.00 = 0.1375. No results 
in the fully relativistic regime had been reported so far. In the Newtonian case, polytropic stars 
obey a scaling Jaw, and the critical polytropic index is a global constant. Relativistic effects, 
however, are supposed to influence the symmetry breaking. Fig. 2 shows the dependence of /erit 
on the central value of the lapse function Ne which is an appropriate signature of the relativistic 
character of the star. After a very slight decrease in the weakly relativistic regime it grows by 
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EOS AfStat Mrot Pi< Pbreak He, break Mbreak max max 

[M©] [M0] [ms] [ms] [M0] TAB. 1.- Neutron star prop-

HKP 2.827 3.432 0.737 1 .193 0.168 1.886 
erties according to various 
EOS: M�� is the maximum 

WFF2 2.187 2.586 0.505 0.764 0.292 1.925 mass for static configurations, 

WFFl 2.123 2.528 0.476 0.728 0.270 1.742 M:;:'!x is the maximum mass 

WGW 1 .967 2.358 0.676 1.042 0.170 1.645 
for rotating stationary con-
figurations, Pi< is the cor-

Glend3 1.964 2.308 0.710 stable responding Keplerian period, 
FP 1 .960 2.314 0.508 0.630 0.412 2.028 Pbreak is the rotation pe-

DiazII 1 .928 2.256 0.673 stable riod below which the symme-
try breaking occurs, Hc,break 

BJI 1.850 2. 146 0.589 stable is the central log-enthalpy 
WFF3 1.836 2.172 0.550 0.712 0.327 1.919 at the bifurcation point and 

Glendl 1.803 2 .125 0.726 stable Mbreak is the corresponding 

Glend2 1.777 2.087 0.758 stable 
gravitational mass. The EOS 
are ordered by decreasing val-

PandN 1.657 1.928 0.489 stable ues of M�:i. 

about 10 % for strongly relativistic configurations. One concludes furthermore that any neutron 
star, built upon a polytropic EOS and stable against radial perturbations, becomes secularly 
unstable for 'Y > 2.33 at some critical angular velocity rlcrit < rlK. The results for twelve realistic 
EOS of neutron star matter are presented in Tab. 1 .  A description of each EOS can be found 
in Salgado et al. 10) , where they had already been employed to construct realistic high precision 
neutron star models. Six equations turn out to be stable up to the mass-shedding limit rlK. 
Only the stiffest ones allow for the symmetry breaking. The correlation with the corresponding 
maximum mass is not strict because of the density dependence of the EOS. This is notably 
the case for the WGW EOS which is the stiffest one at moderate densities. For the present 
sample of realistic EOS, Mbreak has a lower bound of 1 .645 M8. This is a low value compared 
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FIG. 3.- Measured masses 
of 18 neutron stars. Ob­
jects in massive X-ray bina­
ries are at the top, radio pul­
sars and their companions at 
the bottom. Data compiled 
by Thorsett et al.12) is marked 
by filled circles. The empty 
circle indicates the mass of 
the recently discovered ra­
dio pulsar PSR Jl012+5307, 
measured by van Kerkwijk et 
al. l3) . The continuous line 
indicates the estimate of the 
mean value of the neutron star 
mass distribution derived by 
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with maximum masses of rotating neutron stars built upon a stiff EOS, e.g. in Tab. 1 .  Un­
fortunately, the real distribution of neutron star masses is still quite uncertain. Fig. 3 shows 
the measured masses of 17 neutron stars, compiled by Thorsett et al.12l ,  and yielding an es­
timate of the average neutron star mass of Mns = 1 .35 ± 0.27 M0, as well as a recent mass 
measurement of PSR Jl012+5307 of 2.35 ± 0.434 M013) . At least the masses of the two X-ray 
binary neutron stars 4U 1700-37, Vela X-1, and that of the radio pulsar PSR J1012+5307 are 
well above our minimum mass of 1 .645 M0. If they prove to be valid after further reduction 
of the observational errors, we may expect a significant number of neutron stars susceptible of 
encountering the spontaneous symmetry breaking. Their observation would provide us with 
useful information about the generation of gravitational waves and constraints on real neutron 
star matter EOS. 
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ETOILES A NEUTRONS TRIAXIALES - UNE SOURCE 

EVENTUELLE DE RAYONNEMENT GRAVITATIONNEL 

Des etoiles a neutrons triaxiales pourraient etre des sources de rayonnement gravitationnel 
importantes pour la prochaine generation de detecteurs interferometriques d'ondes gravitation­
nelles comme L IGO, VIRGO ou GE0600. Nous etudions l'instabilite seculaire du mode barre des 
etoiles a neutrons en rotation rapide par l'intermediaire d'une analyse perturbative de modeles 
stellaires axisymetriques "exacts" en relativite generate. Dans l'approche theorique on ne tient 
compte que de la partie dominante des termes non-axisymetriques des equations d'Einstein. 
Une comparaison avec des etudes precedentes d'etoiles newtoniennes confirme le resultat clas­
sique de James a savoir que l'indice polytropique critique vaut 'Ycrit =2 .238. Au-dela du regime 
newtonien 'Ycrit montre une faible croissance vers les configurations fortement relativistes. Six 
sur douze equations d'etat de la matiere dense utilisees admettent la brisure spontanee de 
symetrie pour des masses superieures a 1 .6 M0. 





SOME NEW CONCEPTS FOR LASER INTERFEROMETER 
GRAVITATIONAL WAVE DETECTORS 
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ABSTRACT 
Some new experimental concepts for extending the performance and range of laser 
interferometers for gravitational wave detection are described. These include the use of 
holographic diffraction gratings in test mass mirror coatings to permit higher light power and 
reduced thermal noise, and possibilities for extending interferometer performance to lower 
gravitational-wave frequencies by use of magnetic levitation and other techniques. 

I .  Introduction 
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The sensitivity of laser interferometer gravitational wave detectors is determined by 
noise of various types, with the noise source which dominates being dependent on the 
frequency region being considered. At high gravitational-wave frequencies photon shot noise 
is generally the limiting factor; at low frequencies seismic noise is expected to set the limit 
until gravitational gradient noise on the earth is encountered, and at intermediate frequencies 
thermal noise from the test masses and their suspensions is expected to dominate until 
quantum limits are reached. We discuss here some experimental concepts intended to 
facilitate pushing these limits down. To reduce photon shot noise we discuss possibilities for 
interferometers using diffractive, instead of transmissive, coupling to allow operation at 
higher light powers, and permit choice of test mass material for lower thermal noise. To 
reduce seismic noise we introduce some concepts involving magnetic levitation, and also 
discuss some possibilities for coupling the suspensions at the ends of each arm of an 
interferometer. 

2 .  Diffractive-coupled interferometers 

To minimize photon shot noise high circulating light flux is required in the arms of 
gravitational-wave interferometers: circulating powers as high as 500 KW have been 
suggested for "advanced" interferometers using power recycling. Heating effects in even low­
loss mirror coatings and in transmission through substrates of beamsplitters or through test 
masses can be limiting factors. These can be reduced by avoiding transmission through 
materials, and forming low-amplitude diffraction grating patterns in the mirrors or reflecting 
coatings. Light is then coupled into optical cavities, or divided and recombined at 
beamsplitters, by diffraction alone. 

2. 1 Proposed interferometer con.figurations 

An example of a simple diffraction-coupled Michelson interferometer is illustrated in 
Fig. l .  Losses associated with blazed gratings may be avoided by choosing a grating spacing 
which allows only one order of interference, and by using oblique incidence near the Littrow 
configuration it can be arranged that all diffracted light appears in one output direction. as 
indicated. 

This oblique-angle diffractive coupling technique can be applied to triangular ring 
cavities, to folded linear Fabrv-Perot cavities where the fold occurs at a diffractive mirror. and 
to complete interferometers. 

'
Some possible configurations have been suggested in an earlier 

paper ( l ) . 
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It is possible to use a diffractive mirror at normal incidence, and take advantage of 
the two symmetrical diffracted beams for input and output coupling. One system of this type 
is illustrated, in schematic and simplified form, in Fig. 2. Here the two arms of a gravity­
wave detector are formed between pairs of suspended non-transmissive test masses, and are 
coupled via a ring cavity to give some power and signal recycling. 

2.2 Advantages of diffractive rystems 

We originally proposed diffractive coupling for gravity-wave detectors with the main 
aim of avoiding thermal lensing and allowing increased light power. The possibility of using 
non-transparent test masses can also make it practicable to use single-crystal test masses of 
very high mechanical quality factor, Q, thus significantly reducing internal thermal noise. 
Suitable materials may include silicon and sapphire, which also have the advantage of high 
thermal conductivity. The removal of substrate absorption losses can also reduce total 
heating, which may eventually contribute to make it practicable to maintain test masses at 
reduced temperature, where the highest Q-factors are achieved. 

2.3 Considerations on mirror design and manufacture 

The low scattering losses desirable make holographic manufacturing techniques 
advantageous. Some potentially-applicable techniques have been used for other high-power 
laser systems. However, furtl1er development may be required to minimize scattering losses. 
Techniques may include making a grating profile on the top layer of a mirror coating stack, 
making the pattern on the substrate, or possibly generating a pattern of refractive index in 
the coating material by ion implantation or suitable irradiation. 

3. Extension of interferometer performance to lower frequencies 

Isolation of the test masses of a gravitational wave detector becomes increasingly 
difficult as operating frequency is reduced, since it is difficult to achie.ve sufficiently low 
mecllanical resonances in the stages of a passive isolation system, and seismic motions 
themselves become larger at low frequency. We propose here the possibility of using 
magnetic levitation to form test mass suspension and isolation systems with lower resonance 
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frequencies than achieved in simple mechanical systems usually used in this field. We also 
propose some new coupled isolation concepts. 

3. 1 Magnetic levitation techniques for test mass suspension 

The levitation techniques we are developing are currently all room t�mperature 
systems, with the fields generated by permanent magnets. Stabilization of the levitated 
objects is achieved by sensing vertical position and feeding small control currents to trimming 
coils around the fixed permanent magnets. Such systems can have negligible power 
dissipation. We are developing several different magnetic configurations. For test mass 
suspension it is essential to have very low thermal noise, and correspondingly low dissipative 
losses. To obtain this, electrically insulating magnetic materials are required, at least in any 
location where fields depend on the position of the test mass in the direction of the laser 
beam. Further, coupling to time-varying ambient magnitude fields must be made small 
enough to avoid introducing significant noise. We propose using one or more pairs of 
oppositely-oriented magnets on the test mass to cancel dipole and possibly higher-order 
moments, thus reducing coupling to external fields. An example of a simple 2-magnet 
configuration we are testing is shown in Fig. 3. 

Figure 3 

..... 
High-Q Test Mass 

N S N 
� §1 �  

�\;�\ N N \ 
Levitated Fixed System Magnets 

Figure 4 

In the version shown, a pair of oppositely-polarized small permanent magnets is 
attached to a high-Q test mass, via a mechanically-isolating connection to reduce them1al 
noise. The suspending field is produced by two long, insulating, permanent magnets. with 
trimming coils. The vertical position of the test mass is sensed by a simple shadow system 
using two infra-red beams intersecting the top of the test-mass magnets, which control the 
stabilizing current in the trim coils. 

Tests with suspensions of this general type have shown that the period for pendulum­
type motion ·in the direction of the laser beam may be dominated by accidental irregularities 
in the fields of the suspending magnets. A small trimming permanent magnet (not shown) 
located to the side of the main magnets may be used to adjust the period. In preliminarv 
experiments. typical periods are around I 0 seconds or longer. with relaxation times of several 
hours. 
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3.2 Magnetic levitation seismic isolation stages 

Slightly different considerations apply here, in that eddy-current damping provided 
by the conductivity of typical rare-earth magnets can be used to advantage. Further, a system 
providing more isotropic isolation can be useful. A simple configuration used in some 
preliminary tests is illustrated in Fig. 4. Here three separate levitated "legs" are used, each 
having a levitated magnet between two fixed field magnets. Each levitated magnet has its 
own vertical sensing system, for which we have used Hall-effect sensors (not shown) in this 
case. 

3.3 Tilt-coupled suspensions 

The test-mass suspension shown in Fig. 3 is very sensitive to ground tilt when 
adjusted for a long period. We have earlier suggested coupling the positions of the 
suspension points of conventional pendulum-type suspensions at each end of the arms of 
gravitational wave detectors by auxiliary interferometers, to reduce or monitor differential 
horizontal ground motion. In long-period systems there may be an advantage in coupling 
tilt motions at the ends of each arm in a similar way, as illustrated schematically in Fig. 4, for 
the case of a magnetic suspension system. 

Tilt Monitoring Beams 

g II Q � 

Test Mass / Test Mass 
Main Interferometer Beam 

Figure 5 

Systems of this general type, whether using magnetic elements or other suspension or 
isolation techniques seem likely to be useful as a way of improving seismic isolation at very 
low frequencies. 
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Abstract 

We discuss the theoretical motivations for new long-range forces 
induced by spin-I or spin-0 particles. 

The couplings of a new spin-I gauge particle, the U boson, are 
obtained by identifying possible extra U(I) gauge symmetries, and 
taking into account mixing effects with the Z boson. The "fifth force 
charge" is expressed as Qs = x B + y L + z Qez and - within grand­
unification - effectively proportional to the number of neutrons. The 
corresponding force, composition-dependent, would add its effects to 
those of gravity, leading to apparent violati9ns of the Equivalence 
Principle, and in general also of the I/r2 Newton's law. Its effective 
intensity a is related to its range .X and to the extra-U(I) symmetry 
breaking scale F, by a � I/ (.>-2 p2). 

An "equivalence theorem" shows that a very light spin-I U boson 
does not in general decouple when its gauge coupling vanishes, but be­
haves like a quasimassless pseudoscalar. Particle physics experiments 
then constrain F to be larger than the electroweak scale. For large 
F we get the "invisible U-boson" mechanism. 

U-exchanges could also induce spin-spin forces, and even a CP­
violating "mass-spin" coupling. These forces, proportional to I/ F2 , 
may be more easily detectable than for the axion (for which .X and 
F are proportionally related). 



1 INTRODUCTION. 

Why to test the Equivalence Principle ? Could new long-range forces exist, in 
addition to gravitational and electromagnetic ones, and what could be their 
properties ? 

The Equivalence Principle is at the basis of the theory of General Rel­
ativity. Although we have no reason to believe that general relativity is 
incorrect, it is certainly not a satisfactory, complete theory. In particular 
there is a well-known clash between general relativity and quantum physics. 
More precisely, no consistent quantum theory of gravity exists. While the 
problem may be ignored temporarily for gravitational interactions of parti­
cles at physically accessible energies, it becomes crucial at very high energies 
of the order of the Planck energy, '::::'. 10 19 Ge V. This is the energy scale at 
which gravity becomes a strong interaction, so that quantum effects, still ill­
defined, become essential. At such energies gravity has an effective intensity 
comparable to that of the three other interactions, strong, electromagnetic 
and weak. This is where a unification of all four interactions might occur. 

Independently of gravity, the Standard Model of strong, electromagnetic 
and weak interactions is very successful in describing the physics of elemen­
tary particles and their fundamental interactions. But it also suffers from 
certain difficulties, and leaves a number of questions unanswered. To men­
tion a few: 

- it has about 20 arbitrary parameters, including the three gauge cou­
plings of SU(3) x SU(2) x U(l) , two parameters µ2 and .\ ultimately fixing 
the W and Higgs boson masses, thirteen mass and mixing-angle parameters 
associated with the quark and lepton spectrum (plus two others) . 

- it sheds no light on the origin of the various symmetries and of symmetry 
breaking, nor on the family problem (why three generations of quarks and 
leptons, . . .  ) . 

- in the presence of very large mass scales it suffers from the problem of 
the stability of the mass hierarchy: how can the W mass remain so small 
compared to the grand-unification or the Planck scales, in spite of radiative 

3 8 1  
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2 GENERAL FEATURES OF A NEW SPIN-1 IN­
DUCED FORCE. 

2 .1  Possible extra U(l)  gauge symmetries. 

For spin-1 particles we can rely on gauge invariance to determine the possible 
couplings of a spin-1 U-boson, and the expected properties of the correspond­
ing force, should it exist (2]. To do so we first identify the possible extra U(l) 
symmetries of a Lagrangian density, which are potential candidates for being 
gauged. This depends crucially on the number of Higgs doublets responsible 
for the electroweak breaking. In the Standard Model there is no other U(l) 
symmetry than those associated with baryon and lepton numbers (B and 
L; ) , and with the weak hypercharge Y. More generally, in any renormaliz­
able theory with only one Higgs doublet, any U(l) symmetry generator F 
must act on quarks and leptons as a linear combination: 

F = a B + (J; L; + ')' Y . (1) 

Supersymmetric theories, however, require two Higgs doublets. This 
leaves room for an additional U(l) invariance, since we may now perform in­
dependent phase rotations on these two doublets. With two Higgs doublets 
separately responsible for up-quark masses, and down-quark and charged­
lepton masses, we get: 

F = a B + (J; L; + /' Y + µ Fax , (2) 

Fax being an extra U(l) generator acting axially on quarks and leptons. 
Such a combination was gauged, in the first supersymmetric models, to trig­
ger supersymmetry-breaking. These models provided, very early, a natural 
framework for a possible new long-or-intermediate-range "fifth force" (6, 7], 
which may now be considered, independently of supersymmetry. Further­
more, in grand-unified theories with large gauge groups including SU(5) or 
0(10) , quarks are related to leptons, so that B and L no longer appear 
separately, but only through their difference B - L .  F is then given by: 

F = 'f/ ( � (B - L) - y )  + µ Fax (3) 



corrections which would tend to make it of the same order as maur or 

ffi PJanck ?) 

- another problem concerns the vacuum energy, when coupled to gravity: 
if it is not zero, or extremely small, it would generate a too large value of the 
cosmological constant A . 

- a delicate question concerns the symmetry or asymmetry between Mat­
ter and Antimatter. The GP symmetry (which exchanges matter and anti­
matter together the left and right orientations in space) is almost a symmetry 
of all interactions, but it is violated by certain weak interaction effects ob­
served in kaon decays. Once GP is not a symmetry of weak interactions it 
has no reason to be an exact symmetry of strong interactions. The neutron 
should then acquire an electric dipole moment, proportional to the parame­
ter B which measures the effective magnitude of these GP-violating effects 
of QCD. Since no such moment has been found (} should be smaller than 
� 10-9 • But why should it be so small if nothing constrains it to vanish ? A 
possible mechanism requires the existence of a new neutral, very light spin-0 
particle, the axion [1] .  

Essentially all attempts to go beyond the Standard Model and try to bring 
a solution to the above problems involve the introduction of new symmetries, 
new particles, and new forces. The grand-unification between electroweak 
and strong interactions would involve very heavy spin-1 gauge bosons that 
could be responsible for proton decay. The supersymmetry between bosons 
and fermions requires the existence of new superpartners for all particles. 
These superpartners - together with the two Higgs doublets required for the 
electroweak breaking - have a crucial effect on the evolution of the weak, 
electromagnetic and strong gauge couplings, allowing them to converge, at a 
large value of the grand-unification scale � 1016 GeV. Supersymmetry is 
also closely related with gravitation, since a locally supersymmetric theory 
must be invariant under general coordinate transformations. And superpart­
ners could help solving the hierarchy problem. 

More ambitious theories involve extended supersymmetry, new compact 
space dimensions, and extended objects like superstrings, aiming at a com-
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pletely unified description of all interactions. They involve many new parti­
cles, including new neutral spin-1 or spin-0 bosons appearing as lower-spin 
partners or companions of the spin-2 graviton. Spin-1 bosons hereafter called 
U-bosons could gauge extra-U(l) gauge symmetries, and will be discussed 
in more detail below [2]. The spin-0 dilaton (or "moduli" . . .  ) fields origi­
nating from superstring scenarios may remain massless, and according to a 
cosmological mechanism attracted towards a point at which they would al­
most decouple from matter [3] . Their residual interactions could be detected 
through extremely small (apparent) violations of the Equivalence Principle. 
This one has already been tested to a very good level of precision (""" a few 
10-12 ) [4] . The sensitivity could be further improved, down to the 10-17 

level, by a satellite experiment known as STEP (Satellite Test of the Equiv­
alence Principle) [5] .  

Should deviations from the Equivalence Principle be  detected, further 
information could allow to distinguish between new spin-1 or spin-0 induced 
forces, adding their effects to those of gravity. In the first case the new force 
is generally expected to act on a linear combination of baryon and lepton 
numbers B and L (i.e. in practice on a combination of the numbers of 
protons and neutrons, Z = L and N = B - L ), as we shall see. For 
spin-0 exchanges the new force is expected to act effectively on a linear 
combination of B and L with the electrostatic energy. Should such a force 
be found, testing several pairs of bodies of different compositions could allow 
to distinguish between the two cases. 

Finally we shall discuss forces acting on particle spins, which could be 
due to the exchanges of spin-1 U bosons or of spin-0 axions. Particularly 
intriguing is the possibility of a GP-violating interaction that would couple 
"mass" to "spin" . 



2.2 Expression of the new "charge" Q5 • 

To obtain the current to which the new gauge boson U should couple, we 
must also take into account mixing effects between neutral gauge bosons. The 
resulting U current involves a linear combination of the extra-U(l) current 
with the Z weak neutral current Jz = J3 - sin2 B Jem . For simple Higgs 
systems the extra-U(l) generator, and subsequently the U-current, does not 
depend on the quark generation considered. The new force should then act 
on quarks in a generation-independent way. There should be no couplings 
to strangeness, charm or beauty, nor on mass either. Couplings to a linear 
combination of B and L with the electrical charge Q, as well as couplings 
involving particle spins, are expected instead [2, 7]. They will originate from 
the vector and axial parts in the U current, respectively. 

The vector part in the U current is found to be a linear combination of 
baryonic and leptonic currents with the electromagnetic current, associated 
with the charge 

Qs = x B + Yi L; + z Qe1 , (4) 

which reduces to 
Qs = x (B - L) + z Qe1 , (5) 

in the framework of grand-unification. For ordinary neutral matter this fur­
ther simplifies into 

Qs = x B  + y L  x (N + Z) + y Z  , (6) 

or, in grand-unification, to 

Qs = x (B - L) = x N . (7) 

The action of a spin-I-induced fifth force on neutral matter may then 
be written in an additive way, proportionally to a linear combination of the 
numbers of protons (or electrons) and neutrons, Z and N .  In the frame­
work of grand-unification, B and L only appear through their difference 
so that the new force is expected to act effectively on neutrons only. When 
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the U boson is  massless or almost massless and the extra U(l)  gauge cou­
pling extremely small, one expects (very small) violations of the Equivalence 
Principle, since the numbers of neutrons and protons in an object are only 
approximately proportional to its mass. 

Should such a force be discovered, its properties may be used to test its 
origin, and whether it is due to spin-I or spin-0 particles: a spin-0-induced 
force has no reason to act precisely on a linear combination of B and L ;  it 
could instead act, approximately, on a linear combination of B and L with 
the electrostatic energy. 

2 .3 A relation between range and intensity ? 

The possible intensity and range of such a new force are largely arbitrary. 
Still when the U-current has an axial part, these two quantities may be con­
strained, the expected intensity getting smaller when the range gets larger. 

The range of the new force may be infinite if the U stays massless. 
This occurs for example with a single Higgs doublet and no other Higgses, 
SU(3) x SU(2) x U(l) x extra-U(l) being broken down to SU3) x U(l)QED x 
U(l)u-boson , the massless U being coupled to a linear combination of the 
conserved B , L and electromagnetic currents. 

In general however the U boson acquires a finite mass, which determines 
the range of the corresponding force: 

Ii 10-7 eV/c2 .A = -- � 2 meters 
mu c mu 

(8) 

Large masses ;(, 200 GeV/c2 well in the domain of particle physics -
would correspond to extremely short ranges .A ;S 10-15 cm. Small masses of 
10-5 eV/c2 , 10-10 eV/c2 or less, on the other hand, would lead to macro­
scopic ranges of 2 cm, 2 kilometers, or more. The new force would then 
superpose its effects to those of gravitation, leading to apparent deviations 
from both the Equivalence Principle, and the l/r2 law of gravitation. 

The intensity of the new force relatively to gravity is a priori largely 



arbitrary. It is characterized (at distances larger than its range >. )  by 

g"2 I 41!" (9) 

g" being the extra-U(l) gauge coupling constant, a priori unknown but which 
may be extremely small (especially if it is related to gravity). 

