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AVANT-PROPOS 

Le choix du fond diffus cosmologique comme theme des Rencontres de Moriond en 

Astrophysique a ete motive par un certain nombre d'evenements remarquables: la con­

firmation de la nature isotrope et thermique de ce rayonnement diffus dans le domaine 

des ondes millimetriques et centimetriques par le satellite COBE, Jes contraintes severes 

qui en resultent sur Jes inhomogeneites primordiales, Jes contraintes nouvelles sur le milieu 

intergalactique chaud, Jes premiers resultats de ROSAT, la comparaison de plus en plus 

fertile entre Jes comptages profonds de sources discretes et Jes mesures de fond diffus dans 

la plupart des domaines spectraux. 

Ce colloque a rassemble dans une merveilleuse atmosphere de soleil et de neige environ 

50 participants provenant de laboratoires fran�ais et etrangers qui ont mis en commun leur 

demarche scientifique et leurs resultats dans chaque domaine de longueur d'onde, des plus 

energetiques (X, "/,UV) aux plus froids (visible et infrarouge). Les emissions des differents 

objets (cirrus, gaz, etoiles, galaxies et amas) sont successivement apparues comme un jeu 

de puzzle auquel on ajoute des morceaux bien ajustes mais qui ne sera complet qu'avec Jes 
perspectives des futurs instruments dans !'UV, l'infrarouge avec ISO et le submillimetrique. 

Les conferences invitees et Jes contributions d'excellent niveau ont ete rassemblees dans 

ce livre qui constitue le onzieme de la serie des Rencontres de Moriond en Astrophysique. 

Nous remercions B. Sadoulet d'avoir accepte de presenter sa revue sur la matiere noire en 

introduction. Le colloque a ete marque par des sessions jointes avec des physiciens des 

particules, au cours desquelles nous avons eu le plaisir d'entendre plusieurs conferences sur 

l'historique de dix ans de cosmologie a Moriond par J. Audouze, Jes resultats du satellite 
COBE par G. Smoot, Jes problemes des neutrinos solaires et l'enigme du neutrino a 17 

keV par de nombreux orateurs dont D. Morrisson. 

Nous remercions particulierement J. Tran Thanh Van et son equipe pour l'accueil 

chaleureux et !'organisation remarquable, qui restent des constantes de ces Rencontres de 

Moriond. Nos remerciements s'adressent egalement a Lucienne Norry, Colette Douillet, 

Valerie Demailly, Aida Ramos qui avec beaucoup de competence et de patience ont rendu 

ce sejour tres agreable et ont permis !'edition de ce livre. 

Ces Rencontres de Moriond n'auraient pas eu lieu sans !'aide financiere du CNRS, du 

CNES, du CEA, de l'lnstitut d'Astrophysique de Paris et du Laboratoire d'Astronomie 

Spatiale. 





PREFACE 

Cosmological Diffuse Backgrounds have been chosen as topics of the Rencontres de 
Moriond, Astrophysics because of several outstanding events: the confirmation of a thermal 

and isotropic diffuse microwave background by the COBE satellite, the resulting severe 

constraints on primeval inhomogeneities, new constraints on the hot intergalactic medium, 

the first results from ROSAT, and a more and more exciting comparison of discrete-source 

deep counts with diffuse background measurements in most spectral ranges. 

This meeting gathered in a wonderful sun and snow atmosphere about fifty partic· 

ipants from french and foreign laboratories, who were allowed to share their scientific 

approaches and results from the highest energetic domains (X, 1, UV ) to the coldest ones 

(visible and infrared) . Emissions from various sources (cirrus, gas, stars, galaxies and clus­

ters) are pieces of a deep puzzle which will be complete only with the perspectives of the 

future UV, infrared (ISO) and submillimetric projects. 

This book which summarizes excellent invited papers and reviews is the eleventh of 

the Rencontres de Moriond Series, Astrophysics. We thank B. Sadoulet for his introduction 

on Dark Matter. The meeting participants had the pleasure to attend some joined sessions 

with particle physicists marked by several conferences: the results of the COBE satellite 

by G. Smoot, ten years of Cosmology at Moriond by J. Audouze, and some news on solar 

neutrinos by D. Morrisson as well as the riddle of the 17 keV neutrino. 
We gratefully acknowledge J. Tran Thanh Van and his collaborators for their warm 

welcome and remarkable organisation which are constants of the Rencontres de Moriond. 

We also thank Lucienne Norry, Colette Douillet, Valerie Demailly and A'ida Ramos who 

make this stay so pleasant, and the edition of this book possible. 

This meeting could not be organised without the financial help of the Centre Na­

tional de la Recherche Scientifique, the Centre National d'Etudes Spatiales, the Commis­

sariat a l'Energie Atomique, the Institut d'Astrophysique de Paris and the Laboratoire 

d' Astronomie Spatiale. 
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INTRODUCTION 





DARKMATfER 

Bernard Sadoulet 
Center for Particle Astrophysics 

and Physics Department, University of California, Berkeley 

ABSTRACT 
More than 90% of the stuff in the universe does not emit any light and constitutes the elusive dark 
matter. There is a growing consensus that such dark matter exists, but its exact amount and its 
nature remain unknown. This dark matter puzzle is probably one the most fundamental problems 
of science today, and its solution may have to combine tools from cosmology, astrophysics and 
particle physics. This paper presents a short review of the current situation of the problem, 
emphasizing recent results and the perspectives for progress in the near future. 
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There is mounting evidence that at least 90% of the mass in the universe is "dark." By dark 

we mean that it is does not emit nor absorb any kind of electromagnetic radiation and is only seen 

by its gravitational effect on visible objects. We do not yet know the exact amount, nor the nature, 

of this obviously major component of the physical universe. This fundamental puzzle constitutes 

the "dark matter problem" which dates back to Zwicky1l, and has been often reviewed in the past11. 

Its solution touches central issues in cosmology and astrophysics, and probably also involves 

particle physics. At the 25th anniversary of the Moriond workshops, which have focused on 

current fundamental scientific problems in particle physics and in astrophysics and have 

attempted to establish bridges between these two fields, dark matter seemed a very suitable and 

symbolic subject for a review addressed both to particle physicists and astrophysicists. The 

competence of the particular reviewer chosen, however, will tilt this presentation towards 

particle physicists, attempting to summarize for them therecent progress on the astrophysics side. 

1 EVIDENCE FOR DARK MATTER 

Although Zwicky's initial suggestion of the presence of dark matter stayed controversial 

for a long time, there is a growing consensus in the astronomy community that dark matter indeed 

exists. Four types of evidence have been found. 

I .I Rotation curves 

In individual spiral galaxies, the measured velocities of objects (typically isolated stars, 

gas clouds or globular clusters) that are apparently bound to the galaxies, allow us to estimate the 

centripetal gravitational force which has to balance the centrifugal force: 

GM(r) v2 
-

r
-
2
-= 7 

Figure 1 shows the famous measurements made by V. Rubin and collaborators•!. The needed 

centripetal force is much larger than the gravitational force generated by the stars we can see in 

the galaxies, and as the velocity appears constant at high radii, the mass M(r) enclosed in the orbit 

has to increase as r, in a region where practically no stars are seen. 

Similar evidence based on the velocity dispersion of stars in elliptical galaxies (which do 

not exhibit overall rotation) indicates that dark matter is also present in these objects. 

1.2 Velocity Dispersion in Cluster of Galaxies 

In a cluster of galaxies, each galaxy has a finite "peculiar'' velocity, swinging back and 

forth in the potential well created by the galaxy concentration. As these systems are believed to 

be bound and stationary, the dispersion of these velocities can be related to the depth of the 

potential well through the virial theorem 

<kinetic energy>= -1/2 <potential energy>. 
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Rotation curves for many spiral galaxies obtained from optical measurement. 
(From V.C. Rubin et al,. 1980.) 
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Figure 2 shows the observations for the Coma cluster. The large observed dispersion velocities 
of some lOOOkm/s to 1500 km/s implies a mass to light ratio of 400h times that of the sun, where 
h is the Hubble expansion parameter measured in the usual units of 100 km/s/Mpc (experimentally 
l/2�:s;l). 

1.4 X-ray Emission by Galaxy Clusters 

Similar velocity dispersions can be inferred from the temperature of the x rays emitted 
by the intergalactic gas which appears•I to be present in clusters of galaxies (Figure 3). If the gas 
has the same spatial distribution as the galaxies, we expect that 

_ikT =.!.mc;2 
2 gu 2 

where CJ is the dispersion velocity of gas molecules. A typical 5 keV x-ray temperature 
corresponds to CJ� 1200km/s, a value analogous to that of galaxies. A detailed analysis is impeded 
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by the lack of precise measurement of the temperature profile'', but the results are in general 

agreement with those derived from the galaxy velocity dispersion. 

. .-:. 

4000 

·. 
2000 

Radius (Arcmin) 

Figure 2 
Line-of-sight velocities of galaxies in the Coma cluster (in kms·1) as a function of 
distance from the cluster center in minutes of arc. The curves mark the authors' 
estimate of the boundary between cluster members and interlopers. At the 
distance of Coma 1 arcmin = 20h-1 kpc. (From Kent and Gunn, 1982.) 

1.5 Gravitational Lensing by Galaxy Clusters 

New independent evidence on the depth of potential wells in clusters of galaxies has been 

obtained by Tyson and coworkers'' who have studied the gravitational lensing of distant galaxies 

by foreground clusters. A round object located far behind the cluster will appear elliptical after 

lensing, with its major axis tangential to the mass distribution contours. In extreme cases, arcs 

and arclets should be seen. This indeed is what is observed. In Figure 4, most of the galaxies of 

the foreground cluster Abell 1689, which is roughly in the center and provides the gravitational 

lens, have been subtracted (using their reddish color) and a definite trend towards tangential 

structures is evidenced. From these many lensed objects it is possible to reconstruct the mass 

distribution of dark matter (Figure 5) and we can "see" the accumulation of stuff in the center of 

the cluster, in a way similar to the distribution of gas. A high velocity dispersion of some 1200 

km/s is also inferred, confirming the independent analysis of velocity dispersion and x-rays. This 

method promises to allow a detailed mapping of dark matter in large structures. 



. · · 

• 

0 ••• 

• • 
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• 

Figure 3 
X-ray isodensity contours for cluster Abell 85, at two different resolutions (top 
with the Einstein Satellite IPC, bottom with the HRS). (From Forman and Jones, 
1982.) 

1.5 Potential Loopholes 

7 

Many authors have outlined the potential loopholes in the above arguments. In particular, 

our kinematic arguments have implicitly assumed spherical symmetry, and it is indeed possible 

to explain individual rotation curves by peculiar, highly non-spherical, matter distributions 

without introducing dark matter. However, for each type of observation and at each scale, an ad 

hoc argument has to be devised. In such an approach, the compatibility observed in clusters 

between results of the virial theorem, the x-ray temperature and gravitational lensing would 
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appear accidental. In spite of its far-reaching consequences, the dark matter explanation is much 

more natural. 

Figure 4 
Image of background galaxies (in the blue) lensed by cluster A 1689. The cluster 
light has been eliminated by subtraction ofa scaled red image. Several nearby arcs 
and systematic distortion along circles about the lens center can be seen. 

Figure 5 
Distribution of dark matter in cluster A 1689 as inferred from Fig. 4. 
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It has also been proposed that Newtonian gravity could be modified7l on scales larger than 

the solar system or the binary pulsar, where General Relativity has been extensively tested. So 

far, it appears difficult to construct such alternative gravity models in a way consistent with 

General Relativity at smaller scales, they fail to explain the magnitude of the gravitational lensing 

effects•I, and they may be incompatible with the compact dark halo observed around dwarf 

galaxies9l. 

2 TIIE VALUE OF Q 
Arguments are therefore strong for dark matter to exist. However, its amount is still 

uncertain by about a factor 5. As it dominates the mass density in the universe, measuring the 

amount of dark matter is essentially equivalent to the determination of n, the average density in 

units of the critical density 

n=.E... 
p, 
3H2 

p, 
= 

8:n-G 

where H is the Hubble expansion parameter. As is well known, n is related to the curvature of 

space and to the ultimate fate of the universe10l. !1> 1 corresponds to a closed (i.e. spherical) 

universe which will eventually recollapse, while !1<1 corresponds to an open (i.e. hyperbolic) 

universe which expands forever. For !1= 1, space is flat, and the expansion will stall at infinite 

time. An important point in the debate is that in General Relativity, the spatial curvature of a non­

flat universe evolves extremely rapidly, and it is difficult to understand why our universe is so 

close to being flat (!1..0.1-1) without being exactly flat. This flatness problem is much discussed, 

and is one of the reasons why inflation scenarios111 are favored by many cosmologists (usually 

originating from particle physics), as it naturally predicts !1=1. Inflation also explains why the 

cosmic microwave background can have basically the same temperature at points which naively 

appear causally disconnected. Another crisis seems to arise from the apparent incompatibility 

between an !1= 1 universe, the most recent determinations of the Hubble parameters (H�90km/ 

s/Mpc) and the age of the universe. If this discrepancy persists, we may have to accept the 

presence of a vacuum energy in the form of a cosmological constant A. Defining 

n =� A 3H2 

spatial flatness requires then that 

n+n,. =I 
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W e  examine in tum the three types of methods which astrophysicists attempt to use to determine 

the universe curvature and a potential cosmological constant. 

2.1 Direct Summation 

We may first attempt to sum the mass observed with the virial theorem in various systems. 

Usually it is done with the mass to light ratio MIL. which allows us to compute the mass density 

from the luminosity distribution of the considered objects. 

- f(M)
L
( d2N )

dL Pm- L dVdL 

where Lis the absolute luminosity of the objects. Typical values obtained in this method are given 

in Table 1, and they are significantly smaller than 1. We would need a MIL of 1600h (where h 

is the Hubble parameter in usual units of 1 OOkm/s/Mpc ), in orderto have il= 1. None of the known 

objects have such high mass to light ratio. However, it should be noted that the virial theorem is 

only sensitive to inhomogeneities of the mass distribution, and that such methods can only give 

a lower limit of Q. Another problem is that it is difficult to know where the system stops. We are 

running out of objects for measuring rotation curves at large distances and galaxies for the cluster 

core fade in the field! 

Table 1 
Cosmological Density Estimates 

Scale 

Visible parts of galaxies -20h-1kpc 

Halos of galaxies and groups of galaxies -0. l h·'Mpc 

Cosmic virial theorem -3h-1Mpc 

Virgo infall -10h-1Mpc 

Large scale inf all -3oh-1Mpc 

Cosmolo!!ical tests 300Qh-1Moc 
Cosmic inflation 

2.3 Dynamical Methods 

Q 

0.01 

0.02-0.2 

-0.2 

-0.2 

-0.2-1 

0.1-2 

1 

Attempts to apply the virial theorem on even larger scale structure are prevented by the 

fact that the systems are not stationary, with structure still clearly forming. Not only do we 

observe on the large scale a complex distribution of galaxies121 (Figure 6) with voids, filaments, 

bubbles and the like, not typical of a virialised system, but large scale velocity coherent flows can 

be deduced from the comparison of the distance and redshift of (relatively close-by) galaxies131, 

or reconstructed141 from the density of galaxies detected in the infrared by the IRAS satellite 



(Figure 7). 

.. 

Figure 6 
Distribution of galaxies as a function of redshift. We are at the center. Each galaxy 
is plotted at a radius proportional to its recession velocity and an azymuth equal 
to its right ascension. This is a slice in declination between 10" and 40". The 
magnitude limit of the sample is 14.5. (From Huchra and Geller, 1989.) 
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Figure 7 

, . 
. '1.•':, . : 

Velocity flows reconstructed from a redshift survey of galaxies selected with the 
IRAS catalog. The Great Attractor is seen on the left and the Perseus Pisces 
cluster is identifiable at the right. (From Strauss and Davis, 1987.) 
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As the time that structure takes to form is sensitive to the underlying averaged density, 
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one can attempt to use the large scale distribution of galaxies and the associated velocity flows 

to estimate f.I. Basically, one writes the equations 

obseived velocities=acceleration (due to density inhomogeneities) x time of formation 

or 

obseived inhomogeneities=rate of variation (due to peculiar velocities) x time. 

In the linear regime15l, these equations become 

op 
- -

r
3,p. 2f v=Gp.V d x -- · - -

[x-x'] 3Hf.I 

op 

=
Hf vfd'x'---8,_ 
4n [x-x'] 

op=-v.v...!.... 
p. Hf 

f �no·• 

We can either compare the measured value of our peculiar velocity with respect to the cosmic 

microwave background to that obtained from summing the acceleration due to obseived density 

inhomogeneities, or compare the obseived density fluctuations to those predicted by the 

divergence of the obseived velocity field. The second method is very recent, and became possible 

through the realization'6lthat the three dimensional velocity field can be deduced from the radial 

components which are the only measured quantities, through the natural assumption of zero 

vorticity (V x v=O). Any initial vorticity would be erased by the Hubble expansion. This 

procedure, which is called "POTENT," is demonstrated in Figure 8, which compares the density 

contrast obseived in the IRAS catalog14l to that reconstructed through POTENT from measured 

peculiar velocities131. The density enhancement in the region of the Great Attractor (left) is seen 

in the two plots, while there are obvious discrepancies in the Perseus-Pisces region (right), where 

direct measurement of velocity fields are still in disagreement with density measurements. In 
spite of these obseivational disagreements, the method appears to be very promising. 

However, there is a fundamental difficulty in applying these methods, as we cannot 

measure directly the background density contrast lip/p., but only the density contrast lin/n in the 

number of galaxies, and we have numerous indications that light does not trace mass. It is usually 

assumed that the two densities are related by 

where b is the "biasing parameter" which is usually taken as constant (but does not need to be!). 
The POTENT method can then only give the value of f.l ... /b. From Figure 8 it can be deduced that 



n•·• 
- � 0.8 

b 
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As b is believed not to be much smaller than 1, this result points to a large value ofil. Taking into 

account non-linear effects, it may be possible to extract n and the biasing parameter b separately, 

and one obtains 111 

n�.8 

b �0.66 

with large error bars. In any case, both quantities appear to be greater that 0.5. 

Figure 8 
Left: IRAS galaxy density contrast. Right: The underlying mass-density contrast 
reconstructed by POTENT from the ESm peculiar velocities. The effective 
smoothing in both cases is 1500 kms-1. Spacing between contours is 0.1. (From 
Bertshinger et al., 1990.) 

This method is clearly very promising, but in order to be put on finner ground it requires 

the measurement of the peculiar velocities of a much larger sample of galaxies. This would 

certainly be one of the exciting products of the Million Galaxy Redshift Survey that Chicago, 

Princeton and Fennilab are starting. 

3 .3 Geometry Measurements 

A potentially powerful set of methods is to attempt to measure directly the geometry of 

the universe by measuring quantities sensitive to this geometry. For instance, the variation of the 

apparent luminosity of a "standard candle" (i.e. constant absolute luminosity) as a function of 

redshift would tell us about potential deviation from the l/r2 law which is only valid in a flat space, 

or the change with redshift of the volume element traced by the density of galaxies would be a 
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direct indication of  spatial curvature. These cosmological tests directly address the question of 

the value of 0 (and A), but they require that one be able to differentiate between the variation due 

to cosmology and the evolution of the objects. 

This problem has so far plagued the first type of measurement. For instance, in the 

classical test of Sandage and coworkers181 using the brightest galaxy in a cluster as a standard 

candle, the luminosity evolution dominated cosmological effect. In recent years, a new idea has 

been developed191: Type Ia supernovae appear to be reasonable standard candles "locally", they 

can be seen at intermediate redshifts (0.3)201 and they are probably the best hope to perform this 

luminosity test. The main problem appears to be the need for a very large amount of 4 meter class 

telescope time. 

1 
B BAND COUNTS 

1 
K BAND COUNTS 

£+• r+s 

1 
£+• 

10000 10000 

� I ' 
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ii! ii! ' 
100 5 100 IS ! I 

10 10 

0.1 ���-��-��� 12 14 16 11 20 22 24 26 
B MAGHITUOI' K MACNITUDE 

Figure 9 
Comparison of blue and infrared counts with model predictions. Two classes of 
model are shown. The dashed lines show models in which galaxies do not change 
at all in luminosity or type. The bottom curve has 0 = 1, the middle 0=0.04, and 
the top a zero curvature model with 0=0.1 and 0 =0�9. The three solid lines show 
models with the same three geometries as above 'but in which the galaxies evolve 
with z following the prescription of Y oshii and Takahara ( 1988). The galaxies are 
assumed to form at z=3. (From Cowie, 1990.) 

The volume variation test was first attempted on radio-galaxies, counting their number 

as a function of luminosity, but they evolve too rapidly with redshift. More recently, with the 

advent of very sensitive CCDs, several groups had been counting the number of galaxies as a 

function of their visible magnitude (luminosity). Figure 9a shows the results obtained in the blue, 

which presented a major puzzle as the number of galaxies at the faint end (large magnitudes), 

appeared to increase too fast, not only for an 0= 1 universe, but even for 0=0.04 or 0=0.1, 0, =0.9 
universes where the volume is dramatically larger at high redshift. In the last year, the nature of 

the problem has been partially unravelled by the infrared survey of Cowie and collaborators211 
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who used new pixel devices ( a  Rockwell 256x256 Hg Cd T e  array) sensitive at 2.2µ (K band). 

In this survey the number appears to behave much more normally, even flattening up in a way 

compatible with il= 1. A clearer picture emerges. On one hand, the blue survey is dominated by 

a population of small galaxies with intense star burst activity which seem to appear and disappear 

at a not very high redshift (z=0.4 ). The blue counts, therefore, are probably useless for the 

cosmological test. The K band, on the other hand, probes the old star component of galaxies, 

which have lifetimes of the same order as that of the universe. It is therefore much more promising 

as a cosmological test, and its seems to indicate a large value of Q! 
The real way to do the volume test would to directly measure the counts as a function of 

redshift, and not rely on luminosity which is not simply related to redshift. This approach was 

pioneered by Loh and Spillar221. Using a 6-band photometry, they estimated the redshift of their 

objects, and concluded that il=l with errors of about 0.5. Unfortunately, this result has been 

criticized on a number of counts, and has remained extremely controversial. Their redshift 

measurement is at best imprecise; the statistical method used may be partially responsible forthe 

high value, as Caditz and Petrosian231 obtain a low Q =0.2 with the same data. Mergers and 

luminosity evolution could be responsible for an uncertainty of±l 241. Gravitational lensing may 

also not be negligible251. With the operation of the Keck !Om telescope, it will soon be possible 

to do this measurement in a much more convincing way with a suitable multi-slit spectrograph. 

In particular, not only the color and redshift of the object could be measured, but also its mass 

through the measurement of the internal velocity dispersion. This would be a powerful method 

to detect merging, gravitational lensing and luminosity evolution, and should provide a much 

more reliable determination of the geometry. The Center for Particle Astrophysics in Berkeley 

is proposing to the NSF to embark on such a program. 

3 THE NATURE OF DARK MATTER 

Even more that its existence and its abundance, the nature of dark matter is a central 

scientific question, especially if it turns out that it is not made of ordinary baryons. Figure 10 

sketches the range of possibilities. One of the main current goals of experimental cosmology is 

to narrow down the choice. In this fundamental quest, we can obtain information both from 

classical astrophysical observations and from new attempts to directly observe dark matter, often 

using particle and nuclear physics methods. We analyze in this section what we can say today and 

what we may be able to find out in the near future from indirect astrophysical methods and direct 

searches, considering in turn baryonic and non-baryonic dark matter. 

3.1 Baryonic Dark Matter 

3.1.1 Indirect astrophysical evidence 

What can we learn about baryons from astrophysics? The main information comes from 

the measurements of primordial abundances of light elements (helium 4, deuterium, helium 3 and 

lithium 7). They depend both on the expansion rate of the universe (related to the number of 
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neutrinos) and on thenumberofbaryons some three minutes after the Big Bang. The conventional 
nucleosynthesis scenario in a uniform universe agrees amazingly well with observations261 
(Figure 11). If the number of light neutrinos is imposed to be three, as shown by LEP, the average 
density of baryons in units of the critical density is inferred to be 

n,, =p,/p.= (1.6 ± 0.2 ) 10"/h' 

where h is as usual the Hubble expansion rate in units of 1 OOkm/s/Mpc (l/2:>h�l ). A possible 
quark hadron transition can only slightly change this result271. This result seriously limits the 
range of n., making it difficult to reconcile the baryon density with the amount of dark matter 
observed by some astronomical methods (n,. <10-2 ). Confirmation of a large value of Q would 
definitely require the existence of non-baryonic dark matter. 

Dark Matter 

/� 
;�'Z ·7�� 

MACHOS VMO Exotic particles 

I "i'�·\' 
Thermal Axions 

Equilibrium 

/ � 
lightv 

(25 eV) 

WIMPs 

Figure IO 
Nature of dark matter. 