When it does not vanish the U mass is related to the extra-U(l) symmetry­
breaking scale F (determined by the appropriate Higgs v.e.v.'s) by 

mu � g" F (10) 

For a given scale F, the relative intensity of the new force behaves like 

(11) 

More precisely when model-and-definition-dependent coefficients are taken 
into account we get the typical estimate [7] 

1 ( 250 GeV ) 2 

A (meter)2 F 
(12) 

If the extra U(l) is broken at the electroweak scale ( � 250 GeV ) ,  we get, 
for example: { 10-5 - 10-7 

� 10-11 - 10-13 
if 
if 

>. � 1 km 
>. � 103 km (13) 

the latter case being within reach of the planned STEP experiment. But this 
depends crucially on what the extra-U(l) breaking scale F is. 

When the U current is purely vectorial F may be small or even zero for 
a massless U, and the relative intensity of the new force significantly larger 
than indicated above in equation (13) , making it much easier to detect. But 
in general the U(l)-current also has an axial part, and F will then be 
constrained directly, from particle physics experiments. Quite remarkably, 
this occurs even if the extra-U(l) gauge coupling constant g" is arbitrarily 
small, as we shall see now. 
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3 A CASE OF EQUIVALENCE BETWEEN SPIN-1 
AND SPIN-0 INDUCED FORCES. 

3.1 A very light spin-1 U boson does not decouple for 
vanishing gauge coupling - but behaves like a spin-
0 particle ! 

One might think, naively, that in the limit of vanishing extra U(l) gauge 
coupling constant g" the effects of the new gauge boson would be arbitrarily 
small, and may therefore be disregarded. But this is in general wrong, as 
soon as a second Higgs doublet is present so that the U-current involves a 
(non-conserved) axial part ! 

The amplitudes for emitting a very light ultrarelativistic U boson, pro­
portional to g" , seem indeed to vanish with g" . However in general it is not 
so, since the polarization vector for a longitudinal U boson, E" '::e k" /mu , 
becomes singular (mu � g" F also vanishes with g") . Altogether the ampli­
tudes for emitting, or absorbing, a longitudinal U boson become indepen­
dent of g" when the U boson is ultrarelativistic. Such a U boson will then 
behave very much like a spin-0 particle [6]. 

This expresses that in the high-energy or low-mass limit ( E  » mu ) ,  
the third (longitudinal) degree of freedom of  a massive U-boson continues 
to behave like the "eaten" Goldstone boson that gave birth to it. For very 
small g" the spin-1 U-boson simply behaves as this massless spin-0 Goldstone 
boson. This applies as well to virtual exchanges. The exchanges of the U 
boson do not disappear in this limit, owing to the non-conserved axial part 
in the U current (in general present for more than one Higgs doublet). They 
become equivalent to the exchanges of a massless (pseudoscalar, CP-odd) 
spin-0 particle a, having effective axionlike couplings to leptons and quarks 

21/4 cj12 m1,q (x or l/x) ( r � 
250 :ev ) /5 (14) 

x denoting the ratio of the two Higgs doublet vacuum expectation values. 



3.2 "Invisible U-boson" and "invisible axion" mecha­
nisms. 

If the extra U(l) gauge symmetry is broken at the electroweak scale by these 
two Higgs doublets only, the parameter r = 1 does not appear in the above 
formula, and the effective couplings of the spin-1 particle are the same as for 
the "standard" axion. But this one is excluded from the results of 1/J and Y 
decay experiments. This is also true for a U boson with non-vanishing axial 
couplings, if the corresponding U(l) symmetry is broken at the electroweak 
scale. 

Fortunately the ratio r in the above formula, if very small, would make 
the U boson effects in particle physics practically "invisible" . The extra 
U(l) is then broken "at a large scale" F significantly higher than the elec­
troweak scale ( F � 250 GeV ) - using for example an additional Higgs 
singlet with a very large vacuum expectation value. 

Since a spin-1 U-boson, when very light, is produced and interacts as 
a spin-0 pseudoscalar axionlike particle, this provided us, at the same time 
(1980), with a way to make the interactions of the axion almost "invisi­
ble" , at least in particle physics [6] . This can be realized by breaking the 
corresponding global U(l) Peccei-Quinn symmetry at a very large scale, 
through a very large singlet vacuum expectation value, the resulting axion 
being mostly an electroweak singlet. We then obtained simultaneously both 
the "invisible U-boson" mechanism, and the "invisible axion" mechanism 
that became popular later. 

3.3 Implications of particle physics experiments for 
the extra-U (l) symmetry-breaking scale F. 

Equation (14) (obtained with two Higgs doublets and an axial part in the 
U-current) implies that the branching ratios for the radiative production of 
U bosons - or equivalently of axions - in quarkonium decays are proportional 
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to r2 (or equivalently to 1/ F2) : { B ( 'l/J -+ 1 + U/a ) c::: 
B ( Y -+ r + Ufa ) c::: 

5 10-5 r2 x2 
2 10-4 (r2/x2) (15) 

( C,µ and Or, expected to be larger than 1/2, take into account QCD radiative 
and relativistic corrections). The U boson ( quasistable or decaying into v ii ) 
and the axion (decaying into / 'Y  outside the apparatus) would both remain 
undetected. From the experimental limits [8]: 

we deduce 

{ B ( 'If; -+ / + "nothing" ) 
B ( Y -+ 'Y + "nothing" ) 

r ;S 1/2 . 

< 
< 

1 .4 10-5 
1.5 10-5 

(16) 

(17) 

I.e. the extra-U(l) (local or global) symmetry should be broken at a scale F 
at least of the order of twice the electroweak scale - using for example extra 
singlets with large v.e.v's. [6, 7]. 

For a U with non-vanishing axial couplings this can be translated, using 
equation (12) , into an upper bound on the relative strength of the (spin­
independent) part of the new force, as a function of its range >. :  

_ � g"2/ 47r � 1 (250 GeV) 2 < 1 
Q:' ......... 2 ......... 2 l"V 2 GNewton mproton A (meter) F A (meter) 

(18) 

This relative intensity is then expected to be rather small, if the range >. is 
large (e.g. for >. = 103 km, ii ;S 10-11 - 10-13, which may still be within the 
sensitivity of the STEP experiment) . On the other hand for shorter >.'s (and 
in particular between 1 mm and more than 10 meters) the relative intensity 
with respect to gravity is not severely constrained by these arguments, and 
improved short-range gravity experiments would be worthwhile. 



4 NEW FORCES ACTING ON PARTICLE SPINS. 

4.1 Spin-spin interactions. 

Moreover the exchanges of a new spin-1 U boson would lead to a new, 
possibly long-ranged, spin-spin interaction potential between two quarks 
and/or leptons [7, 9]. It is, at distances p small compared with the range 
.A =  1i/mu c :  

G F 3 i11 . p i12 . p 
8 7r  J2 p3 (x or 1/x) (x or 1/x) r2 (19) 

( p = pf p denoting the unit vector defined by the two particles) ,  with the con­
straint r ;S 1/2 deduced from '¢ and Y decay experiments. The spin-spin 
potential (19), proportional to 1/F2, preserves all P, C and T symmetries 
and is given by the same expression as for the exchange of a quasimassless ax­
ionlike pseudoscalar [10], in agreement with the general equivalence theorem 
discussed earlier. 

This can be understood from the expression of the spin-1 U boson prop-
agator, 

g"" + � ( g" 2 )  ql' q" ( g"2 ) mu + . . .  
q2 + mb mb q2 + mb 

(20) 

For small mu (or large energies E � mu) the dominant contribution arises 
from the � term, contracted with non-conserved axial contributions to the 

mu 
U current. Moreover g"2/mi � 1/F2 � GF r2 , while :z;-=-+1 leads to 

q mu 
a Yukawa potential at distance p proportional to e;x .  q" and q" (corre­
sponding to derivative operators in position space) are contracted with axial 
current contributions proportional to ij 1"15 q and l 1"15 I which, in the 
non-relativistic limit, involve the spin iJ of the quarks or leptons between 
which U bosons are exchanged. This leads to the spin-spin potential (19). 

Both in the spin-1 U-boson and in the spin-0 axion cases, the spin-spin 
potential is proportional to 1/F2. In the case of the axion however (which 
gets its mass from non-perturbative effects associated with anomalies) there is 
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a very specific relationship between the range .>.. and the symmetry breaking 
scale F :  

A.axion = F 
(21) 

m. c 
� 2 mm 

1011 GeV 
cm . 

From astrophysics constraints one usually expects F to be in the � 107 
(or 1010) GeV up to � 1012 GeV range, so that an axion-induced force 
should in principle be short-ranged ( ;S cm). For larger values of F and .>.. 
the axion-induced force, proportional to 1/ F2, would be negligible anyway. 

On the other hand in the spin-1 U-boson case, the relation between .>.. 
and F is different, and involves another pa,rameter, the extra-U(l) gauge 
coupling g" : 

Ii 1 
>..u = -- � 

mu c g" F 
(22) 

While the axion spin-spin force should be short-ranged, the U-boson spin­
spin force may be short or long-ranged. If such a long-range force were found, 
it cannot be to a spin-0 axion, but to a spin-1 U-boson (or to a spin-0 boson 
other than an axion, in particular a true massless Goldstone boson). 

4.2 A GP-violating "mass-spin" coupling ? 

Let us now be even more speculative. If GP-violation effects are introduced, 
exchanges of a spin-1 U-boson may also lead effectively to a very small 
GP-violating interaction, resulting in a monopole-dipole force which may be 
tested in a mass-spin coupling experiment. Again this spin-1-induced force [9] 
is similar to the one obtained for a quasi-massless spin-0 axion (or axionlike 
particle) [10] . 

In the presence of GP-violation effects, we may get - again from the 
q" qv term in the spin-1 propagator - additional contributions originating 
from the product of a iJ. if term for one fermion, times a scalar density for 
the other. They can mimic an effective interaction resulting from the ex­
changes of a spin-0 particle having the usual pseudoscalar couplings (14), 
now supplemented with very small effective ( GP-violating) scalar couplings 



with quarks. We may use an angle " B "  to parametrize these GP-violation 
effects, and write the effective GP-violating quark scalar couplings as pro­
portional to G Jf 2 r m B . This leads to an interaction between the spin and 

the gradient of the Yukawa potential ·�* . The coefficient of this interaction 
between fermion 1, say an electron of spin � a1 , and a nucleon is propor­

tional to G}12 r m  B (m now denoting an hadronic scale) .  The resulting 
GP-violating interaction, at distance p ,  is proportional to 

G 2 B 
- A ( 1 1 ) /!_ B F r  m u1 . p  >. p  + {ft e-,. ::>:: F2 (23) 

in which r ( :=>:: 250 GeV/F ) is smaller than unity, and B, presumably ;S 
10-9 , measures the magnitude of GP-violating effects. It can be rewritten 
in terms of effective pseudoscalar and scalar couplings - both proportional 
to 1/F - as 

9p (1) g. (2) - A ( 1 1 ) _ /!_  
U1 . p - + - e > 

8 7r  m1 >. p  p2 
B 
p2 (24) 

Could such an interaction (which violates the P, GP and T symmetries) 
be detected in an appropriate experiment searching for a coupling between 
bulk matter and polarized spins ( "mass-spin coupling experiment" ) ? This 
depends on the range >. of the interaction and of its effective intensity, pro­
portional to {h both in the spin-1 and spin-0 cases. 

For a spin-0 axion the range >. is proportional to F and expected to 
be rather short ( ;S cm, for F ;S 1012 Ge V ) .  Even in the most favorable 
case for which >. � mm, the new force seems too weak to be detected: this 
would require the GP-violating parameter B to be ;G 10-5, while B should 
be ;S 10-9• And even if >. were allowed to be larger the situation would 
be worse (the new force being proportional to B/>.2 ) .  Altogether we cannot 
yet hope to detect the GP-violating mass-spin coupling induced by axion 
exchanges. 

In contrast the mass of the spin-1 U boson, governed by g" F, may be 
very small (and >. rather large, ;G cm) even with a symmetry-breaking scale 
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F not much larger than the electroweak scale. This could make the new 
"mass-spin" coupling both long-ranged and relatively "intense" . The C ?­
violating spin-dependent potential, still proportional to () / F2 (i.e. in this 
case � g" 2 () .>-2 ) may be significantly larger than for an axion, for which a 
large symmetry-breaking scale ( F > ! 1011 Ge V ) is required, to have A :C, 1 
mm. 

We now have, with a spin-1 U boson, better chances to detect spin­
dependent (dipole-dipole and monopole-dipole) forces. For a spin-0 axion, 
monopole-dipole GP-violating forces are expected to lie below the level of 
sensibility of the planned STEP experiment: STEP may test () ;c, 10-5 for a 
symmetry-breaking scale around 1011 GeV (while () is expected to be much 
smaller). For spin-1 particles it may test very small values of B, significantly 
lower than the generally-accepted limit of 10-9 , provided the extra-U(l) 
breaking scale is not excessively large compared with the electroweak scale. 
For a scale F � 103 GeV it might test () down to extremely small values 
� 10-21 (for .>- ;c, 1 mm). For a scale � 108 GeV, one could still probe () 
down to the � 10-11 level. 

5 CONCLUSIONS. 

This leads to a large field of investigations for the search for a new spin-
1 or spin-0 induced fifth force, of long or intermediate range. In addition 
to (apparent) composition-dependent effects of gravitation, and deviations 
from the inverse-square law, there could be new forces acting on particle 
spins, which might have detectable macroscopic effects. 
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REDUCI NG SYSTEMATIC ERRORS IN LLR AND VIKING RADAR RANGING DATA 

Kenneth Nordtvedt 
1 1 8  Sourdough Ridge , Bozeman MT 5 9 7 1 5 ,  USA 

Lunar l aser ranging ( LLR)  and V i king miss ion Earth-Mars radar 
ranging have produced two of the premier solar system data sets 
ava i l ab l e  for testing relativistic gravity . But generous allowances 
for ' systemati c  errors ' in the analysis of this data means that its 
full potential has not been reached in testing theory . I here briefly 
sketch work whose general goal i s  to rational i z e  the treatment of 
systemat i c  errors , by including parameteri zed representations of 
plausible or suspected biases in e ither the basic model or a post­
model hypothesis . This wi l l  allow use of these data sets nearer to 
the noise l imits defined by their model covar iance matrices . 

During the l ast 25 years LLR has amassed over 1 0 , 000 measure­
ments of the Earth-Moon range . Measurement precis ion today is 
typically a coupl e  centimeters and ever- improving , as the active LLR 
program adds quant ity ,  accuracy and span-of-time to its data set . A 
key s i gnal sought in the data is a monthly period osc i l l ation which 
results from any di fference in the free-fall rate of Earth and Moon 
toward the Sun1 ' ( a  so-ca l l ed Equivalence Principle ( EP )  violation ) : 

ll r ( t) " 2 . 9  · 1012 amoon -aearth cen time ters x 
gsun 

(cosD + ..2:.... cos 3D + 2.. cos ( L-D) - 2.. cos (D+ L) + . . .  ) 200 10 20 
( 1 )  

Synodic ( D J  and anomalistic ( L )  phases are measured from new moon and 
from perigee , respective l y .  Recent analys i s  of LLR data estimates 
an ampl itude for this s ignal of - 0 . 7  ± 1 . 4 cm. , the uncertainty being 
described as " realistic" rather than formal' ' . By comparison ,  the 
covariance matrix ' 2  s i gma ' uncertainty for this amp l i tude is only 
two or three mi l l imeters . But even as· it stands , this is our most 
precise confi rmation o f  universa l i ty o f  free-fal l ,  indicating that 
Earth and Moon fall toward the Sun at rates equal to 5 parts in 1013 • 
This means , assuming metric gravity, that the Earth ' s  gravitational 
binding energy, to a part in 1 03 preci s i on , contributes the same to 
gravitational and inert ial mass , confirming the specific non- l inear 
structure of general relativity . But the data has potential to better 
measure this s i gnal by a factor of 4 or 5 if systemati c  errors can 
be brought under more control or modeled . 
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Osci l l ations in Earth-Moon range are general ly quasi -orthogonal : 

T 

J cos v t cos w t  dt 
0 vf'f72 vf'f72 

+ Order( 1 ) ( v -w )  T 
( 2 )  

when sampled uni formly . For technical reasons however , L LR data i s  

sparse near ful l and new moons , concentrated around quarter phases 

but skewed toward ful l moon . Expressing the sum over N observations 

as a time integral , the data per unit t ime shows the modulations : 

� - n0 (1 - Cw cos 2D - CD cos D + , , . ) dt ( 3 )  

with C20 " 0 .  9 and C0 " 0 . 1 . ( Data weighting factor modulations may 

also be relevant ) .  This renders some data signal pairs quite non­

orthogonal , a key examp l e  being : 

N E cos Di cos 3Di 
1=1 

( 4 )  

The hypothes i s  - - - that there i s ,  by itsel f ,  a signal i n  the data 

proportional to cosD , the dominant part of the EP-violating signal 

given in ( 1 )  therefore has l imited meaning and , as I wi l l  

sugges t ,  should b e  made part o f  a more extended hypothes i s . 

The search procedure for post-model signal s in the LLR data 

begins with formation of a ' residual ' vector . The observations are 

compared with values calcul ated from a bas i c  model which contains a 

large number ( M  > 1 0 0 ) of model parameters : 

r consists of ri oi - c (M) i i = 1 to N ( 5 )  

Sma l l  adj ustments of the model parameters change the calculated 

values of the observables in proportion to the parameter ' partial s ' :  

to tal model adj us tmen t ( 6 )  

A least squares fit of the model to the observations determines the 

parameter adj ustments and a resulting post-fit ( P F )  res idual vector : 
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( 7 )  

Inverse o f  the model covari ance matrix i s  indicated . The operator 

which converts the residual vector into a PF res idual vector has a 

useful geometr i cal interpretat ion : it is s imply the proj ection 

operator for the M dimens ional vector subspace C M- subspace ) defined 

by the part ials vectors o f  the bas i c  model : 

( 8 )  

here expressed using an orthonormal representation of the M-subspace : 

wi th Ov = E ll Pµ lµ · uv 
µ 

( 9 )  

I f  a hypothes i s  i s  made that the PF res idual vector contains a 

signal ( partials vector g plus to-be-fit parameter pl ) resulting 

from physics not included in the basic model , the coupled ( l east 

squares f i t )  equations for extra plus model parameters are then : 

P1g·g + � Q u ·g L,, µ µ 
µ 

P1 § · uv + Ov 
( 1 0 )  

for each v 

To the extent that the extra parameter ' s  partials vector proj ects 

into the M- subspac e ,  this parameter is often said to be " correlated" 

with some bas i c  model parameters , with the further suggestion that 

b iased est imates of those latter bas i c  model parameters wi l l  induce 

bias in the extra parameter . On the face of i t ,  this is suggested 

by the structure of the coupled equations ( 1 0 ) ,  but final solution 

for the extra parameter refutes this view, with this parameter 

estimation occuring outside the M-subspace and therefore being 

unaffected by whatever biases occur withi n :  

pl = .f · ( l - P..,) ·§ = .f * ·g* 
g· ( l - P..,) ·§ §. _§ * 

Consider a PF residuals vector containing a signal : 

( 1 1 )  
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( 12 )  

( Starred PF vectors have been made orthogonal to the M-subspace by 

the process in ( 7 ) ) .  The first two terms in ( 12 ) represent some 

plausible ' new ' phys ics , whi l e  the last term includes a l l  other 

unknown , unmodeled phys ics . If one tests a hypothe s i s  consi sting of 

solely the f i rst partials vector of the new physics , one gets : 

pl 
= R1 + ( 1 3 )  

c l early showing the problem with posing a hypothesis which i s  too 

l imited . Enlarging the hypothesis to include both terms then gives : 

pl ( 1 4 )  

Adding the second signal , the estimate of R, becomes immuni zed to its 

presence ! Such s i gnals should be inc luded in the model or hypothe­

s i s . Note a l so from ( 1 4 )  that changing the data set induces changes 

in an estimated parameter only via the unmodeled physics . 

This is relevant to the search for the EP-vio l at ing s i gnal ( 1 ) . 

Testing for its presence by itse l f  gives an est imate biased by any 

s ignal in the PF res idual vector proportional to cos3D . From the 

sampl ing modulations ( 3 )  and result ing proj ections ( 4 )  one gets : 

( 1 5 )  

S imply expanding the hypothesis being tested into the form : 

Hypo thesis = P� cos D + P£n cos 3D ( 1 6 )  

el iminates this bias , and nothing less than this expanded two­

parameter hypothesis should be tested . And there is now the bonus of 

having estimates of both the cosD and cos3D amp l i tudes unbi ased by 

each other ' s  presence . It is p l ausible that some insufficiently 

mode l ed phys i c s ,  perhaps augmented by experimental procedures which 

are asymmetr ic with respect to lunar phas e ,  adds a signal to the PF 
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residual s  vector periodic in synodic phase : 

(r) i .. E Rn cos nDi + L + I  0 I ( 1 7 )  
n=l , 2 . .  n=l , 2  . .  

Finding an appreciable cos3D signal ampl itude then suggests that a 

comparabl e  cosD s i gnal amp l i tude ex i sts from sources other than an 

EP violation ,  whose signal given by ( 1 )  has a cos3D ' s ideband ' with 

only about 1 /2 0 0  the ampl itude of the principal cosD signal . It may 

in fact be necessary to further enlarge the PF hypothesis by adding 

to-be-fit amp l itude parameters for more of the Fourier terms . A cosSD 

signal in res idual ( 1 7 )  but not in the hypothesis ( 1 6 ) ,  for examp l e , 

gives the biased est imate : 

( 1 8 )  

To estimate both parameters Rv and R3v free of bias from a l l  higher 

odd Fouri e r  terms in ( 1 7 ) , one can use the hypothesi s :  

� 

Hypothesis P� cos D + P£v L fm-l cos ( 1 +2m) D ( 1 9 )  
m=1 

with f = (1 -Jl - CJv)!cw . ( In detai l ,  hypotheses ( 1 6 )  and ( 19 )  acquire 

s l i ght modi f i cations when be ing orthogonal i zed to the M-subspace --­

the ' star ' process of ( 7 ) ) .  To help find l imitations of and make 

improvements in the basi c  mode l , LLR analysts need a l l  avai l ab l e  

c lues concerning the spec i f i c  s i gnal structure in the PF res iduals 

vecto r ,  such as these unbiased ampl itude estimates . 

The strength of the unknown x' signal in ( 1 2 )  and ( 1 4 )  i s  also 

worth knowing , for i f  i t  i s  l arge only a s l ight l ack of orthogonal ity 

with part i a l s  vectors of estimated parameters wi l l  produce s igni f i ­

cant biases . An algori thm t o  extract the ( non-noise ) signal norm from 

the PF res i duals vector i s ,  for equal interval s  between observations : 

Signal Norm = ( 2 0 )  

with strai ghtforward modi f icat i on for other s i tuat ion s ,  such as that 

of unequal intervals between observat ions . The variance of ( 2 0 ) 

indicates thresho l d  for measuring a s i gnal norm as 1//N times the 
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norm of the data ' s  random noise . For L LR this represents a signal 

with rms size of two or three mi l l imeters . After obtaining hypothes i s  

parameter est imates , the norm o f  the hypothesis signal can b e  com­

pared to the PF res iduals signal norm found using the al gorithm. I f  

the latter s i gn i f i cantly exceeds the former , then improvement of the 

hypothes i s  is essential in order to capture within itself more , i f  

not most , of the signal norm . These suggested systemat i c  error 

reducing procedures do general ly increase the covariance matrix 

' noise ' uncertainties in parameter est imat ion ,  but as long as the 

experiment remains systemat i c  error dominated, net improvement in 

total parameter estimation uncertainty should result . 

The Vi king mission data set , accumulated during 1 9 7 6 - 8 2  using 

active radar transponders orb it ing Mars or on its surface , consists 

of over 1000 Earth-Mars radar range measurements of about 7 meters 

average precis ion . Thi s range data has been used to measure the 

gravitational delay of radar propagation to a part in 10' prec i s ion' ' , 

and to search for cosmological time variat i on in Newton ' s  coupl ing 

paramete r ,  constraining dG/Gdt :5 l0-1 1  per year' ' . It a l so has the 

potent ial to measure the Sun ' s  gravitational to inertial mass ratio 

to a scienti f i ca l ly interesting level of prec ision . 

The systematic errors in this data set come from an ' ident i fied ' 

source - perturbation of the Mars ( and Earth ) orbit by the gravity 

field of the many unmodeled and unknown bodies in the asteroid bel t .  

Though the co l lective effects o f  the asteroi d  belt o n  the mean 

motions of Mars and Earth are mode led, the more variab l e  dynamical 

perturbations have been less cons idered, whi l e  semi - secular effects 

have remained espec i a l ly resi stant to mode l ing . Without knowing the 

specific orbits and masses o f  the belt ' s  many hundreds of individual 

bodies , the known regularities of the belt ' s  motions can neverthe less 

be exploited to construct a correlated error matrix between range ob­

servabl es . The octupole perturbations give in the approx imation of 

circular orb its ( quadrupole perturbations give a s imilar result,  but 

with doubled frequencies ) : 

< o ( t) o ( t+i: ) > A 2 exp-(% p2i:2) x ( (R ( t) R ( t+i: ) + �2 T ( t) T ( t+i: ) ) cos ( c.> -c.>A) i: ) 
+ � (T( t) R ( t+i:) - R ( t) T( t+i: ) ) sin ( c.> - c.>A) i:  

( 2 1 )  
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w and wA are the orbital frequencies of Mars and ' average ' astero id 

be l t ,  respective ly, p i s  an asteroid belt ' decoherence ' rate ( from 

the spread of asteroid orbital frequenci es ) ,  R ( t )  and T ( t )  are 

geometrical observing factors : 

( 2 2 )  

Optimal procedure cal l s  for combining this correlated error matrix 

with the experiment ' s  random measurement noise to obtain the 

weighting matrix for the least squares fit procedure : 

Minimi ze I: WiJ(oi -ci )( oJ-cJ ) wi th Wij = [a�6iJ + < o ( t) o ( tJ ) >f ( 2 3 )  
1 , J 

The structure of the corre lat i ons ( 2 1 )  reflects the fact that the 

pl anet ' s  orbital perturbation i s  a quas i - e l l iptical motion of fixed 

ax i s ,  period 2 � / ( w -wA) , and unpredi ctable but only slowly changing 

amp l itude and phase . Though not knowing anything about the 

perturbat i on at time t ,  one does know with high confidence that : 

( 2 4 )  

viewed in the properly rotating coordinate system . This knowledge 

enables the construction of a new ' correlated ' observab l e : 

o ( t) 1 "' o ( t} + L c ( t) n o ( tn) ( 2 5 )  
n 

which i s  immune from much of the unknown perturbation ,  achieving 

about the same as what the optimal weighting matrix can do . The goal 

i s  reduction of these part i cular biases to below a hal f meter , and 

then the more difficult probl em of bias in semi -secular s i gnals due 

to eccentri c ity and incl ination of asteroid orbits must be addressed . 
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ABSTRACT 

The exchange of massless neutrinos between heavy fermions (e.g. e, p, n) gives rise 

to a long-range 2-body force. It is shown that the analogous many-body force can 

lead to an unphysically large energy density in white dwarfs and neutron stars. To 

reduce the energy density to a physically acceptable value, the neutrino must have 

a minimum mass, which is approximately 0.4 e V / c2 . Some recent questions relating 

to the derivation of this bound are also discussed. 

*Work supported in part by the U.S. Department of Energy. 
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Two recent papers have re-examined the question of whether the forces arising from the 

exchange of vfi pairs can be detected experimentally [1,2]. In the present paper we summarize 

the main results in Refs. [1,2] , and discuss some more recent work aimed at clarifying the lower 

bound on the neutrino mass derived in Ref. [2]. 

We begin by considering the self-energy W of a neutron star in the presence of neutrino­

exchange forces, which can be evaluated by using the following formula due to Schwinger [3] : 

(1) 

Here G F is the Fermi constant, an = -1/2 is the weak v - n  coupling constant, Nµ. is the vector 

current of neutrons, and sC:) is the free neutrino propagator. As we discuss below, it may be 

possible to evaluate W for some choices of Nµ. without expanding £n[l + . . .  ] in powers of GF, 

although for purposes of deriving a bound on the neutrino mass it is useful to carry out such 

an expansion. The contribution proportional to G} arises from a Feynman diagram in which k 

neutrons attach to a neutrino loop, as shown in Fig. 4 of Ref. [1]. Since GF and R are the only 

dimensional variables in the problem, it follows that in order G} the self-energy of a cluster 

of k particles spread out through a spherical volume of radius R is proportional to G} / R2k+i . 

Since one can form ( : ) k-body clusters from N neutrons, where ( : )= N!/[k!(N - k)!] is 

the binomial coefficient, it follows that the k-body self-energy W(k) is of order 

(k) � 
G} ( N ) "" 2_2_ (GFN) k 

W 
R2k+i k 

- k! R R2 ' (2) 

where we have written ( : )� Nk/k! for k << N. For a typical neutron star GFN/R2 = 
0(1013) ,  and hence it follows from Eq.(2) that higher-order many-body interactions make in­

creasingly larger contributions to W(k) . Eventually one is led to a paradoxical situation in which 

W = I:k W(k) exceeds the known mass M of the neutron star. If no other mechanism exists to 

suppress W, then one is led to the conclusion that neutrinos must have a minimum mass m. 
With m cl 0 the vii-exchange force "saturates" , just as the strong interaction force does, and 

for an appropriate value of m the mass-energy of a neutron star arising from neutrino-exchange 

would be reduced to a physically acceptable value. This minimum mass (for any species ve, vµ., 

> 2 GF m � 
3e3 y121anlP = 0.4 eV, (3) 

where p is the number density of neutrons in a neutron star, and £ne = 1 .  

The detailed calculations which suggest the possibility of  such a bound are presented in 

Ref. [2]. We briefly review here a number of possible questions that have been raised. a) One 
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may ask whether perturbation theory is even valid in the presence of effects as large as those 

found in Ref. [2] . This is addressed in Ref. [2], but an alternative way of viewing the present 

calculation is to start with m op 0. For an appropriate value of m, the self-energy W would 

be acceptably small, and there would be no question concerning the validity of perturbation 

theory. As one attempts to pass to the m = 0 limit, W / M eventually exceeds unity, and this 

implies that m cannot be smaller than a certain critical value, namely that given by Eq.(3) . 
Using this approach one can sidestep various problems in perturbation theory, and still arrive 

at the bound in Eq. (3) . 

b) Another set of issues relates to the possibility of calculating W from Eq.(1) without 

first carrying out a perturbation expansion. This can be done, for example, in the case of an 

infinite continuous medium with constant mass density Pm· One can anticipate via the following 

heuristic argument that in such a system the effects of neutrino-exchange will be small. For 

an infinite system the physically relevant quantity is the energy density which has dimensions 

µ4, where µ is a mass scale. The only available dimensional quantities are G F and Pm which 

appear in the combination GFPm � µ2. It follows that for an infinite medium we expect to find 

energy density � (GFPm)2 • (4) 

This means that the only contribution in the infinite-medium case is from the 2-body potential, 

and this conclusion is supported by detailed calculations. By contrast, for a neutron star of 

radius R with constant number density p, one can form the dimensionless quantity appearing 

in Eq.(2) , 

(5) 

Since the product GppR is dimensionless it can appear raised to any power in the expression 

for W, and this is supported by both Eq.(2) and the detailed calculation in Ref. [2] . We can 

infer from this discussion that large cancellations must take place as one passes from the results 

for a finite neutron star to those for an infinite medium. Moreover, there are some ambiguities 

in how the infinite-medium limit is taken, as we show elsewhere. This discussion suggests that 

calculations of neutrino-exchange effects in an infinite medium may not be directly relevant for 

a neutron star of finite radius. 

c) It has been noted [4] that the same combinatoric factors which enhance the many-body 

contribution to the self-energy W, also enhance the many-body contribution to the production 

of physical vii pairs. If these pairs are trapped in the neutron star, then their presence could 

serve to Pauli-block the exchange of the virtual vii pairs which give rise to the unphysically 

large value of W. If this were true, then we would no longer be forced to the conclusion that 

neutrinos must have a minimum mass. However, there are a number of problems with the 
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preceding scenario: i) For m = 0 the analogs of the many-body diagrams considered in Refs. 

[1,2] would produce both low-energy and high-energy viJ pairs at an unphysically large rate. 

The neutrino star, rather than trapping the neutrinos, would be destroyed as a result of the 

large forward scattering cross section. ii) Even for low-energy neutrinos or antineutrinos, the 

dominant many-body interaction may be repulsive (depending on the value of N), and hence 

the neutron star may expel both v and iJ. (Note that only k = even contributions are non-zero 

for a spherically symmetric neutron star, and these produce the same effects for v and v.) More 

generally, for m = 0 problems would arise in both the self-energy W and the viJ production rate. 

To understand how these relate to each other and to other processes occurring in a neutron 

star (or white dwarf) will require more detailed calculations. However, it seems unlikely that 

the mechanism proposed in Ref. [4] can avoid the implications of Refs. [1,2] that neutrinos must 

be massive. 

I wish to collectively thank my many colleagues for helpful discussions. 
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Resume 

L'echange des neutrinos sans masse entre des fermions lourds produit une force 

macroscopique entre deux corps. Nous montrons que la force analogue entre plusieurs 

corps mene a une grande densite de l'energie dons !es etoiles des neutrons. Pour 

reduire la densite de l'energie a un valeur acceptable, le neutrino doit avoir une 

masse minimum qui est environ de 0.4 eV/c2 • 
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We discuss prospects for improved tests of the weak equivalence principle, searches for 
anomalies in Newtonian gravity (or new forces), and measurements of the gravitational 
constant G, using torsion balances operating at cryogenic temperatures. Operation at low 
temperature promises the benefits of high mechanical Q with correspondingly low thermal 
noise, high mechanical stability, and high temperature stability. We discuss potential problems 
in a G measurement due to fiber non-linearity and/or inelasticity, and the problem of 
minimizing Newtonian gravitational couplings to a balance used for an equivalence principle 
test. Sensitivity to a differential acceleration of test masses at a level 10·15 cm/s2 or less appears 
to be a reasonable goal. 
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1 .  Introduction 

The classic torsion balance is remarkable in its ability to measure extremely weak slowly 

varying forces, but is nearing its limits when operated at room temperature. The natural next 

step is to develop torsion balances which operate at cryogenic temperatures. In a previous 

publication1) we have discussed limits on such instruments which might be imposed by thermal, 

seismic, and readout noise sources, concluding that these limitations are consistent with the 

measurement of differential accelerations of test masses with sensitivity Aa = 10·15 cm/s2 or 

better using an instrument operating at a temperature of about 4K. Such measurements could 

improve current limits on the universality of free fall in gravitational fields of the sun, earth, 

and/or local mass sources by three orders of magnitude or more. In the present paper we 

address other potential limitations on the performance of torsion balances, especially 

Newtonian gravitational couplings and possible effects of nonlinear and anelastic behavior of 

torsion fibers. 

2. Choice of fiber material 

To minimize thermal noise a fiber material with the highest possible torsional oscillation 

Q is desired. Materials we have considered include: tungsten, which is strong and widely used 

for room temperature torsion balances; sapphire, which in bar form exhibits extremely high 

Q at low temperatures and is available in fiber form with diameter as small as 75 µ.m (larger 

than ideal); aluminum 5056, which in bar form also exhibits high Q at low temperatures, and 

is favored for use in gravitational wave bar detectors; and BeCu, favored by condensed matter 
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experimentalists for torsion pendulums 

operated at high frequencies and low 

temperature. Figure 1 displays Q's 

measured in our lab, as a function of 

oscillation amplitude, for pendulums 

operating at about 4K using 25 cm long 

fibers of: tungsten (diameter d = 20 µm, 

period r0 = 268 s), hardened aluminum 

5056 (d = 50 µm, r0 = 105 s), and 

sapphire (d = 70 µm, r0 = 97 s). We 

are currently testing a BeCu fiber. 

Fig. 1: Measured Q's of torsion pendulums using Fused silica, the fiber material of choice 
various fiber materials, as a function of oscillation 
amplitude at temperatures near 4.2K. for room temperature instruments, is 
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interestingly very unsuitable for use at low temperature, where the temperature coefficient of 

its shear modulus (and hence its torsion constant) is an order of magnitude greater than at 

room temperature, while its Q is expected to be little better than at room temperature. 

It is surprising that our measured fiber Q's are not higher. For small amplitude 

oscillation we found a Q of 1 ,600,000 for sapphire and 360,000 for Al5056, compared with Q's 

as high as 5 x 109 achieved for sapphire bars at high frequency 2l and 5 x 107 for Al5056 rods at 

about 1 kHz 3l. Current data on inelastic behavior of materials 4l suggests that torsional Q's 

would be independent of frequency, (a result of a frequency-dependent effective damping 

constant R( w) cc w ·1), while comparing our data for aluminum with reference 3 indicates that 

Q(lOOO Hz)/Q(.01 Hz) "" 150. Possible explanations for this include: i) effective damping 

constants in materials may increase more rapidly with lowered frequency than currently 

believed, ii) losses at fiber clamp points may dominate our measured Q's, and/or iii) surface 

effects may dominate loss mechanisms for our thin fibers (it has been found 2l for example that 

polishing the surface of a sapphire bar greatly improves its Q). It is also possible that the 

operating temperature of the torsion pendulums we tested was significantly higher than that 

of the 4.2K helium bath which surrounded the pendulums' vacuum chamber, as a result of 

heating by the light beam of the optical readout system. We plan further investigation of these 

questions. 

3. Dynamic vs static torsion balance operation modes: Noise sensitivity. 

A torsion balance may be used in two ways to probe force fields. When the orientation 

of the instrument relative to the field sources is changed, one may determine either: I. The 

resulting static deflection of the balance, either in a fixed or continuously rotating frame, or: 

II. The resulting change in torsional oscillation frequency of the balance, acting as a torsional 

pendulum. The first method is that used by Cavendish and by Eotvos, and in most recent 

applications of the torsion balance to tests of the equivalence principle and searches for new 

long range forces. The second method has been used in several measurements of G, and by 

one group5l in searches for new forces. Each method has distinct advantages; here we consider 

the relative sensitivity of the two methods to seismic and thermal noise when used to measure 

a differential acceleration 6.a of test masses in a force field. 

Let N2( w) be the spectral density of a noise torque acting on the balance or pendulum, 

and define Pc to be the "composition dipole moment" of the balance (dipole moment of one 

of the two test mass materials relative to the torsion axis). For a measurement made over a 

time period t the uncertainty in measured 6.a introduced by the noise in the two methods is: 



412 

8a  (static) 8a (dynamic) 

Here w, is the frequency with which the source field is varied relative to the balance in the 

static method, and w0 is the natural oscillation frequency of the pendulum in the dynamic 

method. The first equality is easily demonstrated. The expression for the dynamic case is less 

obvious, but can be shown to be an excellent approximation if three conditions are met: the 

oscillation amplitude is near an optimum value of 1 .84 radians, the measurement extends over 

several oscillation cycles, and the noise spectrum N2( w) does not have an extreme w 
dependence. 

Typically a pendulum oscillation period would be on the order of 100 seconds, while the 

signal frequency in the static method might be a few hours, so that w0 = lOOw. Thus whether 

the static or dynamic method yields lower noise depends on the w dependence of the noise 

torque spectrum. Thermal noise arising from the torsion fiber is expected41 to produce a 

torque spectrum N2(thermal) oc w-1, while rotational seismic noise is likely to produce an 

effective torque spectrum on a torsion balance on the order of N2( w) oc w2• Thus if the 

dominant noise torque is thermal, the dynamic method is likely to have a signal sensitivity better 

by an order of magmtude compared to the static method, while if rotational seismic noise 

dominates, the dynamic method could be worse by two orders of magnitude. It is hard to 

anticipate the level of very low frequency rotational seismic noise to be expected at a quiet 

field site, so the choice between dynamic and static methods is difficult to make at this point. 

The limited information available to us on such noise6l indicates that the dynamic method is 

favored. Fortunately, an instrument designed for one mode can be readily adapted for 

operation in the other mode. 

4. Effects of fiber non-linearity and anelasticity on measurements of G 

Fiber nonlinearity and/or anelasticity are not a significant source of systematic error in 

null experiments using a torsion pendulum to test the equivalence principle, but are potential 

error sources in measurements of G such as we plan at UC Irvine7l using the dynamic method 

with large amplitude oscillations. Parameterizing nonlinearity in a fiber as a restoring torque 

related to angular displacement by N(B) = k1B+k2B2 +k3B3 , we have determined the ratios kJk1 
and kJk1 for a 50 JLm diameter 25 cm long aluminum 5056 fiber at 4.2K by analyzing the 

oscillation frequency w (B0) as a function of oscillation amplitude B0, and analyzing the harmonic 
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content o f  the oscillation time dependence O(t) for large amplitude oscillation. We find the 

nonlinearity to be remarkably small: kzfk1 =(-3.1 ±0.4) x l0·7 and k3/k1 = (-2.7±0.7) x l0·7• If 

no correction were made for the effects of such nonlinearity in a G measurement, the error 

introduced in G can be shown to be less than 1 ppm for oscillation amplitudes less than about 

4.5 radians, increasing to 4 ppm for an oscillation amplitude of 9 radians. For a 25 JLm fiber 

such as we plan to use in our actual G measurement, nonlinearity effects should be even 

smaller. 

Real springs are found to behave as if they were a set of individual damped springs in 

parallel, each with its own characteristic relaxation time (the Maxwell model of anelasticity)8l. 

Kuroda9l has noted that such fiber anelasticity can be a significant source of systematic error 

in measurements of G using the dynamic method. Kuroda evaluated this error for the case 

discussed by Quinn et al10l of an anelastic material characterized by a Maxwell model with a 

continuum spread of relaxation times and a particular choice of relaxation strength parameter. 

Kuroda also showed that if the imaginary part of the complex torsion constant k( w) =· Fix is 

independent of w ,  as appears to be approximately the case for real fiber materials, then the 

fractional bias in G will be equal to 1/ 7TQ . 
The continuum Maxwell model is generally accepted as a good model for anelastic 

material behavior, but a full determination of the distribution of relaxation strengths for a 

given material would be impossible. Kuroda's important results raise a concern that for some 

possible relaxation distribution the anelastic fiber behavior might introduce an undetected G 

bias significantly bigger than 1/ 7TQ . Fortunately, we have found that Kuroda's analysis can be 

extended to show that the G bias must be bounded between zero and 1/(2Q) for any 

distribution of relaxation strengths in the Maxwell model. (This upper bound will be correct 

to order 1/Q2). Thus for a pendulum with Q ""' 360,000, if a correction SG/G = 1/ 7TQ is 

made, any residual error associated with anelastic behavior should be less than 1 ppm. 

We conclude from these analyses that neither fiber nonlinearities nor anelastic behavior 

should preclude a measurement of G with accuracy on the order of 1 ppm, using the dynamic 

method. 

5. Pendulum design for a cryogenic equivalence principle (EP) test 

The experiment we envision would compare the effective accelerations of two test mass 

materials, initially probably magnesium and beryllium, in the fields of the earth and sun. The 

test masses would be two spheres of each material, resting in holes in a beryllium holder 

(figure 2). Diamond machined mirror faces on the lower end of this holder serve for optical 
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Fig. 2 :  Pendulum design for a 

position readout. Mass multipole moments of the 

pendulum are designed to vanish through £ = 3. The 

pendulum would carry 7 gram masses at a radius of 

2.4 cm giving a composition dipole moment Pc of 

24 g -cm. It would use a 50 µm aluminum 5056 fiber 

with torsion constant 0. 7 dyn -cm/rad, giving a 

torsional period of about 100 seconds, and would 

operate in the dynamic mode. As discussed in 

reference 1, thermal, seismic, and readout noise 

considerations should allow such an instrument to 

measure differential accelerations at a level of about 

10·15 cm/s2• The key remaining question is how well 

systematic error from Newtonian gravitational 

couplings can be controlled. The chief potential 

cryogenic equivalence principle test. source of such error is the coupling of small 

(nominally zero) m = 1 mass multi pole moments of the pendulum to gravity field gradients. In 

principle these moments may be made arbitrarily small by an iterative process in which the 

pendulum is trimmed by removing small amounts of mass after experimentally determining its 

response to deliberately augmented gradients. In practice this procedure is limited by the 

reproducibility of the pendulum's mass distribution at low temperature after a cycle of 

warming, removal for modification, reinstallation, vacuum bakeout, and recooling. The required 

reproducability in our design should result from the use of a monolithic mass holder machined 

as a single piece from beryllium, and spherical test masses which on cooling contract either 

equally or more than beryllium and thus drop slightly in their holes with reproducibility limited 

only by deviation from sphericity. Balls of this approximate size can be machined to be 

spherical within about 1 µin (25 nm), and deviations from spherical shape can be mapped 11l 

to about 0.1 µin (2.5 nm). Assuming the balls' center of mass lie within 1 µm of their 

geometrical center, and that the balls are replaced within a milliradian of their original 

orientation, their center of mass should assume their original position within about 2 nm after 

a warm/trim/cool cycle. The main effect of ball position shift will be through the coupling of 

a resulting Qxz type quadrupole moment to an ambient gravity field gradient <l>yz, simulating a 

differential acceleration of the test masses: Lla = Qxz<l>yzlPc where Pc is the pendulum's 

composition dipole moment. For a test mass m a distance e from the axis, displaced vertically 

by a distance E, Qxz will be mfr while Pc will be me so i:la = E<l>yz. In our lab we find we can 
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readily reduce <I>yz to about 5 x 10-10 s-2; at a field site during dry season it should b e  possible 

to maintain <I>yz at a level of 10-10 s-2• Assuming E ::::; 2 nm leads to an error b.a "' 4 x  10-17 cm/s2. 

Thus we are optimistic that Newtonian gravitational couplings can be controlled at a level that 

would allow sensitivity at a level boa = 10-15 cm/s2 or better. 

6. Comparison with STEP goals 

Figure 3 shows limits on a long range force coupling to baryon number that might be 

obtained with a laboratory instrument with b.a sensitivity of 10-15 cm/s2, compared to present 

limits and to limits which are the target of space experiments such as STEP. Space EP tests 

have the advantage of a -980 cm/s2 acceleration source, compared to a torsion pendulum's 

1.6 cm/s2 effective field. However the earth-based test we plan has a number of compensating 

advantages. It can be done at a cost perhaps 1 % of that of a space experiment, although 

probably not more quickly. Checks for systematic errors due to thermal, electromagnetic, and 

gravitational interactions, by deliberately augmenting the error source, can be made in an 

operating environment at the design sensitivity level; undesired mass multipole moments may 

be thus identified and corrected. Charge buildup on test masses from cosmic rays is avoided 

by use of a conducting torsion fiber, and by operation deep underground if desired. Most 

importantly, tests for anomalies in the gravitational interaction may be made with high 

sensitivity in a distance range 10-1 to 105 m, for which a space experiment is poorly suited. 

l tl  
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Fig. 3: Limits on a new force coupling to baryon number that might be placed using a torsion 
pendulum with sensitivity b.a= l0-15 cm/s2 (dotted line), compared with existing limits and limits 
projected for the space-based experiment STEP. Adapted from references 12 and 13. 
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Perspectives Pour Experiences de Physique de Gravitation Avec Balances de Torsion 
Cryogenique 

Resume 
Nous discutons Jes perspectives pour epreuves perfectionnes du principe equivalence faible, 

recherches des anomalies de gravite Newtonienne (ou forces nouvelles), et mesurages de la 
constante de gravitation G, utilisant des balances de torsion fonctionnantes a temperatures 
cryogeniques. Fonctionnement a temperatures basses promet Jes avantages de haut Q 
mecanique avec bas bruit thermal, haute stabilite mecanique, et haute stabilite a temperature. 
Nous discutons problemes possibles en mesurant G a  cause de non-Iinearite de la fibre et/ou 
inelasticite, et le probleme a minimiser Jes accouplements de gravitation Newtonienne a une 
balance utilisee pour une epreuve du principe d'equivalences. Sensitivite a une acceleration 
differentielle des masses d'epreuve au niveau 10·15 cm/s2 ou moins semble un but raisonnable. 
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ABSTRACT 

A torsion pendulum with special masses having -1023 aligned intrinsic electron 
spins, but unmeasurable magnetic interactions, was previously used to investigate the 
existence of weak, hypothetical spin-dependent forces. This instrument has been 
redesigned to seek a preferential astronomical direction for a long-range spin 
interaction, such as might result from a nonbaryonic dark matter halo. As the Earth 
rotates, the pendulum response direction sweeps out the sky, with a patterned 
observational component along the vector toward the galactic center. After 790 
sidereal days of running, a signal lower limit is encountered in conventional analysis, 
at a level equivalent to about 0.03 of the gravitational acceleration of the masses 
toward the galaxy center. To study possible systematic contributions to this result, a 
special analysis uses a "sidereal filter" by which many diurnal artifactual effects should 
be removed or suppressed. At the present writing, the cumulative mean of the 
filtered signal towards the galactic center is (0.025 ± 0.011) times the gravitational 
attraction, where only the statistical error is quoted. 