Note, however, that the same results argues for the existence in any case of baryonic dark 
matter, especially if h is small, as with stars and cluster gas it is difficult to go beyond a value 
n,.=10-z. 

3 .1.2 Direct searches 
What can it be? From the absence of a Gunn-Peterson absorption trough in the spectrum 

of quasars, we know that in cannot be in the form of cold gas281, and too much hot gas will either 
impose Compton distortions on the cosmic microwave background, if it is diffuse, or emit too 
many x-rays, if it is clumped. The COBE results291put severe limits on the first possibility, while 
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the second problem, related to  the puzzle o f  the diffuse hard x-ray background'01, i s  still very 

much debated. Instead of being in the form of gas, dark matter could be made of condensed 

objects, somehow formed in the very early universe. However, the possibilities are severely 

limited, and presently the only ones compatible with observations311 are Very Massive Objects 

(VMOs) of at least 100 M� or Massive Compact Halo Objects (MACH Os, also called Brown 

Dwarfs). Because of their high mass, the VMOs very quickly underwent supernova explosions 

and formed black holes sufficiently massive to absorb all the material around them, therefore 

preventing contamination of the interstellar medium by high Z elements produced in the 

explosions. These objects can in principle be observed directly through the far infrared relic 

radiation they should have produced, and the DIRBE experiment aboard the COBE satellite is 

actively searching for such a signature. 

0.26 

0.25 

>-"" 0.24 r------, 

10 

Figure 11 
The mass fraction of 4He, Yp, and the abundances by number ofD, 'He, D + 'He, 
and 7Li as a function of the ratio of photons to baryons T] 10= T] x 1010• The vertical 
band delimits the range for h consistent with the observations. (From K. A. Olive, 
1991.) 
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The second class of dark baryonic objects is formed by smalljupiter-like objects that are 
not massive enough to bum hydrogen and are therefore not shining. These MACHOs can, 

however, be observed by gravitational lensing321. If one of them passes in front of a star located, 

say, in the Large Magellanic Cloud, a small galaxy at the periphery of our halo, its gravitational 

field is sufficient to focus the star light and produce a temporary increase of the stellar intensity. 

As the MACHO is moving at some 200km/s, this increase will only last for a short time, which 

can be estimated to be 

!J.t=3 days� M 
.OOlM� 

The intensity increase can be rather substantial (30% or more) but the probability is small, 

typically 1 (}6 at a given time independently of the mass of the object. For 0.001 M� to 0. 1 M,= 

objects, this requires the observation of l!l6objects every night for a year or more to have a few 
candidates. This leads to rather unconventional types of astronomy observations which are 

currently attempted by two groups: the Livermore/Berkeley/ Australia group focuses on 

observations with a large field-of-view and two color CCD camera, while the French group is 

mostly using photographic plates for the same purpose. The French group is actively pursuing 
CCD also. The amount of data processing and the problem of finding a feeble signal in a large 

background requires methods very similar to particle physics, and it is not an accident that in both 

cases the collaborations involve particle physicists and astronomers. Results are expected within 
the next two years. 

3 .2 Non-Baryonic Dark Matter 

If n observed by gravitational method is indeed larger than 0.2, we are obliged within the 

current picture of primordial nucleosynthesis to postulate the existence of non-baryonic dark 

matter. We refer again to Figure 10 to give an overall perspective. 

3.2.1 Indirect astrophysical evidence 

In our attempt to narrow down the possible choices, we may be usefully guided by the 

distribution of mass and large scale structure that we observe in the universe. The formation of 

structure is certainly due, at least in part, to gravitational collapse of density fluctuations, and 

since dark matter is gravitationally dominant, its nature may imprint characteristic features on 

the observed universe331. 

In fact, the mere fact that the 2.7K cosmic microwave background is so smooth and the 

large scale structure is so clumpy is difficult to understand without the presence of non-baryonic 
dark matter. If the background photons tell us about the baryonic density fluctuations at time of 

recombination, without dark matter, there is simply not enough time to grow the large 

fluctuations observed today. With non-baryonic dark matter, this is much easier. Before protons 

and electrons recombine into hydrogen, they are prevented from growing density fluctuations by 

their coupling to photons, which diffuse easily through the medium. Dark matter density 
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fluctuations, on the contrary, can grow since they are uncoupled to photons. After recombination, 

the baryons fall into the potential wells prepared by dark matter, and there is enough time then 

to form the structure observed today. There are ways to circumvent the difficulty (e.g. the so­

called "non-adiabatic" scenarios341) but they are less natural. 

The characteristics of the structure can also tell us whether dark matter was or was not 

relativistic at the time of galaxy formation. Technically, cosmologists speak of "hot" or "cold" 

dark matter. Cold dark matter includes, in addition to condensed baryonic objects, weakly 

interacting massive particles, axions (which are in most models created cold, in spite of their light 

mass), primordial black holes, etc. The prototype of hot dark matter is a light neutrino of, say, 

25eV, which would close the universe. 

Recently, the newspapers were full of articles announcing the demise of the "cold dark 

matter model." It should be realized that in no way this implies that dark matter is not made of 

cold particles. The "cold dark matter model" has many ingredients: it includes in addition to cold 

dark matter, the assumption of a particular spectrum of initial density fluctuations (Harrison­

Zel'dovich spectrum), which are also assumed to be gaussian and uncorrelated on different 

scales. With a few parameters (overall amplitude, and biasing parameter), the resulting model351 

gives an amazingly good first approximation of the observed structure at small and intermediate 

scales. But recent observations show that it has serious difficulties at large scale: it barely can 

explain the large scale dumpiness of the distribution of galaxies (Figure 6) with large voids and 

a large concentration of galaxies extending over lOOMpc (the so-called Great Wall), and the 

observed large scale velocity flows (Figure 7). It fails to fit the recently measured galaxy 

correlation function361 (Figure 12). It would have even greater difficulties to explain the very large 

scale structures recently suggested by redshift surveys of galaxies at very large distances371 

(Figure 13). The claim by the authors that the structure has a period of 128h-1Mpc is presently the 

subject of intense controversy. In any case, apart from the quasi-periodicity, which is likely to 

be at best coincidental, all these effects can be traced to a lack of power at large scales in the 

spectrum of initial density fluctuations. It is therefore clear that the cold dark matter model, which 

has been sometimes presented as the "Standard Model" of cosmology, has at least to be enlarged, 

and the present difficulties may the sign of some new exciting physics (such as late phase 

transitions and/or topological defects). In any case, the cold dark matter candidates are still very 

much alive! 

With the indications by the Soviet-American Gallium Experiment"! that the pp solar 

neutrinos are also depressed, a fact which would be explained most likely by finite neutrino 

masses and the MSW effect, hot dark matter in the form of light neutrinos returns to the front 

scene. Three astrophysical arguments had previously disfavored this hypothesis. If neutrinos 

were the only constituents of dark matter and no additional seeds for structure growth were 

present, it would be difficult to explain galaxy formation351 as primordial density fluctuations are 

erased by neutrino streaming below a scale of 40 h-1 Mpc. The larger structures would have 
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Figure 12 
Comparison of the angular correlation function w(0) obtained by the APM survey 
with the previous results from the Lick Survey (open symbols) and the usual cold 
dark matter models. They fail to describe the data at large angular separation. (From 
Maddox et al., 1990.) 
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Figure 13 
Distribution of galaxies as a function of redshift along several deep pencil beams. 
(From Broadhurst et al., 1990.) 
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formed first with the galaxies originating from instabilities inside large pancakes. In addition, the 

velocity of cosmological neutrinos of 25 e V mass and 2 K temperature would be larger than the 

escape velocities of most galaxies, and they could not congregate into galactic halos. Moreover, 

for smaller galaxies (dwarf spheroldals), the halos appear too compact to be compatible with the 

observed velocity dispersion and the maximum phase space density expected for initially non­

degenerate Fermi-Dirac particles39l. These arguments can be circumvented by assuming at least 

one additional element: a two component dark matter (e.g hot+cold, or hot+baryonic) or 

topological singularities seeding galaxy formation40l. 

The picture arising from the astrophysical study of large scale structure is therefore still 

uncertain. Tension between the simplest models and the observations is increasing, and we may 

soon witness some major rearrangement of paradigms. In any case, it is clear that we need more 

data, in the form of more precise velocity flow measurement on a large number of galaxies, and 

larger redshift surveys, in particular at high redshift when the structure is forming. The planned 

Million Galaxy Redshift Survey and the proposed pencil beam studies at the Keck promise to 

provide such crucial information. 

3.2.2 Direct searches for non-baryonic dark matter 

A very complementary approach is to attempt to directly detect non-baryonic dark matter 

in the form of particles. Three such candidates are well motivated within the framework of 

particle physics: massive light neutrinos, axions and weakly interacting massive particles. 

Unfortunately no experimentally viable method has yet been proposed•11 so far for the 

direct detection of cosmological light neutrinos of mass of about 25 eV. We will require 

laboratory measurements of the neutrino mass for the three neutrino generations to fully test this 

hypothesis. The detection of a large number of neutrinos from distant supernovae could 

eventually provide interesting direct mass limits (>100 eV). A 17 keV neutrino, recently 

suggested by a number of experiments, cannot directly form dark matter as it has to be unstable 

not to overclose the universe. If its existence is confirmed, however, it may modify considerably 

the theoretical framework in which the dark matter problem (and the solar neutrino puzzle) have 

to be solved. 

The axion, a very light (mass of about 10-' eV to JO-< eV) pseudoscalar particle, still 

represents the best solution to the strong CP problem of QCD. A combination of laboratory 

experiments and astrophysics measurements, such as the lifetime of red giant stars and the energy 

observed in neutrinos from the supernova 1987 A, have considerably restricted the range of 

parameter space. It still covers, however, the region in which axions can constitute dark matter. 

The weakness of the axion interactions make them extremely difficult to detect. Figure 14 gives 

the current limits obtained by the Brookhaven-Fermilab-Rochester group42land by the University 

of Florida team431. They can only exclude couplings which are a few hundred times larger than 

commonly predicted441. Two ideas are being proposed to get the needed sensitivity gain: using 

the large magnets of the MBF at Livermore45l or trying to use the large coupling of axions to 
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electrons through some kind of collective phenomena (e.g. magnetic waves in the medium461). 
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Experimental limit on the electromagnetic coupling g of the axion. Also shown is 
the limit obtained by the Brookhaven-Fermilab-Roellestester collaboration. The 
solid and dashed �traight lines are the theoretical values of g•rr 

for the DFSZ axion 
and the KSVZ axion (EIN = 0). 

The Weakly Interacting Massive Particles (WIMPs) are a general form of dark matter. 

If a species of dark matter particles had been once in thermal equilibrium with the rest of matter, 

its density today is proportional to the inverse of its annihilation rate at the time it dropped out 

of equilibrium47l. In order to obtain a density close to the critical density, the interaction comes 

out to be of the order expected for Weak Interactions, as if the physics at the scale of the W and 

the Z vector bosons was also responsible for dark matter. It may be a numerical coincidence (it 

presumably is!), or it may be a deep hint that something like supersymmetry may be responsible 

for dark matter. In any case, we have to check! We should, however, emphasize that this weak 

interaction strength is a general property independent of the particular model, hence the name 

given to these hypothetical particles. Within a specific model, it is possible to relate the 

interaction rates responsible for the thermal equilibrium in the early universe to the elastic 

scattering rate of this dark matter contained in the halo of our galaxy with a suitable target in the 

laboratory. These rates are quite low, ranging from a few hundred interactions per kilogram per 

day for heavy Dirac neutrinos on a germanium target of the order of 0.1 events per kilogram per 

day on silicon 29 for a neutralino of some 20 Ge v••l. The energy deposition distribution is 

completely fixed by the fact that the scattering is in the s-wave, and is unfortunately at best a few 

ke V. The detection of the WIMPs represents therefore a formidable experimental challenge. The 

experimental teams involved have been employing a dual strategy. At the same time, these 

groups have been converting existing double beta decay experiments to push down their 

threshold and look at the low end of their energy spectrum for the roughly exponential 
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contribution expected from WIMPs, and they are developing new technologies based on the 

novel "cryogenic detectors" using phonons or broken Cooper pairs in materials at very low 

temperature. All three collaborations involved491 in the first effort agree that Dirac neutrino of a 

mass greater 10 Ge V /c2 and smaller than some 6 Te V /c2 cannot be the sole dark matter of the halo 

of our galaxy. If this is combined with the LEPresults which exclude any Dirac neutrino between 

35 MeV/c2 (the upper bound for the v, mass) and �45 GeV/c2, heavy Dirac neutrinos basically 

cannot form the bulk of the dark matter in the halo. By using small silicon detectors, the Berkeley­

Santa Barbara group50lalso put severe limits on Cosmions511, those particles suggested to explain, 

in addition to dark matter, the deficit of 'B solar neutrinos! 
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Simultaneous measurement of ionization charge and phonons for 60 ke V and 18 
ke V photons in a 60 gram germanium crystal at 30mk [Berkeley]. The events off the 
diagonal are due to pile-up in our still primitive electronics. 

On the development front of cryogenic detectors, great strides have been made recently 

with several groups now experimenting with detectors of a few tens of grams»J, and the 

technology advances fairly quickly. As an example of this progress, Figure 15 displays the 
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present results obtained at Berkeley in a 60 g detector operated at 30 mK531. This represents the 

first demonstration in a large crystal of the possibility of simultaneously detecting ionization 

charge and phonons. Such a method opens the possibility of simultaneously measuring the 

ionization yield and the total energy released in the interaction, and therefore differentiating 

between electron recoils, which represent our main background and our signal, nuclear recoils, 

which should have a much lower ionization yield. The current resolution at 60 ke V is 2.4 ke V 

and 4 keV FWHM (total energy) in the ionization and phonon channels respectively. The 

resolution per unit mass obtained in the phonon channel is the best one achieved so far by any 

group working on massive low temperature calorimeters (Figure 16), although Coron and 

collaborators are not far behind. Although these results are still rather crude, they represent an 

existence proof that cryogenic detectors have nearly reached (within a factor of three) the 

performance necessary for a successful dark matter search. 
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Resolution per unit massobtained by all the groups working on massive calorimeters. 
This is the relevant figure of merit when the sensor sensitivity is the limiting factor. 

Meanwhile, accelerator experiments have not been idle, and have constrained the 

properties of these potential weakly interacting massive particles541• In particular, no direct 

evidence has yet been obtained for supersymmetry, which remains the most attractive model. 

This pushes the supersymmetry scale somewhat higherthan previously thought, and although the 

lower limits on the mass of the lightest supersymmetric particles are model dependent551 , higher 

masses are favored. For those higher values, the energy deposition is then relatively large, but 
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as the mass increases, the expected rates decrease. This modifies slightly the experimental 

strategy which has to focus more on a low rate capability and background rejection rather than 

very low thresholds. However, this does not decrease in any way the high scientific priority of 

searches for WIMPs. A small extrapolation of the current technology, developed with cryogenic 

detectors, may allow us to reach sensitivity gains which will allow us to probe in the coming years 

an interesting region of the neutralino parameter space. 

4 CONCLUSION 

Dark matter is an example of the fascinating connections between the infinitely large and 

infinitely small. Beautiful pages have been written on the subject by Blaise Pascal56l in the 17th 

century. They were, however, speculations mostly based on intuition. Modern cosmology and 

particle astrophysics are beginning to probe experimentally these connections, and the coming 

years will be particularly exciting, with qualitatively new data being gathered by detailed studies 

of large scale structure and the direct searches for dark matter, including the MACHOs and the 

WJMPs. These data are likely to increase even more the tension growing between the observations 

and our models, and this is likely to lead us to substantial changes in our paradigms. It may even 

lead, if dark matter can indeed be shown to be non-baryonic, to the ultimate Copernican 

revolution57l: not only we are not at the center of the universe, but we may not even made of the 

same stuff as most of the universe! 
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ABSTRACT 

COBE measurements of the microwave background spectrum have ruled out a truly diffuse origin 
of the X-ray background (XRB ) . Several independent lines of argument converge in indicating that 
cosmological evolution is definitely required to account for the XRB; the contribution of local, non­
evolving sources is < 50% and probably :::e 20-30%. Stellar nucleosynthesis is unlikely to be the 
primary energy source: due to the relative inefficiency in producing high energy photons, there are 
severe problems with the energy budget as well as with the observational limits on the intensity 
of the extragalactic background at IR to mm wavelengths. Activity of galactic nuclei remains the 
strongest candidate, although "canonical" AGN's have a too soft X-ray spectrum; a most interesting 
possibility are nuclei characterized by strong photoelectric absorption, putting out the bulk of their 
X-ray emission above � 10 ke V. A reliable estimate of the contribution to the XRB of "canonicaln 
AGN's is made difficult by our poor knowledge of their evolution properties as well as by the 
complexity and diversity of their X-ray spectra. On the other hand, measurements of the XRB and 
counts in different X-ray bands provide valuable constraints on the evolution properties of these 
sources. Anisotropies of the XRB carry information on the large scale structure of the universe. 
Analyses of HEA0-1 A2 and Ginga data yield bounds on clustering of rich clusters of galaxies 
and of AGN1s consistent with optical data. Recent upper limits on the autocorrelation of intensity 
fluctuations at arcmin scale in the Einstein Observatory IPC band suggest that the clustering length 
of sources of the XRB may be smaller than that of normal galaxies. 
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1. Introduction 

Almost 30 years after its discovery• ) ,  the extragalactic X-ray background (XRB) continues to be 

a fascinating topic to work on. Its origin is still a challenging problem and very interesting links 

are emerging with a variety of astrophysical and cosmological problems. On one hand, recent 

measurements') of the far-IR and sub-mm background have ruled out the possibility that the XRB 

is originated by a hot, dense intergalactic medium (see § 3 )  and have set interesting constraints on 

the possible contribution to the XRB from active star forming galaxies (see § 5) .  

On the other hand, the isotropy of the XRB has significant implications for the space distri­

bution of the main classes of extragalactic X-ray sources (§ 7) and, in particular, of active galactic 

nuclei (AGN). Also, measurements of the XRB are providing valuable pieces of information on the 

AGN evolution. It seems likely that a new class of AG N's (or a different evolutionary stage of 

conventional AGN's ), possibly highly obscured by surrounding cold material is required to account 

for the XRB spectrum (§ 6). 

2. Observed properties 

2. 1 Spectrum 

As is well known, the spectrum of the extragalactic X-ray background (XRB) has been accurately 

measured by the A2 experiment on HEA0-1 in the energy range 3-50 keV3l . It was found to be 

very smooth and remarkably close to a "thermal" spectrum4) :  

d!/dE ce 5 .6  [E /(3 keV)]-0·'0 exp ( -E/W) keV kev-• cm-' s-1 sr-1 ,  ( 1 )  

where W = 40 keV. 

At higher energies, up to at least 500 keV, the data are described by a power law of energy 

index 1 .85) .  The local energy density of the 3-500 keV background is <xRB ce 5.2 X 10-• eV cm-3 ce 

8.4 X 10-17 erg cm-3 ,  almost four orders of magnitude below the energy density of the microwave 

background (<MwB ce 0.26eV cm-3 ) .  

In  this review, we will concentrate, as usual, primarily on the 3-50 ke  V band, where the XRB 

spectrum is best known and most (about 713) of the energy resides. 

Below 3 keV the extragalactic flux becomes increasingly uncertain. In the 1-3 keV range 

the total observed intensity might be about 303 higher than an extrapolation of the 3-10 ke V 

spectrum6).7) i the excess, if real, may be of either galactic or extragalactic origin. Constraints on 

the intensity in this range provide interesting limits on the contribution to the XRB from active 

galactic nuclei whose X-ray spectra are softer than the backgrounds) .  At still lower energies, the 

extragalactic contribution is essentially unknown; the poorly determined galactic emission could 

well be dominant also at high galactic latitudes•) . 

2. 2 Isotropy 

Albeit its intensity is small (ce 23 of the 2-50 keV XRB at high galactic latitudes9l )  the galactic 

emission is responsible for most of the observed large scale anisotropies. However, after having 
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excluded the regions close to the galactic equator, a residual dipole anisotropy, repeating for the 

independent surveys carried out with HEA0-1, shows up•),lO),l l ) .  Within the (relatively large) 
uncertainties, the amplitude and the direction of the dipole a.re consistent with the velocity vector 

inferred from microwave measurements. The spectrum of the XRB dipole is also consistent with 

that expected from a Compton-Getting effect 1 and is inconsistent with an interpretation in terms 

of anisotropies of the unresolved galactic emission4) .  

The small scale fluctuations measured by the A2  experiment on  HEA0-1 on  scales of  9-25 

square degrees ( � 63 on a sea.le of 9 square degrees12) ) are consistent with those expected from 

discrete sources below the detection limit ; a 903 confidence upper limit of 2.33 for an effective solid 

angle of 25 square degrees was set on any additional contributions1o),ll ) _  Weak (::e 3u) evidence for 

excess fluctuations on an effective scale of 2 square degrees was recenly reported13). 

Ana.lyses79),so),Sl) of fluctuations on arcmin scales for several deep Einstein Observatory IPC 

fields have allowed to constrain the counts of unresolved X�ray sources. The recent study by 

Soltan81) 1 carefully accounting for instrumental effects, does not confirm the earlier conclusions 79),so) 

that the log N-log S curve must flatten just below the deep survey limit ; a flattening of the counts 

is, however, observed in deep ROSAT images95) .  

More direct information on clustering of X-ray sources may be obtained from the autocorrelation 

function of intensity fluctuations. No unambiguous signal has been reported so far. Upper limits of 

'.::::'. 10-2 on 

r(9) = IW(9)111', where W(@) 
_ (61 x 61')• 
- (fxRs)' ' (2) 

for angular separations 9 ::e 2-3° have been derived from both A2 data13) and from Ginga data14i. 

Upper limits on larger angular scales (up to 27° ) are higher by factors of 2-315),l•) _ Carrera et 

aJ.14),l•) report some indications of a negative W(9) at angles between 3° and 6° and between 7° 

and 14° . A weak (2u) indication of a negative W(3°) is also seen in A2 data13i . 

Analyses of deep IPC fields••).sl) have yielded tight constraints on the autocorrelation function 

at arcmin scales. Soltan81) finds W(9) < 2.9 x 10-3 for scales of 2'-5'. 

3. Hot intergalactic medium and the XRB 
As already mentioned, the recent COBE measurements» (see also17) ) have ruled out a truly diffuse 

origin of the XRB. In fact, a homogeneous hot intergalactic medium (IGM) capable of accounting 

for the XRB would have produced a substantial sub-mm excess in the spectrum of the microwave 

background18),l9),l0) ,21>•22 > ,  in strong contradiction with COBE data.. In the case of non-relativistic 

electrons of temperature Te , the distorted microwave background spectrum is characterized by a 

value of the comptonization parameter y ::e (kT, /m,c')r, "" 10-' (r, being the optical depth of 

the IGM for Thomson scattering) , while COBE data imply y < 10-3 (3u limit»).  It follows that 

the contribution of a homogeneous IGM to the XRB cannot exceed a few percent (y oc n. , IGM 

emissivity oc n! ) . Similar constraints are obtained if electrons are relativistic. 
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Strong clumping of the IGM may decrease y below the COBE limit, but the high values of T, 

required to account for the XRB spectrum unavoidably entail"),24) .25) :  

- excessive microwave fluctuations due to comptonization i n  the clumps [Sunyaev-Zeldovich ef­

fect; the most stringent up pet limits on scales ranging from :::::: 11 to several degrees are ( see 

e.g.'6) ) at a level !:J.T/T ,:S 3 X 10-' J ,  and/or 

- excessive X-ray fluctuations, and/or 

- too many optically unidentified X-ray sources, and/or 

- too many deep potential wells causing gravitational lensing of quasars, and/or 

- serious confinement problems. 

Nevertheless, an important contribution to the soft ( ,:S 10 keV) XRB might come from high density 

transient clumps heated by large-scale shocks during non linear pancake formation27). Conversely, 

observations of the soft XRB constrain large scale dissipative processes as well as the baryon density 

involved in dissipational structure formation25> •28) .  

Well known clumps of gas, associated to  clusters of  galaxies, have typical temperatures < 
10 keV; their estimated contribution to the 2-10 keV XRB, without evolution, is '.:::'. 5329). X-ray 

counts of these sources are flat30), suggesting negative evolution31),32) . 

No clear evidence has been found of a significant contribution from intra-supercluster gas33) ,  

although preliminary results of Ginga suggest the presence of  extended, low-surface-brightness halos 

in some peripheral supercluster regions34) . 