1. INTRODUCTION 

Evidence continues to accumulate for the lack of sufficient baryonic matter to 

account for the flat distribution of stellar velocities in our galaxy. The axion, whose 

anomalous spin coupling [l] has been studied previously with our pendulum, could 

be a candidate for the exotic matter to answer this question. But, in view of 

astrophysical limits on its mass (the Turner window), its range must be too short to 

couple our Earthbound detector to a significant part of the suggested halo in our 
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galaxy. Instead, we must look for an unknown spin interaction with longer range. 

In related experiments, Phillips [2] and the group of Ni [3] have performed 

previous torsion pendulum searches for an anisotropy in the interaction of a 

laboratory spin mass with the cosmic background. These experiments, general 

searches for a sinusoidal signal in time, and not a priori selective in any particular 

direction, were motivated differently and executed in a less specific way than the 

present one. In the interest of greater selectivity, the Virginia experiment is a 

directional search for a match to a pattern predicted from a a ·  r interaction with a halo 

concentric with the center of our galaxy. This is therefore related in some ways to the 

experiment on composition dependence of the University of Washington group [4]. 

The mass arrangement in the present experiment is that of a spin quadrupole, 

while the form of the Phillips and Ni experiments was that of a horizontal dipole. 

The range dependence arising from the higher multipolarity of the quadrupole, in an 

interaction for which either multipolarity could couple, would result in an immense 

sensitivity disadvantage. In view of the null results of the dipole experiments, and 

the unknown character of any long-range anomalous spin interaction, the present 

experiment is presented. Here we introduce results of analysis of data encompassing 

two years of observation. 

2. THE EXPERIMENT I �in masses � fiber 

Charlottesville 

Galactic 
Center 

Fig. 1. Mass arrangement on torsion pendulum. Rotation of the Earth scans the 
sky for regions of stronger anomalous spin interaction with the masses of our detector. 
A dark matter distribution concentric with the center of our galaxy would torque the 
pendulum with a 12 - sidereal hour period. Ordinary gravitational sources at such 
distances, as listed by Stubbs [5], are not seen. 

Because of coherence of the huge number of electron spins of these masses in a 

small independent volume (unlike typical low-temperature spin-aligned targets such 
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as in accelerator experiments) i t  i s  practical to use them i n  the ultrasensitive 

macroscopic force sensor, the torsion pendulum. This large spin makes it similar in 

basic detection sensitivity to NMR measurements used in anomalous spin 

experiments [6]. The characteristics of our pendulum, and of its DyFe spin masses, 

have been reported previously [7,8]. In the present experiment, the spin masses are 

oriented differently, and the pendulum mode was changed from dynamic to static, 

both to allow the pendulum to sweep out the sky in a directional search efficiently. 

We continue to use an open geometry, with Helmholz coils to reduce the ambient 

field at the pendulum below 1 mG, and with temperature measurements for 

corrections. Ambient magnetic field variations, by comparison with special tests in 

which the Helmholz coils are ramped, are found to have no measurable effect. 

Our effective torque sensitivity is about 10-7 dyne-cm for a run period of several 

days, much like that of the pendulums of Phillips and of Ni. The fiber in the present 

experiment has a torsion coefficient of 0.09 dyn-cm/radian, about 3 times stiffer than 

the fibers in those two experiments. Those two tests had a total running time of 13.5 

and 10 days, while our computer-operated run covers, thus far, a total of 790 sidereal 

days (but with occasional unavoidable gaps from power loss, etc.). 

3. EXPERIMENTAL RESULTS 

The pendulum positional measurement, sampled at 1000 s intervals, and 

proportional to its torque, provides the basis for the signal of interest. The fit of each 

5-day torque sequence to the predicted pattern yields the parameters for the signal, S, 

for that run. Integration of the point pattern over the halo quoted by Stubbs [5] 

provides a smoother pattern, but with insignificant consequence in our analysis. Each 

signal is defined by S = e · R, in volts, convertible to pendulum torque, and to the 

corresponding acceleration of the spin masses. Here e is the standard deviation of the 

residuals of the fit ,md R is the dimensionless Pearson correlation fitting coefficient. 

An individual signal S can be taken to be estimated at an a priori one-sigma level. 

The mean values, S, of the signal, averaged over accumulated runs, were found 

to vary from 2 to 4 times the standard deviation of this mean, not decreasing with 

number of runs N as mig:-it be expected from the observed statistical error decrease 

- N-0.5. The open geometry and incomplete isolation from ambient effects, 

particularly temperature variations, suggest local systematic causes as most suspect. 

To treat these more difficult systematic errors, a new mode of analysis, a "sidereal 

filter", was devised to separate or suppress diurnal effects, using the 12-sidereal hour 
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Fig. 2. A. Typical �ay sequence of data (a standard run), and pattern expected 

for a cr · r interaction with a halo concentric with galactic center. The scale of the 
predicted pattern is arbitrary. The signal is in volts of the pendulum position detector 
(2.7 volts = 0.0175 radian), and has been previously corrected for fiber drift (0.026 
µrad/hr), temperature, and time derivative of the temperature. 

Fig. 2. B. Five-day torque signal fitted to predicted pattern. The slope of this fit 
cannot be used to evaluate the results, because of the unscaled pattern. 

period of the predicted pattern. 

In the new analysis each five-day run is matched with another one starting 183 

sidereal days later, which will therefore start one-half day earlier in UTC time. These 

0.00 
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·6.00 

.. ·B.00 ! (/) · 1 0.00 

· 1 2.00 

· 1 4.00 

·16.00 

·1 8.00 

Sidereal Days - 1 83 

Fig. 3 The accumulation of average values of S+ ( • ), 5- ( - ), and of S+ - 5- (4 ). 
Data for the first 75 sidereal days are excluded because of major pendulum 
modifications in this period. Note the trend of S+ away from zero. 
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matched pairs are then summed, s+, and differenced, s-, and their comparison 

constitutes the "filter". Other than doubling, the summing of the data pair should not 
affect a sidereal signal, but will remove effects that are odd about sidereal t=O, and 
which might be expected to be a significant part of typical diurnal variations. 

Conversely, in s- a true signal would be removed while the odd components of 

ordinary systematic effects will double. The cumulative sequences of averages of the 

two analyses, s+ and 5-, respectively, have sequences if+ and '(;- of standard deviations 

of their means. This paired analysis extracts a statistical cost in the reduction of 
number of runs, even somewhat more than a factor of two, as a result of our 
occasional inability to find 183-day matches. 

Power spectra, averaged over 30 five-day runs, show peaks at the 1/day and 

2/ day frequencies, and at some higher frequencies, in both the S+ and s- signals. The 

resolution is far too poor to separate UTC and sidereal peaks, and the high noise level 

of the s- spectra (2.5 times that of s+) hampers accurate sidereal filter evaluation. 

- 1 .00 
e -2.00 
Cl ¥! -3 .00 
11 
rn -4 .00 
.2 � -5.00 

-6 .00 
-7.00 -'-������������������������ 

Sidereal Days - 1 83  
Fig. 4. Trend of  accumulated ratios of  5+/if'r' <•> and 5-/'i!'(-) . The S-;a'"series 

has a much rougher profile, and its values are generally smaller than those for the 
S+ I'(;+ series. A constant true signal, or effect which evaded the filtering of our 
analysis, would show an increasing S"+ /ii+ ratio as cr+ decreases with N. 

The series s+ shows a pervasive negative torque signal (repulsive in O' • r) with a 

level of 2.3 er at the present time. This signal level corresponds to a 7 x 10-s degree 

rotation of our pendulum, equivalent to an acceleration of either of the spin masses by 

an amount 4.6 x 10-10 cm/s2 away from the center of the implied halo. This is 0.025 of 

the gravitational acceleration of a mass towards the galactic center. 
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The 2.3 a level of the experimental signal is an interesting but not satisfactory 

statement about such an unexpected effect. The present plan is to accumulate 

approximately 15 more runs. The increasing values of N will smooth the averaged 

series fluctuations, and thereby establish a little more strongly that there is a trend, if it 

continues, before a decisive pendulum change. Then we will reverse the sense of 

rotation of the spin masses about the fiber, which should reverse the sign of any true 

signal. A sign reversal occurring in the subsequent runs, approximating the present 

level of uncertainty, 2.3 a, would correspond to an almost vanishing statistical 

probability that this occurred by accident. It is hard to predict an artifactual signal with 

that sidereal behavior, and which would also have such a reversible signature. 
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RESUME: 

Un pendule de torsion avec des masses contenant - 1Q23 spins electroniques 
intrins�ques alignes, mais sans interaction magnetique mesurable, a ete utilise dans le 
passe pour chercher d'hypothetiques forces faibles dependant du spin. On a 
reconfigure cet instrument pour chercher si une interaction de spin a grande distance 
existe dans une direction privilegiee, comme celle qui pourrait etre due a un halo de 
mati�re invisible non baryonique. Grace a la rotation de la Terre, la direction dans 
laquelle le pendule est sensible parcourt le ciel et l'an7Ie qu'elle fait avec la direction 
du centre galactique a une variation periodique. Apres 790 jours sideraux 
d'observation, !'analyse statistique fixe une limite inferieure pour un tel signal au 
niveau de 3% de !'acceleration gravitationnelle vers le centre galactique. Pour etudier 
la contribution de possible effets systematiques, on a applique un "filtre sideral" qui 
doit supprimer beaucoup de ces effets de signature diurne. Au moment ou nous 
ecrivons ces lignes, la moyenne cumulative apres filtrage d'un signal vers le centre 
galactique est {0.025 +/- 0.011) fois la valeur de !'attraction gravitationnelle, ou 
!'incertitude rapportee est celle obtenue par le traitement statistique. 
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Abstract. After more than 200 years, the torsion balance/pendulum is still one of 
the most precise means for measuring weak, macroscopic-range forces. Historically, 
two primary measurement techniques have been developed for this instrument. In 
one, the signal is the equilibrium angular displacement of the pendulum resulting 
from the presence of an external torque. In the other, this torque is detected by the 
associated fractional change in the natural frequency of torsion oscillations. Both 
techniques have been refined to the point that some experiments are now limited by 
temporal variations in torsion fiber temperature, despite special efforts to insure tem­
perature stability. 

We have devised and tested another torsion pendulum measurement technique 
for which the effect of fiber temperature variations is suppressed by more than four 
orders of magnitude. Our observable is the amplitude of the second harmonic of the 
pendulum motion. A recent 21-day measurement using a null pendulum (no signal 
expected) with Q = 4,000 yielded an amplitude of 0.4±0.6 nanoradians for the second 
harmonic. This is equivalent to an equilibrium pendulum displacement of 1 .6±2.4 
nanoradians.This new technique suggests that a significant improvement in the preci­
sion of these fundamental physics experiments may be realized with a moderately 
high Q, room-temperature apparatus. 
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1. Modern Torsion Balance Experiments 
For more than 200 hundred years, the torsion balance has been used to make 

increasingly precise measurements of very weak forces. Recent applications include 
searches for composition-dependent forces (coupling to baryon number, lepton num­
ber, or spin), composition-independent tests of the inverse square law of gravity, and 
precise measurements of the gravitational constant, G. Various methods have been 
employed to detect these weak forces. The most common has been a direct measure­
ment of the torsion balance's deflectionl,2), but others have looked at resonantly 
induced changes in oscillation amplitude3l, and variations in oscillation frequency at 
small amplitude4) \).nd at large amplitude5l. This paper describes our group's imple­
mentation of a new torsion balance method: the measurement of the second har­
monic response of the oscillator. This method turns out to be much less sensitive to 
slow variations in fiber temperature, a limiting factor in some recent experiments. 

2. Quick Overview of Oscillating Pendulum Methods 
To avoid confusion, let's define the various angles which arise in the discussion 

of large amplitude oscillation methods. Let 8 be the azimuthal position of the torsion 
pendulum in the lab frame, and let ¢ be the equilibrium position of this oscillator 
(adjusted by rotating the fiber support point). Then U( 8) = K( 8 - ¢ )2 /2 , and the nomi­
nal motion of the oscillator is 8(t) = ¢ + Ae-r' sin[ w(t - teq )] . The existence of an exter­

nal potentiat Uex1(8) = .?.xcos(8 - lf1) ,  can be detected through deviations from this 
nominal motion. Summary of our experimental method: 

1 .  Move the pendulum support to various positions, ¢, and at each position 
record several periods of free oscillation motion, 8(t) . 

2. At each ¢, fit 8 vs. t from the raw crossing time data and determine the value 
of the signal parameter (old frequency method, or new second harmonic amplitude 
method). 

3. Note the fitted value of signal parameter vs. ¢, and from the sinusoidal varia­
tion in signal parameter, determine A and \j/. 

Now, let's be more mathematically explicit about the response to an external 
potential, Uex1 (8) = .?.xcos( 8 - lfl) . For simplicity, ignore damping (set y = 0 )  and define 
t = 0 as one of the oscillator turning points, then the periodic motion can be expanded 
in Fourier components as 

8(t) = ¢ + A cos[(w0 + Llw)t] + C + I, An cos[n(w0 + Llw)t] . (1) 
n=2 

For weak external potentials ( A, << 1), the above coefficients can be solved to first-order 
in A, 

C = A. sin(¢ - lfl)lo (A) Llw/w0 = -A. cos(¢ - lfl)l1 (A)/ A 



A1 = 2A sin(ef> - l/f)l1(A)/3 A3 = - 2.t cos(ef> - l/f}l3(A)/8 

Aneven = 2(-l)(n+2ll2 A. sin( I/> - l/f)ln(A)j(n1 -1) 
An odd = 2(-l)(n+l)/2 A cos( I/> - l/f)ln(A)j( n1 - 1 ), 
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(2) 
where ln(A) are Bessel functions, A in radians. Because each of the above depend 
sinusoidally on If> - l/f, any one of them can be used to detect the external torque, and 
the strength of that signal has a characteristic dependence on the oscillation amplitude, 
A .  

In particular, we are interested in the use of C, dW, and Ai as signals. The magni­

Deflection (rad) 
0.8 Frequency 

0 Second Harmonic (rad) -----
> 

·p "' 0.6 

� --ea '•, 
6li 0.4 
r.n 

0.2 

0 50 100 150 200 250 300 350 

Amplitude (degrees) 

Fig. 1 .  Signal magnitude (relative) 
vs. oscillation amplitude (degrees) 

tude of these signal vs. A are plotted in Fig. 
1. For the traditional deflection method ( C 
as signal), the maximum signal occurs at 0 °  
amplitude, and there i s  no reason to use an 
oscillating pendulum. For the frequency 
method, signal-to-noise considerations 
(discussed below) define an optimal 
amplitude of 105 °. For our new second 
harmonic method, the maximum signal­
to-noise occurs at 175 °, but in order to get a 
sufficient number of crossings to fit for all 
relevant parameters, it turns out we must 
operate at 230 ° amplitude. 

When using the frequency method, 
there is a large penalty in signal-to-noise 
for operating at small amplitude. The 
errors in the torsion frequency estimate 

scale as If A for most noise processes (e.g., additive measurement noise or thermal 
noise). Thus, although the dw/w0 signal is proportional to J1(A)/A, the signal-to­
noise varies as J1(A) which is zero at 0 °  and a maximum at 105 °. 

3. Initial Trial Results of Second Harmonic Method 
In our present apparatus, we use a visible-light semiconductor laser, an eight­

sided edge-reflector mirror directly attached to the torsion pendulum, and a split pho­
todiode to detect crossings. A crossing time (to the nearest 0.5 microsecond) is thus 
recorded every 45 ° of pendulum motion. In our second harmonic method, we fit for 
eight parameters of the equation of motion: amplitude, phase, frequency, damping 
constant, deflection, linear drift in deflection, second harmonic amplitude (this is the 
signal parameter), and third harmonic amplitude. In addition, we fit for the angles 
between the octagonal mirror faces because they are only nominally 45 °. 
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An early test, depicted in Fig. 2, convinced us of the temperature insensitivity of 
the new method. This 230 ' amplitude run was taken after a vacuum system bake-out, 
and so the temperature is decreasing by 1 .5 'c over the duration of the run (about 21 
hours). The pendulum used had an exaggerated quadrupole mass moment, and the 
local tidal force (due to a proximate cliff face) was not cancelled, resulting in a very 
large gravitational gradient signal (signal-to-noise is 5000). It is important to note that 
the temperature-induced drift in frequency is unmistakable, while the linear drift in 
the second harmonic signal, A2, is at least 10-4 smaller. We don't know exactly how 
much smaller because the linear drift in A2 is less than measurement error. 

Ultimately, however, we want to apply the method to null experiments with 
subnanoradian uncertainties, rather than the 50,000 nanoradian signal displayed in 
Fig. 2. We acquired 3 weeks worth of data using a cylindrically symmetric, single 
material, null pendulum that by design should produce no signal. Besides the reduc­
tion in quadrupole moment, the local gravitational cos( </J - l/f) field gradient was com­
pensated with lead plates so that the tidal interaction is a million times smaller than 
in Fig. 2. Fits from a 16-hour sample of those data are plotted in Fig. 3. The large vari­
ation in A2 is the cos(2¢ - l/fz) gravitational gradient from the cliff coupling to machin­
ing errors (6 µm tolerance) in the pendulum. This tidal field was not compensated 
because it is orthogonal to the signal we would be looking for in our null experiments. 
More troubling is the smaller cos(</J - l/f) variation in A2 . This is not gravitational 
coupling to the outside world because it rotates with the vacuum can (see Fig. 4). We 
have not definitively identified the cause of this coupling, although it may be a mag­
netic coupling to the ion pump magnet which does rotate with the vacuum can. The 
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constant term in A2 is caused by the non- Fig. 4. Null pendulum trial results (3 weeks). 

linearity of the torsion fiber. The noise is 

6 

much less than in Fig. 2, and a small secular linear drift in A2 can be detected. This is 
not a temperature dependent effect, but is due to a fiber relaxation process (probably 
work hardening), which also produces observable drifts in w, y, and C.  

In  Fig. 4, the signals for the 0 °  vacuum can position, 180 ° vacuum can position, 
and their sum for a 3 week run are depicted in the (IL cos l/f) ® (IL sin l/f) plane with 1 

and 2 sigma confidence contours. Note that the combined result is within 1 sigma of 
the expected zero signal, and subnanoradian precision has been achieved. We need to 
investigate the cause of the difference between the 0 ° and 180 ° results, but to put these 
into perspective, the forces which are responsible for this difference are on the order of 
a nanodyne. 

4. Fiber Properties and Applications of Second Harmonic Method 
Because of the precision with which we are measuring the torsion pendulum, the 

effects of non-linearities in the torsion fiber cannot be ignored. The cubic and quartic 
anharmonic terms produce respectively a second harmonic amplitude and third har­
monic amplitude. 

A variation in the cubic anharmonic term can possibly produce a false second 
harmonic signal. At 230 ° amplitude, we observe a fiber-induced second harmonic of 
3x1Q-7 radians. This is too small to detect any temperature dependence, but if the frac­
tional change per °C is comparable to that of the shear modulus, then the temperature 
induced change in signal is possibly a million 'times smaller for the second harmonic 
method than for the frequency method. 
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Our group is currently applying this new second harmonic method in our exper­
iment at Index, Washington. This experiment uses a magnesium/beryllium pendu­
lum and a granite cliff source mass to test for the presence of composition-dependent 
forces. This new method will also be employed in our test of the inverse square law of 
gravity using laboratory source masses. The apparatus for this experiment is currently 
being built, and we will conduct the experiment in our lab at the University of 
Washington (Seattle). In the future, we hope to apply this method to even more pre­
cise tests of the Weak Equivalence Principle at a site in Hanford, Washington which 
we are developing with Riley Newman's group at the University of California at 
Irvine. 
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MESURES PRECISES DE FORCES FAIBLES 

Resume. Apres plus de 200 ans, la balance ou pendule de torsion est encore l'un 
des moyens Jes plus precis de mesurer de foibles forces a portee macroscopique. 
Historiquement, deux principales techniques de mesures ont ete developpees pour cet 
instrument. Dans l'une, le signal est le deplacement a l'equilibre du pendule resultant 
de la presence d'un couple externe. Dans l'autre, ce couple est detecte par le 
changement de la frequence naturelle des oscillations de torsion. Les deux techniques 
ont ete rafinees au point que quelques experiences sont maintenant limitees par Jes 
variations temporelles de la temperature de la fibre de torsion, en depit d'efforts 
particuliers pour assurer une temperature stable. 

Nous avons developpe et teste une autre technique de mesure a !'aide d'un 
pendule de torsion, pour laquelle Jes effets dus aux variations de la temperature de la 
fibre sont supprimes par plus de quatre ordres de grandeur. Nous observons 
!'amplitude de la deuxieme harmonique du mouvement du pendule. Une mesure 
recente sur 21 jours en utilisant un pendule nu! (pas de signal attendu) avec Q = 4000 a 
donne une amplitude de 0.4±0.6 nanoradians pour le deuxieme harmonique. Ceci est 
equivalent pour un pendule d'equilibre a un deplacement de 1 .6±2.4 nanoradians. 
Cette nouvelle technique suggere qu'uhe amelioration significative dans la precision 
de ces experiences de physique fondamentale peut etre atteinte avec un Q relativement 
eleve et un appareil a une temperature d'environ 300K. 
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We discuss an experiment under development at UCI to determine the gravitational constant G. A 
torsion pendulum operating at T,.,4K will measure the oscillation frequency shift induced by a pair 
of ring source masses outside the cryogenic dewar. The source mass rings will produce an 
extremely pure quadrupole field gradient at the position of the pendulum. The pendulum is to be a 
small thin quartz plate suspended in a vertical plane by an Al5056 fiber in high vacuum. The 
measurement will be highly insensitive to uncertainty in the mass distribution and location of the 
pendulum. Measurements will be made with the pendulum oscillating at each of several large 
amplitudes (2.57, 4.2 1 ,  5 .81 ,  . . .  radians) at which the frequency shift is an extremum as a function 
of amplitude. This improves the signal/noise ratio relative to small amplitude experiments, makes 
results insensitive to error in amplitude determination, and offers consistency checks for a variety of 
systematic effects. The experiment will be performed in a remote former Nike missile bunker 
which offers very low seismic noise and low time-varying gravitational gradients. 
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1. Introduction 

Four recent precision experiments have measured G, yielding results with assigned 

uncertainty on the order of 100 ppm which are all mutually exclusive.
1 
• 4l These discrepancies have 

motivated our lab to undertake a measurement of G. In our planned experiment, G is to be 

determined by measuring the change in oscillation frequency of a thin plate torsion pendulum when 

a pair of ring shaped source masses (Figure 1 )  

i s  moved so that their symmetry axis is 

alternately parallel to the indicated x and y 

axes .  The "dynamic method of measuring G 

through the effect of source masses on a 

torsion pendulum's frequency, used most 

recently by Luther and Towler4l, has the great 

advantage of avoiding the need for a calibrated 

reference force. Our pendulum will operate in 

a cryogenic environment offering several 

y 
x 

Figure 1 

advantages: Thermal noise is greatly reduced (directly through low temperature and indirectly 

through higher mechanical Q); The pendulum's oscillation frequency stability is greatly increased 

both by the excellent temperature control possible at low temperature and because the temperature 

dependence of the pendulum dimensions and fiber shear modulus become small at low temperature; 

and other fiber properties such as drift and strength improve at low temperature. An advantage of 

our design is that the pendulum will operate in a relatively large chamber, minimizing pendulum­

wall interactions, and will be far from the source mass, reducing sensitivity to source mass 

inhomogeneity and placement error. The price paid for these advantages is a much smaller signal 

strength: the fractional frequency shift in our experiment will be more than two orders of 

magnitude smaller than in the experiment of Luther and Towler4l. 

2. Design details 

As presently planned, the source masses will be 61 kg OFHC copper rings, with 

approximate O.D 52 cm, I.D 3 1  cm, thickness 5 cm. The pendulum is to be a 14 gram fused quartz 

plate 4 x 4 x 0.4 cm with a reflective coating. The fiber will be aluminum 5056, 30 cm in length, 25 

microns in diameter, supporting 50% of its breaking strength. The pendulum period will be about 

160 seconds, and the difference in period due to the source ring positions is 6 milliseconds. The 

operating temperature of the fiber and pendulum will be at either 2K or 4.2 K. The dewar is 46 cm 
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in diameter, 290 cm in length, and accommodates a 30 cm diameter insert. The rings will hang 

outside the dewar at room temperature. 