4. XRB from non-evolving sources 

If the power-law representation of the X-ray local luminosity function (XLLF) of AGN's'9) is ex­

trapolated by a factor ::::- 10 downward in luminosity, these sources would saturate the XRB intensity 

without evolution. However, a detailed analysis of the HEA0-1 A2 database36l led to the conclusion 

that the contributions to the XLLF of sources associated to galaxies is well below such extrapo­

lation. Sources with Lx {2-1 0 keV) < 1042erg s-1 cannot produce more than 10-153 of the XRB, 

without evolution. 

A similar conclusion follows from constraints on the autocorrelation function of XRB intensity 

f!uctuations36l. The contribution of non evolving X-ray sources to r{9) [eq. {2)] is proportional to 

their volume emissivity [see eq. (6)]. The observational constraints on r{9) imply that local sources 

clustered like galaxies cannot account for more than '.:::'. 503 of the XRB. 

Miyaji and Boldt37l showed that X-ray emission is a strong tracer of mass. Then, the observed 

dipole moment and the observed peculiar velocity of the local group allow to set a tight constraint 

on the global X-ray volume emissivity of local sources {basically, once the mass/X-ray luminosity 

ratio has been determined, the limit on the mass density following from dynamical arguments 

translates into a constraint on the global X-ray luminosity density). Boldt38l finds that all possible 
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Figure 1. Constraints on the broadband spectra of sources of the XRB from data on the extra­
galactic background at IR to mm wavelengths. The horizontal line shows the upper limit on the light 
expected from stellar nucleosynthesis40), assumed to occur at an effective redshift of 1.5.  The dots 
with error bars and the arrows show the current estimates or upper limits on the extra.galactic near­
and far-IR background as summarized by Hauser et al.41) .  The DIRBE upper limits correspond to 
the total observed sky brightness in a dark direction plus the lu error; no attempt has been done to 
subtract the, probably dominant, foreground light. The shaded line on the left hand side shows the 
upper limit following from the absence of observable distortions in the microwave background spec­
trum (the internal uncertainty of COBE/FIRAS measurements was taken to be 10 mK). The curve 
on the lower right hand corner represents the spectrum of the XRB. The upper solid curve shows 
the broadband spectrum of the Milky Way42l,  redshifted to z = 1.5 and normalized to the observed 
XRB intensity at 2/(1  + z) keV. Data on four additional galaxies, redshifted and normalized in the 
same way are also shown: NGC 7714 (open triangles) ,  NGC 5408 (filled triangles) ,  M 82 (filled 
squares) and the LMC (open squares) .  X-ray data on the Milky Way and the LMC are from 5•) , on 
M 82 from ") ; multifrequency data on NGC 5408 and NGC 7714 are from H) and 57) , respectively. 

populations not represented in the Piccinotti survey cannot make up more than 20% of the 2-10 ke V 

XRB, without evolution. 

A tighter limit has been most recently obtained by Jahoda et al.39) .  They have cross-correlated 

the 2-lO keV XRB fluctuations with the surface density of nearby galaxies; a significant correlation 

was found and an estimate of the X-ray emissivity of the local universe was derived, implying that 

unevolving X-ray sources correlated with nearby galaxies contribute 18 ± 5% of the XRB. 

5. Can stellar nucleosynthesis be the primary energy source? 

As illustrated by Fig. 1, energetics, per se, is not a problem. The present average density of metals 

in observed galaxies is estimated to be40l :  3 X 10-3• ,:S pz(g cm-3 ; H0 = 50) < 10-33, If the bulk of 

stellar nucleosynthesis occurred at a redshift z, it would have produced a radiation energy density 

2 X 10-u /(1  + z) ,:S pz(ergcm-3 )  < 6 X 10-u /(1 + z), more than one order of magnitude above 
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the energy density of the XRB if z "" 1 .  

The main difficulty i s  the relatively low efficiency in  producing high energy photons. I t  is 

clear from Fig. 1 that objects with far-IR/X-ray or optical/X-ray luminosity ratios similar to those 

observed for our own galaxy cannot make up more than a few percent of the XRB to be consistent 

with the nucleosynthesis constraint. Recent measurements of the diffuse near- and far-IR background 

directly constrain the contribution to the XRB of galaxies like our own to be ,!S 10%. 

On the other hand, galaxies with intense star formation have enhanced X-ray emission (com­

pared to normal galaxies), powered by supernovae and by X-ray bina.ries43),44).45).45).47) . Also, deep 

IRAS counts4s).49) and VLA surveys at sub-mJy levels'0J.61) suggest substantial cosmological evo­

lution of these sources52),sa) , Firm estimates of the contribution of active star forming galaxies to 

the XRB are difficult because of their uncertain evolution properties. Extrapolations to X-rays of 

models accounting for both IRAS and sub-mJy counts suggest a contribution at 2 keV of ,!S 5-10%, 

and anyway not exceeding 30353).54). 

Still, the observed far-IR/X-ray or optical/X-ray luminosity ratios for 5tarburst galaxies for 

which such comprehensive data are available are generally at lea.st a factor of several too high to 

allow accounting for the bulk of the XRB without violating the nucleosynthesis constraint as well 

as upper limits on the IR background intensity (far-IR data on objects in Fig. 1 or quoted in the 

following are from 5s).59) .eo) ). This is illustrated in Fig. 1 for the well known nearby starburst galaxy 

M 82 (the other nearby starburster, NGC 253, is a significantly less efficient X-ray emitter"l ) ,  as 

well as for the prototype starburst nucleus NGC 7714. The global spectral shape of the other well 

observed starburst nuclei, NGC 278261) and the X-ray selected source MS0834.0+651762) [so far, 

the only certain starburst galaxy in the Extended Medium Sensitivity Survey30l (EMSS)J, is similar 

to that of NGC 7714 (note that, based on the quoted count rate, the flux at 2 keV of NGC 2782 

given in Table I of Kinney et al.61) seems to be overestimated). 

To our knowledge, the only exception is the small irregular galaxy NGC 5408, undergoing a 

violent burst of star formation, which has X-ray/optical and X-ray/far-IR luminosity ratios44) at 

least 20 to 30 times higher than any other starburst galaxy (see above and Fabbiano et aI.45 l) .  If a 

large fraction of the light from nucleosynthesis is emitted by objects of this kind, the XRB intensity 

could indeed be accounted for. On the other hand, galaxies with Lx / Lopt as high as NGC 5408 

must be rare, at least locally. The Piccinotti survey would have detected such sources down to 

B "" 12 and the Deep Survey63) [covering "" 2.3 square degrees with a typical limiting sensitivity 

Sx(0.8-3.5 keV) c= 5 X 10-14 erg cm-2 s-1 J  down to B ""  18.4; the expected surface density of 

galaxies brighter than the quoted limits in the surveyed areas are c= 70 and c= 100; no galaxy like 

NGC 5408 was found. Such objects may correspond to a short lived stage in the galaxy evolution, 

characterized by a very low metallicity44) (the metallicity of NGC 5408 is Z0/14). The Magellanic 

Clouds, having a metallicity higher than NGC 5408, but substantially lower than our own galaxy, 

have Lx / Lopt not much different from the latter (X-ray data from Fabbiano56l; see Fig. 1) .  
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Furthermore, spectral observations55),s4) of the nearby starburst galaxies NGC 253, M 82 and 

M 83 suggest that the X-radiation from this population is significantly softer than the XRB. 

6. Active galactic nuclei 

6.1 Some puzzles 

The situation is rather confusing, with apparently contradictory observational information. On one 

hand AGN's dominate X-ray counts down to the faintest observed levels30)•53) and thus certainly 

account for a substantial fraction of the XRB (at least 30-403 at 2 ke V65)). 

On the other hand, they have a "wrong" spectrum: in the 2-50 ke V range Seyfert nuclei have 

an average spectral index a CO'. 0.7 significantly steeper than that of the XRB66),B7), and IPC data 

indicate even softer spectra for radio quiet quasars68),e9),lOl ) .  

HEA0-110> and Ginga70> fluctuation analyses indicate a normalization of the source counts in 

the 2-10 keV or 4-11  keV bands a factor CO'. 3 above that derived from the Einstein Observatory EMSS 

(0.3-3.5 keV), if AGN's have a "canonical" X-ray spectrum (a = 0.7 and negligible absorption). 

Strong photoelectric absorption (NH � 1022 cm-3) may explain this result, and is consistent with 

the spectrum of XRB fluctuations observed by Ginga70). 

EMSS AGN's, however, appear to have rather a steeper than canonical spectrum (a CO'. 169> ). 

Soft X-ray excesses (above the canonical spectrum) are found to be a common feature of bright 

AGN's•7),as),n ) .  

Furthermore there seems t o  b e  a n  excess of a factor of � 2 between the quasar and Seyfert 1 

nuclei predicted on the basis of the optical source counts and of the X-ray to optical luminosity ratios, 

and the number actually found in the Einstein Observatory MSS72 ) .  A strong incompleteness of 

MSS counts seems excluded73) .  Possible explanations have been discussed by Franceschini et al. 74); 

the problem, however, is still to be definitively settled. 

6.2 Hard vs. soft X-ray emission of A GN's 

The above discussion suggests that strong selection effects are at work, probably due to the com­

plexity and diversity of X-ray spectra of AGN's. In an attempt to quantify these effects, Martin­

Mirones et al.75) have carried out a statistical analysis of the distribution of the ratio FH/Fs = 

5(2-10 keV)/ S(0.5--4.5 keV) for different AGN samples: the hard X-ray selected sample by Piccinotti 

et al.'9), the EMSS AG N's brighter than S(0.3-3.5 keV) = 2 X 1012 erg cm-' s-1 ,  the optically se­

lected Seyfert sample defined by Cheng et al.761 ,  the optically selected PG quasar sample77). For a 

"canonical" AGN spectrum we expect FH / Fs :::::: 1 .  

Except for the Piccinotti sample, 2-lOkeV fluxes are available for only a few sources. Still, an 

estimate of the sample average (FH / Fs ) can be derived from the distribution of A2 count rates in 

the directions of the sources under study, using the method described by Persic et aI.35) .  

A G  N's from the EMSS were found t o  have (FH / Fs ) CO'. 0.6, i.e. spectra substantially softer 

than the "canonical" spectrum, consistent with the results of the spectral analysis, within the IPC 
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band, by Maccacaro et al.69) .  Soft excesses are somewhat less frequent and/or somewhat weaker for 

PG quasars for which (FH/Fs) °' 0.75. For the optically selected Seyfert sample (FH/Fs)  °' 1.0: 

soft excesses are still present, but many objects show strong photoelectric absorption (consistent 

with the findings of Reichert et al.78l) .  The average (FH/Fs) for the Piccinotti sample is °' 1.85. 

High absorbing columns (NH rv 1022 cm-2) are common; only a small fraction of Piccinotti sources 

show values of FH / Fs as small as those found for EMSS AGN's. 

It follows that estimates of AGN contributions to the 3-50 ke V XRB based on soft X-ray data 

must be treated cautiously. In particular, constraints derived from fluctuation analyses of deep IPC 

fields79),so),Bl) do not necessarily apply to sources of the hard (> 3 keV) XRB. 

6.:1 XRB and AGN evolution 

An assessment of the total contribution of AGN's to the XRB is difficult because their evolu-

tion properties are still poorly understood. Nevertheless, important constraints follow from gen­

eral arguments. On one side, we have a mass constraint83): pure luminosity evolution of AG N's 

accounting for the XRB entails, if Lx /Lbol °' const, (L,01/LEdd)•=O < 10-3 ,  while the best cur­

rent estimates82) ,s3) .•4l yield (Lbol / LEdd).=o °' 3-5 X 10-2 .  A strong increase of Lx / Lbol for 

higher z/higher L AGN's seems hardly compatible with the available data; the observed decrease of 

the ratio Lx / Lopt for higher £/higher z quasars100l rather points to the opposite direction. 

There is also an energy constraint:54) precursor AGN's85) ,  at an effective redshift z* , making 

up a fraction Cx of the XRB, should have a mean 2-lO keV luminosity 

L (z.) "' 2_2 . 1045 Cx l + z. (Lbol ) (�) ( 0.1 ) (4 · 10-4 ) 
2-io keV 0.5 4 Lx z* LEdd z* 1J no 

-1 ergs (3) 

where Lx is the total X-ray luminosity and the AGN spectrum has been taken to be similar to 

that of the XRB. Even if (Lx I Lbol ) • • "' 1 (for local AGN's Lx I Lbol "' o.12•2 l ) ,  in the presence 

of a luminosity function not much narrower than the local one, we expect that a large number 

of precursor AGN's (characterized by an average z ::: z* ) show up in the EMSS, unless they are 

strongly self-absorbed, and possibly even in the Piccinotti survey. Thus, the assumption of a strict 

continuity between "precursor" and local AGN's faces difficulties. 

If the XRB is due to a burst of nuclear activity involving essentially all bright galaxies, they 

should host a currently inactive nucleus of average mass: 

Mnud °' 2 X l07 
C X 1 + z. ( Lbol ) 

M0 0.5 4 Lx • • 

( 1) ) -1  ( no ) - 1  

0.1 10-3 
(4) 

Note that the mass and the energy constraints, taken together, favour a relatively low value of z* . 

6.4 Strongly self-absorbed A GN's 

In previous sections several classes of X·ray sources have been discussed, which coUld, and possibly 

do, produce a significant, or even large, contribution to the XRB at 2 keV. They have a variety of 
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X-ray spectra, all of which, however, a.re softer than the XRB. The residual XRB spectrum, after 

subtraction of their contributions, must be very flat or turn down below � 10 keV. As pointed out 

by several authors ae),s7).ss) ,  such spectral shape may be accounted for by AGN's characterized by 

strong photoelectric absorption (column densities NH � 1024-1025 cm-2) .  

In the model proposed by Fabian et al.87 the primary, power-law, AGN spectrum is reprocessed 

by dense and 'cold' (T < 106 K) gas surrounding the nuclei. X-rays below lO keV are predominantly 

absorbed while Compton scattering steepens the spectral index above "' 120 ke V by about one. This 

leads to a "reflection hump" peaking at 30-50 ke V with a break at � 120 ke V, i.e. to a spectrum 

suitable for explaining the residual XRB, if the effective redshift of sources is � 1.5. A characteristic 

fluorescent iron emission line at 6.4 ke V is predicted. Both the high energy hump and the iron line 

have indeed been found in Ginga spectra of several bright AGN's89),eo),ei ) .  Very interesting hints 

that the average broadband AGN spectrum flattens in the interval 12-40 ke V and then steepens 

again in the range 40-166 ke V were obtained from recent investigations of rms fluctuations observed 

by the HEAO 1 A-4 experiment in different energy bands92) .  

On the other hand, to fit the XRB spectrum, about 90% of the emitted flux must be reproces­

sed87).93) .  Such large fraction puts significant constraints on the distribution of cold gas. The frac­

tion of reprocessed flux inferred from Ginga spectra of AGN's is substantially lower ('.'.::':' 30-60%94)) .  

7. Constraints on large scale structures from XRB anisotropies 

Jahoda and Mushotzky99) demonstrated that accurate measurements of the surface brightness dis­

tribution of the XRB on scales � 1000 squares degrees can provide important information on nearby 

large mass concentrations such as the "Great Attractor" . 

In general, a large scale distribution pattern of extragalactic X-ray sources yields small scale 

anisotropies in excess of Poisson fluctuations and, of course, translates into power in the autocorre-

lation function of the extragalactic background brightness. 

Assuming the usual parametrization of the two point spatial correlation function, �( r) = 

(r/ro )-> with -y c:o 1.8, the contributions to the rms fluctuations, r(O), and to autocorrelations 

on the angular sea.le (} ,  r((}), due to clustering of a given class of non-evolving sources a.re approxi­

mately given by13) : 

r(O) '.'.::':' 0.5 X 10-2 
Weff _r_o_ Jaource11 JXRB .i = O ' 

( ) -0.2 ( ) o.9 ( . I .  l 
1.8 sq. deg 50 Mpc 0.04 

r(O) "°' 2.8 X 10-• (!_) -o.4 (
-r_o_) o

.9 (j,ouro., /ixRB ),-o . 
3° 50 Mpc 0.04 

(5) 

(6) 

where w,ff is the effective solid angle of the detector (w,ff c:o 1.8 sq. deg for the HEA0-1 A2 

collima.tors, small field of yiew) and j is the volume emissivity. 

The above equations provide reasonable estimates (accurate to within a factor � 2) also in the 

case of evolving sources, provided that the ratio of volume emissivities is replaced with the global 

contribution to the XRB. A few points are worth noticing: 
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i} Excess fluctuations due to clustering show a substantially weaker dependence on the solid angle 

(so long as dilution effects are negligible) than Poisson fluctuations. 

ii} The HEA0-1 A2 bounds are compatible with Bahcall and Soneira's97J estimate of the correlation 

length scale of rich clusters. 

iii} Much stronger constraints a.re obtained on the clustering properties of AGN's, which yield a 

much larger contribution to the XRB. The A2 constraints a.re consistent with optical estima.tes98). 

The weak ( :'.::::'. 3u) evidence for excess fluctuations (i.e. fluctuations above those expected if the counts 

keep the euclidean slope indicated by the Einstein Observatory surveys well below the limit of the 

A2 survey) ,  reported by Martin-Mirones et al.13),  may imply that AGN's are indeed substantially 

clustered (the observed signal, however,  may also be accounted for assuming slightly steeper counts). 

On the other hand, the tight upper limit on the amplitude of the correlation function derived by 

Soltan81 )  from an analysis of IPC data implies that the correlation length of sources of the XRB 

(at least in the IPC band), must be significantly below that for normal galaxies. 
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SIGMA is a soft gamma-ray telescope operating from 30 keV to 
1 MeV. Active galactic nuclei radiate a large fraction o f  their 
luminosity in this range , and their primordial ancestors could be 
the source of the X-ray background . 

We present preliminary results on the three brightest AGNs 
( Cen A ,  NGC 4 1 5 1 ,  3C 2 7 3 ) . Their average fluxes are coherent with 
previous observat ions of those sources in their lowest state . 
NGC 4 15 1  and 3C 2 7 3  have been observed several t imes with no 
evidence for variations of more than a factor of two . 
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I .  INTRODUCTION 
The origin of the diffuse X-ray background ( XRB) between 3 

and 3 0 0  kev 1 '  is still not known . Although it looks l ike a single 

thermal bremsstrahlung spectrum , there are good reasons 2•3>  to 

bel ieve it i s  due to a col lection of sources . AGNs make up the 

bulk of the faint sources in the Einstein surveys below 3 kev 3' . 

They are therefore logical candidates to explain the XRB . 

However the spectra of (bright) AGNs differ markedly from 

the XRB spectrum . In the 2-10 keV range , they are power laws with 

photon index close to -1 . 7 4 • 5 > . A possible reason is that those 

AGNs are not representative of the faint AGNs that would make up 

the XRB . On the other hand , their spectra above 2 0  keV (because 

of the redshift , this is the part that will contribute to the 

XRB) are poorly known 1 > and it is possible 6' to explain the XRB 

by assuming flatter spectra for AGNs above 2 0  keV . The spectrum 

of AGNs around 100 keV is therefore crucial to validate this kind 

of hypothesi s .  

Another motivation for studying AGNs i n  hard X-rays is that 

because of their flat spectra they emit a large fraction of their 

luminosity in this range ( 7> for 3C 2 7 3 ) . Because of the photons ' 

energy and the time scale for variations ( Bl for NGC 4 1 5 1 )  the 

hard X-rays are probably emitted close to the central engine , 

which is another measure of their importance to AGN theory. 

Unfortunatel y ,  due to the lower sensitivity of hard X-ray 

experiments ( compared to the class ical X-ray band) , only the 

three brightest AGNs ( Cen A ,  NGC 4 1 5 1 ,  3C 2 7 3 )  can be studied at 

present . Data have been col lected by HEAO 1 A4 9• 1°> and HEXE on 

the MIR space station 1 1 >  and also by ball oon experiments 12' . 

I I .  CAPACITIES OF SIGMA AND GRANAT 
The French SIGMA telescope 13> was l aunched on December 1 ,  

1 9 8 9  aboard the soviet GRANAT space observatory in a highly 

eccentric orbit (4 days period ) . It is a coded aperture system 

( based on a 3 lx2 9 URA pattern) designed to provide images of the 

sky in the 3 5  keV to 1 .  3 MeV range with 1 3  arcmin angular 

resolution ( unprecedented at those energies ) . The ful l 

sensitivity ( fully coded) field of view is 4 . 7 °  x 4 . 3 ° .  
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The background is dominated by radiation from the telescope 

matter activated by high-energy particles , rather than the soft 

y-ray background . As there is no way to block the cosmic photons , 

we cannot make a differential measurement either . 

SIGMA is best at studying complex regions (usually in the 

galactic plane) where source confusion was a maj or problem for 

previous coll imated instruments with angular resolution worse 

than 1 '  . Bright AGNs are mostly isolated sources ,  for which 

confusion is not much of a problem . Imaging observations may 

still be more reliable than coll imated one s ,  because the source 

can be " seen" on the image and the background is measured at the 

same time and the same pointing direction as the source ( and not 

by rocking the instrument ) .  

The telescope ' s  sensitivity is obtained as the combination 

of three factors (all depending on energy ) : 

the e ffective area of the device ( about 3 0 0  cm2 at 100 keV) . 

Because of the mask, a source illuminates only half the 

detector ( the other hal f measures the background) . 

the background rate ( about 180 cts/s from 4 0  to 1 6 0  keV) . 

the imperfect spatial resolution of the detector , that 

reduces the contrast in the image . The spatial resolution i s  

5 . 4  mm HWHM a t  100 keV (the mask element is 9 . 4  mm) . The 

associated loss is about a factor 3 .  

The result is shown on figure 1 .  The 3a sensitivity of SIGMA at 

100 keV i s  10-5 ph cm-2 s· 1 kev-1 for broad band observations in a 

typical 105 s exposure . This is not very good ( some sensitivity 

was lost to the imaging capacities ) ,  and extrapolating X-ray 

observations o f  AGNs 5> indicates that only Cen A, NGC 4 1 5 1  and 

3C 2 7 3  are expected to be brighter than that . 

The GRANAT observatory also features the Soviet ART-P 

telescope 14> , sensitive from 3 to 30 keV . ART-P also uses a coded 

mask,  resulting in a 5 arcmin angular resolution . With ART-P and 

SIGMA, GRANAT easily spans two decades (3 to more than 3 0 0  keV) . 

Although the observations are not exactly simultaneous (ART-P 

covers typically the first 6 hours of a one-day SIGMA session ) , 

the ART-P data firmly anchor the SIGMA results in the classical 

X-ray range . This i s  particularly important for variable sources 

such as AGNs . 
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S I G M A  sens i t i v i t !:J  ( 3  s i gma �  dE/E = 0 . 1 ) 

::> " 
1 0 ·0 Ji ' <l " " ' 

ru 
*' 

e 
<.) ' ::> " Ji 
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Figure 1 :  The two curves il lustrate the sensitivity of SIGMA in 
a tlpical observing time ( 105 s) and a very long observing time 
( 10 s ) . The approximate Crab spectrum ( divided by ten) is shown 
for comparison . The figure was drawn for spectral observations 
(bin size 4E/E = 0 . 1 ) . For broad band observations (4E/E = 1 ) , 
the 1 05 s sensitivity is close to that in 1 06 s for spectral 
measurements , and the 1 06 s sensitivity is three times better . 

III . OBSERVATIONS 
Three types of data are available in a typical S IGMA 

observing session : 

Four f ine images ( 2 4 8x2 3 2  pixels)  in four adj acent energy 

bands ( 4 0-80 keV, 8 0 - 1 60 keV, 160-3 1 0  keV, over 3 1 0  keV) . 

This is the material presented here . Several ( up to six 

poses ) sets of 4 images are recorded within a single 

session , preserving some time information . 

9 5  spectral images ( 124xll6 pixels)  allowing to build 

spectra . These have not been ful ly analyzed yet . 

Counting rates every 4 s in the same energy bands as the 

four fine images . These are useful only for very strong 
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sources . Background and statistical variations dominate over 

ordinary sources . 

The data were analyzed as follows : 

For lack of statistics all poses within a single session 

were co-added . 

The images were then corrected for the background and 

detector non uniformities , and deconvolved using standard 

techniques 15> . Sess ions up to July 1990 have been corrected 

with a background reference obtained in January and February 

199 0 ,  whereas sess ions of November 1 9 9 0  have been corrected 

with a background reference obtained in January 199 1 .  

Images have been smoothed with the point spread function of 

the detector in order to improve the s ignal to noise ratio.  

Because the background correction was not perfect , source 

counts have been derived by subtracting the local mean in 

the image , defined at a d istance ( 2 . 5 mask elements )  at 

which the source contribution is expected to be negl igible .  

Errors quoted are obtained by taking the RMS dispersion in 

the deconvolved images . These are sl ightly larger than the 

statistical errors because of the imperfect background 

correction . 

Table 1 :  Average fluxes a t  6 0  and 100 keV ( in ph cm·2 s· 1 keV-1 ) 
estimated from the count rates in the first and second band , 
respectively . A photon spectral index of -1 . 5  was assumed for the 
conversion, but it is not critical since each energy is close to 
the center o f  the corresponding band . All sessions on a given 
source have been summed . 

Source Obs . time 60 keV flux 100 ::;==;� II 
II 

Cen A 5 6 2 0 0  6 . 3  ± 1 . 9  10-S 2 . 9  ± 0 . 8  10-S 

NGC 4 1 5 1  3 12 100 6 . 4  ± o . s  10-S 1 .  7 ± 0 . 3  10"5 

3 C  2 7 3  2 2 2 5 0 0  3 . 2  ± 1 .  0 10-S 1 .  7 ± 0 . 4  10-S 
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Table 2 :  SIGMA observing log and count rate ( 4 0-160 keV) for 
every individual observation o f  Cen A, NGC 4 1 5 1  and 3C 2 7 3 . 

I Date I 
13/07/90 

57900 s 

13/07/ 9 0  
1 6 3 0 0  s 

15/11/90 
4 6 4 0 0  s 

16/ 1 1/ 9 0  
4 4 7 0 0  s 

2 0/ 11/9 0  
5 9 3 0 0  s 

2 1/ 1 1/9 0  
8 7 4 0 0  s 

IF1+IF2 cts/s I = Date 
NGC 4 1 5 1  

0 . 14 ± 

0 . 2 8 ± 

0 .  2 1  ± 

0 . 19 ± 

0 . 14 ± 

0 . 10 ± 

-45 . 0  

0 . 05 15/06/90 
7 6000 s 

0 . 09 2 5/ 07/90 
4 2 2 0 0  s 

0 . 05 2 8/ 11/9 0  
4 6000 s 

0 . 05 2 9/ 1 1/9 0  
5 8 3 0 0  s 

0 . 05 

0 . 04 I Date 

I 2 4/ 07/90 
56200 s 

Equat . coord . ( 1 950 ) 
-44 . 0  -43 . 0  -42 . 0  

IF1+IF2 cts/s 
3C 2 7 3  

0 . 14 ± 0 . 04 

0 . 2 4 ± 0 . 08 

0 . 09 ± 0 . 05 

0 . 10 ± 0 . 05 

I IF1+IF2 cts/s 
Cen A 

I 0 . 2 3 ± 0 . 05 

1 3h36m 

1 3h30m 

1 3h24m 

1 3h1 8m 

-43 . 0  -42 . 0  -41 . 0  -40 . 0  

I 
I 

Figure 2 :  Ful ly coded field o f  view around Cen A .  The first two 
bands ( 4 0-160 keV) have been summed . The source is apparent at a 
position compat ible with that of the radio nucleus ( cross ) . The 
contour spacing is 1 a ,  starting at 1 .  



42 . 0 

39 . 0  

Equat . coord . C 1 9 5 EJ ) 

41 . 0  40 . 0  39 . 0  

38 . 0  37 . 0  36 . 0  

49 

1 1 h54m 

1 2hB0m 

1 2h06m 

F igure 3 :  Same as figure 2 for NGC 4 1 5 1 ,  summed over all 
sess ions . The source is apparent at a position compatible with 
the optical one ( cross ) . 

4 . 0  

Equat . coord . C 1 9 5 EJ ) 

5 . 0  4 . 0  3 . 0  2 . 0  

3 . 0  2 . 0  1 . 0 0 . 0  

1 2h1 5m 

l chc0m 

1 2h25m 

F igure 4 :  Same as figure 3 for 3C 2 7 3 . A 3a feature such as that 
in the upper right corner can happen in such an image from 
statistical fluctuations alone and may not be another source . 
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IV. DISCUSSION 
A. CEN A 

Cen A is the nearest active galaxy , and i s  intrinsically not 

very luminous ( about 7 1 041 erg s· 1 in the 3 - 1 0  keV range) 16' . It 

has been observed to be strongly variable 1 1 '  in hard X-rays , 

extending the well known X-ray variability 16> . our 1 0 0  keV flux 

o f  2 .  9 10·5 ph cm·2 s· 1 kev·1 i s  rather low, midway between that 

measured by HEXE 

observed by HEAO 

in 1987 and 1 98 8 , but much lower than that 

1 A4 9> We have unfortunately observed it 

successfully only once , and the sensitivity of S IGMA does not 

allow studies on time scales shorter than one day . 

The 1 0  keV flux observed by ART-P 1n is very low at 6 1 0 ·4 ph 

cm·2 s· 1 kev- 1 • The 1 0 0/10 keV ratio is indicative of a hard 

spectrum ( average slope - 1 . 3  in photons )  associated to thi s  low 

state . 

B. NGC 4 1 5 1  

NGC 4 1 5 1  i s  somewhat more luminous ( about 7 1 042 erg s· 1 in 

the 2 - 1 0  keV range) and i s  the best studied AGN . It i s  also 

strongly variable in X-rays 8• 18• 19>  and in hard X-rays 1 0• 1 1 > . Our 

average 1 0 0  keV flux of 1 .  7 10-5 ph cm·2 s· 1 kev·1 i s  again low, 

even lower than that measured by HEXE . However the 60 keV flux 

( from the first band) is sl ightly above HEXE ' s .  

The individual observations are mostly coherent around 0 . 15 

cts/ s ,  although the second one ( unfortunately very short) may 

have caught the source in a higher state . We have observed the 

source often enough to be reasonably confident that the flux we 

measure is representative of the average NGC 4 15 1  state . This 

argument is strengthened by the good agreement with the best 

previous observations of NGC 4 1 5 1  at 1 0 0  keV 1 0 • 1 1 > . 

During the November 1 9 9 0  observations ( that make up the bulk 

of the data ) , the 1 0  keV flux from ART-P was stable at about 

1 .  2 10·3 ph cm-2 s· 1 kev· 1 ( s l ightly higher than the average ART-P 

flux 1 7> that includes periods when SIGMA was switched off) . 

NGC 4 1 5 1  was therefore in a state very s imilar to that observed 

by HEAO 1 A4 in June 1 9 7 8 10 > ,  with a 100/10 keV ratio indicative 

of a - 1 . 8  ( photon index) average slope . 
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C. 3 C  2 7 3  

3 C  2 7 3  is intrinsically much brighter ( about 1046 erg s· 1 in 

the 2 - 1 0  keV range) 20> . Not surprisingly,  it is also less 

variable ,  and on longer time scales . Most hard X-ray measurements 

agree on thi s  source 1 1 ' ,  and our average 100 keV flux of 1 .  7 10·5 

ph cm"2 s· 1 kev·1 is compatible with the rest . The 10 keV flux from 

ART-P 17' is also at a typical value of 5 10·4 ph cm·2 s· 1 kev·1 • The 

100/10 keV ratio is indicative of a hard spectrum ( average slope 

-1 . 5  in photons) also typical of this source . 

Table 2 indicates that the source was about two times 

brighter in our second observation than in the other three . 

However the background correction is poor for this sess ion (as 

shown by the large error bar ) so that this is barely a 2 a 

e ffect . 

D .  GENERAL 

The three bright AGNs that have been discussed here may not 

be typical :  Cen A is very underluminous , and the other two have 

unusually hard (photon index -1 . 5 8·20' ) X-ray spectra in the 

2-10 keV band . Thi s  casts a doubt over any inference over the 

general behaviour of AGNs from observations of those three . 

However the SIGMA images confirm that they are sources of 100 keV 

photons . The fluxes derived are comparable to those obtained by 

HEAO 1 A4 and HEXE , and lower than most balloon observations . 

NGC 4 1 5 1  and 3C 2 7 3  were observed several times , with no evidence 

for flux variations larger than a factor 2 .  

Such results are not yet specific enough to tell us what is 

the AGN contribution to the XRB . Spectra o f  those three sources 

( that we are currently processing) in the SIGMA range will offer 

more relevant information , particularly in conjunction with the 

ART-P X-ray spectra . 
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Abstract 

We report early results on source counts and background based on 8 ROSAT PSPC 
pointings covering 2.6 deg2•  The integral source counts N(>S) flatten below 2 x 
10-14erg cm-2s-1 • In the 1 - 2 keV band the fraction of flux in resolved sources 
is 20 - 303. The spectrum of the resolved sources is similar to that of the remaining 
background in the 1 - 2 ke V range, both with a power law slope of -1.3. In the deepest 
pointing, centered on the North-ecliptic Pole (NEP), we find evidence of structure in 
the background on a scale of � 201• This may be evidence for structure in the universe 
at redshifts of � 1.  

1. Source Counts 

We have studied eight pointed PSPC observations with long integration times (8 -

49 ksec) selected from the ROSAT calibration and verification phase (see Hasinger et 

al. ,  1991). Observations were generally done in the 'wobble mode', where the spacecraft 

performs a linear dithering motion with a peak to peak amplitude of 61 diagonally to 

the PSPC support grid to minimize the imprint of the support structure on the sky. 

We concentrated on the inner part of the PSPC field of view, with a radius of 201, with 

almost uniform sensitivity and telescope resolution of around 25". A circle of radius 

2.7' around bright targetted X-ray sources was excluded from the analysis. The total 

surveyed solid angle is � 2.6 deg2• To maximize the sensitivity for source detection, 

we restricted the analysis to the energy band 0.5 - 1.6 keV. A global background map 
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was constructed from a smoothed image of each field after pixels containing brighter 

sources had been removed. A source was accepted if its probability of being produced 

by a background fluctuation was less than 4.54 x 10-5 (likelihood > 10), corresponding 

to 1 - 2 spurious sources in the surveyed area. The counts in a source were converted to 

an emitted flux in the 0.1 - 2.4 ke V band assuming a power law spectrum with energy 

index -1 and galactic absorption. 

� 0 � 
O" 

R O SAT M e d i u m  S e n s i tivity S u rvey 

Ill i o1 
L ID o_ 

ill 
/\ 

� 
z 1 0  0 

- 1 5 .0  - 1 4.5  - 1 4 . 0  - 1 3 .5 - 1 3.0 - 1 2 .5 Log S ( 0 . 1 - 2.0 keV) 
Figure 1 :  Integral N(>S) relations. Filled dots give the mea­
surements for the 184 sources, open circles and squares show the 
prognosis of Schmidt (1989) and Maccacaro (1990), respectively. 

A total of 184 discrete sources were detected in the flux interval 10-14 - 2 x 

10-13erg cm-2 s-1 •  Based on the distribution of background counts and hydrogen 

columns, we constructed a histogram of the surveyed solid angle as a function of limiting 

sensitivity. Since the faintest sources in our survey are detected from 10 - 15 photons, 

Poisson noise will have a substantial effect on the measured fluxes (cf. Schmitt and 

Maccacaro 1986). We have taken into account the net gain of the number of sources 

detected above a given limit as a consequence of the corresponding statistical errors in 

the measured flux (Eddington 1940). In taking this bias into account, we assumed that 

the differential N(S) relation can be described by the function 

N(S) = (Al · S2·4 + A2 · sa)-1 

For a set of trial values of the free parameters, we converted N(S) for each entry in 

the sensitivity histogram into a differential N(C) of the source photon numbers C. We 
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redistributed the photon numbers according to Poisson's law and derived the number 

of sources expected in each flux bin. We finally minimized x2 until the expected source 

distribution agreed with the observed distribution within errors, obtaining the following 

best-fit parameters: Al = 0.0033, A2 = 0.0165, a = 0 with a x;.dof 0.96. A fit with 

a single power law yielded an unacceptable x;.d of 2.54 and a slope of -2.0. While 

the fit was made on the differential N(S) distribution, we illustrate in figure 1 the 

integral N(>S) relation, together with the analytical fit. Also shown is a prognosis of 

source counts for ROSAT by Schmidt (1989) and a prognosis of AGN source counts by 

Maccacaro (1990) . The observed numbers are somewhat higher than predicted, partly 

due to the soft spectrum of the ROSAT sources (see below). The integral source count 

slope changes from -1.4 for sources above 5 x 10-14erg cm-2s-1 to around -0.9 at 

2 x 10-14erg cm-2s-1 • A similar change in slope in the prognosis by Schmidt (1989) is 

primarily due to strong flattening of the quasar counts, which is a consequence of their 

density peak at a redshift around 2. 

2.  Spectrum of Sources and Background 

The low PSPC background allows for the first time to compare the average spectrum 

of the resolved sources and the spectrum of the diffuse background measured with the 

same instrument. 

The average source spectrum was determined for every field by accumulating counts 

in a ring of radius 48" around every detected source and subtracting the average spec­

trum from the remaining pixels. This was compared to the total spectrum, integrated 

across the field (i.e. background plus sources), after the particle background, estimated 

from the highest energy channels, had been subtracted. Figure 2 compares the count 

rate spectra of sources and background for the NEP field. As in all other fields the av­

erage source spectrum is parallel within the errors to that of the remaining background 

above � 1 ke V. The statistical quality of the data and uncertainties in the particle 

background subtraction prevent a meaningful comparison above � 2 keV. Figure 3a 

(upper curve) shows a power law fit to the NEP average source spectrum, including the 

galactic absorption through a hydrogen column density of 3 .8 x 1020 cm-2• The mean 
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Figure 2: Raw spectrum of sources (filled circles), total back­
ground (open circles), blotch (crosses), and particle background 
in the NEP field. 

energy index of the average source spectra in the eight different fields is -1.3 ± 0.1 and 

the derived column densities are consistent with (or slightly higher than) the galactic 

absorption. 

The residual background spectra in all fields (except one in the direction of Loop I) 

can be fit with a combination of three components: (1) a power law spectrum of slope 

and absorption similar to the above source spectrum, (2) a very soft component of a 

temperature on the order of 40 eV (we used a black body, but due to the poor spectral 

resolution of the PSPC below 0.5 ke V we could not distinguish it from other spectral 

shapes), and (3) a monochromatic line at 0.5 - 0.6 keV. The latter component is the 

geocoronal oxygen line at 0.53keV and only observed during the sunlit phase of the 

satellite orbit. We compared the day and night background spectra and concluded that 

the daylight contamination is less than 53 above 0.9keV. Figure 3b shows the spectral 

fit to the NEP residual background spectrum and the contribution of the individual 

components. The mean energy index of the power law components of the background 

spectra in seven fields is - 1 .2 ± 0.1. 

The fact that the spectrum of the resolved sources is similar to that of the residual 

background at 0.5- 2 ke V, suggests that the steepening of the XRB in this energy range 
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Figure 3: (a) Photon spectrum of sources (upper curve), and 
blotch (lower curve) in the NEP field, (b) residual ba.ckground 
spectrum and its constituents (see text). 
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compared to the extrapolation from higher energies (Marshall et al., 1980; McCammon 

and Sanders, 1990) is due to extragalactic sources, while the excess diffuse galactic 

emission starts to dominate only below 0.5 keV. 

To obtain the fraction f of the total flux resolved into discrete sources in the 

energy range 1.2 - 2.0 keV, we added the estimated contribution of sources brighter 

than 2 X 10-13erg cm-2s-1 • The resulting values of f range from � 203 for the 

shallower fields to about 303 for the deeper fields. It should be kept in mind that 

both the detected sources and the remaining background include an unknown fraction 
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of galactic foreground - mainly from coronal sources. It is likely, however, that both the 

fraction of sources that are stars, and the fraction of the background that is galactic 

above 1 .2 ke V are small. 

3. Structure in the Diffuse Background 

The field observed near the North ecliptic pole for 49,200 seconds shows some patchiness 

in the 0.5- 1 .6 ke V background. Figure 4 shows a contour plot of the background in this 

field, after the detected sources were replaced by the content of the global background 

map. In the north-eastern part of the image a 'blotch' of X-ray emission with a diameter 

of � 20' is visible, with a maximum surface brightness of 3.4 x 10-4cts s-1arcmin-2 ,  

a factor of � 1 .  7 brighter than the darkest features t o  the south-west of the map. The 

crosses in figure 2 show the raw X-ray spectrum of this feature, very similar to the 

average source spectrum. In particular, the blotch spectrum shows the same effect of 
galactic absorption as that exhibited by the sources. A power law fit yields an energy 

index of -1 .2 ± 0.3 (see figure 3a) . 

An angular autocorrelation function (ACF) of the form 

ACF(r) = <(I(R)-<I>�-}�:i+r)-<I>)> 

was calculated, where I(R) is the number of photons in each pixel R and the brackets 

<> denote an average over the whole field (see also Barcons and Fabian, 1989). Figure 5 

shows the ACF for the NEP field. It exhibits a significant signal with an e-folding angle 

of �300", becomes negative at �500" and asymptotically approaches zero at �1300" . 

We analysed the data in two halves of �25000s exposure and detected the structure in 

each set separately. 

We performed exactly the same analysis on a flat-field image in the same energy 

band, constructed from a comparable number of photons from the all-sky survey in 

detector coordinates. The open circles in figure 5 show the flat-field ACF, which, apart 

from a slight decay due to the vignetting function of the mirror, does not show any 

significant correlation. We also calculated an ACF for the image in the soft energy 

band (0.1 - 0.3 keV) which does not show any correlation. Finally, in order to investi-
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Figure 4: Contour plot of the residual background 
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gate whether the NEP signal could be spuriously produced by the Poisson statistic of 

a small number of unresolved objects below the threshold, we performed as realistic a 

simulation as possible, drawing randomly distributed sources from approximately the 

observed N(S) function extrapolated a factor of 100 below the actual sensitivity thresh­

old. The resulting ACF shows some noise, probably due to unresolved sources below the 

detection threshold, but with a much smaller signal and a completely different angular 

dependence. These findings are further supported by the fact that in the five other 

fields suitable for study of the background we could not detect any structure. In one 

other case, we detected structure reminiscent of the NEP field, however, two relatively 

bright sources are superposed close to the center of the feature. 

We finish with a brief and necessarily speculative discussion of the nature of the 

'NEP blotch', using its angular size, surface brightness, integrated flux and spectral 

signature, as well as a first inspection of the Palomar Sky Atlas. A galactic origin 

of the 'NEP blotch' is unlikely. If the structure were produced by cold galactic gas, 

i.e. a variation in the galactic neutral hydrogen absorption along the different lines of 

sight, the variation in surface brightness of almost a factor of 2 would require relatively 
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Figure 5 :  Angular autocorrelation function of the NEP (solid 
circles) and the llatfield image (open circles). 

large changes in column density. In this case the difference spectrum between obscured 

and unobscured areas would be expected to be much softer than the average spectrum, 

which is not the case. The absorption in the blotch spectrum, yielding a lower limit to 

the distance of several hundred parsec, as well as the complete absence of this structure 

in the carbon band makes an origin in the local diffuse galactic background unlikely. 

In discussing an extragalactic origin of the NEP blotch, we assume H0 = 50 km s-1 

Mpc-1 •  If it is a galaxy of size 10 - 40 kpc and say M = -19, then its apparent 

magnitude would be m = 7 - 10, but inspection of the Palomar Sky Atlas shows no 

galaxies brighter than about m = 16. If the NEP blotch is a cluster of galaxies with a 

size of 1 Mpc, the typical brightest galaxy of M = -23 should show at m = 14 which 

is still brighter than we observe. Also, no cluster of galaxies at such a small redshift is 

known at this position (from the EXOSAT database); inspection on the Palomar Sky 

Atlas prints shows no cluster of galaxies. 

If the NEP blotch corresponds to a supercluster of diameter in the range 7 -

11 Mpc, then the redshift can have any value in the range z = 0.3 - 3. For a blotch 

flux of around 10-13erg cm-2s-1 , the X-ray luminosity would be in the range 1044 -

1046erg s-1 • If most of the extended X-ray flux is contributed by, say a hundred objects, 
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then depending on the actual redshift these could be star-forming galaxies or AGNs. If 

this explanation is correct, X-ray observations may yield important information on the 

nature and evolution of superclusters at large redshifts. 
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ABSTRACT 

The main purpose of this paper is to propose a unifying model for 
X-ray and gamma-ray backgrounds based on AGN emission 

First the link between Active and Inactive Galactic Nuclei is 
examined in the framework of the accretion model for AGN. According 
to several recent works, currently inactive galactic nuclei must harbor 
massive black holes with an average mass of a few 107 M 0 .  Only a small 
fraction ( 1  % ) of these black holes are in an active phase, in the local 
Universe as well as at moderate redshifts (z = 2-3). It means that a large 
fraction of the building up time of black holes is spent in an 
"unobservable phase" at a high redshift. 

Two assumptions are then made, whose reliability is shown to be 
acceptable :  J .  AGN are giving the soft gamma-ray background; 2. the 
gamma-ray spectrum of progenitors black holes is the same as that of 
A GN themse Ives . It is then found that black holes can easily account for 
the observed (hard) X-ray diffuse background, while local AGN can 
account for the gamma-ray background. 

Finally heating of the Intergalactic Medium by g amma-rays 
emitted at high redshift is  discussed. The IGM is heated at a high 
temperature (about 3 I 05 K), even if it contains all baryonic matter of 
Universe. However the temperature drops at low redshifts (< 5) so it is 
not sufficient to account for the Gunn-Peterson test, and an additional 
mechanical or radiative heating mechanism is required. 
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I. INTRODUCTION 

In spite of its ambitious title, which could be summarized as "AGN, 
IGN, XRB, ORB, and IGM", this paper does not intend to be an exhaustive 
review of the hundreds, or even thousands of pages, written on all these 
subjects. It only aims at giving a few qualitative ideas on a possible link 
between them, part of these were published in a recent paper (Collin­
Souffrin, 1 99 1 ) . The main new idea of the present paper is  the 
suggestion of a connection between X-ray and gamma-ray diffuse 
backgrounds. Heating of IGM due to the diffuse background is also 
discussed, and it is shown that the IGM reaches a temperature of a few 
I 05K at high redshifts if Q(IGM)=0.01 ,  but the temperature decreases at 
low redshift and is not sufficient to account for the Gunn-Peterson test 
at z - 4. 

The following section will be devoted to a discussion of the 
connection between Active and Inactive Galaxies, based on recent works 
concerning AGN evolution. The conclusion is that a majority of Inactive 
Galaxies with mass and luminosity comparable to or larger than our own 
Galaxy must harbor a massive black hole in their nuclei. Since a l arge 
fraction of these black holes are not active presently, nor at a moderate 
redsifts 2-3, they must have grown emitting some radiation at high 
redshifts and have then been "switched off" . In the third section, I will 
make the hypothesis that they were all radiating down to a redshift of 
the order 5 a gamma-ray spectrum similar to the observed diffuse 
gamma-ray background:  the observed X-ray background in the range 
1 0- 1  OOke V is then well accounted by these black holes, while the 
gamma-ray background is due mainly to local AGN. Finally the heating 
of Intergalactic Medium by the high redshift gamma-rays is briefly 
discussed in the last section. It is not clear that it is always correctly 
handled by people concerned with thermal equilibrium of IGM. 

II. AGN, IGN AND MASSIVE BLACK HOLES 

If quasars and AGN are fueled by accretion onto massive black 
holes, as it is generally admitted (Rees, 1 984), it is possible to determine 
the total mass accumulated in black holes per covolume unit using the 
observed quasar counts (Soltan, 1 982). This method does not depend on 
any assumption on H0 and q0, nor on the rate at which black holes are 
accreting (their "Eddington ratio", i.e. their bolometric to Eddington 
luminosity ratio, must not be specified). Soltan found a density of about 
5 1 0 1 3  M 0 / G p c 3 ,  and this value is increased to 2 J0 14  M 0/ G p c 3 b y  
more recent determinations (Padovani et al,  1 990). The mass is 
dominated by quasars at an average redshift of about 2. The problem is 
to find out how this mass is  distributed among galaxies in the local 
Universe and which proportion of time this mass is spending in an 
"active phase" . 
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The similarity of the luminosity functions of distant quasars and 
local Seyfert strongly suggests a luminosity evolution (Mathez, 1 976, 
Schmidt and Green, 1 983) at least in a statistical sense; i.e. the number 
of active galaxies stays a small fraction of the number of bright galaxies, 
but their integrated luminosity decreases by about two orders of 
magnitude from z = 2 to z = 0. A very natural idea would be that each 
quasar has dimmed down monotonically, giving rise to a less luminous 
AGN, namely a Seyfert galaxy. In this case Seyfert galaxies should 
harbor all black holes required to account for the past quasar 
luminosity. However this explanation does not hold, both because it 
would imply extremely large masses in the nuclei of local AGN ( I O l l M o  
or more), and because the total mass of local AGN per covolume unit 
should be equal to the mass of past quasars, which is far from being the 
case. Let us summarize the discussion given in a series of papers by 
Cavaliere et al (Cavaliere et al, 1 98 5 ,  1 98 8 ,  Cav aliere and 
Padovani, 1 988,  1 989).  