3. Analysis formalism and key design features 

The gravitational torque N(0) on a torsion pendulum is given by: 

(1) 

where e is the angular displacement of the pendulum relative to the source masses, the q1m are the 

mass multipole moments of the pendulum, and the a1m are the field multipole moments of the source 

masses. The equations for q1m and a1m are: 

qlm = J r1 Pp(r) Yi: (B, <p) d3r 
pendulum 

4Jr G  f Ps(r) • 3 
aim = - -- --1-1- Yim ( e, <p) d r (2) 2! + 1 r + source 

for a coordinate system centered on the pendulum. The gravitational torque shifts the natural 

oscillation frequency m02 of the pendulum: 

(3) 

where I is the moment of inertia of the pendulum and 00 is the oscillation amplitude. A key feature 

of our design is that the source mass rings generate a field characterized by a1m which vanish for I = 1 ,  

3, 4 and 5; for odd I by symmetry, and for I =  4 as a result of a particular ring spacing. The result is 

a highly pure quadrupole source field at the pendulum position. The pendulum frequency shift 

associated with the change in source mass positions is then given to high accuracy by: 

where K is a parameter based only on the mass distributions of the pendulum and source masses. 

Corrections to equation (4) from higher order terms are at the level of about 1 ppm, assuming 

perfect source masses. Important features of our experiment design are: 

A. Insensitivity to pendulum dimensions and mass inhomogeneity. In the limit that the 

pendulum is perfectly planar, the factor lq22l/I in equation (4) is completely independent of the 

pendulum mass distribution in the plane. 

B. Insensitivity to pendulum position. The purity of the quadrupole field is such that a 3 mm 

error in pendulum position would produce an error in G of less than 1 ppm. 
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C. Insensitivity to error in oscillation amplitude determination. Previous measurements of G 

using the dynamic method have operated at small oscillation amplitude to minimize errors due to 

uncertainty in 60• We will operate at several large 

amplitudes (2.57, 4.21 ,  5 .8 1 ,  7.40, 8.98 radians) at 
- Frequency Shift 

· .. � Signal/Noise 
- ,•'"• .. 

·"'"" 

which Liffi2 is an extremum and hence extremely 

insensitive to uncertainty in 60. Optical lever timing 

signals from the four mirrored side faces of the 

pendulum allow for an extremely accurate 

determination of 60• Large amplitude operation is also 

favored by the fact that noise contributions to frequency 

-020��-�,-�,--.�-, -�. -�,---"-" 

Oscillation Amplitude (radians) 
Figure 2 

measurements decrease with amplitude as 1/60, thus providing a larger signal to noise ratio. 

D. Consistency checks. Comparison of G determinations made at widely different oscillation 

amplitudes affords a powerful check for a number of possible systematic effects. 

4. Metrology error sensitivity studies 

Evaluating the integrals of equations (2) numerically through I = 8 and using equation (3), 

errors in G due to many assumed deviations from ideal geometry and mass distribution have been 

calculated. Each such calculation requires about 5 minutes, compared to about 1 1  hours for a six 

dimensional point to point torque calculation of comparable accuracy. The dominant error 

contribution is uncertainty in mean ring separation; a pair of fused quartz rods will keep the rings 

separated at a known distance with about one micron uncertainty, corresponding to a 2 ppm G error. 

5. Fiber nonlinearity, anelasticity and background fields 

An equation of motion for the pendulum, which includes possible fiber nonlinearities and 

background torques resulting from ambient fixed gravitational gradients or electromagnetic 

couplings, may be written as: 

where ±41a2211qz21 Sin(26) is the signal torque from the source rings. The oscillation frequency of 

the pendulum may be given as a series expansion to second order in the small torque parameters: 

oi2 = m�[l + L C;(B0)u; + L_D;)B0)u;uj] 
I l ,j 

(6) 
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where the ui are ratios of the small parameters to k1 (e.g. kzfk" a6/k1 , ... ). We have calculated the 

first order coefficients Ci(80) in equation (6) analytically and the second order coefficients Dij(80) 

numerically to high precision. Rotating the source mass by 90° around the fiber axis flips the sign 

of only the signal term in equation (5), so the resulting fre.:iuency change is: 

!'iOJ2 = OJ�[2Cs(B0)us +2LDs./B0)usuj] 
S,j 

(7) 

where the subscript s represents the source parameter 41a22l lqz2I Sin(28). The error introduced in the 

G measurement by the background parameters is thus only at second order, given by: 

i5G 
G 

il.,Ds,/B0 ) uj j 
(8) 

The contributions to this error from chamber-fixed and lab-fixed fields are expected to be very 

small, and may in principle be eliminated by repeating measurements after rotating the pendulum 

support 90° relative to its chamber and/or rotating the whole apparatus 90° relative to the lab. 

Kuroda5l has pointed out a potentially serious bias in G measurements of this kind, 

associated with anelastic loss mechanisms in fiber materials. Elsewhere in these proceedings6l we 

consider the implications for our measurements of such anelastic effects and also of fiber 

nonlinearities characterized by k2 and k3 in equation (5). Based on our measurements of fiber 

properties at low temperature, we conclude that these effects should not affect our G measurement 

by more than 2 ppm. 

6. Experiment site 

After development at UCI, the apparatus will be operated at an abandoned underground Nike 

missile site in Hanford, Washington, which is shared between UCI and Professor Paul Boynton at 

the University of Washington. This isolated site is several kilometers from any cultural activity, 

and experiences very low seismic noise and time varying gravitational gradients. Our experience 

with cryogenic torsion balances at UCI indicates that the dominant noise source is seismic (we 

observe a factor of 20 reduction in frequency measurements error when the entire experiment is 

suspended using garage door springs). Measured seismic noise power above about 1 Hz at the 

Hanford site is two orders of magnitude lower than in our area. 
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7. Anticipated accuracy 

We expect to measure G to about 10 ppm, with accuracy limited roughly equally by 

metrology and temperature variations. If seismic and readout noise prove to be as low as we 

anticipate, it should be possible to push the measurement to between 1 to 5 ppm accuracy using 

fused silica source mass rings which would allow optical metrology techniques, and using improved 

temperature control techniques. In 1942, P.R. Heyl (who measured G at the U.S National Bureau of 

Standards in 1930 and again in 1 942) wrote "The conclusion may be drawn that the limit of the 

possibilities of torsion balances has been reached"6l. We hope a half century of technological 

advances will allow us to push the torsion balance beyond Heyl's expectations. 
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PLANS POUR UNE REDETERMINATION DE G 

Resume 

Nous discutons une experience sous developpement a UCI a determiner la constante de gravitation 
G. Un pendule de torsion fonctionnant a T "'  4K mesura le changement de frequency d'oscillation 
induit par une paire de masses de source d'anneau a l'exterieure du dewar cryogenique. Les 
anneaux de masse de source produiront une tres pur pente de cha:mp quadrupole a la position du 
pendule. Le pendule doit etre une petite mince plaque de quartz suspendu dans un plan vertical par 
un fibre Al5056 en vide pousse. Le mesurage sera tres insensible a !' incertitude de la distribution 
de masse et de I' emplacement du pendule. On feront Jes mesurages avec le pendule oscillant a 
chaque de plusieurs grandes amplitudes (2.57, 4.2 1 ,  5.8 1 ,  . . .  radians) auxquelles le changement de 
frequence est un extremum comme fonction d'amplitude. Ceci ameliore le rapport de signal/bruit 
par rapport aux experiencs de petite amplitude, fait Jes resultats insensibles a erreur en 
determination d'amplitude, et presente verifications de consistance pour une variete des effets 
systematique. L'experience sera effectuer dans un eloigne ancien Nike missile bunker qui offre tres 
bas bruit seismique et basses variation en temps des pentes de gravitation. 
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A new method for measuring Newton's constant G using a continously rotating torsion balance 
that is operated in a velocity feedback mode is presented. The proposed method has several 
conceptually new and important features that reduce sensitivity to the dominant systematic un­
certainties of previous experiments. We have successfuly conducted exploratory tests to establish 
the feasibility of this new technique. 
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1 .  Motivation 

The Newtonian gravitational constant, G, is the least precisely determined fundamental constant. 
The accepted CODATA[l ]  value, G = (6.67259±0.00085) x 10-11m3kg-1 s-2 , is heavily dominated 
by the 1982 measurement of Luther and Towler[2] and was assigned an uncertainty of 128 ppm. 
Recently this value has been brought into question by several groups. The German Physikalisch 
Technische Bundesanstalt[3] obtained a value 0.63 (�40 standard deviations) higher, a New 
Zealand group[4] reported a value 0 . 13 (�7 standard deviations) lower, while a Wuppertal 
group[5] obtained a value 0 .063 lower than the CODATA value. In addition a Russian group[6] 
claimed to observe a temporal and length-scale variation of G at the 0.73 level. Except for ref. [5] 
which used a new double-pendulum technique, these experiments employed the classical strategy 
of measuring the torque on a torsion pendulum or relied on the constancy of the restoring torque 
of a torsion fiber undergoing large-amplitude oscillations. Kuroda[7] recently pointed out that 
G measurements based on detecting the change in torsional oscillation frequency may have a 
systematic bias due to torsion fiber inelasticity. A decisive measurement, preferably using a new 
technique, is needed to resolve the discrepancies in the value of this natural constant. 

2. The Proposed Method 

We have developed a new method for measuring G that is based on measuring the angular 
acceleration of a "two dimensional" torsion pendulum. Our method overcomes important sources 
of systematic error in previous measurements. In particular, the pendulum dimensions, mass, 
and density distribution need not be known precisely, and many torsion fiber properties need 
not be known precisely or even remain constant. We have run numerical simulations and have 
conducted exploratory measurements using an existing apparatus to demonstrate the feasibility 
of this new method. 

The gravitational angular acceleration, a, of a torsion pendulum in the field of a nearby 
attractor can be expressed in a multipole formalism[8, 9]. 

47rG 00 1 +I 
a(¢) = L °'l,m = --1-� 

21 + l � mq1mQ1meim¢ ,  
l,m l-2 m--l 

( 1 )  

where q1m and Qim are the spherical multipole moments of the pendulum and multipole fields of 
the attractor respectively, ¢ is the azimuthal angle between the pendulum and the attractor and 
I is the pendulum moment of inertia. Equation 1 assumes that the restoring torque from the 
suspension fiber is neglible; we justify this approximation below. With the choice of pendulum 
and attractor geometries discussed below, a will be dominated by the q22Q22 term in Eq. 1 .  In 
this case 

The quotient 

1671" q22 . 
a(¢) = a2,2 = - -5-G

TQ22 sm 2¢ . 

q22 
= 

f p(ip) Yn(Bp, </Jp) r; d3rP _____, {15 
I J p(ip) sin2 Bp r; d3rp V "fh '  

(2) 

(3) 

where p(ip) is the pendulum density, becomes a constant for a pendulum that lies entirely in a 
plane that includes the torsion fiber axis, so that 

a(¢) = a2,2 = -13¥ G Q22 sin 2¢ . (4) 
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This allows a measurement of a to yield a precise value of G that is independent of the pendulum 
mass, dimensions or density distribution. It is worth noting that uncertainies in these quantities 
formed the dominant contributions to the error in the value of ref. [2] . 

A pendulum and attractor geometry that incorporates these ideas is shown in Fig. 1 .  A 
complete torsion pendulum apparatus mounted on a turntable is initially started rotating at a 
slow rate, w,, for example 211" rad/h. Eight massive spheres centered about the pendulum exert 
a time-varying gravitational torque on the pendulum that, with the geometries discussed below, 
will be dominated by a q22Q22 coupling. 

Fig. 1 Diagram of our pro­
posed apparatus for measuring G. 
The drawing shows only the essen­
tial geometrical features. The tor­
sion balance (shown cut away to 
display the pendulum) sits on a 
turntable; the rings supporting the 
spheres are mounted on a second 
turntable (not shown) . The pendu­
lum and attractor spheres are drawn 
to scale. Asymmetries in the attrac­
tor turntable can be cancelled by 
shifting the spheres to the unoccu­
pied holes in the rings. 

The angular acceleration of the pendulum is measured by activating a feedback loop that 
continually adjusts the rotation rate of the turntable to follow the pendulum so that the torsion 
fiber never twists from its equilibrium angle. In this way the "free" angular acceleration of the 
pendulum is directly transferred to the turntable, and the restoring torque from the suspension 
fiber is driven to zero. Because the fiber never twists, the torsion constant, K, of the fiber need 
not be known nor will its inelastic properties directly affect the measurement[12]. 

The turntable angular acceleration is determined from the change in the pulse rate of a high­
resolution angle encoder, a highly linear device that does not require external calibration (because 
0° = 360°). One determines G by fitting a( <P) with a harmonic series in <P and extracting the 
coefficent of sin 2</J to select angular accelerations, a1,m, with m = 2. To eliminate accelerations 
caused by other objects in the lab, the attractors are placed on a second turntable that rotates 
at a rate, w., whose magnitude and sign differ from w,. This rotation also averages out any local 
non-linearities of the pendulum shaft encoder, reduces any effects from vibrations associated with 
either of the turntables, and puts the signal at a relatively high frequency which reduces noise, 
in particular low-frequency gravitational noise. 

We now discuss techniques for minimizing l > 2 gravitational torques so that a is domi­
nated by the q22Q22 coupling. The magnitudes of l > 2 torques are naturally reduced by factors 
(RP/ R.)1-2 , where RP is a typical dimension of the pendulum and Ra is the radius to the at­
tractors. The leading higher-I accelerations can be made to vanish with proper pendulum and 
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attractor design. The q12 and Q12 moments with odd l vanish due to symmetry about the hor­
izontal midplane. A rectangular pendulum with a width w, height h and thickness t will have 
a vanishing q42 moment if 10h2 = 3( w2 + t2) .  By making the attractors from pairs of spheres 
of mass M, with vertical separation z, at a radial distance from the pendulum axis p = j3!2z, 
we eliminate the Q42 field; by employing two pairs of spheres on either side of the pendulum, 
separated by 45° of azimuth, we eliminate all odd m couplings as well as those with m = 4. With 
this design, shown in Fig. 1 we have 

/10108 M 
Q22 = V h"49 p3 ,  (5J 

while the leading non-q22Q22 torque, which occurs in l = 6 order, is calculable and small, 

a6,2 99 213(w4 + t4) + 626w2t2 
(6) 

0<2,2 7683200 p4 

Note that all lower-order torques, except for the q22Q22 torque of interest, are the products of 
two small (nominally zero) values. 

A real world rectangular pendulum with finite thickness has 

q22 - w2 - t2 {15 (7) 
I - w2 + t2 V 32; . 

For a pendulum with a width of w = 76.00 mm, a height of h = 41 .65 mm and a thickness of 
t = 2.50 mm, q22/ I deviates from the "two-dimensional" value by only 0.2% ( q42 vanishes) and 
the dependence of G on the dimensional properties is still weak: One can do a 10-5 measurement 
if w is uncertain by 0.20 mm, or if density variations are as large as 0.46%[10] , or if the absolute 
thickness and overall flatness of the pendulum are uncertain by 5 µm. Similarly, the tip of the 
pendulum about a horizontal axis can be as large as 2 mrad, or a rotational misalignment about 
an axis perpendicular to the plane can be as large as :S:lO mrad. If the pendulum is fabricated 
from a quartz glass plate, one can use optical methods to measure its thickness, flatness, and 
density uniformity. The quartz plate faces can then be Au-coated to reflect the light beam that 
monitors the angular deflection (and to electrically ground the pendulum). The light beam can 
also be used to measure the pendulum tip by rotating the pendulum so that the light hits the 
opposite face of the pendulum. The attractor mass will be constructed from spheres to eliminate 
problems with density nonuniformities by changing the orientations of the individual spheres. 
Spherically symmetric density variations do not affect the fields. 

A feedback circuit with finite gain requires a small twist of the torsion fiber to derive its 
feedback signal. Hence a small torque is tied up in twisting the torsion fiber. As the twist 
angle is recorded, it is straightforward to account for this small extra torque when extracting 
G from a(,P). If the open-loop gain (the factor by which the feedback reduces the pendulum 
deflection) is sufficiently high (> 103) , and the damping time of the free pendulum sufficiently 
long ( Td 2': 104 s ) ,  a 10-5 measurement of G can be made even if the free oscillation frequency of the 
torsion oscillator w0 , and the angular-deflection calibration are known only to 1 %. The angular­
deflection calibration, w0 , and Td are easily found by turning off the feedback and observing the 
pendulum response to a programmed step-change in the turntable angular velocity.[8] 

3. Initial Tests 

The performance of the feedback loop is of central importance in our technique. We have tested 
a feedback algorithm, first with numerical simulations and then with a torsion balance normally 
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used for equivalence principle tests[S, 9]. The feedback loop is digital and executed in software. It 
senses the torsion fiber twist angle (} as measured by an autocollimator and adjusts the frequency, 
v, of the oscillator controlling the turntable rotation rate so that the autocollimator signal remains 
unchanged. This frequency, directly proportional to the turntable rotational velocity w1 = ef,, is 
updated at regular time intervals, .6., and recorded along with the values of cj; and 0. The feedback 
loop uses differential, direct, and integral terms to compute the frequency change 

(8) 

Stable performance is obtained with c3 = .6./f3 , c2 = 3.6./f2 - w6.6. - l .5c3f, and c1 = 3.6./f -
c2.6. - c3.6.2, where f is a characteristic time which should be several times .6.[11 ] .  

Figure 2 shows a numerical simulation of a G measurement using the pendulum dimensions 
given above, an attractor with Q22 = 4.6 g/cm3, realistic values for w0, and Td. The feedback 
loop had an update time of .6. = 2.0 s. A 3 .0 s, low-pass, 6 db/octave analog filter was placed on 
the autocollimator output, a lµrad/h fiber drift rate and 1/ f2 noise in (}, consistent with that 
observed in previous experiments[9], was included. The average turntable angular velocity was 
w, = 4.87 mrad/s, which gave a 4.9% gravitational speed modulation. The open-loop gain could 
be made to exceed several times 103 . The simulation gave a G value accurate to 10-5 in the 
equivalent of one day of operation. 

N 
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Fig. 2 Numerical simulation of a G measurement, showing the turntable angular accel­
eration for the pendulum and attractor geometries discussed in the text. 

We then successfully implemented the same feedback scheme in an existing equivalence prin­
ciple apparatus using similar parameters. 

Figure 3 shows one result from a series of tests of the feedback algorithm using our Eat-Wash 
rotating torsion balance[S, 9] . For this test, we used a lab-fixed Pb attractor with Q22 = 0.52 
g/cm3 (roughly a factor of 10 smaller than would be used in an actual G measurement) ,  and two 
of the four test bodies of our normal pendulum were removed to create a sizeable q22 moment. 
The average turntable speed was w, = 0.0011 rad/s, with a 3.7% gravitational sin 2</> speed 
variation, and the feedback gain was ::::<2000. The extracted value of G agreed with the standard 
value to within the 2% uncertainty in Q22• We found that gravity gradient fluctuations caused 
by human activity were the biggest source of noise. These would be considerably reduced by 
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operating in a more favorable location. 
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Fig. 3 Proof-of-principle demonstration using the Eat-Wash torsion balance and a 
stationary attractor. We show the angular acceleration (averaged over 100 s) of the fedback 
turntable arising from the predominant q22Q22 gravitational coupling. The smooth curve is 
a harmonic fit to the data. Gravitational fluctuations from human activity in the vicinity 
of the test setup were the dominant noise source. 

4. Conclusion 

We have presented a new method for determining G that we believe could provide a substantially 
improved value good to lOppm. Our method overcomes the most significant sources of systematic 
uncertainty encountered in other techniques. Initial tests demonstrate the practicality of the 
method. 

I would like to mention that the input and work from my colleagues Eric Adelberger, Blayne 
Heckel and Erik Swanson was crucial in the development of this new method. 
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The suggestion in 1986 of a possible gravity-like "fifth" fundamental force renewed 

interest in the question of whether new macroscopic forces are present in nature. 

Such forces are predicted in many theories which unify gravity with the other known 

forces, and their presence can be detected by searching for apparent deviations 

from the predictions of Newtonian gravity. We review the phenomenology behind 

searches for a "fifth force" , and present a summary of the existing experimental 

constraints. 
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This year marks the 10th anniversary of the "fifth force" hypothesis � the suggestion that 

there exists in nature a new intermediate range force similar to gravity, and co-existing with it 

[1-9]. Much of the work carried out during this period has been reported at Moriond, and so 

it is appropriate to use the occasion of this year's Moriond Workshop to review what we have 

learned during the past decade. 

In the simplest models, a "fifth force" would arise from the exchange of a new ultra-light 

boson which couples to ordinary matter with a strength comparable to gravity. There are 

numerous theories of physics at the Planck scale which predict the existence of such ultra-light 

bosonic fields [3-6] , whose effect is to modify the expression for the interaction energy V(r) for 

two point masses m1 and m2: 

(1) 

Here r = lf1 - r2 1 is the separation of the masses, and G00 is the Newtonian gravitational 

constant for r -> oo. The constants a and A characterize the strength of the new interaction 

(relative to gravity), and the range of the new force. Differentiating V ( r) leads to the following 

expression for the force F(r), which is what is measured in most experiments: 

F(r) 

G(r) 
(2) 

We see from Eq.(2) that in the presence of a "fifth force" (a cl 0) the usual inverse-square 

law breaks down. It follows that a search for deviations from the inverse-square law can be 

interpreted as a probe for new forces, and hence of physics at the Planck scale. The results of 

any test of the inverse-square law can then be expressed in terms of an exclusion plot in the 

a - A plane, as shown in Fig. 1. (In anticipation of the ensuing discussion, we note that tests of 

the inverse-square law are also referred to as "composition-independent" tests for new forces.) 

The stimulation for the fifth force hypothesis in 1986 came in part from the recognition that 

in many specific theories the parameter a in Eq.(1) is not a fundamental constant of nature, 

but depends on the chemical compositions of the test masses. To understand how this comes 

about we consider the coupling of new bosonic field to the baryon number B = N + Z, where 

N and Z denote the numbers of neutrons and protons respectively. The additional potential 

energy Vs ( r) arising from the interaction of masses 1 and 2 is 

Vs(r) = f2 B1B2 e-rfA
, r 

(3) 

where .f is a new fundamental constant. It is straightforward to show that the sum of Eq.(3) 

and the usual Newtonian potential leads to Eq.(1) with a replaced by a12 , 

(4) 
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where � = j
2 
/G00m'k, µ1,2 = m1,2/mH, and mH = m(1H

1
) , It follows from Eqs.(1)-(4) that 

the acceleration difference ti.a12 of 1 and 2 towards the Earth is given by 

ti.ii12 = �(B/µ)9[(B/µ)i - (B/µ)2]:f, (5) 

where :f is the field strength of the source (in units of acceleration), which in this case is the 

Earth (denoted by EEl). For a coupling to another charge Q, e.g. isospin Q = Iz = N - Z, 

one merely substitutes B --> Q in Eq.(5). Since :f depends explicitly on A it follows that an 

experimental limit on ti.a12 leads to a constraint among the parameters �' .\, and Q. In practice 

the constraints in the � - ,\ plane are usually plotted for different choices of Q, as in Fig. 2 for 

Q = B and Q = Iz. 

Figures 1 and 2 respectively give the current (as of March 1996) constraints on composition­

independent and composition-dependent deviations from Newtonian gravity. In each figure the 

shading denotes the regions in the a - .\ or � - A plane which are excluded by the data at the 

2u level. We note that in each graph, the lower boundary of the shaded region is determined 

by superimposing the results of a number of different experiments. As we discuss in Ref. 

[9] , composition-independent experiments achieve their maximum sensitivity for values of A 

comparable to the dimensions of the apparatus, and hence no single experiment can be sensitive 

to all values of .\. The situation is somewhat different for composition-dependent experiments 

but, for different reasons, it is again necessary to rely on a collection of experiments over 

different distance scales [9] . 

One can summarize the current experimental situation as follows: There is at present no 

compelling experimental evidence for any deviation from the predictions of Newtonian gravity 

in either composition-independent or composition-dependent experiments. Although there are 

some anomalous results which remain to be understood, most notably in the original Eiitviis 

experiment [10], the preponderance of the existing experimental data is incompatible with the 

presence of any new intermediate-range or long-range forces. 

We conclude this discussion by briefly summarizing the status of each of the experiments 

or analyses in which an anomaly was reported. 

(1) Eotvos, Pekar, and Fekete (1922); Ref. [10] The EPF data were the first indication of 

a possible intermediate-range composition-dependent "fifth force". More recent experiments 

with much higher sensitivity have seen no evidence for such a force, and hence (by implication) 

suggest that the EPF results are wrong. However, attempts to find significant flaws in their 

experiment have failed, as have efforts to explain the EPF data in terms of conventional physics. 

There remains a slight possibility that by virtue of of its configuration and/or its location, the 

EPF experiment might have been sensitive to a new force to which other experiments were not. 
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In any case, the origin and interpretation of the EPF results remain a mystery at the present 

time. 