The mass of individual black holes can be determined, either by 
fitting AGN continua in the near UV range with accretion disk emission, 
or by a dynamical method, amounting to studying the velocities of the 
broad line region and assuming that it is near gravitational binding. Both 
methods give about the same result: the mass of low luminosity (and 
therefore local) AGN, with Lbol i 1045 ergs/s, is about one order of 
magnitude smaller than the mass of high luminosity ones (therefore 
high redshift ones), with Lbol - 1 04 7 ergs/s . In other words the 
Eddington ratio Lbo t l L Ectd is smaller in Seyfert than in quasars. 
Quallf}tfvely one gets from a mixture of both methods REctd = LboJ/LEctd 
- M9 , where M9 is in 109M 0 (Collin-Souffrin and Joly, 1 99 1 ) . It is 
difficult to disantangle the influence of redshift and luminosity in these 
studies, although Padovani ( 1 988) favors an absence of correlation 
between z and the Eddington ratio. At least one does know that the 
Eddington ratio is a few 10-2 locally. 

The total mass of black holes in AGN per unit volume in the local 
Universe is then computed (Padovani et al, 1 990). This mass is found 
smaller than the quasars mass by at least two orders of magnitudes. It 
means that 99% of the mass of past quasars should be archived in nuclei 
of inactive galaxies. 

Another way of reasoning is to consider the different possible 
activity patterns in relation with the local Eddington ratio or L/M value. 
Since statistically the luminosity decreases with time, while the mass 
goes on increasing, "the longer the activity lasts in each nucleus the 
smaller will be L/M locally, the shotter is the activity, the more 
numerous will be the generations of AGNs required to reproduce the 
statistically conserved number of objects" (Cavaliere et al, 1 988). On this 
basis Cavaliere and Padovani ( 1 988,  1 989) showed that the local 
Eddington ratio is compatible only with a short lived activity (cumulated 
time - 1 0s years), implying that all galaxies with L < a  few I O- I L *  have 
been involved in the activity process and contain a massive black hole. 
The fact that black holes become "inactive" at low redshifts, except 
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during short periods of time, is  naturally explained if their activity is 
triggered by mergering, which should take place mainly at high 
redshifts, especially in a hierarchical scenario. 

Several confirmations of this conclusion can be given. First it is 
well known that a weak Seyfert activity exists in a large fraction of 
galaxies, the so-called LINERS in particular, and could be due to a 
massive black hole accreting at a very low rate (cf. for instance 
Filipenko, 1 988) .  Second, recent dynamical studies have shown the 
presence of large non-luminous mass concentrations, of J 07 - J08M o in 
the nuclei of otherwise inactive galaxies such as M3 l and M32, or even 
of larger masses - 1 0 9 M0 as in M l 04 . The Galactic centre may also 
harbor a black hole of 3 - 5 J06M 0 .  

Therefore a large fraction o f  the mass o f  local black holes, 
representing more than 100 times the mass of local AGN, is  built at a 
high redshift > 3. Adapted from Cavaliere et Padovani ( 1 989) the mass 
distribution of local black holes in the range 3 106 M0 to J 09 Mo i s :  

1 0 1 3  
N(M) = M2 ( 1 )  

where M is the mass of the hole expressed in solar mass and N(M) the 
number density of holes per mass interval also expressed in solar mass. 
The integrated mass is  - 6 J OI 3 M0 Gp c -3 ,  and more probably -
2 1 0  1 4  M 0 G p  c - 3  to take into account the faint and high ends of the 
mass distribution. The average hole mass < M > is equal to 3 J07M 0 (in 
fact it is slightly larger if one takes into account the bending of mass 
distribution). It is interesting to note that < M > is equal to the average 
mass of Seyfert nuclei determined by Padovani et al ( 1 990). This 
agreement indicates that Seyfert activity is  indeed a short lived 
phenomenon affecting all currently inactive galaxies. 

We have now to ask what time it takes for the holes to grow and 
what is the amount of energy radiated during this growth . 

It is difficult to imagine that the holes were not emitting radiation 
at a high rate during their growth, namely with a mass-energy 
conversion efficiency Tl - 0. 1 .  Even if the black holes are accreting only 
stars (which is unlikely at high redshifts), these stars are disrupted 
through the Hills mechanism, and finally it is always expected that the 
efficiency is determined by high energy plasma processes in the 
immediate vicinity of the hole, and is constant and close to the canonical 
value of 0. 1 (Rees, 1 984). So the energy radiated during the growth 
should be of the order 0. 1 Mc2 , i.e. - 2 J067 ergs Gpc-3 .  The energy 
emitted in the subsequent phase at low redshift is smaller. 

The time left for black holes to grow is very short, since it is 
smaller than the time between the onset of growing and z - 3. Turner 
( 1 99 1 )  estimated that the density required to fuel the holes should be at 
least J 0-211 - 2 M 0/pc 3 . It implies large overdensities relative to the 
cosmological mean, and large radii of the fuel reservoirs. So the onset 
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cannot take place before the formation of deep potential wells and it is 
clear that the holes must be built with large accretion rates. 

The largest accretion rate for a radiating object is the critical rate 
corresponding to the Eddington luminosity. At this rate, the growth of 
black holes takes place in a time tgr = TJ tE ln(Mfin/Min), where Min and 
M fin are respectively the initial and final masses of the black holes, and 
tE is the so-called Eddington time, equal to 4 J 08 years. Starting from a 
few solar masses, the building up time of a massive black hole should 
therefore be of the order of 5 J 08 years, and is not much smaller than 
the age of Universe at z - 5. The growth of black holes should therefore 
take place during a large range of redshifts. Moreover the onset cannot 
be instantaneous for all holes, and the initial dispersion should be 
reflected in the final distribution of masses at a given time. 

III. XRB and GRB 

III. 1 :  Present status 

The present status of the XRB has been summarized in de Zotti's 
talk at this same meeting. Let us recall a few points. 
- In the range 0.5 to 3 .5keV the XRB spectrum is consistent with a 
power law of slope 0.7 with a steep rise at lower energy. The intensity is 
larger than given by a simple extrapolation from larger energies. This 
spectrum can be accounted for by a mixture of contributions from AGN, 
clusters of galaxies, and/or star-forming galaxies. 
- In the higher energy range 3 - I OOkeV the spectrum is well described 
by the expression F(E) = 5 .6 (E/3keV)a exp(-E/W) keV/(keV cm2 s sr), 
with a = - 0.29 and W = 40ke V (Marshall et al, 1 980). It excludes a 
dominant contribution both from local AGN whose spectrum is different 
in this band (a =- 0.7, Mushotzky, 1 984, Rotschild et al, 1 983), and from 
clusters of galaxies whose spectrum corresponds to a =- 0.4 and W = 
7keV. It is the well-known " spectral paradox" displayed by the XRB 
(Boldt, 1 987). The problem is still not solved, in spite of several recent 
studies giving a better account of the contribution of quasars and galaxy 
clusters and of other possible sources of radiation such as normal 
galaxies (Schwartz and Tucker, 1 98 8, Fabbiano, 1 989, Fabian, Canizares 
and B arcons ,  1 989, Canizares and White, 1 989, Persic et al, 1 989, 
Griffitths and Padovani, 1 990). The 23rd ESLAB meeting in B ologna 
( 1 989) was partly devoted to the study of the contribution of AGN to the 
XRB, but neither models of an AGN spectrum dominated by a high 
energy "reflection hump" (Fabian et al, 1 990) nor the possibility of a 
large number of "hidden" quasars with a low energy cut-off (Setti and 
Woltjer, 1 990) seem able to circumvent easily the problem. 
- The shape of the residual XRB , once the estimated contribution of all 
known X-ray sources is subtracted, is controversial. While a majority of 
authors adopt a fit with an optically thin bremsstrahlung and T = 40keV, 
(Marshall et al, 1988), Subrahmanian and Cowsik ( 1 989) find a better fit 
with T = 60ke V, significantly hotter than previous estimates. Also, 
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precise determinations of the contribution of point sources argue for a 
flatter spectral shape in the 1 0-30keV range with -0.2 < a <  0. (Lei ter 
and Boldt, 1 982, Giacconi and Zamorani, 1 987, Boldt, 1 987) instead of a 
- 0.3. We shall assume here that the background in the range I0-40keV 
is due to a fraction of radiation from known discrete sources, decreasing 
from 20% to 0%. 

The relatively good agreement of the hard XRB spectrum with an 
optically thin thermal bremsstrahlung has spurred a great deal of work 
on the emission of a hot IGM (Cowsik and Kobetich, 1 972, Field and 
Perrenod,  1 977,  Guilbert and Fabian,  1 9 8 6 ,  B arcon s ,  1 9 8 7 ,  
Subrahmanian and Cowsik, 1 989, Taylor and Wright, 1 989, Lah av, Loeb 
and McKee, 1 990). In order to radiate efficiently, the IGM must be 
heated to T - J09K at a high redshift z - 4-6. It then cools mainly by 
adiabatic expansion. 

It  is  now well known that this model does not satisfy the 
constraint put by the recent COBE data, which have shown that the 
distortion of the cosmic background in the 500µ region is very small, 
and implies a Compton "y parameter" smaller than 0.001 (Mather et al, 
1 990), while the value predicted by the hot IGM is y=0.02. Although a 
clumped IGM can suppress the discrepancy and at the same time can 
explain the low energy part of the XRB, it cannot account for the 1 0-
l OOke V spectrum (Loeb and Ostriker, 1 9 9 1 ) .  So one is led to the 
conclusion that the 10-IOOkeV XRB must be emitted by unknown non 
local (since otherwise they should be observed) discrete sources. 

The origin of the low energy GRB in the range 0.5 - 5MeV, is  also 
not clear. The spectrum is characterized by a conspicuous bump at about 
2MeV. Below this value, the distribution is a power law with a spectral 
index close to 0.5; above 2Mev the spectral index is larger. One 
attractive model for this background is a dominant contribution from 
AGN, whose spectrum could have the same characteristics as the GRB -
spectral index equal to 0.5, and break at a few MeV (Bignami et al , 
1 979, B assani and Dean, 1 983,  1 984, Yu, 1 987, Gao et al, 1 990, 
Mereghetti, 1990). Unfortunately only 2 AGN, possibly 3 (including MCG 
8. 1 1 . 1 1  whose detection has still not been confirmed by Sigma), were 
observed so far in this range, so other observations are urgently needed. 
Also the spectral distribution in v·0.5 of NGC4 1 5 1  and 3C273 in the band 
I OOkeV - l MeV has still not been confirmed by SIGMA, owing to its 
poor sensibility in this band (J.Ballet's talk in this meeting). 

III. 2: The proposed model 

It was suggested almost a decade ago (Leiter and Boldt, 1 982, and 
later papers, Boldt and Leiter, 1 984,1 986, Boldt and Leiter, 1 987, Boldt, 
1 987, Zdiarski, 1 988) that "precursors" of AGN (PAG) were emitting 
mainly in the low energy gamma-ray band, and could explain the 
diffuse X-ray background. When Boldt and Leiter proposed this model, it 
was TI0f r:lf".�r th�t non-aCfiVP n '.l l '!l v 1PC' 'l l "° n  h'.lrhnor ft"\ '1 C' C' f \fP h]'.lrolr hnl.a .. •  ,.. 



69 

their nuclei, so they relied on the holes ex1stmg in local Seyfert galaxies 
for this. They suggested that the spectral distribution of these PAG was 
mainly of thermal origin (Comptonized bremsstrahlung). 

In the present paper two different hypothesis will be made: 
1 .  AGN are giving the soft gamma-ray background; 
2 .  the gamma-ray spectrum of progenitors black holes is the same as 
that of AGN. 

The first hypothesis is acceptable, as shown before. It will serve as 
a guide-line to specify the gamma-ray spectral distribution, since 
informations on AGN emission are so scarce. The second hypothesis is 
also quite natural, since the same processes take place in the 
environment. of the black holes progenitors as of AGN themselves. 

The total background intensity radiated in the range 10- IOOkeV 
can be estimated : 

I 1 0 - 1 ookeV - 2 I0-7 ( l +z)4 ergs /(s cm2 sr) ( 2 )  

i f  i t  i s  radiated a t  a redshift z .  Note that the spectrum a t  emission i s  
harder b y  a factor ( 1  +z). This number has to b e  compared t o  the total 
amount of energy radiated by the black holes, 2 1 067 ergs Gpc- 3 
(covolume), which corresponds to an intensity: 

c 
I= 41t 1 . 2  I0- 1 5  ( l +z)3 ergs /(s cm2 sr) ( 3 )  

I t  is striking that these two intensities compare a t  z - 5-/0, t h e  
redshift a t  which the bulk of black holes should have grown and have 
been switched off. 

AGN models of the GRB are generally based on the AGN luminosity 
function in the X-ray range extrapolated in the low energy gamma-ray 
range. Since the purpose of this paper is not to discuss in detail the GRB, 
but only to show how it relates to the XRB , the gamma-ray luminosity 
function of AGN is not considered in detail: a non-evolving population of 
emitters is assumed, whose flux level is fitted to that of the gamma-ray 
background. This assumption is consistent with the fact that the X-ray to 
optical luminosity ratio decreases with increasing luminosity (Lx a 
Lopt0 . 8 ), so the gamma-ray background, if it is linked to the X-ray, may 
be dominated by faint, local AGN. 

The spectrum emitted by AGN and by progenitor black holes is 
then parametrized by: 

(4)  

where Cl x  and Cly are the spectral index respectively in  the hard X-ray 
(hv > l OkeV) and in the gamma-ray range, and Ebreak is the energy of 
the hre::.k PL---L �hnnlrl hP rln"P tn tho onoT"nu nf thP hn ............ : ... .......... 
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gamma-ray background. Although the average spectral index in the X­
ray range is a. x = 0.7, one can safely assume a flatter spectrum in the 
soft gamma-ray range, since the background should be dominated by 
the most intense emitters. 

To determine the flux level of the black hole emission, we assume 
that a large fraction of their bolometric luminosity is radiated in the 
range 10 keV - Ebreak (for the 3 AGN observed so far, this proportion is 
larger than 50%). The problem is to know how this emission is 
distributed in time. It is linked with the growth of perturbations and the 
formation of " seed black holes" .  To avoid this discussion, which is 
postponed to a future work, we assume simply that injection of black 
holes takes place at a uniform rate between Zinit and Zfin , and that these 
black holes are radiating at their Eddington luminosity. So the only 
constraint is given by the amount of radiative energy available at Zfin , 
i.e. 1 .2 I Q- 1 5 ergs cm-3 (covolume). 

A satisfactory model is obtained for the following parameters :  Q = 
1 ,  Ho = 75, O. x = 0.5, a. y= 3, Ebreak= 500keV, Zinit = 24 and Zfin = 5 :  it is 
clear that other combinations of these parameters could lead also to 
satisfactory results. 

1 0' 

1 0·3 
1 01 

\ 
\ 

102 1 03 
E (keV) 

Figure 1:  Computed and observed X-ray and gamma-ray background 
for the model whose parameters are given in the text. Dashed lines: 
separated contributions of black holes and AGN. Full bold line: fit of the 
observations by Marshall et al. Full thin line: computed spectrum 

The computed spectrum in displayed on Figure I ,  where the 
contributions of black holes and of AGN are separated. The observed 
background is also shown. In the 5 - l OOkeV range, Marshall's et al 
( 1 983) fit to the observed background is used. In the range 5-40keV a 
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small contribution is allowed for known discrete sources: it can be 
reduced, or even suppressed. 

This very simple model gives therefore a good agreement with 
the diffuse background on three decades of magnitudes. An interesting 
implication of the model is that another important contribution to the 
diffuse background is expected near I µ, if the similarity between black 
hole and AGN spectral distribution extends in other spectral bands, in 
particular in the UV band (the so-called "UV-bump" of AGN). 

To test this model it would be necessary to get some information 
on the evolution of the X-ray and gamma-ray spectrum of high redshift 
quasars, in particular at the faint end of the luminosity function, where 
they will dominate the XRB, and where they are presently completely 
unobserved. It is also clear that any detection of a kind of "black hole 
activity" in inactive galaxies, and further determination of the mass 
setting in galactic nuclei, which could be envisioned with the Space 
Telescope, would be a major improvement in our understanding of the 
problem. 

IV. HEATING OF THE INTERGALACTIC MEDIUM 

If the diffuse X-ray background is emitted at high redshifts as a 
gamma-ray background, and independently of the origin of this 
background (discrete sources, or diffuse radiation), the intergalactic 
medium will be rapidly heated and ionized by Compton scattering and 
subsequent thermalisation of high energy electrons (Collin -Souffrin ,  
1 99 1 ) .  The heating process takes place even i f  the IGM was still cold 
and neutral before the emission of gamma-rays, and if it contains all 
baryonic matter of Universe. 

In the previous scenario of black hole origin of the X-ray 
background, the heating takes place immediately after the onset of 
emission of black holes. So it can play an important role, in particular as 
a "fit-back" in the formation of galaxies.  Another problem is to 
determine if the heating is sufficient to explain the Gunn -Peterson test 
at z - 4, when the quasar population is unable to provide enough 
photoionisation flux to account for the high level of ionization of IGM. 
This topic was addressed by P. Shapiro in another talk, but since it was a 
subject of controversies some comments concerning cooling processes at 
high redshifts are added here. Moreover the problem seems to have 
perhaps been misunderstood in previous works. 

In the present model, IGM is heated by Compton scatterings of 
high energy photons on electrons, either free or bound in atoms. This 
process creates a population of high energy electrons which are rapidly 
thermalized and heat the medium. In addition to adiabatic cooling, two 
processes contribute to the cooling: inverse Compton cooling on the CRB, 
and cooling due to radiation losses, consisting in collisionnally excited 
bound transitions of He and H, recombinations and free-free transitions.  

If the heating is provided by a mechanical process (shock waves, 
cosmic rays . . .  ), or by high energy photons, as it is the case here, the 
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medium is heated at a temperature which, for a given ionization degree, 
is higher than in the case of radiative UV heating. In other words the 
ionization degree is relatively low at high temperature. It has the 
important consequence that the medium is optically thick at the Lyman 
limit and in the soft X-ray range, so that any radiation emitted in this 
range is reabsorbed "on the spot", and cannot contribute to the cooling. 
Resonance line cooling is also inefficient. These lines are indeed 
reabsorbed on the spot, either if the line optical thickness corresponding 
to a shift i\zo = i\vo/v (i\vo = the thermal width) is larger than unity, or if 
these lines have an energy larger than 1 3 .6eV. 

Therefore if the medium is optically thick, only recombinations 
onto excited levels of H and He, and the fraction of free-free transitions 
with hv < 1 3 .6eV, lead to a real emission of radiation. However 
subordinate lines resulting from collisional excitations off the ground 
level followed by subsequent degradation of photons contribute to the 
cooling (such as Ha which is emitted necessarily after a few diffusions of 
L f3 or higher Lyman lines, or the transition 1 0320A occuring after 
collisional excitations of the ground level of Hel). An error in Collin­
Souffrin ( 1 99 1 )  was to neglect this last term, which represents less than 
10% of the whole collisional cooling, but is however sufficient to act as a 
strong thermostat (owing to its exponential dependence in T) if the 
density of IGM is large (however, after having read several papers 
discussing the thermal equilibrium of IGM at high z, I got the impression 
that at least some authors make the opposite error, in considering all 
collisional excitations and recombinations as contributing to the cooling). 

To ill ustrate this discussion, Figures 2a, 2b and 2c display the 
temperature and the different cooling rates as functions of redshift, for 
the previous model, with Q (IGM) = 0.01 and Q (IGM) = 0. 1 .  The model 
with Q(IGM)= 0.01 considers all collisional excitation cooling of H and He, 
so it underestimates slightly the temperature. Two different 
computations have been performed for Q (IGM)= 0. 1 :  one including all 
collisional excitations (Fig.  2b),  and one including only the 
recombination, free-free, and HI subordinate line coolings (Fig. 2c). The 
second case is probably closer to reality. 

As can be seen on Fig. 2a, for n (IGM) = 0.01 the cooling rate is 
entirely dominated by inverse Compton at high redshifts, and by 
adiabatic cooling at low redshifts. The temperature is very high 
immediately after the onset of heating (3 J05K),  but decreases rapidly, 
to reach 2 1 04 K at z = 5 .  Such a temperature cannot account for the 
Gunn-Peterson effect, which requires T > 8 J 04K at z = 4 for Q (IGM) = 
0.01 (Collin-Souffrin, 1 99 1  ). 
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Figures 2a to 2c:  Temperature and cooling rates. Full bold line: 
temperature. Full thin line: total He and H cooling. Dotted-dashed line: 
recombination and free-free cooling. Large d ashed line: adiabatic 
cooling. Dotted line: subordinate HI cooling. Small dashed line: inverse 
Compton cooling. 

In the dense IGM with n = 0 . 1 ,  the problem is quite different. 
Cooling is dominated by radiation if all collisional excitations are taken 
into account (Fig. 2b), but it is not the case if only recombination, free­
free, and subordinate line cooling are taken into account (Fig. 2c). To 
show that resonance line cooling and a large part of free-free and free­
bound cooling are indeed negligible, Figure 3 displays for the same 
model two important optical thicknesses as functions of z for the 
O(IGM)= 1 case: the optical thickness per redshift unit at the Lyman 
limit, and the optical thickness at the Lo: center, corresponding to �zo . 
Both optical thicknesses are much larger than unity, so all radiative 
processes can be neglected, except a small proportion of the free-free, 
bound-free and s ubordinate line cooling. In this case, the temperature 
reached by IGM is also of the order of 3 1Q5 K, but again it decreases 
rapidly with z and the Gunn-Peterson test cannot be satisfied at low 
redshifts, since it requires T > 2 J 05K for n (IGM) = 0. 1 at z = 4. 
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Figure 3: Optical thickness versus redshift. Large dashed line: optical 
thickness at the La center for � z n . Full line: optical thickness at the 
Lyman limit per redshift unit. 

V. CONCLUSION 

Perhaps . . . . 
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Abstract 

We study the possibility of detecting halo cold dark matter through the annihi­
lation process XX -+ TY· This process produces monoenergetic ")'-rays, and may be 
a clear signature of particle dark matter. If there is a closure density of photino -
so far a favoured candidate - we show that it will be very difficult to observe this 
annihilation line from a satellite or space station borne experiment. On the contrary, 
triplet neutrinos which have recently been suggested as a plausible solution to the 
dark matter conundrum, whilst elusive at accelerators, should produce a clear ")'-ray 
line signal, well above background. 

1 - The CDM annihilation 1-ray line signal. 

There is a considerable interest in the possible detection of dark matter [1] through as­
trophysical observations as well as terrestrial observations [2,3]. If dark matter is made 
of massive, weakly interacting particles, one of the best indirect signatures would be the 
detection of annihilation products of these particles [4] . It has been recently suggested 
[5,6,7] that if particles in the mass range 1 GeV to 100 GeV pervade the halo of our 
Galaxy and if these species self-annihilate, as most of the potential candidates do, then 
monoenergetic ")'-rays should be observed when the cold dark matter particles annihilate 
directly into two photons. The energy of these ")' 's is very nearly equal to the mass of the 
(non-relativistic : v / c � 10-3) parent particles. Very narrow ")' lines in the range 1 Ge V 

t On leave of absence from LAPP, BPllO, 74941 Annecy-le-Vieux Cedex, France and from Universite 
de Chambery, 73000 Chambery, France. 
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to 100 GeV would provide a clear signature for dark matter annihilation, if they stand out 
above the background. 

We · assume that the dark matter halo of our Galaxy is nearly spherical and nearly 
isothermal. Then, the dark matter density varies with the distance r to the galactic 
center as : 

a2 + r2 
p(r) = P0 a2 + r� , (1) 

where p0 is the dark matter density in the solar neighbourhood and a is the core radius. 
We consider the annihilation process XX -+ 'Y'Yi the cross-section for which is u2.,. The 
mass of the dark matter species x ranges from 1 GeV to 100 GeV according to specific 
models, whereas their mean velocity in the halo is v � 300 kms-1• The energy E., of 
the outgoing ;'s is therefore practically equal to the particle mass mx · The number of 
photons received at a detector in the solar system, from pair annihilations taking place at 
a distance R and in the direction defined by galactic latitude b and longitude I is (8] : 

F 
u2-, v 1"" [p(R, b, 1)] 2 

dR -2 -1 -1 = -- ---- cm s sr 
411" o mx 

(2) 

when summed over the distance R. This expression may be evaluated analytically and at 
high galactic latitudes (b � 90°) - for which the galactic diffuse background is expected 
to be the faintest - the flux reduces to : 

F � <T2-,v ( P0 ) 2 
a )l + A2 

' 16 mx 
(3) 

where A denotes the ratio r0/a. Taking p0 = 0.4 GeV cm-3 and a � r0 � 8 kpc, and 
assuming a typical value of u2-,v � 10-30 cm3 s-1 for the ;-ray pair annihilation cross­
section, we find that a detector of 1 m2 sr effective area, such as ASTROGAM or HR-GRAF 
(9], will collect N1ine photons of energy E., = mx per year, where : 

( 1 GeV) 2 Nline � 110 photons � 

2 - The various I backgrounds. 