(2) Long (1976); Ref. [11] This work was the motivation for the very careful laboratory 

experiments of Newman and collaborators, as well as other groups (see, for example, Ref. [12]). 

None of the more recent experiments confirm Long's results. Subsequent analysis by Long 

himself suggests that he may have been seeing the effects of a tilt of the floor in his laboratory 

as his test masses were moved. 

(3) Stacey and Tuck (1981) ;  Ref. [13] This revival of the Airy method for measuring G0/G00 

by geophysical means initially found a result higher than the conventional laboratory value 

for Go. Following the analysis of terrain bias by Bartlett and Tew [
.
14], Stacey et al. re­

examined their data and concluded that the discrepancy between their value of G00 and G0 

was a consequence of having undersampled the local gravity field at higher elevations. 

(4) Aronson, et al. (1982); Ref. [15] This analysis of earlier Fermilab data on kaon regen­

eration presented evidence for an anomalous energy-dependence of the kaon parameters, such 

as could arise from an external hypercharge field. Since the effects reported in Ref. [15] have 

not been seen in subsequent experiments, we are led to conclude that the original data were 

probably biased by some unknown (but conventional) systematic effect. There is, however, a 

possibility that these results are correct, notwithstanding the later experiments. This arises 

from the circumstance that the data came from experiments (E-82 and E-425) in which the 

kaon beam was not horizontal, but entered the ground at a. laboratory angle BL = 8.25 x 10-3rad 

(to a detector located below ground level). It is straightforward to show that BL is related to 

the angle BK seen by the kaons in their proper frame by 

(6) 

where / = EK/mK is the usual relativistic factor. For a typical kaon momentum in those 

experiments, PK =  70GeV/c, / � 140 and hence ()K � 49°. It follows that the incident kaons in 

these experiments would have had a large component of momentum perpendicular to the Earth, 

which would not have been the case for the subsequent kaon experiments. It can be shown 

that motion of a kaon beam perpendicular to a source of a hypercharge field can induce an 

additional 1-dependence in the kaon parameters [16]. It is thus theoretically possible that the 

ABCF results are not in conflict with the subsequent experiments, and this could be checked 

in a number of obvious ways. Similar observations have been made independently by Chardin. 

(5) Thieberger (1987); Ref. [17] In this experiment a hollow copper sphere floating in a 

tank of water was observed to move in a direction roughly perpendicular to the face of a cliff 

on which the apparatus was situated. Although the reported results were compatible with the 
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original fifth force hypothesis, the results of more sensitive torsion balance experiments carried 

out subsequently were not. As in the case of the original Eotvos experiment, the implication 

is that Thieberger's observations can be explained in terms of conventional physics, e.g., as a 

convection effect. 

(6) Hsui, ( 1987); Ref. [18] . This is another determination G0/G00 using the Airy method, 

based on earlier data from a borehole in Michigan. Since the original measurements were 

not taken with the present objectives in mind, it is likely that this determination of G0/G00 

suffered from the same terrain bias that Stacey, et al. encountered. Moreover, a far more 

serious problem in Hsui's analysis was the imprecise and very limited knowledge of the mass 

distribution in the region surrounding the borehole, which the author himself noted. 

(7) Boynton, et al. (1987); [Ref. 19] This torsion balance experiment detected a depen­

dence of the oscillation frequency of a composition-dipole pendant on the orientation of the 

dipole relative to a cliff. A subsequent repetition of this experiment by the authors using an 

improved pendant and apparatus saw no effect. Despite efforts to shield the apparatus from 

stray magnetic fields, it is likely that the original effect was due to a small magnetic impurity 

in the pendant which coupled to a residual magnetic field. 

(8) Eckhardt, et al. (1988); [Ref. 20] This was the original WTVD tower experiment in 

North Carolina which saw evidence for an attractive ( "sixth") force. The analysis of terrain 

bias by Bartlett and Tew [14] suggested that Eckhardt, et al., may have undernampled the 

local gravity field in low-lying regions surrounding their tower. When the tower results were 

corrected for this effect, the predicted and observed gravitational accelerations on the tower 

agreed to within errors. A subsequent experiment by these authors on the WABG tower in 

Mississippi [21] found agreement with Newtonian gravity, as did experiments on the Erie tower 

in Colorado [22] and the BREN tower in Nevada [23] . 

(9) Ander, et al. (1989); [24] This was another version of the Airy method, which used 

a borehole in the Greenland icecap, and observed an anomalous gravity gradient down the 

borehole. However, this effect could not be attributed unambiguously to a deviation from 

Newtonian gravity, since it could have also arisen from unexpected mass concentrations in the 

rock below the ice. 

REFERENCES 

1. E. Fischbach, D. Sudarsky, A. Szafer, C. Talmadge and S.H. Aronson, Phys. Rev. Lett. 

56, 3 (1986); Ann. Phys. (NY) 182, 1 (1988). 

2. E.G. Adelberger, B.R. Heckel, C.W. Stubbs, and W.F. Rogers, Annu. Rev. Nucl. and 

Part. Sci. 41, 269 (1991). 



448 

3. Y. Fujii, Int. J. Mod. Phys. A6, 3505 (1991). 

4. E. Fischbach and C. Talmadge, Nature 356, 207 (1992). 

5. E. Fischbach, G.T. Gillies, D.E. Krause, J.G. Schwan, and C.  Talmadge, Metrologia 29, 

215 (1992). 

6. C.M. Will, "Theory and Experiment in Gravitational Physics" , Revised Edition, (Cam­

bridge Univ. Press, Cambridge, 1993) p. 341ff. 

7. A. Franklin, "The Rise and Fall of the Fifth Force" (American Institute of Physics, New 

York 1993). 

8. I. Ciufolini and J.A. Wheeler, "Gravitation and Inertia" (Princeton Univ. Press, Prince­

ton, 1995) p. 91ff. 

9. E. Fischbach and C. Talmadge, "The Search for Non-Newtonian Gravity" (American 

Institute of Physics, New York) in press. 

10. R.v. Eiitviis, D. Pekar, and E. Fekete, Ann. Phys. (Leipzig) 68, 11 (1922). 

1 1 .  D.R. Long, Nature 260, 417 (1976). 

12 . .J.K. Hoskins, R.D. Newman, R. Spero, and J. Schultz, Phys. Rev. D32, 3084 ( 1985). 

13. F.D. Stacey and G.J. Tuck, Nature 292, 230 (1981) ;  F.D. Stacey, G.J. Tuck, G.I. Moore, 

S.C. Holding, B.D. Goodwin, and R. Zhou, Rev. Mod. Phys. 59, 157 (1987). 

14. D.F. Bartlett and W.L. Tew, Phys. Rev. D40, 673 (1989), and Phys. Rev. Lett. 63, 

1531 (1989). 

15. S.H. Aronson, G.J. Bock, H.Y. Cheng and E. Fischbach, Phys. Rev. Lett. 48, 1306 

(1982). 

16. D. Sudarsky, E. Fischbach, C.  Talmadge, S.H. Aronson, and H.Y. Cheng, Ann. Phys. 

(NY) 207, 103 (1991). 

17. P. Thieberger, Phys. Rev. Lett. 58, 1066 (1987). 

18. A.T. Hsui, Science 237, 881 (1987). 

19. P.E. Boynton, D. Crosby, P. Ekstrom, and A. Szumilo, Phys. Rev. Lett. 59, 1385 (1987). 



1 0-1 

1 0 -2 

1 0 -3 

1 0 -4 

1 0 -s 
-a 

1 0-6 

1 0-7 

1 0 -8 

1 0-9 

.,, 1 0-1 0 
cc 
c 
-ii 
CD 
...... 

1 0-3 1 0 -1 1 0 1 

LAGEOS ­
Lunar 

1 03 1 0s 1 01 

'A (m) 

Planetary 

1 0 9 1 0 1 1  1 0 1 3 1 0 1 5 
£ 



450 

1 0-1 

1 0-2 

1 0-3 

1 0-4 

1 0-s 

+�B 
1 0-a 

Terrestrial 

10-7 Eotvos 
(Local Source) 

1 0-a 

1 0-9 

1 0-10 
1 0-3 1 0-1 1 0 1 

1 0  1 

1 0 -1 

1 0 -3 

+�1 1 0 -5 

1 0 -7 

1 0 -9 

1 0 -1 1  

1 0-3 1 0-1 1 01 

1 03 1 0s 1 01 109 
'A (m) 

Terrestrial 
EOtvOs 

(Entire Earth) 

1 03 1 05 1 07 

/... (m) 

1 0 1 1  1 0 13 1 0 1 s 

Figure 2 



45 1 

20. D.H. Eckhardt, C. Jekeli, A.R. Lazarewicz, A.J. Romaides, and R.W. Sands, Phys. Rev. 

Lett. 60, 2567 ( 1988). 

21. A.J. Romaides, R.W. Sands, D.H. Eckhardt, E. Fischbach, C.L. Talmadge and H.T. 

Kloor, Phys. Rev. D50, 3608 (1994). 

22. C.C. Speake, et al., Phys. Rev. Lett. 65, 1967 (1990). 

23. J. Thomas, et al. , Phys. Rev. Lett. 63, 1902 (1989). 

24. M. Ander, et al., Phys. Rev. Lett. 62, 985 (1989). 

FIGURE CAPTIONS 

Figure 1. Constraints on a and >. in Eq.(1) implied by composition-independent experiments. 

Results are shown as of 1981 and 1996, and in each case the shaded region is excluded at the 

2<7 level. 

Figure 2. Constraints on �B(a) and �1(b) as a function of >. from composition-dependent 

experiments. �B and 6 are the coupling strengths to B = N + Z and Iz = N - Z respectively. 

The shaded regions are excluded at the 2<7 level. 

Resume 

En 1986 il y avait une suggestion qu'il existait une "cinquieme force" macroscopique 

dans la nature. Cette idee a stimule un nouvel interet dans cette question. On 

predit detelles forces dans beaucoup de theories qui unissent la gravite avec d'autres 

forces connues. On peut trouver cette presence en cherchant des deviations appa­

rantes des predictions de la theorie de gravite de Newton. Nous revisons done la 

phenomenologie des recherches pour une "cinquieme force" , et nous presentons une 

sommaire des resultats experimentaux courants. 
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Cosmic rays 

In a century which has witnessed the emergence of several completely new sciences, one would 

hardly expect a problem originally uncovered over 80 years ago to remain at the cutting edge 

of contemporary research. 

The origin of the highest energy component of cosmic rays is just such a subject (one might 

note that superconductivity, also discovered in the first decade of the 20th century, is another). 

The discovery that the Earth is permanently bathed in a flux of ionizing "something" was 

made in 1912 by the Austrian physicist Victor Hess, who in a series of balloon ascents showed 

that beyond a certain height the ionization level within a sealed electroscope increases with 

altitude. The techniques of the time could not identify the nature of this "something"; up 

to the beginning of the 1930s, it was generally believed that the ionizing flux consisted of 

high energy gamma rays, and indeed Robert Millikan claimed that the (high) energy spectrum 

was crossed by "gaps",  creating energy "bands" which could be interpreted as the creation 

energies of massive nuclei (the low energy component of the ionizing flux was clearly related 

to radioactivity in the Earth's surface). In the absence of any correlation with known celestial 

sources, high energy cosmic rays could plausibly be ascribed to an early "cosmological" period 

of element formation; it is just as well to recall that at th11t time primordial nucleosynthesis was 

just a dream, and Millikan's speculation was based on little more than Einstein's mass-energy 

equivalence principle. 

In time, the ionizing "something" observed by Millikan's generation was definitely shown 

to be made of massive particles, essentially the stripped nuclei of the common elements, with 

a small admixture of electrons; as satellites became available, these particles could be observed 

directly rather than via the effects of their products on electroscopes, and it became clear that, 

apart from complications at energies below about 1010 eV /particle due to the perturbing effect 
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of the solar magnetic field, the differential flux j as a function of energy E follows a power law 

of the type dj/dE = E•, with the index q ""  -2·5 (but see below). 

It was in fact not until the beginning of the 1970s that I rays were also shown to be a 

component of the cosmic radiation. 

While satellite techniques are admirably suited up to energies of about 1014 eV /particle, the 

low flux beyond � 1015 eV /particle would require implausibly large detectors or give absurdly 

low event rates, and a method originally suggested by Pierre Auger comes into its own. 

In essence, a high energy particle impinging on the atmosphere interacts and gives rise 

to secondary particles, which in turn produce other secondaries, and so on. As the resultant 

"shower" grows in importance, the energy of each secondary decreases until various thresholds 

are reached. In particular, when the energy of the pion secondaries drops below a few tens of 

GeV, they can only disintegrate, producing on the order of 1 GeV muons which thereafter reach 

the ground essentially directly; electrons and gamma rays in the secondaries are however subject 

to various electro-magnetic scattering processes which act along the entire trajectory and so 

their energy at ground level is typically of the order of 10 MeV. Moreover, as a consequence 

of their different interaction histories, muons reach the ground before the secondary electrons 

and gamma rays. 

Electrons, I rays and muons are in principle readily distinguished from each other, for 

example by suitably instrumented Cerenkov detectors and scintillators, and their staggered 

arrival constitutes the signature of a cosmic ray event; sampling at ground level with a network 

of devices allows one to reconstruct the structure and composition of the shower. The total 

energy of the primary particle is relatively straightforward to deduce from this information, 

as is the direction of the primary from the inclination of the shower "wavefront";  however, to 

identify the primary from its final products it is necessary to compute detailed models of the 

shower as it propagates through the atmosphere. The problem is only a little less difficult than 

that of finding who owned a smashed watch some of whose fragments have been found lying in 

the street. 

As the shower propagates through the atmosphere it excites a near ultra-violet transition of 

the nitrogen atom to which a dry atmosphere is relatively transparent, and so the motion of the 

shower front is associated with a corresponding fluorescent pulse which can be followed using 

a suitable photoelectric device. It turns out that the intensity of the fluorescent pulse goes 

through a maximum, at an altitude which depends essentially on the atmospheric structure 

and the nature of the primary particle. Moreover, the fluorescent intensity at its maximum is 

a function the energy of the primary. It is amusing to note that there is a qualitative analogy 

with the Chapman theory of atmospheric ionization by solar ultra-violet and X radiation. 

In practise, the variation of the fluorescence with altitude, described by what is usually 

known as a Gaisser-Hillas function but which has a qualitative resemblance to the Chapman 

function, is quite complicated, and some subtlety is required to ascertain the nature of the 
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primary cosmic ray as well as its energy from the fluorescence observations. The technique is 

nevertheless very powerful and when it can be exploited can identify the primary with much 

less ambiguity than the air shower arrays. At least two observing stations each equiped with 

a set of telescopes scanning as much of the sky as possible are required in order to obtain the 

direction of the primary unambiguously. However, the technique can only work on very clear, 

cloudless, dark nights, which therefore reduces considerably its efficiency as compared to the 

conventional giant air shower arrays. The "Fly's Eye" in Utah is at present the only exponent 

of this technique. 

Useful summaries of cosmic ray observing methods are given by Sokolsky[13] and Sokolsky 

et al.[12]. 

Ultra high energy cosmic rays 

The giant arrays and the Fly's Eye have enabled the cosmic ray spectrum to be extended to 

well beyond 1020 eV /particle - in fact, the most energetic particle so far detected (by the Fly's 

Eye[4] [7]) had an energy of just over 3 x 1020 eV, which corresponds, be it noted, to just over 

50 joules. 

A number of intriguing features emerge from all these measurements[5][6]. 

The energy density of cosmic rays in the region of the Earth is of the order of 1 eV /cm3; 

while this is comparable to the energy density of starlight, one should keep in mind that the 

mean energy per particle is of course very much higher than that per photon. 

From about 1010 eV /particle (where solar magnetic field effects become negligible) the 

differential spectrum seems to be a "segmented" power law, with an index � -2 · 7  up to an 

energy of about 1016 eV, steepening slightly to about -3 up to on the order of 1019 eV, after 

which there is some suggestion that the spectrum becomes somewhat flatter. The spectrum is 

continuous at around 1016 eV, with no discernible discontinuity: unless one invokes some kind 

of ad hoc fine tuning, a single mechanism or two related mechanisms would appear necessary 

to explain the spectrum over the range 1010 - 1019 eV. However, the flattening of the spectrum 

at extreme energies is suggestive of the presence of a quite unrelated process. 

Up to a few times 1018 eV, the cosmic ray chemical composition corresponds to the usual 

mix of elements, with however an overabundance of the "heavier" component. This latter effect 

can be understood as a simple consequence of the nuclear reactions which must occur between 

the "original" cosmic rays and interstellar matter; indeed, the overabundance can be used to 

infer the typical time cosmic rays spend wandering about before reaching us. However, beyond 

a few times 1018 eV, the chemical composition becomes "lighter"; while at present it is not 

possible to definitively discriminate against I rays (but see Halzen et al. [7]) at the highest 

energies, it would appear that the least unlikely identification of these particles is protons (or 

technically, but implausibly, neutrinos). And just to add spice to the problem, the very highest 
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energy event, that observed by the Fly's Eye, could conceivably be due to a heavy nucleus: the 

shower profile in this case does not provide enough information to discriminate against such a 

possibility. 

There is some suggestion[ll] that the spectrum has a gap at a little under 1020 eV; if 

confirmed, this could again imply that a new process sets in at around that energy; however, 

this statement should be tempered with the knowledge that only about 40 events have been 

observed beyond 5 x 1019 eV, and 8 events beyond 1020 eV. 

The sources 

Two generic classes of mechanism can produce high energy charged particles in the cosmos 

without appealing to theology. One is admirably suited to give a power law energy spectrum; 

the other is an excellent source of very high energy particles, but with no guarantee that their 

spectrum will follow a power law. 

Two criteria must be satisfied for the differential spectrum to have the form of a power law. 

In essence, the cosmic rays have to be confined to a certain volume of space, from which they 

extract energy in such a way that the energy increase is a rising function of the particles' energy; 

a second, quite reasonable, condition, is that beyond some energy the accelerated particles leave 

the "active" volume. 

Many years ago, Enrico Fermi showed that a charged particle "bouncing around" between 

moving magnetic discontinuities would gain energy from the magnetic field in just the required 

way. Moreover, once its energy reached a value such that its cyclotron radius is of the order 

of the characteristic dimension of the confining volume, the particle would necessarily tend to 

leave. 

The simplest way to apply Fermi's theory is to assume energy equipartition between the 

magnetic field and the randomly moving plasma in which it is embedded, and to farther assume 

that sufficient time is available for the cosmic ray particles to reach energy equipartition with 

the moving magnetic "mirrors" .  Assuming finally that the only way energy is lost from this 

system is via the evasion of sufficiently energetic particles on a time scale longer than that to 

reach equipartition, it can be shown very easily[9] that the equilibrium differential spectrum is 

a power law in energy, with an index exactly equal to -2·5. 

The good news is thus that the observed cosmic ray spectrum could be a simple consequence 

of a rather general process. 

Now for the bad news: close as this result is to observation, it disagrees with it in a 

fundamental way. As noted in the introduction, the spectrum has at least three different power 

law indices depending on the energy range. Presumably perfect energy equipartition is not 

a feature of the acceleration process, and it becomes necessary to compute detailed models. 

These are parametrised essentially in terms of two quantities: 
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1. the time scale ta for the acceleration by the Fermi "bouncing" mechanism, and 

2. the time scale t1 to leave the accelerating region, for example by some kind of diffusion 

process. 

In such a case, it can be shown (but not so easily[9]) that the resultant power law spectral 

index is equal to - (1 + ta/ti). 

Clearly, different models of the accelerating region lead to different values of the index, 

and it becomes possible to "fine tune" the result of most models to the observed values . . .  

although it must be said that the simplest models of this type lead to power law indices 

very much farther from observation than the extraordinarily simple, but somewhat miraculous, 

equipartition theory (this is presumably what miracles are all about!) .  

Typical configurations which will accelerate particles in this way include[3] the magnetic field 

of the Sun, the turbulent interstellar medium, shock waves produced by supernova explosions, 

shock waves produced by relativistically moving compact objects through the interstellar or 

intergalactic medium, the shocks associated with the motion of galaxies or galaxy clusters 

through the intergalactic medium, the jets and their endpoints ("lobes" in the jargon of the 

radio astronomer) associated with certain radio galaxies, and various combinations of such 

structures. 

However, whatever the details of the accelerating process, we know that it can only work 

if the particle remains trapped in the accelerating region, and it can only remain trapped if 

its Larmor radius is smaller than the characteristic dimension R of the volume. Therefore, the 

energy T of a particle of charge Ze is limited by: 

T < ZeBR (1) 

where B is the characteristic large scale magnetic field responsible for trapping the particles in 

the accelerating region. 

A totally unrelated mechanism relies on the ability of a suitably constructed homopolar 

dynamo to produce an intense electric field. Suppose[9] that over some distance scale R a 

magnetic field B is moving with speed VB· The induced electric field due to the motion is of 

the order of VBB/c, and so the energy that a particle of charge Ze can reach is limited by: 

T < ZeBR
v8 

c (2) 

Clearly, the higher the field and the higher the velocity the better; typical dynamos might 

be the magnetospheres of neutron stars where magnetic fields could reach on the order of 1012 G 

and the velocities would be relativistic, thereby compensating easily for the small dimensions, 

and the central engines of active galaxies where it is believed that billion solar mass black holes 

could be accreting matter and magnetic fields from the surrounding galaxy. 
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However, while the performance of these "dynamo" accelerators is limited by the magnetic 

field available (in the first instance, but see later), we know of no natural way for them to 

generate a power law spectrum. The significance of this depends on one's point of view; we 

know that the bremmstrahlung radiation of material in the immediate vicinity of pulsars (the 

"visible" neutron stars) does have a power law spectrum, which can be interpreted as signifying 

that the pulsars have some way of producing particles with a power law spectrum, even if we 

do not at present know how. 

We do not know a priori whether the observed cosmic rays are of galactic origin or not. 

However, we can impose a distance limit on the source of the highest energy cosmic rays, since 

the ubiquitous 3 K fossil radiation degrades the energy of particles which pass through it. In 

effect[9] , in the rest frame of, say, a proton with Lorentz factor 7, a photon of the background 

radiation has energy of the order of 6 x 10-4-y, and significant pion production can occur if this 

exceeds 200 Me V. In other words, if the proton energy exceeds about 5 x 1019 e V, it will lose a 

large part of its energy; the cross-section for this process is known, and leads to the conclusion 

that no protons with energies significantly in excess of 7 x 1019 can reach us from beyond a few 

tens of Mpc. This is known as the Greisen-Zatsepin-Kuzmin cutoff: if indeed the ultra high 

energy cosmic ray component is made of protons, and their source region is beyond this critical 

distance, the spectrum should stop at � 7 x 1019 eV, or should have a gap, the more energetic 

protons then being produced relatively close by. 

The background radiation has yet another effect whose significance in this context is how­

ever difficult to assess: ultra energetic heavy nuclei passing through the fossil radiation will be 

gradually "stripped" down by photodissociation, losing about four nucleons per Mpc. Conse­

quently, a 1020 eV proton arriving here could conceivably be the remnant of, say, an iron nucleus 

which started on its jurney about 50 Mpc away. This phenomenon does increase the volume 

for potential sources (which nevertheless corresponds, cosmically speaking, to our galactic sub­

urbs); it also suggests that we should not be able to observe heavy nuclei at these energies from 

such sources. And one would expect this effect to smooth out the Greisen-Zatsepin-Kuzmin 

cutoff: the detailed topography of the energy spectrum around 1020 e V thus carries critical 

information about the type of process responsible for the ultra high energy particles observed. 

Note that analogous effects will operate in compact regions of very high temperature and 

high photon density - high energy particles will have difficulty leaving such regions "intact". 

Finally, -y rays and (of course) neutrinos can reach us from considerable distances - for a 

proper understanding of the observations, it is vital to eliminate these latter as candidates for 

the highest energy component. 

Equations 1 and 2 are direct functions of the nuclear charge Ze. With a given "technique" 

it is clearly "easier" to accelerate heavy nuclei to a particular energy than protons - we see in 

this way the importance of identifying the primary cosmic ray. 

These two equations have of course a functional similarity, which allows one to study the 
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"performance" of the different possibilities in a unified way, by seeing whether the associated 

magnetic fields, sizes and velocities are capable of creating the highest energy cosmic rays. 