(4) 

There is no measurement of ;-ray fluxes in the Ge V-Te V energy range, so we must extrap­
olate from lower energy data. There are many different sources of background ; photons. 
The ;'s from the decay of 1!"0•s produced by collisions of cosmic ray protons with the inter­
stellar medium are probably the dominant source of galactic background at energies larger 
than 1 GeV (10]. Bremsstrahlung ;'s from cosmic ray electrons should be negligible above 
1 Ge V as well as the inverse Compton emission resulting from the interaction between 
ultra-relativistic electrons and the electromagnetic field of the galaxy. From the known 
distribution of cosmic ray protons, one expects a flux [11] : 

( ) 2.7±0.3 dNgalactic S X l0-7 h t -2 -1 -1 G y-1 1 GeV 
dE � p o ons cm s sr e � ., ., 

(5) 



79 

at high galactic latitudes, and a correspondingly larger flux in the galactic plane. 

The extra-galactic background is not well known, and different analyses do not agree 
on the extrapolation of COS-B and SAS-2 measurements to energies larger than 1 GeV 
[12]. Since it may drop sharply above 1 GeV, we do not consider it any further, but keep 
in mind the possibility that it could be of the same order of magnitude as the galactic 
background. 

Dark matter provides its own background when it annihilates into fermion-antifermion 
pairs, which give 1-rays among their decay and annihilation end-products, but these i's 
have an energy lower than mx (for trivial kinematical reasons), and do not contribute to 
the line background. 

To summarize, we take Equ. 5 as representing the background, but we must keep in 
mind that it could be an order of magnitude smaller or larger. Since the aim is to detect 
a narrow line, much narrower than the energy resolution of the detector, the interesting 
quantity is the number of photons received in one energy bin during the time of observation. 
For a 1 m2 sr detector with a 13 energy resolution (bin width ilE-, = 0.01 E-,), one year 
of observation will give : 

(1 GeV) 1.r±o.J .  Nbackground � 2500 photons E:;- (6) 

H one compares the expected signal Ntin• (Equ. 4) to the background Nback.qround (Equ. 6), 
the situation does not seem very promising. But this comparison is actually meaningless. 
We should not compare the expected signal to the background but to the noiae, i.e. the 
error in measuring the background. The statistical uncertainty is the square root of the 
number of photons received : (l GeV) o.85±0.1 5 ·-· , ·.· 

N oiae � 50 photons "' : E-, ... 

3 - The photino case. 

i� 
(7) 

The photino i is the neutral spin 1/2 supersymmetric partner of the photon, and one 
of the foremost candidates for dark matter because it naturally implies a near-critical 
density for the universe. Photino annihilation proceeds through the exchange of the so­
called sfermions - the supersymmetric spin 0 partners of the conventional fermions such 
as the electron or the quarks - whose mass is generically denoted by M. The larger M, 
the lower the annihilation cross section and the larger the fossil density 0 -y  h2 [13]. The 
latter is actually related to the two-photon annihilation cross-section through : 

(8) 

so that an ASTROGAM caliber 1-ray telescope, aimed toward the galactic pole, should 
collect each year : 

(1 GeV) 2 _ 1  Ntine � 34 photons E:;- {O.y h2) • (9) 
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However, experiments at the Large Electron Positron storage ring, LEP, at CERN have 
recently set the constraint M > 45 Ge V from their unavailing searches for supersymmetric 
fermions [14]. That lower bound on the generic sfermion mass M translates into an upper 
bound on the annihilation cross-section u2-,v. For a 1 m2 sr detector, the 1-ray line has 
signal to noise ratio constrained to be < 3. Even in the best case, i.e., for O .y  h2 = 1/40, 
detection of photinos in the galactic halo would imply a significantly larger telescope area. 
In order to achieve such a detection at, say, the 5 u level, a 3 m2 sr 1-ray detector should 
operate during an entire year. 

4 - Heavy neutrinos, LEP and the 1-ray line signal. 

Experiments at LEP have also measured the total decay rate of the zo boson (15]. From 
its invisible width, the conventional assumption that there are only three light neutrino 
families turns out to be distressingly valid. The LEP determination of the number of 
invisible species ruins an appealing explanation of the missing mass conundrum in terms 
of a fourth generation heavy neutrino. The latter should be heavier than � 45 GeV in 
order to escape detection at LEP. For such a large mass, neutrinos annihilate so efficiently 
in the early universe that their fossil density is too low to be cosmologically relevant (16]. 

There is however a possible way out. Note that the Dirac or Majorana neutrinos so 
far considered have always been assumed to be embedded inside a gauge doublet as the 
conventional electron neutrino "• and its associated electron are. Such an assumption may 
actually be relaxed. A heavy gauge triplet neutrino, N, has recently been suggested (17] 
as a plausible dark matter candidate. This species and its singly charged gauge partner E 
have gauge triplet structure : (E+, N, E-). Since the neutral particle N does not couple 
to the zu, it cannot be produced at LEP and is therefore invisible, at least in the first 
stage of the LEP experiments. N however couples to E through W boson exchange so 
that the delicate interplay between both species in the early stages of the Big-Bang leads 
to a closure fossil density of neutrinos, provided the neutrino mass mN lies in the range 
30-80 GeV. Note that if on the one hand N cannot be produced directly at accelerators, 
on the other hand its charged companion E is expected to be detected at LEP as soon as 
the beam energy is cranked up to � 100 GeV. 

Another signature of the triplet neutrino model is precisely the fairly strong 1-ray line 
signal from galactic halo particles. Gauge couplings are significantly larger for triplet than 
for doublet species, so that the cross-section for the annihilation process N N -> 11 is 
quite large : 

(10) 

where a = 1/137 is the electromagnetic fine structure constant, G F is the Fermi constant 
and mN is the neutrino mass. Note that mN gracefully cancels out from expressions (3) 
and (10). The flux FN of monochromatic photons with energy E-, = mN due to neutrino 
N annihilations in the galactic halo does not depend therefore on the mass of this species : 
FN � 10-10 photons cm-2 s-1 sr-1 •  

We infer a signal of order � 30 monochromatic photons (see Fig. 1 )  detected each year 
at a satellite or space station borne 1-ray telescope with a 1 m2 sr effective area, in the 
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After an entire year of observation, a 1 m2 sr -y-ray telescope, with a 53 energy reso­
lution, would collect this photon spectrum in the case of a 50 GeV neutrino N pervading 
the galactic halo. The annihilation line stands well above background. The galactocentric 
distance is set equal to r0 = 8.5 kpc whilst the dark matter halo has core radius a = 7 
kpc and density p0 = 0.45 Gev cm-3 in the solar neighbourhood. 
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Figure 2 

Expected signal (S), background (B) and noise for monoenergetic r-rays due to pair 
annihilation of triplet neutrinos N in the halo of our galaxy. The full line displays the 
total number of annihilation r's received for an entire year of exposure on a detector with 
a 1 m2 sr detector surface and a 53 energy resolution. The short dashed line corresponds 
to the number of background photons collected in the same energy bin as the annihilation 
line, while the dotted - short dashed curve indicates the background noise. Note that if on 
the one hand the signal does not depend on the mass mN of the heavy triplet neutrino, 
on the other hand, background and noise do decrease with line energy E-, = mN . The 
heavier the neutrino, the easier the detection. Even for mN = 30 GeV, detection will be 
achieved at the 5 u level wilst for mN = 80 GeV, the signal to noise ratio may reach up 
to � 10. 
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energy range between 30 and 80 GeV. At these energies, the corresponding background 
is fairly small. If the latter is well modelled by expression (5), a 53 energy resolution 
corresponds to, at most, � 40 background photons collected in the same energy bin as the 
annihilation line. Detection of the "'(-ray line signature of galactic halo triplet neutrinos 
could therefore be achieved at least at the 5 u level, a fairly comfortable situation. We 
therefore urge high energy astrophysicists to explore the 1-ray sky and to hunt for such a 
signal. Should a narrow 1-ray line be discovered, the nature of the galactic halo would be 
unravelled. 
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ABSTRACT 

We evaluate the cluster multiplicity function at the present epoch and in the recent 

past using a method based on the solution of the equations that describe non-linear 

hierarchical clustering. The cluster contribution to the X-ray background is deduced. 

They are found to produce a sizeable fraction of the observed background in the 0.1 -

1 keV band. We predict the presence of numerous small X-ray clusters at high redshift. 

These clusters also induce a measurable distortion of the microwave background though 

the Sunyaev-Zeldovich effect. 
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Rich clusters are powerful X-ray sources: a sizeable fraction of their mass is in the 
form of gaz, trapped by their gravitational potential and heated up to 108 K. This gaz 
is quite likely to be primordial, although the observation of Iron lines shows it has been 
somewhat contaminated by galactic ejecta. It may represent the baryon fraction that 
has not yet turned into galaxies. This hot gaz radiates by thermal bremstrahlung an 
energy of the order of Lx � 1044 erg s-1 ,  for a � 1014 M0 cluster. The corresponding 
cooling time t; � 1011y is much larger than the age of the uruverse. One therefore 
expects these clusters to have been X-ray emitters since their formation. The X-ray 
emission from the down (z ::; 0 .1) rich, Abell clusters typically accounts (Schmidt and 
Green 1986) for 10% of the known background in the keV range. 

No thorough investigation of the X-ray properties of the smaller clusters, or groups 
such as TG groups (Turner and Gott 1976) , exists. Sarazin (1986) considers a few 
"poor" clusters, whereas Edge et al (1990) go down to luminosities of the order of 
1043 erg s-1 and temperatures of 0.3 keV. Numerous small clusters and groups are 
however expected to exist, and to have a gravitational potential in which hot gaz ( � 
107 K) may be trapped. With a large spread of radii and masses, centered respectively 
around 1 Mpc and 1013 M0, they are expected to be X-ray emitters, with luminosities 
around 10•2-43 erg s-1, for about 1010 y. 

Such a short cooling time raises the question wheter these smaller clusters are still 
enrutting at the present epoch. However, if ever no longer active now, these clusters 
must have been strong X-ray sources in a recent past. 

Various estimates (Schaeffer and Silk 1985, 1988, Bernardeau and Schaeffer 1991) 
can be made for the cluster multiplicity function. They can be checked in the light of the 
observations at the present epoch, and then used to extrapolate the cluster distribution 
towards the past, and to estimate the cluster contribution to the X-ray background. 

Models for the cluster multiplicity function 

The simplest estimate for the cluster lmrunosity function is to start from a fiven 
initial spectrum of fluctuations, to let it evolve according to linear theory and to count 
the number of non-linear fluctuations, the latter may be either defined as the number 
of peaks of the density fluctuations in the very early uruverse above a given threshold 
(Bardeen et al, 1986), or estimated from the number of random cells of a scale R, laid 
down in the early universe that contain enough matter so as to eventually become non­
linear, whereas a slightly larger cell remains linear (Press and Schechter 1974, Schaeffer 
and Silk 1985, 198 a, Kaiser 1986-1991, Cole and Kaiser 1989). These two approaches 
lead to similar expressions. The one inspired from the pionneering work of Press and 
Schechter reads, at redshift z, 

(1) 
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where 11dM is the number of objects of mass M and M + dM, and �(M) the r.m.s. 
fluctuation of the matter distribution in a cell that on the average contains a mass M. 
This fluctuation �( M) is calculated from linear theory, but its normalisation is estimated 
as what it would be at the present epoch in case the evolution of the density fluctuations 
would still be given by the linear approximation. It is adjusted to observations by 
imposing that it is unity in a sphere of radius sh-1 Mpc, since the r.m.s. fluctuations of 
the galaxy distribution in the present (non-linear) universe are unity at his scale, which 
corresponds to a mass: Mo = 5.6 1014 flh2 M0. The shape of �(M) is usually taken 
from some hypothesis on the initial conditions. The standard choice is to use the so 
called "Cold Dark Matter" spectrum (Peebles 1982). The form (1)  adjusted in this way 
reproduced reasonnably well (Schaeffer and Silk 1985) the present-day clustering which 
is observed. At the cluster scales we are interested in, it may be parametrized by 

�(M) = (M/M0)-� (2) 

with n � -1.  With this simplification, the multiplicity function is 

The redshift dependence of (1 )  then provides for the needed extrapolation to high red­
shift . Due to the exponent which is proportional to (1 + z)2 ,  the cluster counts diminish 
very rapidly with increasing redshift. Estimates of the cluster contribution to the X­
ray background have been made along these lines (Schaeffer and Silk 1988b, Kaiser 
1991, Blanchard, talk given at this conference). This approach leads to quite simple 
calculations, but relies on approximations whose accuracy is unknown. 

Another approach that aims to estimate the redshift dependence of the cluster 
multiplicity function is to directly deduce the time-dependence from the efficiency of 
the clustering process in the non-linear regime. Under the assumption of hierarchi­
cal clustering, which implies that the N-body matter correlation functions behave as 
power-laws of scale ( � r-< N -I h, reminiscent of the observed galaxy two-and three-body 
correlation functions), it is possible to construct the galaxy and cluster multiplicity func­
tions (Schaeffer 1987, Balian and Schaeffer 1988,1989). The same reason (Peebles 1980) 
that makes it believable that all correlation functions are power-laws (namely that such 
correlation functions are a solution of the equations of motion that describe their time 
evolution), also implies a well-defined redshift-dependence 

'Y � 1.8 (4) 

The original argument for this was given by Peebles for fl = 1,  but can be extended 
(BS88) to the case n « 1. The multiplicity function in the non-linear regime can be 
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shown to reach (BS89, Bemardeau and Schaeffer 1991, see the talk given by Bemardeau). 

11(M)dM = ;xH(x) dx 

x(M, Z) = M/�1r poR3(R/8h-1 Mpc)--r( l + z) -<3--r> 

with R = l.6(M/M0)113 h-1 Mpc 

(5) 

(6) 

(7) 

being the final radius of the object after collappse and virialization. The scaling of (6) 

with R and 1 + z just reflects the scaling (4). The function H(x) is a universal function 
that is independent of mass and redshift , all the latter dependence being carried by 
the parameter x. This function is defined once one knows the normalization coefficients 
that determine the strength of �N for each value of N. From very general theoretical 
grounds, it is expected behave as 

H(x) 

H(x) 

w-2 � x 
rC:l 

- e-x/x. 

r:>l 
(8) 

As argued by BS89, one expect w :::::: 0.5 - 0.7 and x. = 5 - 10. Various determinations 
of these parameters using the CFA (Alimi et al 1990), the SSRS (Maurogordato et al 
1991) lead to respectively w = 0.5 ± 1 and w = 0.7 ± 1,  and a poor determination of 
x., whereas CDM simulations lead (Bouchet et al 1991) to w =  0.4 ± 0.1 and x. = 10. 
This behaviour is reminiscent of the behaviour of the Schechter form for the luminosity 
multiplicity function of galaxies. Note also that (6) implies 

and whence 
11(M) 
11(M) 

x = 7(M/Mo)'Y(l + z)3--r 

ex (1 + z)0.6 (M/Mo)-1--r(1 -w) 
ex e-o.7(1+%)3-'(M/Mo)'/3 

M < Mo 
M � Mo 

(9) 

(10) 

that for w = 0.5 and 'Y = 1.8 is extremely close to the behaviour obtained from 
the previous approach based on linear theory. This is why both forms can fit the 
present-day data with equal succes. There is however an important difference: the 
power of 1 + z in the exponent of (10) is close to unity, whereas in (3) it was equal to 
2. So, for a given number of clusters presently observed, it will predict many more 
clusters in the past. This approach is also quite different in spirit from the previous 
one, which assumes linear theory holds up to the formation of dense structure whose 
multiplicity thus depends directly on the initial spectrum of matter fluctuations �(M). 
In the present approach, the matter fluctuations are assumed to be the result of the 
non-linear process, since the power-law form of the correlation is a solution of the 
non-linear equations of evolution (and not a solution of the linear equations). The non­
linear approach is thus expected to describe more accurately the clustering process. It 
provides very specific predictions of the scaling of the counts in cells, namely that the 
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probability for a cell of radius R to contain a mass between M and M + dM should scale 
exactly in the same way as the multiplicity function (5) does whith a scaling function 
h(x) that has the same properties (8) than H(x) but is not necessarrly identical to the 
latter. This is seen to be the case (Alimi et al 1990) for the CfA (Huchra 1982) galaxy 
counts, as well as (Maurogodato et al 1991) for the SSRS ( da Costa et al 1988) galaxies. 
Moreover, quite precise tests can be done (Bouchet et al 1991) using CDM numerical 
simulations of Davis and Efstathiou ( 1 988). The scaling (5) is in the latter case seen to 
hold to a high degree of accuracy, allowing a quite precise determination of the scaling 
function h(x). Finally, a detailed comparison (Bemardeau and Schaeffer 1991) of the 
galaxy and cluster multiplicity function also shows that the scaling (5) holds (see the 
talk given by Bernardeau) and allows the construction of H(x). All these checks show 
that the multiplicity function obeys the scaling laws (5) to a high degree of accuracy. 
The same theory that leads to these scaling laws also implies a precise time, and thus 
redshift dependence. The scaling (6) of both h(x), for the counts in cells, or H(x), for 
the cluster multiplicity, as a function of redshift that we predict can be usefully checked 
again the results of numerical simulations. This remains to be done. 

X-ray emission from remote clusters 

The X-ray luminosity due to thermal bremstrahlung scales as 

( 1 1 )  

If we asume M / L i s  a constant independent of the cluster that is considered, this 
luminosity can be directly deduced from the cluster parameter. It can be normalized to 
the Coma cluster, taken as a typical cluster of Abell richness II class. The cooling time 
can be estimated as 

rn ( n ) -1/2 R tc � 510 
10-a 1 Mpc

y ( 12) 

and for the rich clusters is much larger than to the age of the universe. The smaller 
clusters, however, have smaller radii and larger densities. They may no larger be X-ray 
ermitters since their cooling time tc � 1010y become dangerously close to the present age 
of the universe. X-ray emission, however, has been detected associated with poor clus­

ters of galaxies (see discussion by Sarazin, 1986). It may, however, be due to primordial 
gaz trapped in their gravitational potential, or to gaz falling onto massive cD galaxies. 
Objects of mass � 1012 M0 cool so rapidly, however, that they become galaxies, and 
not clusters. 

A calculation of the X-ray emission from remote clusters has been made (Schaeffer 
and Silk 1988b) using the multiplicity function deduced from the non-linear hierarchical 
clustering theory. This calculation is considerably more accurate than the one base 
on multiplicity functions such as ( 1 )  derived from linear theory. It shows that the 
contribution of remote clusters is much more important than thought previously. 
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This calculation predicts an X-ray multiplicity function that for large luminosities 
behaves as 

'l(L,) ex e-(L./L 
•• )'•' (13) 

the parameter Lx. ,  that governs the rapidity of the fall-off behaves as a function of 
redshift like 

(14) 

which increases with redshift . the same scaling (11) ,  when applied to a Press-Schechter 
multiplicity function, equ.(l) leads (Kaiser 1986) to an exponential fall-off similar to 
(13), with L,. ex (1 + z )-0·5 that decreases with redshift. 

The multiplicity function with the temperature as a variable gives a non-linear form 
similar to (13), with a fall-off given by (T,/T,.)°"9, where T,. = 2 107 (1 + z)-0·33 K, 
nearly independent of redshift . The estimate using linear theory would lead to T, ex 
(1 + z)-1 , a much strong redshift dependence. 

The contribution to the X-ray background is given in fig.1. With the assumption 
that the density of a cluster scales with its redshift of formation ZF as n ex (l + zF)3,  the 
cooling time (5) can be rewritten as tc = tH(ZF) R/ Reaal where tH(ZF) is the Hubble 
time at the cluster formation, and Reaal � 0.1 Mpc is the parameter that describes 
the cooling efficiency. All objects that cool within a Hubble time of formation have 
radii smaller than Reaal· These objects eventually become galaxies and contain too 
little energy to give a sizeable contribution to the background. Objects with R > Reaal 

end up as clusters of galaxies. They radiate their energy during a longer time, but 
get embedded into a larger cluster before their energy is exhausted. In this model, the 
cluster contribution to the X-ray background is made from all objects whose radius 
is larger than Reaal· It can be seen in Fig.1 ,  that for Reaal � 0.1 Mpc, clusters make 
up a large fraction of the background below 1 keV, whereas for Rcaol � 1 Mpc their 
contribution would be only 10% of the observed flux. Similarly, the N(> f) counts of 
clusters with flux larger than f are quite sensitive to the choice of the cooling efficiency 
parameter Reaal· This contribution comes from clusters at an average redshift of 2 and 
an average angular diameter of 2' . These objects shoud be detected by Rosat. 

The cluster contribution to the X-ray background turns out to be quite sensitive to 
the choice of Rcaol· Rather than using an abrupt cut and retain all objects whose radius 
is larger than some threshold and reject the others, a more precise cooling history would 
be an useful improvement. Also, the calculations presented here use a model (Schaeffer 
1987) for the non-linear luminosity function that has been considerably improved since 
(BS89, Bernardeau and Schaeffer, in preparation). Much more precise predictions are 
thus underway, in particular to assess how many small clusters should be X-ray emitters 
presently, and how their number evolved in the past. 

An important consequence of the possible existence of these rather small clusters 
in the past is also the distortion of the microwave background they imply. There are a 
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few (typically �5 with our standard parameters) clusters along each lign of sight. the 
Sunyaev-Zeldovich distortion, as measured by the parameter y may be as large as y � 
10-4 which is in the range of sensitivity of COBE. These clusters also induce fluctuations 
of the microwave background at the 10-5 level, which again will be measurable in the 
near future. 
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Summary: We investigate the properties of x-ray clusters in a simple sphericaly sym­
metric top-hat model for nonlinear structure formation. This allows us to study the 
luminosity and temperature distribution functions of clusters in galaxy formation theo­
ries. Comparison with observations allows us to set interesting constraints on different 
theories. The temperature distribution function is a powerful probe of the spectrum 
of the initial fluctuations. We find that the properties of observed x-ray clusters are 
in disagreement with the predictions of the standard CDM theory, unless there is a 
substantial incompleteness of low-temperature clusters. 
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1 Introduction 
The present properties of observed x-ray clusters have been derived by several authors 
(Piccinotti et al. 1982, Edge et al. 1990 ). These properties could be in principle 
compared with predictions provided that we have a theoretical framework both for the 
x- ray properties and mass-function of virialised structures. The presently available 
sample of x-ray clusters already yields a useful constraint. 

2 Properties of clusters in the top-hat model 
The top-hat is a simple model for the formation of a virialised object that arises from 
the collapse of a initial small positive fluctuation. Let us assume that at some early 
epoch z;, after recombination for instance, a fluctuation has a contrast density 8;, and 
that this fluctuation can be approximated by a spherical region with the same uniform 
contrast density. This fluctuation will reach a maximum expansion radius Rm at a 
redshift : 

8; ( 1  + z;) 
1 -06 

(1) 

at a cosmic time tm. After the fluctuation collapses and virialises at a cosmic time 
"" 2tm corresponding to the redshift zv, its final radius is Rm/2 and the non-linear 
contrast density � "" 170. The gas content of the region is shocked-heated up to a 
temperature of 

(2) 

where M12 is the mass of the fluctuation in unit of 1012M0 , µ is the mean molecular 
weight . This very simple model is in good agreement with numerical simulations (Evrard 
1990). It would be of great interest to derive similar scaling relations for the x-ray 
luminosity of clusters. Unfortunately the x-ray luminosity depends sensitively on the 
core radius Re of the gas density profil: 

ex (3) 

where f is the fraction of the baryonic content of the cluster that ends up in the 
intracluster medium. This fraction could depend on the mass of the cluster. Deriving 
a scaling law for the core radius with mass and redshift is highly uncertain. A common 
asumption is to assume that the core radius Re is prportionnal to the virial radius Rv. 
In such a case the scaling of L. is: 

However, given the uncertainty, we have assumed a parametric form L. ex MP . In 
principle, p can be determined directly from the observations by the relation: 

(4) 
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Figure 1: The theoretical L, - T, relation for different values of p ( 4/3, 2, 3) and a 
comparison with observations (left-top panel) and with Monte- Carlo simulated samples 
of clusters in CDM model. 