It emerges immediately (see Hillas[B] for a very clear summary diagram) that supernova 

remnant shock waves, turbulent motions within our galaxy, etc. cannot produce protons more 

energetic than about 1016 eV; on the other hand, with a slightly more subtle analysis, it turns 

out that the energy density of cosmic rays requires only a small fraction of the mechanical 

energy of supernovae in our galaxy. These latter can thus explain the overall energy budget of 

cosmic rays, but not the higher energy component. For this, it is necessary to invoke either the 

shock wave produced by a (hypothetical) outflow of material from our galaxy (such outflows 

are observed in other galaxies), or the dynamo acceleration of particles by the neutron stars left 

over from the supernova explosions. The former process would be in fact boosting the lower 

energy particles to higher energies: consequently, spectral continuity would be maintained right 

up to the maximum energy that this process can produce, which is nevertheless limited to on 

the order of 1019 e V. The neutron stars could conceivably accelerate particles as far as 1020 

eV, and since they are the products of the supernovae whose remnants would be responsible 

for the lower energy cosmic rays, one might intuitively expect some kind of spectral continuity; 

however, we do not know why the spectrum should be power law, and so for the time being this 

must be considered an ad hoc hypothesis. Furthermore, attractive as neutron stars seem to be 

as sources of the highest energy cosmic rays, they do suffer from a fundamental defect: the very 

property which makes them such good candidates - their intense magnetic field - eliminates 

them, since the accelerated particles will of necessity have to first pass through this very same 

field, and therefore lose a substantial fraction of their energy through curvature radiation. 

The "central engines" of active galaxies are expected to have sizes and magnetic fields 

capable of accelerating protons to about 1020 e V (the expectation emerges essentially from 

a consideration of the energy available in such objects: the actual processes responsible for 

the energy conversion, and their efficiency, are far from clear). However, the highest energy 

protons we are observing (if such they are) cannot come directly from these galactic power 

houses: we know that the nuclei of active galaxies are sources of intense and high temperature 

radiation, so that the highest energy cosmic rays will lose most of their energy before leaving the 

source region as a consequence of photopion production (through essentially the same process 

as produces the Greisen-Zatsepin-Kuzmin cutoff on the cosmological scale). Of course, there is 

no reason why the nuclei of active galaxies should accelerate only protons, since the material 

accreted onto the central black hole must surely contain all the elements: it is not inconceivable 

that photodissociation by the radiation field around the black hole and by the fossil radiation 

along the trajectory to us, could leave as a remnant the very high energy protons . . .  but then 

there should definitely be no ultra energetic heavy elements. And some remarkably fine tuning 

is required to strip away just the supernumerary nucleons without also degrading the energy of 

the surviving proton. 
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We see again the importance of identifying unambiguously the nature of the primary cos­

mic rays at the highest energies. Moreover, only sources within 30-50 Mpc could contribute 

significantly through this process. 

llich and compact galactic clusters could accelerate protons to the requisite energies (but 

this is an affirmation of dubious significance, since at present we only have upper limits on the 

value of the intergalactic magnetic field),  again via shock waves of some kind produced by the 

individual galaxies. However, we now know that the intergalactic material in such structures is 

rich in heavy elements - their highest energy products can be exclusively protons only through 

a process of photodissociation. 

Photodissociation of the heavy nuclei will certainly aleviate the problem of their apparent 

absence at ultra high energies (remembering, however, that the Fly's Eye superevent might 

have been an iron nucleus) . . .  but at a price. In essence, each nucleon which is knocked off by 

the cosmological photons carries away its share of the nucleus' energy, so that the total initial 

energy of, for example, an iron nucleus of which a 1020 e V proton survives at Earth, must have 

been at least 5 · 6  x 1021 eV. Now, equations 1 and 2 do suggest that with a given accelerator 

there might be no fundamental difference between accelerating a proton to a given energy and 

accelerating a nucleus of charge Z to Z times that energy; however, the number of nucleons in 

heavy nuclei, and so the required initial energy for a given final proton energy, grows twice as 

fast as the nuclear charge. Whilst a factor of two may seem like a niggling detail compared to 

the order of magnitude which separates reality from plausible and calculable theory, one would 

surely have felt more comfortable had the factor been one half. 

Shock waves in the intercluster medium (which is presumably less contaminated by the 

products of stellar evolution) cannot be eliminated a priori as sources for the highest energy 

cosmic rays even if these are only protons, although one might note that we know even less 

about the value of magnetic fields on this very large scale than on the intergalactic scale. 

However, the scale at which this mechanism must operate if it is to produce 1020 eV protons 

with the aid of fields which do not exceed the known upper limits, runs into the hundreds of 

Mpc range: consequently, even if > 1020 eV protons are produced in this way, we will not see 

them at these energies because of the Greisen-Zatsepin-Kuzmin cutoff. 

In fact , the only structures potentially capable of producing 2': 1020 eV protons but which 

have no evident defects of a rather general nature are the jets and shocks ("lobes") associated 

with certain radio-galaxies. 

Desperately seeking 

Within 50 Mpc of our galaxy are a handful of galaxy clusters known as the "Local Group". 

This region also contains a number of powerful radio-galaxies. 

A search[14][10][13] for some correlation of the arrival directions of cosmic rays with suitable 
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structures in the sky has led to the following conclusions. 

The distribution is perfectly isotropic up to an energy of about 1018 e V. This is to be 

expected whatever the source region might be: below this energy, the Larmor radius of particles 

in the magnetic field of the Galaxy is a small fraction of its size, and so the cosmic ray has 

little chance of preserving any memory of its original direction. 

Between about 1018 and a few times 1019 eV, the distribution is reasonably well correlated 

with the plane of the Galaxy. This suggests that these particles, and so by extension the lower 

energy particles, originate from sources associated with our galaxy. 

However, the highest energy cosmic rays, up to about 1020 eV, seem to be correlated with 

a plane perpendicular to that of our galaxy. Now, the "Local Group" of galaxies forms a 

vaguely flattened structure whose plane is in fact perpendicular to the Galaxy, and in which it 

turns out that many radio-galaxies are to be found. One would be tempted to invoke a "Local 

Group" origin for these highest energy cosmic rays, were it not for the fact that no specific cases 

of coincidence have ever been detected. While this is undoubtedly not surprising for cosmic 

rays whose energy is less than 1020 eV, since over tens of Mpc such particles will be deviated 

significantly from their original directions by the intergalactic magnetic fields (of whose value 

we only know the upper limit),  it is at the very least disturbing for particles well beyond 1020 

eV: the three highest energy cosmic rays known to date, whose deviations from their original 

direction cannot exceed ten degrees, come vaguely from the galactic anti-centre direction but 

have no relation to any known energetic source or galaxy cluster in the local group, and the 

objects closest to them on the sky are actually at distances which range from 60 to 1000 Mpc, 

i.e. well beyond the Greisen-Zatsepin-Kuzmin cutoff[lO]. 

Could these ultra high energy cosmic rays be from a completely new type of source, within 

the Local Group (Greisen-Zatsepin-Kuzmin oblige), but in no way related to known galaxies 

or other structures? Could these particles in fact have been created with such high energies, 

thereby obviating the need for powerful cosmic accelerators? It is tempting to claim the appar­

ent (but statistically debatable) gap in the differential spectrum below 1020 and the possible 

spectral flattening as indications that something like this is in fact happening[ll ] [10]; massive, 

but speculative, decaying topological defects which are a possible product of the phase changes 

which might have followed the Big Bang and which could perhaps have survived to the present 

epoch have been invoked, as have primordial strings (no less speculative) actually interacting 

with the Earth's atmosphere . . .  but in the present state of the art there is really nothing very 

compelling about these avant garde theories. 

And in the absence of any better idea, there is even some speculation that the source of 

these particles could be in some way related to "( ray bursters: the feature they share is that 

we understand neither the one, nor the other. . 
The shade of Millikan looks on with deep interest and a cert4-in wry smile: his dilemma 

is still ours, simply moved upwards in energy by a factor of at least 1014, and just as he saw 
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"bands" in the spectrum, we may (or may not) be seeing a "gap" in the high energy spectrum. 

Opening a new astrophysical window 

The study of ultra high energy cosmic rays is clearly severely constrained by statistics. In the 

region of 1020 eV the particle flux is of order 10-2 events/year/km2• If the energy spectrum 

is a continuation of that at lower energies, this event rate drops by two orders of magnitude 

at 1021 eV. With such low fluxes, the essential task of mapping the shape of the high energy 

spectrum poses a considerable challenge. Moreover, there is at present no operating shower 

array of any sort in the Southern hemisphere, while even in the Northern hemisphere the sky 

coverage is very incomplete. This is particularly unfortunate, since the galactic centre can only 

be observed from the Southern hemisphere, so that the apparent correlations with the anti­

centre direction or the supergalactic plane, already statistically weak, could even very easily be 

a pure artefact. Note too that the recently discovered galactic superluminal sources, which are 

presumably local, miniaturised, versions of active galactic nuclei and might well be capable of 

accelerating protons to extreme energies, are all towards the galactic centre. 

The "Auger Cosmic Ray Observatory[!]" will be an attempt to improve the observational 

situation by orders of magnitude. 

At the present time, the largest working air shower detector (called AGASA) is in Japan, 

and consists of about a hundred 2 m2 scintillators spread over an area of roughly 100 km2 • 

The only fluorescence detector is the Fly's Eye, in the U.S.A., which consists of two "all sky" 

photomultiplier stations separated by 3 km; one station has about 900 photomultipliers, and 

the other a little under 500. 

The "Auger Cosmic Ray Observatory" will consist of two "hybrid" detectors, one in the 

Northern and the other in the Southern hemisphere. Each will: 

• have a.bout 1600 water Cerenkov detectors spread over roughly 3000 km2, with a. 1 ·5  km 

spacing; 

• be associated with two or three (depending on details of the terrain) "fly's eye" type of 

fluorescence detectors, which will scan the sky with a.bout 50 mirrors and 200 pixels per 

mirror. 

The system is being designed for an operating lifetime of at lea.st twenty years, with minimal 

maintenance and maximal autonomy. This raises a number of problems, whose solution is being 

actively sought; two examples suffice to show the nature of the difficulties: 

1. the Cerenkov counters must be associated with very fast electronics capable of recognizing 

short pulses with good discrimination; the electronics must operate on low power and be 

very reliable; 
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2. sophisticated triggering techniques are required to avoid contaminating the data with 

noise; this entails extremely accurate synchronization of the Cerenkovs, and intercom­

munication between them. The results of a successful trigger will of course have to be 

communicated to a central station. Since the arrays will be in remote desert locations, 

and will involve very many detectors, it is quite unrealistic to envisage cable links: radio 

telemetry will be the watchword. 

If all goes well, the system should begin operating in about the year 2000. It is estimated 

that after ten years in action, the full Auger array should have of order 1000 events above 

7 x 1019 eV "in the bag", of which about 500 should be above 1020 eV and 5 above 1021 eV if 

the spectrum continues with the same gradient as before. Note that up to about 10% of these 

events will also have been observed by the Fly's Eye detectors. 

While there is no guarantee that such an improvement in statistics will necessarily solve 

the conundrum of the ultra high energy cosmic rays, it is certain that in its absence the field is 

limited to the wildest speculation. 

Contemporary astrophysics is faced by a number of acute problems. 

One of them concerns dark matter, which one might (perhaps mischievously) qualify as the 

study of particles which should exist . . .  but until farther notice, don't. 

Ultra high energy cosmic rays constitute the inverse problem: particles which do exist . . .  

but perhaps shouldn't. 
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CHERCHE SOURCE DES RAYONS COSMIQUES 

ULTRA-ENERGETIQUES . . .  DESESPEREMENT 

Depuis quelques annees ,  nous savons que le spectre du rayonnement cosmique s'etend en­
de�a de 1020 eV, et nous avons des fortes presomptions qu'il s 'agit de protons. Ces particules ne 

sont associees avec aucune source celeste connue; d'ailleurs, on ne sait pas par quel processus 
des protons peuvent etre acceleres a de telles energies. Le projet "Auger" vise a mettre l'etude 

de ce nouveau fenetre astrophysique sur des bases solides. 
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Resumes des contributions 

I. LA MA TIERE SOMBRE 

K. Olive - Pourquoi avons-nous besoin de la matiere noire non-baryonique ? 
Nous passons en revue Jes observations et Jes arguments theoriques qui concourent a prouver 
I' existence de la matiere noire. 

L. Van Waerbeke - L'observation comme moyen d'investigation de la matiere noire 
L'amplification gravitationnelle foible des galaxies lointaines permet d'etudier la distribution totale de 
masse projetee des structures gravitationnelles d' avant plan a toutes Jes echelles et a ere utilisee avec 
succes pour cartographier la distribution de masse projetee des amas riches a moyen redshift. Cette 
etude passe en revue Jes concepts generaux de I' analyse des lentilles. Nous insistons sur la relation 
existant entre Jes quantites observables ( formes et flux) et Jes quantites physiques ( masse, redshift) 
et discutons des problemes d'observation et des developpements recents de !'analyse des donnees qui 
semblent prometteurs pour une meilleure mesure des signatures de lentilles (distortion et 
agrandissement) a tres grande echelle. 

G. Jungman. Etude de la matiere noire des particules 
Nous presentons une revue des modeles de rnatiere sombre en donnant une importance particuliere 
aux modeles de matiere noire froide (axions et neutralinos supersymetriques). 

P. Gondolo. Introduction phenomenologique a la detection directe de la matiere 
noire. 
La matiere noire qui forme le halo de notre galaxie pourrait etre constituee de particules interagissant 
faiblement avec la matiere ordinaire : Jes WIMPs. Malgre le faible taux d'interaction attendu entre ces 
particules et le cristal d'un detecteur, la detection directe de WIMPs apparait possible et plusieurs 
experiences sont en cours actuellement. Nous decrivons, dans cet article, Jes elements de base 
permettant de calculer ces taux d'interaction, en insistant sur Jes principales sources d'incertitudes 
theoriques. 

L. Mosca. Detection directe de particules candidates pour la «matiere sombre» 
Les experiences de detection de particules de matiere sombre sont brievement passees en revue. Les 
principaux problemes rencontres dans ce type de recherche sont soulignes et des strategies pour Jes 
surmonter sont envisagees. 

V. Chazal. Detection de matiere noire avec un bolometre saphir de 24 g et mesure de 
l'environnement neutron au laboratoire souterrain de Modane. 
La collaboration EDEL WEISS se propose de rechercher la rnatiere noire sous forme de WIMPs. En 
septembre 1994, des premiers resultats on ete obtenus dans le laboratoire souterrain de Modane, avec 
un bolometre saphir de 24 g. Nous avons mesure un taux d'evenements de 25 evt/kg/keV/j. 
Un autre objectif d'EDELWEISS est !'elimination du bruit de fond neutron sur le site experimental. 
Nous avons mesure un flux de neutrons rapides de 2 . 10·1 neut/s/cm2• Une etude du flux de neutrons 
therrniques en cours permettra une interpretation globale de I' environnement neutron a Modane. 

L. Zerle. Etat de la recherche de CRESST de la matiere noire. 
Nous preparons !'experience CRESST qui a pour objet la recherche des WIMPS de la rnatiere noire 
au moyen de detecteurs cryogeniques equipes de thermometres au bord de la transition de phase 
supraconductrice. Dans la premiere etape de I' experience, nous utiliserons quatre detecteurs avec des 
saphirs de 250 g ayant des seuils de 0,5 keV et des resolutions de 0,2 keV a 1 keV, ce qui permettra 
d'obtenir une sensibilite aux masses de WIMPs inferieures a 10  GeV. En 1995 la mise au point des 
principaux composants cryogeniques a ere achevee et testee avec succes. L'installation de notre 
equipement au LNGS a commence. 
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M. Pavan - Recherche des WIMPs au detecteur thermique Te02 : Premiers resultats 
de !'experience Milan/Gran Sasso. 
Notre groupe a poursuivi une experience de desintegration Double Beta en utilisant un ensemble de 
quatre detecteurs therrniques a 340 g de Te02. Le spectre de bruit ( 1 548 heures) du bolometre 
montrant !es meilleures performances (ie 2 keV FWHM de resolution d'energie et un seuil 1 3  keV de 
seuil d'energie) a ete analyse pour trouver des signaux de WIMPS. Devant le manque d'indication 
d'interactions des WIMPS, nous donnons une limite sur la section efficace independante du spin des 
noyaux Te et 0. 

Fushimi Recherche de matiere noire spin-couplee au moyen de grands 
scintillateurs de volume. 
On recherche !es WIMPs ayant des interactions dependantes du spin au moyen de scintillateurs Na! et 
CaF2de grand volume. Les diffusions inelastiques avec un couplage vecteur axial sur 1271 par 
diffusion ine!astique de la matiere noire ont ete etudiees, ce qui a pennis d' obtenir une nouvelle limite 
sur la presence de la matiere noire spin-couplee. Un nouveau systeme de detection CaF2 a ete mis au 
point pour etudier la diffusion e!astique des WIMPs spin couplees . 

T. Ali. Limites de la mesure des interactions dans !'experience britannique sur la 
matiere sombre. 
La detection directe des WIMPs est possible lorsque leur section efficace de diffusion avec des 
nucleons est comparable a celle d'un neutrino. 
Nous rapportons ici une amelioration significative de nos resultats precedents sur le taux des 

interactions qui dependent du spin de la matiere sombre. Une limite superieure de 2cr par rapport aux 
taux de 0,14 evenements/Kg.keV.jour est atteinte (95% de). 

L. Bergstrom. Detection indirecte de matiere cachee supersymetrique. 
Nous passons en revue !es differentes methodes de detection des particules supersymetriques neutres 
qui pourraient constituer le halo de notre galaxie. 

J. Edsjo. Annihilation des WIMPs dans le soleil et dans la terre. 
L'annihilation des WIMPs au centre du soleil ou de la terre peut produire des neutrinos energiques. 
La distribution angulaire des muons provenant de !'interaction neutrino-nucleon est etudiee a !'aide de 
simulation Monte Carlo. Nous montrons que des telescopes a neutrinos pourraient permettre une 
mesure de la masse des WIMPs a partir de la largeur de distribution angulaire des muons. 

Y. Sacquin. NESTOR. 
L'experience NESTOR a pour but de construire un detecteur de neutrinos de haute energie, installe en 
mer a grande profondeur. Les objectifs de physique couverts par le projet concement l'astrophysique, 
la physique des neutrinos, ainsi que la recherche de matiere noire sous la forme de neutralinos 
massifs. Les performances attendues du detecteur ainsi que l'etat actuel du projet sont presentees. Les 
principaux travaux en cours sont passes en revue, ainsi que !es etapes essentielles du projet. La 
collaboration NESTOR entend participer a la realisation d'un futur detecteur mondial de 1 km3• 

C. Spiering. Etat des projets BAIKAL et AMANDA. 
Nous resumons I' etat actuel des telescopes de neutrinos en construction au lac Baikal, en Siberie, et 
au Pole Sud. Les resultats de !'experience Baikal comprennent un premier candidat de neutrino et des 
limites superieures de monopoles magnetiques. En 1996, le groupe Amanda a developpe un detecteur 
a une profondeur de 1500 a 2000M. Nous resumons la configuration et !es capacites du detecteur. 

E. Pare. Les telescopes atmospheriques Cerenkov peuvent-ils resoudre le probleme 
de Ia matiere noire. 
En observant l'univers par le biais de son emission de gammas 11 tres haute energie, la technique du 
Cerenkov atmosphenque (ACT) peut contribuer a resoudre le probleme de la matiere noire. Deux 
possibilites sont etudiees. Les WIMPs peuvent etre observes par !es gammas engendres !ors de leurs 
annihilations. 
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En mesurant comment Jes gammas venant d' AGN sont absorbes par la lumiere emise par Jes galaxies 
dans le milieu intergalactique, on peut donner des informations sur l'epoque de formation de ces 
galaxies. L'etat de !'art de la technique sera expose ainsi que Jes developpements et projets en France 
et ailleurs. 

G. Tarle. Detection indirecte des WIMPs par les positrons et antiprotons cosmiques 
: situation actuelle et perspectives d'avenir. 
Nous pas sons en revue la situation actuelle de la detection indirecte des WIMPs utilisant Jes 
antiprotons et positrons presents dans la radiation cosmique. De tres recetne smesures du rapport 
antiproton/proton a basses energies (<I GeV) sont en excellent accord avec de nouveaux calculs de 
production secondaire sur le milieu interstellaire. Le rapport depasse Jes valeurs le splus optimistes 
predites pour I' annihilation des WIMPs a toutes energies, reduisant la probabilite de detection des 
WIMPs par cette methode. De recentes mesures de la fractionde positrons n'ont pas oncfirme 
!'augmentation interessante precedemment rapportee a hautes energies. (> 1 0  GeV). II faudra des 
mesures nettement ameliorees, avec de plus amples echatnillons statistiques et un meileur rejet des 
hadrons, avant d'attteindre Jes predictions le splus optimistes pour !'annihilation des WIMPs en paires 
d' electron et positron. 

R. E. Lanou - HERON, detecteur de matiere noire ? 
HERON (Helium : Detection de neutrinos a !'aide de rotons) est un projet visant a mettre au point un 
nouveau detecteur de neutrinos solaires des chames p-p et 7Be. Nous presentons ici de nouveaus 
resultats qui montrent une assymetrie dans la distribution de !'emission des rotons par Jes particules 
arretees, et une possibilite de detecter simultanement la fluorescence ultra violette. Ces caracteristiques 
sont potentiellement valables pour la detection des neutrinos solaires et la question se pose, de savoir 
si la meme technique peut etre utilisee pour la detection des WIMPs de la matiere noire. 

W. Forman - La matiere noire dans les galaxies les plus anciennes. 
Nous decrirons ici Jes progres recents dans la connaissance de la matiere noire des galaxies de type 
avance (elliptique et lenticulaire). Les observations ROSAT de la couronne de rayons X autour de ces 
galaxies montrent qu'elles possedent un halo de matiere noire ayant un rapport masse/luminosite de 
zlOOM IL .  Nous comparons ces mesures a celles obtenues pour des systemes plus grands, groupes 
et amas. Nous resumons enfin Jes implications cosmologiques de la matiere noire, du gaz chaud et de 
la repartition de la masse stellaire. 

J. Lu. Axions de SUSY SM et SUSY GUT comme candidats a la matiere noire. 
Recemment l'interet pour !'axion a grandi car c'est un candidat a la matiere noire froide. Nous 
discutons des proprietes et des methodes de detection des axions. 

E. Larn;on. Resultats recents du LEP 1.5 au CERN 
Les experiences au LEP 1 .5 se sont deroulees sur 3 semaines a I' automne 1995. Les mesures 
relevees aux energies de centre de masse 1 30 et 136 GeV, avec une luminosite totale integree de 5.7 
pb·1, ont ete analysees par Jes quatre experiences LEP. 'De nouvelles particules et !'indication de 
nouveaux phenomenes ont ete activement recherchees. Aucun evenement n'ayant ete trouve, cela a 
permis de fixer des limites sur Jes masses et Jes sections efficaces de production des sleptons et des 
estops, des charginos et des neutralinos. Les domaines, exclus !ors du LEPl ,  ont ete largement 
etendus. Des recherches de particules lourdes produites par paire et se desintegrant dans le mode 
hadronique, ont ete aussi entreprises dans la topologie des quatre jets. Les resultats preliminaires de 
chacune des quatre experiences LEP sont presentes separement. 

II. COSMOLOGIE ET FORMATION DES STRUCTURES 

J.S. Bagla. Contraintes d'observation sur Q et H0• 
Nous considerons deux classes de modeles cosmologiques, d'une part Jes modeles plats avec 
constante cosmologique, d'autre part Jes modeles ouverts sans constante cosmologique. Nous 
utilisons le modele standard CDM pour contraindre la formation des structures. Compares aux 
modeles ouverts, Jes modeles avec constante cosmologique ont une plus grande chance de survie. 



468 

M. Lachieze-Rey. Formation des galaxies : la theorie lineaire. 
Je presente Jes grandes Iignes du developpement des fluctuations qui ont ere a l'origine de Ia 
formation des galaxies et des grandes structures cosmiques. Je restreins Ia presentation aux premier 
smoments de ce developpement, caracterise par Ia possibilite d'appliquer une approximation lineaire 
qui donne son nom a Ia phase correspondante de la dynarnique. Je decris aussi les anisotropies 
attendues dans le fond diffus cosmologique, qui sont engendrees durant cette phase lineaire. Enfin, 
j 'indique tres brievement une piste possible pour examiner le developpement des fluctuations ulterieur a cette phase lineaire. 

W. H. Zurek - La distribution de matiere autour de galaxies lumineuses. 

Nous allons discuter de �, mesure de Ia contribution a Ia densite de matiere cosmique a I'interieur 
d'une distance R des galaxies lurnineuses. Si Ia matiere de I'univers etait fortement liee aux galaxies, 

Q R croitrait rapidement jusqu' a Ia densite moyenne Q a une echelle comparable aux dimensions d'un 
halo typique de galaxie. Utilisant des simulations numeriques, nous demontrons que , dans Jes 
modeles CDM standard et de faible densite, seulement la moitie de Ia masse totale de I'univers se 
trouve dans une region d'environ 1 Megaparsec autour des galaxies ayant une Iuminosite plus grande 
que L *. Cette conclusion a une importance considerable pour Jes mesures de masse conventionnelles 
qui utilisent un modele de masse ponctuelle pour Jes galaxies. 
Nous explorons deux de ces mesures : Ia methode de moindre action et le theoreme du viriel 
cosmique. Dans le premier cas, Ia methode ne fonctionnera probablement pas a une echelle 
comparable a Ia distance typique entre galaxies, mais devrait fonctionner correctement pour estimer 
Ia masse d'un groupe isole de galaxies ou d'un amas pauvre. Dans le deuxieme cas, nous trouvons 

que Ia grande masse qui n' appartient pas aux galaxies risque de fausser I' estimation de Q. 

F. Bernardeau. Formation d'une structure a grande echelle dans le regime quasi 
lineaire. 
La comprehension de la formation des grandes structures requiert Ia resolution d'equations non 
Iineaires couplees decrivant !'evolution des champs de densite et de vitesse cosmologiques. C'est un 
probleme complique qui, ces dix demieres annees, a ere traire essentiellement avec des simulations 
numeriques a N corps. II y a cependant un regime, le regime dit quasi Iineaire, pour Iequel Jes 
fluctuations relatives de densite sont inferieures a !'unite en moyenne. II est alors possible d'utiliser 
des techniques de theorie des perturbations ou Jes developpements perturbatifs sont faits par rapport 
aux fluctuations initiales. Je presente ici Jes resultats majeurs qui ont ete obtenus dans ce regime. 

S. Colombi. Le regime hautement non lineaire et les simulations a N corps. 
Je discute de Ia dynarnique a grande echelle dans un univers en expansion compose de matiere non 
collisionnelle autogravitante, en pretant particulierement attention au regime hautement non Iineaire, 
qui est generalement traite en utilisant des simulations a N corps. Mon approche est statistique, en 
termes de fonctions de correlation et de fonction de distribution du champ de densire Iisse. Apres 
avoir rappele Jes prejuges theoriques attendus (autosimilarite, equilibre statistique local), je discute des 
mesures dans des simulations a N corps. 

G. Tormen - Simulations hydrodynamiques de formation de galaxies. 
Ce rapport est une breve introduction a I'hydrodynarnique numerique dans un contexte cosmologique, 
destinee aux non-specialistes. Nous presentons d'abord Jes principaux processus de formation des 
galaxies. Puis nous introduisons Jes equations des fluides et nous decrivons leur utilisation dans Jes 
codes numeriques grace aux methodes basees sur une grille Eulerienne et sur I'hydrodynarnique des 
particules Iissees. A titre d'exemple, nous exposons quelques resultats d'une simulation SPH d'un 
amas de galaxies. 

J. Loveday. SDSS (Sloan Digital Sky Survey) : Etat et perspectives. 

Le SDSS a pour objet de cartographier 7t steradians de I'univers local. Une matrice de detecteurs CCD 
en mode balayage produira une image digitalisee du ciel avec cinq filtres differents et avec une 

magnitude Iimite r'=23. 
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Une etude spectroscopique sera faite sur une selection de 106 galaxies et 105 quasars. Je decris ici 
l'etat d'avancement du releve, qui devrait commencer a produire des observations en 1997, et les 
perspectives qu'il ouvre pour contraindre !es modeles de matiere noire dans l'univers. 

G. Mamon 
Les releves en infrarouge proche DENIS et 2MASS sont presentes avec leurs applications a 
l'astronomie extragalactique et a la cosmologie. Les perspectives d'un suivi spectroscopique rapide 
d'un echantillon selectionne en infrarouge proche sont illustres avec des simulations Monte Carlo. 

N. Mandolesi. Projet spatial COBRAS/SAMBA 
La mission COBRAS/SAMBA de l'ESA a pour objet de fournir des cartes etendues et precises, a 
plusieurs frequences, des anisotropies de la radiation du fond diffus cosmologique, avec une 
sensibilite angulaire de 0,1 a 180 degres. Cela permettra une parfaite identification des perturbations 
primordial es de densite qui, en s

, amplifiant, ont forme !es structures a grande echelle observees dans 
notre univers. Les observations de COBRAS/SAMBA serviront de test decisif pour !es theories en 
competition decrivant I' origine des structures a grande echelle et permettront une definition tres 
precise de tous !es parametres cosmologiques. 

J. Delabrouille. Que peut-on encore apprendre du fond de rayonnement 
cosmologique ? 
Les anisotropies du fond de rayonnement cosmologique sont engendrees par toute une variere de 
processus physiques, depuis l'Univers Primordial dans la premiere seconde du Big-Bang, jusqu'a 
nos jours. Le satellite COBRAS/SAMBA a pour objectif la mesure de ces anisotropies avec une 
precision inegalee. Cette mesure permettrait de contraindre tres fortement !es modeles cosmologiques 
et, dans la plupart des cas de figure, de determiner !es valeurs des principaux parametres 
cosmologiques comme H0, Q0 ou A, avec une precision de l'ordre du pourcent. 

R. Pain. Mesures de Q0 avec des Supernovae de type Ia. 
Dans une premiere etape de notre programme de recherche de supernovae a grand decalage vers le 
rouge, nous avons decouvert 7 supernovae. Les spectres et courbes de lurniere indiquent que 
pratiquement toutes sont de type Ia avec des decalages vers le rouge variant entre z=0,3 et z=0,5. Ces 
supernovae peuvent etre utilisees comme indicateurs de distance pour mesurer le parametre 
cosmologique qO. Nous presentons ici !es strategies d'observation, !'analyse ainsi que !es resutats 
preliminaires concernant la mesure de q0• 

M.Y. Khlopov - Theorie de la formation de structure a grande echelle basee sur 
principes de la physique. 
La theorie moderne de formation de structure a grande echelle contient plusieurs elements qu'on peut 
relier aux mecanismes physiques de ! 'inflation, de la baryosynthese et a la physique de la matiere 
noire. Ces mecanismes sont predits dans la theorie des particules mais ne sont pas bases sur I' experience. Le cadre cosmologique, le spectre des fluctuation primordiales et la fonction de 
transfert, definis par !es proprietes des particules de la matiere noire, le rapport de densite matiere 
baryonique/matiere noire, et leur distribution relative, ont des motivations et des champs d' application 
differents et sont generalement traites separement. Le traitement physique autocoherent correspond a 
un cadre theorique unique qui offre a la fois une base definie pour !es scenarios de structure a grande 
echelle et des possibilites pour des etudes detaillees par la combinaison d' effets additionnels, predits 
dans leur cadre theorique respectif. Nous proposons en exemple des scenarios cosmologiques, bases 
sur le principe d'unification horizontale. 

III. MESURES QUANTIQUES 

W. H. Zurek. Un test precis de decoherence. 
Le mouvement d'une particule chargee au dessus d'un conducteur plat est dissipe par la resistance 
ohrnique due aux courants images. Cette interaction entre la particule et le conducteur produit aussi de 
la decoherence, qu'on peut detecter dans !es franges d'interference formees par des faisceaux de 
particules qui ont traverse le conducteur. 
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Puisque la densite de courant dans le conducteur est tres sensible a la hauteur de la particule, on peut 
contr61er le degre de decoherence, et de cette fa�on, etudier le phenomene de decoherence du domaine 
quantique jusqu' au domaine classique. 

P.L. Knight. Mesures d' etats quantiques a !'aide de «regles quantiques». 
Cet article decrit comment le bruit quantique contribue aux processus de detection en optique 
quantique, et comment il est represente dans l'espace des phases. Les mesures simultanees des 
variables canoniques sont determinees non seulement par Jes proprietes du systeme, mais egalement 
par celles de la « regle quantique » (ou cosysteme utilise pour realiser la mesure). 

F. Ricci. Un oscillateur mecanique macroscopique au niveau de la limite quantique 
: un schema operatif. 
Avec un systeme a Evasion de la RetroAction (ERA), ii est possible de contoumer la limite de 
sensibilite des detecteurs lineaires de deplacement. Nous presentons ici Jes previsions sur Jes 
performances d'un systeme ERA optimise par rapport au prototype que nous avons deja mis en 
fonction en systeme classique. Nous montrerons que ce systeme experimental permet de depasser la 
limite quantique standard. 

Golub. Nouvelles questions en optique neutronique. 
L'optique neutronique au moyen d'instruments variant avec le temps, comme des lames ou des 
miroirs mobiles, offre de nouvelles possibilites d'etude sur, par exemple, !'equation de Schrodinger 
appliquee aux particules massives, Jes transitions entre etats classique et quantique pour un systeme 
simple et !es proprietes de coherence des faisceaux de neutrons. 
Le materiel optique a spin est une sorte d' ordinateur analogique pour effets optiques ou le spin 
moyen des particules classiques arrivant a un point precis peut servir de modele pour !es effets de 
diffraction et d' interference en optique standard. Nous introduisons le concept et proposons quelques 
applications. 

A. M. Steane. Correction des erreurs quantiques. 
Pour des sytemes classiques, Jes effets indesirables du bruit peuvent etre contr61es par une 
stabilisation active. Dans le cas des systemes quantiques, pour lesquels une evolution unitaire doit etre 
preservee, une telle stabilisation n' est pas possible. Ceci semble aneantir !es espoirs que I' on fonde 
sur Jes possibilites d'un ordinateur qui fonctionnerait sur le mode quantique. Cependant, en adaptant 
des methodes classiques de correction d'erreur, !'information quantique peut etre stabilisee 
activement. La communication d'etats quantiques en presence de bruit est ainsi rendue possible, et ii 
est probable que I' elaboration de calculs au niveau quantique puisse beneficier de ces nouvelles 
techniques. 

S. Reynaud. Synchronisation d'horloges avec des champs quantiques. 
La comparaison de temps par tranfert de signaux lumineux joue un role central dans la theorie de la 
relativite. La nature quantique des champs utilises dans une procedure de synchronisation d'horloge 
conduit a rediscuter Jes notions de temps et de frequence ainsi que leurs transformations dans !es 
changements de referentiel. On utilise !'invariance dans Jes transformations conformes de la theorie 
des champs quantiques de masse nulle, de la defmition du vide et du nombre des particules. Ces 
transformations permettent en particulier de representer Jes referentiels uniformement acceleres. On 
definit Jes references de temps ou de frequence qui peuvent etre encodees dans un pulse et transferees 
d'un observateur a un autre. ces references sont des observables quantiques, exprimees en fonction 
des generateurs associes aux concepts classiques de temps ou de frequence, et presentent des 
fluctuations quantiques compatibles avec la quatrieme relation de Heisenberg. 
Les relations de commutation caracteristiques de I' algebre conforme permettent ensuite de deduire Jes 
transformations de ces observables dans un changement de referentiel. La transformation du temps 
!ors du changement d'un referentiel inertiel vers un referentiel uniformement acce!ere difrere de la 
prediction classique associee aux proprietes de covariance, tout en respectant la compatibilite des 
transformations des references de temps et de frequence. 
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A. Lambrecht. Radiation de mouvement emise par une cavite oscillante. 
Nous avons effectue des calculs permettant d' evaluer de maniere quantitative !'influence de la finesse 
de la cavite. La cavite presente en effet des resonances mecaniques pour lesquelles le rayonnement est 
multiplie par la finesse, par rapport au cas d'un miroir oscillant dans le vide. Le spectre du 
rayonnement est Jui aussi change puisqu'il contient maintenant des pies de resonance optique. La 
cavite rayonne non seulement lorsque sa longueur mecanique est modulee, mais egalement quand elle 
oscille globalement, sa longueur restant constante. Ce resultat paradoxal du point de vue de la 
mecanique - la cavite rayonne alors qu'elle se deplace dans le vide sans reference autre que le vide lui­
meme - se rencontre deja pour un miroir unique, mais on beneficie ici en plus de l'effet d'exaltation 
resonnante. 
Grace a cet effet d' exaltation, la mise en evidence des effets mecaniques dissociatifs des fluctuations 
du vide parait pour la premiere fois realisable avec Jes ordres de grandeur que nous avons obtenus. 

Puppo - Mesure de la force de Casimir dans une cavite optique par un schema d e  
transduction resonnant. 
En 1948, Casimir et Polder demontrerent !'existence de l'effet Casimir comme consequence des 
fluctuations du vide du champ electromagnetique. Nous presentons une etude experirnentale pour 
mesurer dynarniquement la force de Casimir dans une cavite confocale en utilisant un schema de 
transduction resonnant. 

A. Ekert. Securite de I 'information et mecanique quantique. 
Existe-t-il des codes reellement secrets ? L'ancien art de coder !' information a, par le passe, toujours 
ete egale par l'ingeniosite de ceux qui brisaient ces codes. Aujourd'hui toutefois, une combinaison de 
physique quantique et de cryptographie promet d' aneantir, peut-etre definitivement, Jes espoirs des 
espions potentiels. Nous presentons une breve introduction de cryptographie quantique et 
commentons Jes recents developpements experimentaux. 

I. Cirac - Etude de la dissipation et des mechanismes quantiques avec des ions 
pieges. 
Nous proposons une methode pour mettre en equation !'experience du phenomene d'incoherence 
dans la mecanique quantique. Elle ouvre un nouveau champ d'experience pour des phenomenes qui, 
jusqu' a present, n

, 
ont ete etudies que sur le plan theorique. 

J.M. Raimond & s. Haroche. L'ordinateur quantique : reve OU cauchemar ? 
Un ordinateur quantique est un reve de theoricien : ii calcule infiniment plus vite qu'un ordinateur 
classique, et peut resoudre rapidement des problemes difficiles, comme la factorisation des grands 
nombres. Mais c'est aussi un cauchemar pour Jes experimentateurs : la decoherence condamne en fait 
toute tentative de construire un calculateur assez grand. 
Nous discutons ces problemes a la lumiere de quelques experiences recentes en optique quantique. 

IV. LA GRAVITATION EXPERIMENTALE 

H. Heitmann. VIRGO : un detecteur a laser des ondes de gravitation. 
Le detecteur franco-italien d' ondes gravitionnelles VIRGO est en cours de construction. 11 s' agit d'un 
interferometre laser de type Michelson avec des bras de 3 km de longueur, contenant des cavites 
Fabry-Perot pour augmenter la longueur effective des bras, et utilisant la technique de recyclage de 
lumiere pour augmenter la puissance effective du laser. Cet article donne brievement un resume des 
differentes sources de bruit limitant la sensibilite des detecteurs interferometriques d' ondes 
gravitationnelles, et decrit Jes principaux elements constituant l'interferometre VIRGO. 

A. Lazzarini. Le point sur le projet LIGO. 
LIGO va contribuer a ouvrir le champ de l' astrophysique des ondes gravitationnelles. LIGO va 
detecter, en utilisant l'interferometrie optique entre des masses test libres, Jes minuscules distorsions 
dynarniques dans I' espace-temps, produites par Jes ondes gravitationnelles. 
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J . . Frieben. Etoiles a neutrons triaxiales • Une source eventuelle de rayonnement 
gravitationnel. 
Les etoiles a neutrons triaxiales pourraient etre des sources de rayonnement gravitationnel importantes 
pour la prochaine generation de detecteurs interferometriques d'ondes gravitationnelles comme LIGO, 
VIRGO ou GE0600. Nous etudions l'instabilite seculaire du mode barre des etoiles a neutrons en 
rotation rapide par l'intermediaire d'une analyse perturbative de modeles stellaires axisymetriques 
« exacts » en relativite generale. 

R.W.P. Drever. Nouveaux concepts pour la detection d'ondes gravitationnelles par 
interferometrie laser. 
Nous decrivons certains nouveaux concepts permettant d'etendre Jes performances et la garnme de 
fonctionnement des interferometres a laser pour la detection des ondes gravitationnelles. Parmi ceux­
ci, il y a notaminent !'utilisation de reseaux de diffraction holographique pour le traitement des 
miroirs, ce qui permettra d'atteindre une plus grande puissance et de reduire le bruit thermique. Nous 
explorerons aussi Jes possibilites d'etendre la sensibilite des interferometres aux ondes 
gravitationnelles de basse frequence en utilisant des techniques comme la levitation magnetique. 

P. Fayet. Les motivations theoriques pour des tests du principe d'equivalence et la 
recherche de nouvelles forces a longue portee. 
Nous discutons Jes raisons theoriques de considerer de nouvelles forces a longue portee, induites par 
des particules de spin 1 ou 0. 
Les couplages d'un nouveau boson de jauge de spin 1, le U, sont obtenus en identifiant Jes symetries 
U( 1 )  supplementaires susceptibles d'etre jaugees et en tenant compte des effets de melange avec le Z. 
La « charge de cinquieme force », qui s'exprime comme 
Q5 = xB + yL + zQ,,, apparait dans le cadre de la grande unification comme effectivement 
proportionnelle au nombre de neutrons. La force correspondante, qui depend de la composition, 
s'ajouterait a la gravitation, conduisant a des violations apparentes du Principe d'Equivalence, et en 

general aussi, de la Joi de Newton en l/r2• Son intensite effective ii est reliee a sa portee 'A et a 
l'echelle de brisure F de la symetrie U(l)  supplementaire par ii �  Il(A2F 2). 
Un theoreme d'equivalence montre qu'un boson U de spin tres leger ne se decouple pas lorsque sa 
constante de jauge s' annule, mais se comporte comme un boson pseudoscalaire de masse quasi nulle. 
Les experiences de physique des particules imposent alors a F d'etre supeneur a l'echelle 
electrofaible. Pour Jes grandes valeurs de F, nous obtenons le mecanisme du « U invisible ». 
Les echanges de U peuvent induire des forces entre spins, et meme une interaction « masse-spin » 
violant la symetrie CP. Ces forces proportionnelles a l/F 2, pourraient etre plus facilement detectables 

que dans le cas de !'axion (pour lequel 'A et F sont lies par une relation de proportionnalite). 

K. Nordtvedt. Reduction des erreurs sytematiques dans Jes donnees de poursuite de 
la lune au laser et de Mars au radar. 
La poursuite laser de la lune et la poursuite radar de Mars (dans la mission Viking) ont produit Jes 
deux meilleurs ensembles de donnees pour tester la gravitation relativiste. L'analyse de ces donnees 
fait cependant la part belle a de possibles erreurs sytematiques. J' esquisse ici un travail dont le but est 
de rationaliser le traitement des erreurs systematiques en incluant des representations parametrisees de 
biais plausibles ou attendus. Ceci devrait permettre de ramener Jes barres d'erreur finales plus pres 
des erreurs formelles associees a I' ajustement par moindres carres. 

E. Fishbach. Masse minimum des neutrinos. 
L'echange de neutrinos de masse nulle entre des fermions lourds produit une force a deux corps de 
longue portee. Nous montrons que la force analogue a plusieurs corps conduit a une grande densite 
d'energie dans Jes etoiles des neutrons. Pour reduire la densite de l'energie a une valeur acceptble, le 
neutrino doit avoir une masse minium qui est environ de 0,4 eV/c2. 
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R. D. Newman. Perspectives sur Jes experiences de physique de la gravitation avec 
des balances de torsion cryogeniques. 
Nous discutons des perspectives sur differentes experiences (tests perfectionnes du principe 
d'equivalence faible, recherches d'anomalies de la gravite Newtonienne (ou nouvelles forces), et 
mesure de la constante de gravitation G), qui utilisent des balances de torsion fonctionnant a 
temperatures cryogeniques. Les basses temperatures ont Jes avantages d'un haut Q mecanique avec un 
bruit thermique faible, une grande stabilite mecanique et thermique. 

R. C. Ritter. Recherche de couplage anormal de spin avec la matiere noire 
hypothetique dans notre galaxie. 

Un pendule de torsion avec des masses contenant "'1023 spins electroniques intrinseques alignes, 
mais sans interaction magnetique mesurable, a ete utilise dans le passe pour chercher d'hypothetiques 
forces faibles dependant du spin. On a reconfigure cet instrument pour chercher si une interaction de 
spin a grande distance existe dans une direction privilegiee, comme celle qui pourrait etre due a un 
halo de matiere invisible non baryonique. Grace a la rotation de la terre, la direction dans laquelle le 
pendule est sensible parcourt le ciel et !'angle qu'elle fait avec la direction de !'angle galactique a une 
variation periodique. A pres 790 jours sideraux d' observation, I' analyse statistique fixe une limite 
inffrieure pour un tel signal au niveau de 3% de !'acceleration gravitationnelle vers le centre 
galactique. Pour etudier la contribution de possibles effets systematiques, on a applique un filtre 
sideral qui doit supprimer beaucoup de ces effets de signature diurne. Au moment ou nous ecrivons 
ces lignes, la moyenne cumulative, apres filtrage d'un signal vers le centre galactique est (0,025 +/-
0,01 1) fois la valeur de !'attraction gravitationnelle, ou !'incertitude rapportee est celle obtenue par le 
traitement statistique. 

M. Moore. Mesures precises de forces faibles. 
Apres plus de 200 ans, la balance ou pendule de torsion est encore l'un des moyens !es plus precis de 
mesurer de faibles forces a portee macroscopique. Nous avons developpe et teste une technique de 
mesure a I' aide d 'un pendule de torsion, dans laquelle !es effets dus aux variations de la temperature 
de la fibre sont supprimes par plus de quatre ordres de grandeur. Nous observons !'amplitude de la 
deuxieme harmonique du mouvement du pendule. Une mesure recente sur 21 jours en utilisant un 

pendule nu! (pas de signal attendu) avec Q = 4000 a donne une amplitude de 0,4±0,6 nanoradians 
pour le deuxieme harmonique. Ceci equivaut pour un pendule d'equilibre a un deplacement de 
1 ,6±2,4 nanoradians. 
Cette nouvelle technique suggere qu'une amelioration significative dans la precision de ces 
experiences de physique fondamentale peut etre atteinte avec un Q relativement eleve et un appareil a 
une temperature d'environ 300K. 

M. Bantel. Pour une redetermination de G. 
Nous discutons une experience en developpement a l'UCI pour determiner la constante 
gravitationnelle G. 

Un pendule de torsion a T"'4K mesure le decalage de frequence d'oscillation provoque par deux 
masses sources en anneaux fixees a I' exterieur du dewar cryogenique. Les anneaux vont produire un 
gradient tres pur de champ quadrupolaire au niveau du pendule. Le pendule doit etre une plaque 
mince de quartz suspendue dans un plan vertical par une fibre en Al5056 sous vide absolu. Les 
mesures seront ainsi tres peu sensibles a !'incertitude de la repartition de la masse et de la localisation 
du pendule. 
Les mesures seront faites avec le pendule oscillant avec plusieurs grandes amplitudes (2.57, 4.2 1 ,  
5 .8 1 . . .radians) pour lesquelles le decalage de frequence atteint un maximum en fonction de 
!'amplitude. Cela ame!iore le rapport signal/bruit par rapport a des experiences de petite amplitude, 
rend !es resultats insensibles aux erreurs dans la deterruination de !'amplitude, et offre un moyen de 
verification coherent pour un certain nombre d'effets systematiques. L'experience se deroulera dans 
un ancien bunker de missiles Nike qui offre un bruit sismique tres bas et de faibles variations 
temporelles des gradients de gravitation. 
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J.H. Gundlach - Mesure de la constante G de Newton au moyen d'une balance de 
torsion en rotation. 
Nous presentons ici une nouvelle methode de mesure de la constante G de Newton au moyen d'une 
balance de torsion en rotation permanente qui est mise en oeuvre avec une retroaction en vitesse. 
Cette methode permet de reduire la sensibilite aux incertitudes systematiques dominantes des 
experiences precedentes. Nous avons procede avec succes a des tests preliminaires qui demontrent la 
faisabilite de cette nouvelle technique. 

V. CONFERENCES D'INTERET GENERAL 

E. Fischbach. Dix annees de cinquieme force. 
Nous presentons une revue sur la phenomenologie de la cinquieme force et sur !es contraintes 
experimentales. 

L. Celnikier. Cherche source des rayons cosmiques ultra energetiques . . . .  
desesperement. 
DeJ6uis quelques annees, nous savons que le spectre du rayonnement cosmique s'etend au dela de 
IO eV, et nous avons de fortes presomptions qu'il s'agit de protons. Ces particules ne sont 
associees avec aucune source celeste connue ; d' ai!leurs, on ne sait pas par quel processus des 
protons peuvent etre acceleres a de telles energies. Le projet AUGER vise a mettre l'etude de cette 
nouvelle fenetre sur des bases solides. 
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