In figure 1 we have plotted the expected L, - T, relation for 3 different values of p. 
The left panel at the top holds for the clusters in the Piccinotti et al. (1982) sample. 
We have also presented similar diagramms for different values of p using a Monte-Carlo 
set of clusters in the CDM picture (details are given in the next section). It is difficult 
to reach firm conclusions from this figure. Although, at low temperature the value 
p = 3 seems in good agreement with the data, a lower value seems to be preferred 
at high temperature. However, one should be extremely cautious before drawing firm 
conclusions: the absence of any clusters with temperature smaller than 2.5 keV in the 
presently available sample is very puzzling. If this is not due to a selection bias, this is 
a powerfull constraint on theoretical models of clusters. ROSAT should provide a much 
more reliable constraint in this temperature range. In any case the value p = 4/3, the 
standard scaling value (Kaiser 1986) seems to be ruled out on the basis of the data at 
least for the cold dark matter picture. 
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Figure 2: The theoretical luminosity function compared with the observations (Einstein 
band). The full line is the Einstein band (0.5-3.5 keV). The dashed line correspond 
to ROSAT (0.1-2.4 keV). The dashed-dotted line is for the HEA0-1 band (2-10 keV). 
The dotted line corresponds to the bolometric luminosity function. Case a) and b) 
corresponds to p = 4/3 and p = 3 for a CDM spectrum. Case c) corresponds to an 
initial power law spectrum for the fluctuations with n = -2. 

3 Distribution function 
Observations do provide the x-ray luminosity function as well as the temperature dis­
tribution function of clusters. This offers a potentially important tool to set constraints 
on galaxy formation theory. In order to set such constraints it is necessary to know the 
mass function. As is well known, Press and Schechter (1974) derive the mass function 
of objects, for any gaussian initial fluctuations power spectrum: 

(5) 

Numerical simulations have shown that this formula is a good approximation for the 
mass function in the non-linear regime (Efstathiou et al. ,  1988). The applications of 
this formula to clusters is of great interest, because the above formula is of good accu­
racy close to the turnover of the mass function, precisely in the range where clusters 
lie. Therefore as soon as the relations between mass and temperature and mass and 
luminosity are specified, we can confidently estimate the luminosity function and the 
temperature distribution function. 

In the top-hat model. Because of the uncertainties mentioned above in the Lz - M 
relation, the constant in the relation 4was chosen in order to match the observed number 
of clusters with luminosity of the order of 3 - 4 x 1044 erg/s/cm 2 • From figure 2, it 
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Figure 3: The theoretical distribution function of clusters compared with the observa­
tions (hashed area) by Edge et al (1990). The full line is the CDM model with the 
bias parameter b = 1 · 7, the dashed line is for b = 1 ·4,  the dashed-dotted-dotted line 
is for b = 2 · 25, the dotted line is for b = 1 · 2. The second case is drawn for power 
law models with b = 1 · 7, the full line is for an index n = -1 (this case in undistin­
guishable of the CDM model in that mass range), the dashed line for n = -1.5, the 
dotted-dotted-dashed line for n = -2. 
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appears that the shape of the luminosity function can be reproduced in CDM only with 
the extreme value p = 3. However we have performed a Monte-Carlo realization of CDM 
models to test whether this could be consistent with the data. The results are presented 
in figure 1. From this figure it appears that the temperature of the brightest clusters is 
a little too low compared with the observations i.e. the value p = 3 is only marginally 
consistent with the data. However the difference is small enough that such a possibility 
should not be ruled out on this issue. However, the temperature distribution function 
offers a complementary way to constraint the theory. The temperature distribution is 
a more interesting test because the T. - M relation 2 suffers less uncertainty. This is 
presented in figure 3. 

The normalization of the mass function is uncertain (only the agreement on the shape 
has been unambigously established), and it is not therefore safe to ruled out a CDM 
model with b = 2·2 on this basis. However it is rather clear that the x-ray temperature 
function is a sensitive test of the shape of the initial spectrum. This appears clearly 
in the case of power law models: the ratio of the number of clusters with temperature 
T = 10 keV to the number of clusters with T = 2keV changes by a factor 30 when 
the index changes from n = -1 to n =  -2. On the basis of the observations the value 
n = -1  seems to be ruled out. 

4 Conclusion 
The properties of x-ray clusters offer a potentially interesting tool to constraint galaxy 
formation models. The luminosity function should be used with some cautioun because 
of the uncertainties in the theoretical relation between luminosity and mass. Actually we 
have shown that no conclusion can be drawn from this single constraint. On the other 
hand, the relation between temperature and mass suffers from less unceratinty. The 
presently available sample seems already to rule out a CDM model whatever the value 
of the bias parameter. One should however be aware of the possible incompleteness 
of low temperature clusters. The situation should be greatly clarified with ROSAT: 
the contribution of clusters to the total background in the soft energy band is far from 
being negligable (Silk and Schaeffer 1988; Blanchard et al., 1991) , and one can hope that 
ROSAT will provide a complete sample of low temperature clusters with considerabily 
less uncertainty. 
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EVIDENCE FOR EXTRAGALACTIC COMPONENTS 
IN THE DIFFUSE FAR ULTRAVIOLET BACKGROUND 
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Astronomy Department and Center for Extreme Ultraviolet Astrophysics, 

University of California, Berkeley, California 94720 USA 

ABSTRACT 
Ten years ago the intensity of the diffuse far ultraviolet background (A.A. 1200--1800 A) 

was virtually unknown; published data on this parameter varied by almost three orders of mag­
nitude. It was generally reported that the flux was isotropic and hence was cosmological in ori­
gin. The spectrum of the flux was totally unknown. From work carried out in the last decade, 
we now know that the majority of this flux is correlated with neutral Galactic hydrogen, and 
hence most of this radiation is Galactic in origin. However, several lines of evidence indicate 
that a part of this flux with an intensity of 200 to (at most) 400 photons cm-2 s-1 sr-1 A-1 is 
isotropic and hence may in principle be extragalactic in origin. Two components of this isotro­
pic component have been identified, one Galactic and one extragalactic. The observational evi­
dence is critically reviewed and a number of theoretical suggestions are discussed. 
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1. INTRODUCTION 

From the beginnings of space research, attempts were made to measure the cosmic far 

ultraviolet (M - 1000--2000 A) background. This work was strongly motivated by the hope 

that in this waveband a true extragalactic flux could be detected and characterized. Theoretical 

speculation as to possible sources for this radiation was unconstrained by the available data and 

included such diverse processes as emission from a lukewarm intergalactic medium, emission 

from hot gas produced in a protogalaxy collapse phase in the early universe, the summed emis­

sion from a star formation burst phase in young galaxies, and photons from the electromagnetic 

decay of real or hypothetical exotic particles that were produced, or may have been produced, 

in the early universe. 

The first twenty years of measurements, carried out by a number of groups in at least five 

countries, covered the entire far ultraviolet band, but for a number of technical and astrophysi­

cal reasons, these efforts were concentrated on the wavelength band from 1300 to 2000 A. The 

results obtained indicated that the flux was uniform across the celestial sphere and hence was 

cosmological in origin. Estimates of the intensity of this flux, however, varied by three orders 

of magnitude, with no clustering around a mean. For a review of this initial work and a discus­

sion of the reasons for these discrepant results, the reader is referred to Davidsen, Bowyer, and 

Lampton1l and Paresce and Jakobsen.21 It is clear that a major problem with many of these 

measurements was the need for an uncertain correction for stellar signals. It is perhaps most 

useful to state that these initial results provided empirical evidence that measurements of the 

diffuse far ultraviolet background are intrinsically difficult. 

A turning point in the study of this background occurred in 1980, when results were 

obtained from a far ultraviolet channel of a telescope flown as part of the Apollo-Soyuz mission. 

This instrument had a relatively large throughput and a sufficiently small field of view that a 

reasonable attempt could be made to exclude stars from the data set rather than to make a typi-
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cally large and uncertain correction for their effects. The subset of highest quality data from 

this experiment exhibited a correlation between intensity and Galactic neutral hydrogen column 

as derived from 2 1  cm radio measurements, (see Paresce, McKee, and Bowyer31). Although 

these results were criticized on a variety of grounds, they were quickly confirmed by data from 

a large fraction of the sky that were obtained with an instrument on the D2B satellite. This 

telescope also had a small field of view and a large throughput (Maucherat-Joubert, Deharveng, 

and Cruvellier41). These results showed that the majority of the far ultraviolet flux was con­

nected with processes in our Milky Way Galaxy and was not, in fact, extragalactic in origin. 

Nonetheless, a fraction of the flux (ranging from 10 to 50% of the total signal, depending 

upon location) could be extragalactic in origin. Three lines of experimental evidence bear on 

this question. These are discussed in sections 2, 3, and 4. A number of theoretical considera­

tions bearing on this issue are described in section 5. 

2. THE POSITIVE ZERO-POINT INTERCEPT IN THE CORRELATION BETWEEN 

FAR ULTRAVIOLET BACKGROUND AND THE GALACTIC NEUTRAL 

HYDROGEN COLUMN 

A number of experiments have been carried out to investigate the correlation between the 

intensity of the far ultraviolet background and parameters associated with the Milky Way 

Galaxy. The most common association investigated was that with Galactic neutral hydrogen 

column as derived from 21 cm radio studies. A key result obtained in almost all of these stu­

dies is that the far ultraviolet flux extrapolated to zero Galactic hydrogen column is always 

positive. An example of this effect is shown in Figure 1. These data were obtained by 

Hurwitz, Bowyer, and Martin with the Berkeley nebular spectrometer flown on the Space Shut­

tle as part of the NASA UVX payload51. A summary of the results obtained by all investiga­

tions is shown in Table 1 .  
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FIGURE 1.-The continuum far ultraviolet intensity as obtained with the UCB spectrograph on 
the UVX experiment versus neutral Galactic hydrogen column. The vertical error bars are sta­
tistical uncertainties only; the horizontal uncertainties indicate the range of hydrogen column 
covered in the observation. The intensity of the background is strongly correlated with hydro­
gen column at low hydrogen column densities; at higher column densities, the optical depth be­
comes greater than one and the background intensity remains constant with increasing hydrogen 
column. 

The zero-point intercept ftux ranges from 100 to 600 photons cm-2 s-1 sr-1 x-1 (hereafter 

continuum units = CU). It is not clear that the dispersion in the results from various investiga-

tors is significant since this may simply be the result of experimental error. The important 

point to be emphasized here is that the minimum zero intercept ftux may well be partially, or 

totally, an extragalactic ftux. 
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TABLE 1-CORRELATION OF INTENSITY OF TIIB FAR ULTRAVIOLET BACKGROUND 
WITH GALACTIC NEUTRAL HYDROGEN COLUMN" 

Slope of Intensity at NH = 0 
Investigation Correlation• Intercept" Comments 

Paresce, McKee 90 ± 10 106 ± 60 Apollo-Soyuz Mission: 
and Bowyer'! to 140 ± 20 to 570 ± 80 variation among four 

view directions 

Maucherat-Joubert, 180 ± 80 600� D2B satellite 
Deharveng and lb l  > 40° 
Cruvellier'1 

Zvereva et aJ.61 150 470 Prognoz 6 satellite 

Weller'l Not evaluated Not evaluated Solrad 11 satellite 
(Slrong correlation 180 ± 75, 280 ± 88 

with Galactic at north and south 
latitude) Galactic poles 

Jouben e1 a1.•1 96 ± 6 677 ± 20 Reanalysis of D2B 
satellite data; lb I > 30° 

Jakobsen et a1.•1 100 ± 10 450 ± 30 Aries rocket 

Fix, Craven and Frankt01 -60 530 ± 80 Dynamics Explorer 1 

Murthy e1 aJ -"1 None found Not evaluated Johns Hopkins UVX 
100 to 300 at high Shuttle experiment 
Galactic latitudes 

Lequeux121 96 Not evaluated Detailed reanalysis of D2B satellite data 
Onaka131 (30) 400 Rocket flight scan of 

(see text) Virgo Cluster 

Hurwitz, Bowyer, 102 ± 6 272 ± 13 Berkeley UVX 
and Martin� Shuttle experiment 
"Data reponed since 1980. For earlier results, see Davidsen, Bowyer, and Lampton11 and 
Paresce and Jakobsen.21 
'Units of photons (cm' s sr Jl)-1/10"' HI cm·' 
'Units of photons (cm' s srAf1 

SPATIAL STRUCTURE IN THE FAR ULTRAVIOLET BACKGROUND 

107 

Spatial information on very weak far ultraviolet sources was obtained by Martin and 

Bowyer with an imaging detector sensitive over the band 1350 to 1900 A 141. This detector was 

flown at the focal plane of a 1 m extreme ultraviolet-far ultraviolet telescope developed as a 

collaborative effort between Berkeley and Tiibingen (see Grewing et al.1SJ). Data from this 

imager were subjected to a radial power spectrum analysis in a search for a component of the 

far ultraviolet background flux which was correlated with angular separation. This search was 
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motivated by the fact that field stars are essentially randomly distributed in angular separation 

on the sky, whereas galaxies are known to cluster, and the scale of this clustering is well 

characterized by a two-point correlation function derived from optical data by Peebles.16l The 

results obtained by Martin and Bowyer14l are shown in Figure 2. Here the observed radial 

0:: 
w 
3:: 
0 
a. 

FIGURE 2.-Results obtained by Martin and Bowyer (1989) on the spatial distribution of weak 
far ultraviolet sources. Here the radial power spectrum of the sources is plotted against angular 
frequency. Stars contribute a noncorrelated, white-noise component to this data. The best-fit 
line is a power law with index -1.6, but, given the limited dynamic range of the measurement, 
this result is not well constrained. The solid line shows a power law with an index of -1 .2, 
which is consistent with the data and is what is expected from the integrated light of galaxies. 

power spectrum of the flux is plotted against angular frequency. The best-fit line to the data is 

a power law with index -1.6, but given the limited dynamic range of the measurement, this 

result is not well constrained. The solid line shows a power law with an index of -1.2, which 

is consistent with the data and is expected from the integrated light of galaxies. Any alternate 

processes producing this power would not only have to be the result of a spurious unknown 

effect, but would also have to produce, purely by chance, a power spectrum consistent with that 
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produced by galaxies. One may thus conclude that this component of the far ultraviolet back­

ground (-50 CU in intensity) is indeed the summed flux of galaxies. The far ultraviolet flux 

emitted by galaxies contributing to this component of the background is emitted by galaxies in 

the redshift range from 0.1 to 0.6. This flux is shifted out of the observed far ultraviolet band 

at distances corresponding to times earlier than the most recent one-third of a Hubble time. 

4. MODELING OF THE LARGE-SCALE FAR ULTRAVIOLET BACKGROUND 

Hurwitz, Bowyer, and Martin obtained indirect evidence for an extragalactic component of 

the far ultraviolet background from an analysis of the data obtained with the Berkeley UVX 

spectrometer.SI In their analysis of the continuum emission, they folded a model of the Galactic 

stellar radiation field with the observational data and solved for four independent variables: (1)  

the albedo of the dust, (2) the scattering phase function of the dust, (3) residual dust at  N H I  = 0, 

and (4) an "external" flux assumed to be independent of the Galactic radiation field and to be 

isotropic except for attenuation by foreground dust. The results of this analysis for the albedo 

and scattering phase function of the dust are discussed by Hurwitz, Bowyer, and Martin.SI The 

"external" flux in this analysis has at least three components. One component is emission at 

1550 and 1660 A, with an intensity consistent with that reported by Martin and Bowyer for 

C N and 0 Ill] produced in the Galactic halo.141 Since the flux is produced well above the plane, 

this result provides a consistency check on the analysis. The second component of "external" 

flux is emission of -120 CU over the entire wavelength band. Diffuse Ha emission line studies 

by Reynolds indicate that two-photon emission from a warm ionized medium with a large-scale 

height will contribute a continuum of about 50 CU in the far ultraviolet at high Galactic lati­

tudes, 171 which will appear in this analysis as an "external" flux. The remaining flux is con­

sistent with the value obtained directly by Martin and Bowyer as the summed flux of external 

galaxies. 141 
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S. THEORETICAL CONSIDERATIONS 

A number of suggestions for extragalactic components of the far ultraviolet background 

have long been the subject of substantial debate. I commment on two of these topics here: 

emission from active galactic nuclei (AGN) and emission from a possible intergalactic medium. 

The integrated light from AGN, primarily quasi-stellar objects (QSOs), will contribute at 

some level to the diffuse far ultraviolet background. The intensity of this flux is of consider­

able interest because it is generally thought to be the factor that determines the ionization of 

intergalactic Lyman a. clouds and it may photoionize the Galactic halo. A number of authors 

have estimated the intensity of this flux; the range of estimates is between 0. 1 and 10 

CU.14,l�I] 

It is clear that the far ultraviolet flux produced by AGN will be too small to be directly 

disentangled from existing measurements. Future specialized searches may be capable of pro­

viding information on this topic. 

Early interest in the cosmic far ultraviolet background was motivated at least in part by its 

relevance to the existence of a cosmologically significant intergalactic medium (IGM). A 

high-temperature (>106 K) IGM would produce X-ray emission, and a lower-temperature 

(<104 K) medium would produce absorption effects in QSO spectra; observational constraints 

on these parameters were interpreted as ruling out these two scenarios, but the possibility of an 

intermediate-temperature IGM remained. An intermediate-temperature IGM would most likely 

be detected by its far ultraviolet emission; the most likely far ultraviolet radiation would be red­

shifted Lyman a. transitions of H I  1216 A and Herr 304 A from an ionized primordial gas, as 

indicated by the research of Field221 and Kurt and Sunyaev.231 In the early stages of galaxy for­

mation, this gas might be reionized collisionally by the passage of shocks or by interactions 

with energetic particles,24.251 or by photoionization.261 The emission spectrum depends upon the 

details and time scales of the reionization; in particular, collisional ionization of the gas pro-
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duces much more far ultraviolet radiation than photoionization. Motivated by these sugges­

tions, a variety of data was searched for indications of radiation from an intermediate­

temperature IGM.18.27.231 

In the 1980s several groups developed more detailed models of far ultraviolet emission 

from a lukewarm IGM. Jakobsen showed that special conditions would be required if emission 

from this source were to contribute substantially (-300 CU) to the far ultraviolet background.181 

In particular, collisional ionization and substantial clumping of the IGM would be required, and 

the thermal input must be carefully proscribed, or direct observational constraints would be 

violated. 

Paresce, McKee, and Bowyer suggested that fast shocks and photoionization would be the 

most likely ionization mechanisms and that these would produce prompt ionization with sub­

stantially less radiation. 31 They examined the case in which the gas is sufficiently highly ionized 

that the dominant emission lines are produced primarily by recombination. In this scenario, the 

far ultraviolet emission from the IGM is -10 CU. 

Martin, Hurwitz, and Bowyer291 considered emission from an IGM for a variety of 

scenarios and compared their results with improved observational constraints provided by the 

X-ray background in work by Setti,301 the lack of absorption troughs shortward of H Lyman ct 

continuum in the spectra of QSOs (see Gunn and Peterson311), limits on emission in the far 

ultraviolet background as discussed in this article, and limits on spatial fluctuations in the far 

ultraviolet background in the work of Martin and Bowyer.141 They found that even their most 

optimistic scenarios, including collisional ionization and clumping of the IGM, violated obser­

vational constraints for an IGM with even a relatively low density (15% of the critical density 

of the universe). This result is to some extent model-dependent, but the models employed were 

sufficiently broad that either very special and unexpected conditions occurred in the early 

universe, or the far ultraviolet background has at most a component <10 CU from the IGM. A 

component this small will be difficult to identify. 
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6. SUMMARY 

Considerable progress has been made in our understanding of the far ultraviolet back-

ground. While it is now known that most of the flux is Galactic in origin, at least some of the 

flux has now been identified as being extragalactic in origin. In Table 2 I summarize my esti-

mates of various components to the far ultraviolet background. 

TABLE 2-COMPONENTS OF TllE DIFFUSE COSMIC FAR 
ULTRAVIOLET BACKGROUND WITH APPROXIMATE INTENSITIES" 

Total intensity 

Galactic components 

Scattering by dust 
H II Two-photon emission 
H2 fluorescence 

Components of the "uniform" high-latitude background 

Dust (?) 
Summed from all galaxies 
HII two-photon emission 
Hot gas line emission 
QSOs/AGNs 
Intergalactic medium 
Unexplained 

300-1500 

200-1500 
50 
100 (in molecular clouds) 

200 
50 
50 
10 
< 10 
<10 
none to <200 

a Intensities dependent upon view direction. Intensities of processes producing 
discrete features are averaged over the 1400-1850 A band. Units are photon 
cm-2 s-1 sr-1 A.-1• 
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THE DIFFUSE ULTRAVIOLET BACKGROUND AND THE INTERGALACTIC MEDIUM 

PETER JAKOBSEN 
Astrophysics Division, Space Science Department of ESA 

ESTEC, NL-2200 AG Noordwijk, The Netherlands 

ABSTRACT 
The long-standing question of whether redshifted Lya and Hell A302A line emission from the in­
tergalactic medium can be detected in the diffuse far-UV (.XA1300 - 2000 A) background radiation 
is revisited in light of what has been learned about the IGM from the study of quasar absorption 
lines. The intensity of the metagalactic ionizing background at high redshifts derived by the so-called 
"proximity effect" displayed by the Lyman forest absorption lines suggests that the redshift-smeared 
backgrounds due to Lya and Hell .X304A recombination radiation from photoionized intergalactic gas 
are to be found at intensities far below current observational limits on the extragalactic background 
flux. The results of the Gunn-Peterson test at low redshifts derived from UV quasar spectra obtained 
with JUE constrain the intensity of redshifted collisionally excited Lya emission from a shock-heated 
IGM component to an equally low intensity. The possibility that the IGM has gone through a phase 
of intense collisionally excited Hell A304A emission at z ::: 3 - 5 cannot be completely ruled out until 
the Hell equivalent of the Gunn-Peterson test is carried out with HST or Lyman/FUSE. However, the 
statistics of quasar absorption lines imply that any far-UV background component stemming from 
z � 3 will remain effectively hidden from view because of strong accumulated Lyman continuum 
absorption in the Lyman forest and Lyman limit types of quasar absorption systems. It is concluded 
that current observational limits on the extragalactic far-UV background intensity are at least an 
order of magnitude brighter than that expected from diffuse IGM emission. 

1 1  !'i 



1 1 6  

I .  INTRODUCTION AND BACKGROUND 
Historically, one of the driving motivations behind attempts to measure the diffuse background radi­
ation at far-ultraviolet wavelengths has been the realization that such observations could potentially 
reveal the existence of a cosmologically significant (flb "" 1) ,  "lukewarm" (103 K< T < 106 K) 

intergalactic medium (IGM)1 •2 ·3 , 

If a baryonic intergalactic medium does exist, standard Big Bang nucleosynthesis calculations predict 
that it must consist primarily of a mixture of 90% hydrogen and 10% helium atoms. The dominant 
emission from such a mixture at temperatures between T "' 103 K and T "' 106 K is recombination 
and collisionally excited line radiation in the HI and Hell Lya lines at >.1 = 1216A and >., = 304A, 
respectively. This line radiation, smeared by the redshift, will give rise to a diffuse background at 
wavelengths >. ::O: >.1 of intensity given by t 

h(>.o) = r�J <i (z) �(1 + z)-5 (1 + flz)- � Ho 411' "' 
(1) 

where >.0 ::O: >.1 is  the observed wavelength, Ho is  the Hubble constant and <1(z) is  the line volume 
emissivity (in units of photons s-1 cm-3) evaluated at the appropriate redshift, (1 + z) = >.o/>.,. In 
the case of a smooth IGM, the emissivity can be expressed as 

<1(z) = n')/ (1 + zJ6 11(T) (2) 

where n'1 = 7.8 10-6fl•h' cm-3 is the IGM hydrogen density at z = O, fl• is the baryonic IGM 
contribution to the cosmological density parameter, H0 = lOOh km s-1 Mpc - 1 ,  and 11(T) is a 
suitably normalized emission coefficient. 

Figure 1 shows the run of 11(T) as a function of temperature for a cosmological mixture of hydrogen 
and helium in collisional and thermal equilibrium, It is seen that collisionally excited emission in the 
HI and Hell Lya lines is especially intense near the two "thermostat" temperatures T "' 2 10'1 K 

and T "' 8 104 K, i.e. at the temperatures at which the dominant ionization states change from 
HI to Hll and Hell to Helll, respectively. If, following recombination, the IGM was re-heated and 
re-ionized by dissipative processes, such as shock heating, the gas would have had to pass through 
these two temperatures. Depending on the redshift and duration of the re-heating process, the IGM 
emission could give rise to observable redshifted Lya and Hell >.304A spectral signatures in the 
ultraviolet background, Several detailed IGM models giving rise to such features can be found in the 
literature4•5 •6, 

Of course, the intergalactic medium is not only constrained by limits on its possible emission, but 
also by its possible absorption. In particular, by far the most stringent constraint on the IGM 
comes from the classical Gunn-Peterson7 test, which severely constrains the density of intergalactic 
neutral hydrogen at high redshift, nH 1(z), from the observed lack of an intense redshift-smeared Lya 
absorption trough seen just shortward of emitted Lya in the spectra of high redshift quasars: 

nlfl(z) = T�:) [;J -l (1 + z) (1 + flz)� (3) 

In this expression, r(z) is  the optical depth of the absorption and "'' = >.16 f;j = 4.5 10-18 cm2 is 
the integrated Lya absorption cross section. Both ground-based and JUE observations of the spectra 
of quasars8•9 show little or no signs of absorption troughs over the redshift range 0 < z < 4 at the 
r(z) ;S 0.1 level. The corresponding upper limit on the intergalactic neutral hydrogen density is of 

tThroughout this paper J, refers to the specific intensity of the background expressed in the units 
preferred by the observers; namely photons s-1 cm-2 sr-1 A-1. 
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FIG. 1. - Lower frame: Ionization structure of a cosmological mixture of hydrogen and 
helium in collisional equilibrium as a function of temperature. Upper frame: Correspond­
ing emissivity per hydrogen atom of collisionally excited HI and Hell Lya emission. The 
dotted lines show the equivalent line emission due to recombination in a fully photoionized 
gas. Emission from Hel is negligible compared to that of HI and Hell. 
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order nHi(z) ;;:; 10-12 cm-3• This stringent limit on the residual neutral hydrogen component of the 
IGM (and its Hel equivalent10 )  implies that the IGM - ifit exists at all - must be highly ionized and 
have a temperature greater than T "'  105 K (see lower frame of Figure 1). 

Alternatively, if photoionization, due for example to the integrated ionizing flux of quasars, is the 
process responsible for re-ionizing the IGM, then the gas will still emit primarily in the HI and Hell 
Lya lines, albeit somewhat less efficiently (see Figure 1). On the other hand, since the Gunn-Peterson 
test suggests that the IGM is transparent, the redshifted ionizing radiation source itself should be 
directly observable in the ultraviolet background. Hence absolute measurements of the ultraviolet 
background intensity can in principle be used to derive the maximum IGM density that can be 
photoionized by the observed flux to the level required by the Gunn-Peterson test. Unfortunately, the 
available observational limits on the extragalactic UV background intensity have generally been far 
brighter than anticipated for realistic intergalactic fluxes and the corresponding constraints placed 
on the IGM density from the UV background observations2•3 have therefore not been particularly 
confining, i.e. typically n�h3 ;;:; 102• 

Several recent developments call for this topic to be revisited. For one, not least thanks to the 
experimental efforts of the Berkeley group, the rather confusing observational situation concerning the 
origins of the far-ultraviolet background has gradually started to become much clearer. As reviewed by 
Bowyer at this conference (see also reference [11] - but also [12] for a dissenting voice), there is today 
good evidence that the diffuse ultraviolet background is dominated by emission due to interstellar 
processes occurring within the galaxy13•1• ·15• A conservative upper limit on the possible extragalactic 
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component to the background in the .>.1300 - 2000 A range is15 I, ;;; 100 photons s-1 cm-2 sr-1 A -l . 
Of this possible extragalactic flux, approximately half or more is expected to be due to the integrated 
light of galaxies 16• This new observational constraint leaves somewhat leH room for contributions 
from more exotic sources, such as IGM emission, than previously assumed. 

The situation regarding the absorption studies of the IGM has changed even more radically over the 
last decade with the dramatic advances that have been made in the new field of quasar absorption 
lines - which can be considered to be the "high resolution" refinement of the classical Gunn-Peterson 
test. The discovery of the dense "Lyman forest" of weak Lya absorption lines seen in the spectra 
of all quasars has revealed the existence of a highly clumped component of the IGM consisting of 
an abundant and evolving population of intergalactic clouds of possibly primordial gas. Surveys of 
the more massive metal-containing absorption systems associated with galaxies have also led to new 
understandings concerning the transparency of the universe in the ultraviolet out to large redshift. The 
remainder of this paper is concerned with re-assessing the possible contributions to the extragalactic 
far-ultraviolet background from the intergalactic medium in light of this new knowledge gained from 
quasar absorption line studies. 

II. QUASAR ABSORPTION LINES IN BRIEF 

In this section a few key results of quasar absorption line studies of particular relevance for the topic of 
the diffuse ultraviolet background are briefly highlighted. A series of excellent and more comprehensive 
reviews that do the far-reaching topic far better justice can be found in the compilation of Blades, 
Turnshek and Norman.17•18•19.2° 

H classified according to their HI column density, there are basically two classes of intervening quasar 
absorption line systems: the numerous "Lyman forest" systems, whose column densities fall in the 
range Nu1 ::::::'. 1013 - 1017cm-2 and the scarcer, but denser, "Lyman limit" systems having column 
densities NH 1 "' 1017 - 1022cm-2• Lyman limit systems nearly always show matching absorption 
from heavy elements, and are therefore thought to be associated with the gaseous halos of galaxies. 
The Lyman forest systems, on the other hand, show little or no evidence for heavy elements and are 
therefore believed to be due to intergalactic clouds of possibly primordial material. 

The Lyman forest systems are extremely numerous and evolve rapidly with redshift. Their line-of­
sight density evolution is usually parameterized in the form21 

dn E[dz] = N(z) = A(l + zp (4) 

with A "' 10 and 'I "' 2 - 3. Lyman limit absorbers are roughly ten times scarcer (A "' 1) and 
evolve less rapidly ('I "' 1 ) than Lyman forest systems22• The column density spectrum of both 
classes of absorber is approximately a power law, dP/dNfl ex N,-/, with index s "' 1.2 - 1.6.2"23 

The fact that the detailed statistics of the various types of HI containing quasar absorption systems 
are now reasonably well known perm.its a re-assessment of the question of the overall transparency of 
the UV universe out to high redshift (Section V). These results have important implications for the 
interpretation of the UV background. 

Particularly relevant for the topic at hand is the fact that the Lyman forest clouds are believed to 
be kept highly photoionized by a metagalactic flux of ionizing radiation. One key piece of evidence 
for this is found in the so-called "proximity effect'" 1 •  As the emission redshift is approached, the 
Lyman forest absorbers in a given quasar show a gradual under-density of absorbers with respect to 
the global density given by equation (4). This effect is interpreted as being caused by the radiation 
field of the background quasar enhancing the total ionizing flux above the metagalactic level. Since 
the quasar flux can be estimated from the magnitude and spectrum of the quasar, an estimate of the 
background metagalactic ionizing background intensity can be derived from the measured contrast of 
the proximity effect. Through this technique23•24 one infers that the intergalactic ionizing background 
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FIG. 2. - Predicted integrated ionizing background due to quasars for several quasar 
evolution models. The upper dashed curves show the integrated background intensity at 
the Lyman limit as a function of redshift according to the calculations of Bajtlik, Duncan 
and Ostriker23• The lower full curves show the same fluxes attenuated by the accumulated 
Lyman continuum absorption from the Lyman forest and Lyman limit classes of quasar 
absorption line systems (see Section V). The background level required to explain the 
proximity effect is also indicated. 
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at in the redshift range 1. 7 ;:;  z ;:;  3.8 is consistent with an Iv oc v-0, a "'  0.5 power law with intensity 
at the Lyman limit of order Ivn "' 10-21 ergs s-1  cm-2 sr-1 Hz-1 • 

The origin of this ionizing flux is a topic of debate. One obvious candidate is the integrated flux from 
quasars. However, only by pushing current uncertainties in our knowledge of the quasar luminosity 
function and evolution can the intensity required by the proximity effect barely be approached""'. 
Moreover, taking into account absorption from the Lyman forest and Lyman limit systems themselves 
(Section V), worsens the discrepancy further by a factor of about 6 (Figure 2). Several authors26•27•28 
have suggested that an alternative candidate may be radiation from primordial galaxies. Regardless 
of its origin, this estimate of the ionizing flux at high redshift has important implications for the 
possible contributions to the extragalactic UV background from a photoionized IGM. 

A final relevant result stemming indirectly from the quasar absorption line work concerns the infor­
mation on the properties any pervasive IGM gas surrounding the Lyman forest clouds that result from 
considerations of Lyman forest cloud confinement and survival29•30, The classical Gunn-Peterson test 
limits, combined with constraints on cloud/IGM pressure and cloud lifetimes to evaporation, gener­
ally constrain the ambient IGM to have at density corresponding to nb "' 10-1 and a temperature 
T "' 105 K. These constraints also translate into limits on possible IGM emission contributions to the 
background. 

III. REDSHIFTED LYMAN ALPHA EMISSION FROM THE I G M  REVISITED 

Diffuse emission in Lya A1216A from the IGM at redshifts 0 ;:; z ;:; O. 7 will give rise to diffuse 
background radiation at far-UV wavelengths .>..>.1200 - 2000 A. Two processes are responsible for 
producing such diffuse Lya radiation: radiative recombination in case of a photoionized IGM, and 
collisional excitation in the case of a shock-heated IGM. 

As mentioned in Section II, the Lyman forest clouds and possibly any smooth ambient IGM are 
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believed to be held highly photoionized by a metagalactic ionizing radiation field, presumably due to 
the integrated light of quasars and primeval galaxies. What is the po11ible contribution to the UV 
background from redshifted Lya recombination emission from this gas? 

Consider first the case of recombination radiation from a smooth photoionized IGM. The line emis­
sivity to be inserted into equation {1) is 

<1(z) = nHI1(z)n.(z)a1(T) (5) 

where a1 :; 2 10-13cm3 s-1 is the effective Lya recombination coefficient, and nn11 and n. are the 
proton and electron density in the gas. With an Iv cc v-" ionizing background of average intensity 
IvH (z) at the Lyman limit, the equation for hydrogen photoionization equilibrium is 

(6) 

where au :; 3 10-13cm3 s-1 is the total recombination coefficient and u'h = 6.3 10-18 cm2 is the HI 
cross section at the Lyman limit. Combining equations (5) and (6) with the expreBSion (3) for n/11 
from the Gunn-Peterson test and inserting into equation (1) leads to the following expression for the 
intensity of the resulting redshift-smeared Lya background due to recombination emi11ion 

(7) 

In this expression, the last factor in brackets is simply the intensity of the ionizing flux, Iv,, ( z) 
converted to suitable units and redshifted to zero redshift; that is, the background intensity that 
would be seen today if the ionizing flux propagated freely from redshift z. Since the product of the 
remaining factors in equation (7) is of order unity or less, this equation is merely reminding us that 
since atf au :; 0. 7 Lya photons are emitted per photoionization event, the intensity of the resulting 
redshift-smeared Lya recombination background can never be greater than that of the ionizing input 
flux itself. This principle of photon conservation, of course, applies equally well in the clumped case. 
The equivalent expression for the redshift-smeared recombination emi11ion from the Lya forest clouds 
can be obtained through the substitution 

dn 
r(z) ->  E[;rz-(z)]u1 (Nn1) (1 + z) (8) 

Note that since equation (6) implicitly assumes optically thin conditions, equations (7) and (8) are 
as they stand only valid in that limit. However, the fact that the redshifted recombination line 
emission is bounded by the intensity of the ionizing input flux is inherent to the nature of the 
recombination process and true regardless of the amount and detailed spatial distribution of the matter 
being photoionized and the recombination line in question. In other words, since the photoionized 
intergalactic gas is simply acting as a passive photon down-converter, the task of estimating the 
possible contribution to the UV background from line emission from photoionized intergalactic matter 
boils down to the task of estimating the intensity of the ionizing input flux at high redshift, Iv,, (z). 
As mentioned in Section II, the proximity effect displayed by the Lya forest implies that IvH "' 
10-21 ergs s-1 cm-2 sr-1 Hz-1 within the 1.7 ;:; z ;:; 3.8 redshift range that can be probed with 
ground-based telescopes. Unfortunately, the proximity effect has not yet been detected within the 
z ;:; 1 range of interest here due to the limited sensitivity and spectral resolution of JUE (although 
detailed observations of the Lyman forest at low redshift should be forth-coming with HST). However, 
judging from Figure 2, one anticipates an even lower ionizing background of intensity Iv,, ( z) :; 
10-22 ergs s-1 cm-2 sr-1 Hz-1 at z ;:;  1. This expectation is confirmed observationally from limits 
on the local extragalactic ionizing flux derived from Ha observations of high-latitude and extragalactic 
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HI clouds31 ""33• This ionizing flux, if redshifted from z o: 0.5, corresponds t o  an equivalent far-UV 
background of I, o: 0.4 photons s-1 cm-2 sr-1 A -I - an intensity about two orders of magnitude 
below the observational limits on a possible extragalactic contribution. It follows that redshifted Lya 
recombination emission from neither the Lyman forest clouds nor a smooth photoionized IGM is likely 
to be a significant contributor to the far-UV background. 

A similar conclusion can be reaclied in the alternative scenario of Lya emission from a shock-heated 
IGM. In the case of collisionally excited emission from a smooth IGM component, the line emissivity 
can be written 

•1(z) = nHI(z)n.(z),81(T) {9) 
where ,81(T) is the Lya collisional excitation rate, and nH 1 and ne are the neutral hydrogen and 
electron densities in the IGM. The HI density is constrained observationally by the Gunn-Peterson 
limit, equation {3), while the electron density is constrained by the total baryonic density of the nearly 
fully ionized IGM. Combining, equations (1), {3) and {9), and introducing n.(z) = n� {l + z)3 where 
n� o: 1.2n'), = 9.3 10-60bh2 cm-3 is the present epoch electron density, one obtains the following 
expression for the redshift-smeared Lya background 

{10) 
For an ambient IGM temperature of T "' 105 K as inferred from considerations of quasar absorp­
tion line cloud survival, the Lya collisional excitation rate is .81 o: 4 10-9cm3 s-1 •  This value, 
together with the Gunn-Peterson limit of T(z) < 0.1, yields a predicted smeared Lya intensity of 
I, � 4 10-2n.h2 photons s-1 cm-2 sr-1 A-1 in the far-UV. It follows that collisionally excited Lya 
emission from a smooth IGM component at 0 � z � O. 7 is a negligible contributor to the far-UV 
background for any reasonable value of Obh2• The reason for this firm conclusion is simply that it 
takes intergalactic HI atoms to produce collisionally excited Lya emission, and nH r(z) is severely 
constrained by the Gunn-Peterson test. 

What about collisionally excited emission from the Lyman forest clouds? The equivalent expression to 
equation{lO) for the redshift-smeared Lya background in the clumped case can be obtained through 
the substitutions {8) and n.(z) ___, n •. This leads to 

i,(>.o) = E[�(z)] (NHI) � ,Bi(T) (l + z)-3 dz 4.,,. >.1 {11) 

where n. is now the in situ electron density in the Lyman forest clouds. Based on studies of corre­
lated Lyman forest absorption in quasar pairs combined with considerations of resonable ionization 
levels17•19, n. is believed to be of order "' 10-3 cm-3• The observed line widths of the Lyman forest 
systems" limit their temperatures to T � 3 10' K, in which case ,81 � 3 10-10 cm3 s - 1 •  With these 
numbers and the values E[dn/dz(z)] o: 34 and (NH1) := 1015 cm-', appropriate to the Lyman forest 
at z o: 0.3, equation {11) yields I, � 3 10-1 photons s-1 cm-2 sr-1 A - l .  Again, we conclude that 
collisionally excited Lya emission from the Lyman forest is not a significant contributor to the far-UV 
background. 

This leads to the final question of collisionally excited emission from the Lyman limit class of quasar 
absorbtion systems. For these systems E[dn/dz(z)] := 1.3, but (NHr) := 1019 cm-2, so the product of 
these parameters in equation ( 11) is "' 400 times larger than for the forest systems, thereby raising 
the potential background limit to I, � 1 102 photons s-1 cm-2 sr-1 A -l .  Although this flux is 
indeed comparable to current observational limits on the extragalactic far-UV background, it has to 
be regarded as a strict upper limit since a significant fraction of the total HI column density contained 
in a typical Lyman limit absorber may arise in cool neutral gas as witnessed by the low ionization 
neutral species often seen in such systems. Moreover, since the Lyman limit systems contain heavy 
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elements, they presumably also contain interstellar dust at some level. This in turn leads to the 
classical problem of Lya quenching due to dust absorption. In any event, since Lyman limit systems 
are believed to be associated with galaxy halos, one can argue that any possible Lya background 
emission from such systems should not be be classified as bona fide IGM emission, but considered as 
an additional Lya component to the integrated UV light of galaxies - which is indeed believed to be 
a significant contributor to the extragalactic far-UV background16• 

IV. REDSHIFT ED HEii .).304A EMISSION FROM THE IGM REVISITED 

As mentioned in Section I, the second most important emission line from a luke warm photoionized 
or shock-heated intergalactic primordial plasma is Hell Lya emission at >.304A. The discussion of the 
possible far-UV background contribution due to this source from very high redshifts (3 :S z :S 5) is 
slightly more complicated with respect to that of HI Lya for several reasons. For one, we presently 
know very little about the intergalactic abundance of the Hell ion, since the Hell >.304A equivalent 
of the Gunn-Peterson test has yet to be carried out in the far-UV with HST or Lyman/FUSE. The 
expectation is that if the Lyman forest clouds and an ambient JG M are indeed photoionized by an 
Iv ex v-0·5 power law, then the Hell ion should be an order of magnitude more abundant than HI, 
in which case the Hell Gunn-Peterson effect should be extremely strong (and Hel absorption very 
weak). A second important difference with respect to HI Lya is that Hell >.304A emission falls below 
the photoionization edge of neutral hydrogen and is therefore subject to absorption by intergalactic 
HI in the Lyman forest and especially the Lyman limit classes of quasar absorption systems. This last 
topic is addressed in detail in the following section. In spite of these complications, it is nonetheless 
still possible to draw several reasonably firm conclusions concerning the possible contribution of 
Hell >.304A emission to the far-UV background. 

In the previous section, the intensity of redshifted far-UV Lya recombination radiation from pho­
toionized intergalactic gas was constrained on the basis of estimates on the metagalactic ionizing 
background derived from the proximity effect and more local observations of diffuse Ha emission 
from high-latitude and extragalactic HI clouds. The fundamental constraint expressed by equation 
(7), namely that the redshifted line background from a photoionized IGM can never be greater than 
that of the input ionizing flux, obviously applies equally well in the case of redshifted recombination 
Hell >.304A emission. In particular, with a flat Iv ex v-0·5 spectrum for the metagalactic ionizing 
background, the intensity of the ionizing flux at the Hell ionization edge at >.228A is of the same order 
of magnitude as the flux at the Lyman limit at >.912A of Ivu (z) "" 10-21 ergs s- 1 cm-2 sr-1 Hz- L  
derived from the proximity effect at 1 .  7 ;S z :S 3.8. This intensity, if redshifted from z "" 4 will give rise 
to a far-UV background of intensity h ;S 1 photons s- 1 cm-2 sr-1 A -l . Since this background limit 
falls a factor "" 50 below the observational limits - even without including the effects of absorption -
redshifted recombination Hell >.304A emission from photoionized intergalactic gas can also be ruled 
out as a significant source of far-UV background radiation. 

Collisionally excited Hell >.304A from a shock-heated IGM on the other hand is not quite as easily 
dismissed. Since, as mentioned above, the amount of Hell present in intergalactic space has not (yet) 
been measured by observations of the Hell version of the Gunn-Peterson test and the anticipated 
"helium forest" matching that seen in Lya, we cannot use the Hell equivalents of equations (10) and 
(11)  to bracket the possible background contribution. Instead, we are forced back to the more theo­
retical predictions described by equation (2) and Figure 1. As shown in Figure 1 ,  the net Hell >.304A 
emissivity per HI atom peaks at 1'1 :o 1.2 10-12  cm3 s-1  at a temperature T := 8 10' K. Inserting 
this maximum emissivity into equations (1)  and (2) yields a predicted far-UV background intensity at 
>.1600A of h := 400fl�h3 photons s-1  cm-2 sr-1 A -1 • Hence depending on what one assumes for fl& 
and Ho, redshifted collisionally excited Hell >.304A radiation from z :o 3 - 5 could in principle yield 
a significant far-UV background flux. On the other hand, considerations of the survival of quasar 
absorption line clouds and primordial nucleosynthesis both point toward n. ;:; 0.1, in which case the 
Hell flux is insignificant. Moreover, as discussed in the following section, the census of absorbing 
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HI gas present in the Universe represented by the statistics of quasar absorption lines implies that 
the far-UV Universe is opaque in the Lyman continuum out to high redshift. This absorption will 
attenuate any diffuse Hell A304A radiation emitted at z ;<; 3 by about two orders of magnitude, 
thereby reducing even the most optimistic Hell background flux to an unobservable level. 

V. ACCUMULATED LYMAN CONTINUUM OPACITY OF THE UNIVERSE 

Any contribution to the far-UV background at observed wavelength Ao emitted originally at a wave­
length below the Lyman limit,  AH = 912A, at a redshift l+z, > Ao/ AH will be subject to photoelectric 
absorption in any neutral hydrogen encountered along at least part of its path. Although it has been 
known for some time that the classical Gunn-Peterson test demonstrates that the Lyman continuum 
opacity of any smoothly distributed IGM is negligible, it has only recently been fully appreciated that 
the statistics of quasar absorption lines imply the that the accumulated absorption out to moderate 
and high redshift from the clumped component is quite substantial26•34• 

The character and magnitude of the accumulated Lyman continuum absorption from the Lyman forest 
and Lyman limit classes of quasar absorption lines has recently been discussed in detail in reference 
[34]. The general expression for the average transmission through a clumpy medium experienced by 
a photon emitted at wavelength, z,, and received at wavelength, Ao, is 

E[q(Ao, z,)J = exp(- {' 
N(z)(l - (qc(>.o, z)) )dz) (12) 

where (qc(>.0, z)) = (exp(-NH<TH(Ao/(1 + z)))) is the average individual cloud transmission and 
rr H (A) is the HI photoelectric cross section given by 

(13) 

where rr'k = 6.3 10-18 cm2 is the photoionization cross section of neutral hydrogen at the Lyman 
limit. 

As outlined in Section II, the statistics of quasar absorbers are today sufficiently well known to permit 
a reasonably accurate evaluation of equation (12). Figure 3 shows, as a a function of wavelength, 
the resulting accumulated average residual transmission out to various redshifts from the combined 
total absorption due to the Lyman forest and Lyman limit systems. The characteristic "Lyman 
valley" shape of the accumulated absorption spectrum is caused by the interplay between the rr ex >. 3 
dependence of the HI photoelectric cross section and redshift evolution and pathlength effects. 

The main point to be read from Figure 3 is that the predicted net absorption out to high redshift in 
the ultraviolet is rather high. As an specific example, the lower panel of Figure 4 shows the average 
residual absorption at received wavelength Ao "' 1600A as a function of emission redshift. From this 
figure it is seen that any Hell A304A radiation emitted at z, "' 4.3 will be attenuated by a factor 
of order "' 10-2 • This high opacity effectively implies that even if the IGM did go through a phase 
of of intense Hell emission during re-heating, the resulting far-UV background radiation will in all 
likelihood remain forever hidden from our view. 

It is important to stress that the accumulated intergalactic absorption given in Figures 3 and 4 refers 
to the average transmission. Since the dominant contributor to the opacity is the scarcer but optically 
thick Lyman limit systems, large fluctuations around this average are expected along any given line 
of sight (i.e. in any given quasar spectrum). The magnitude of the fluctuations can be calculated 
from the expression for the second moment of the accumulated transmission 

E[q2(Ao, z,)] = exp(- {' 
N(z)(l - (q�(>.0, z)))dz) (14) 
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FIG. 3. - Average opacity of the UV universe out to high redshifts as a function 
of wavelength. The shown "Lyman valley" absorption spectra include the accumulated 
Lyman continuum opacity from both the Lyman forest and Lyman limit classes of quasar 
absorption systems. The same parameters as used in reference [34] are assumed. 

The upper panel of Figure 4 shows the predicted relative transmission fluctuations, (6q/q) = 
(E[q'] - E[q]') � / E[q), as a function of z,, again for Ao = 1600A. In the example of Hell Lya 
emission from Ze :::::::: 4.3 quoted above, the lu level fluctuations amount to a factor ;:::::: 5. In other 
words, a characteristic signature of any contributor to the far-UV background originating at high 
redshift should be an extremely patchy background component. 

This leads to the interesting prospect of detecting or constraining a high-z component to the far-UV 
background - regardless of its origin - through measurements of background intensity fluctuations. 
In fact, from the measurements of Martin and Bowyer16, it is known that the far-UV background at 
Ao °' 1600A is very smooth on angular scales of 0 = 8' and larger: ( 61 / I)e °' 63. If it is assumed 
that the background consists of the sum of a smooth local component and an attenuated distant high 
redshift component of average intensity E[q(z)]I,, the fractional contribution to the total average 
emission from the distant component, t/>,, can be estimated from the observed dilution of the opacity 
fluctuations 

<fa, = E[q(z)]I, °' (�) (�) -' lrotal I q (15) 

Taken at face value, the Martin and Bowyer fluctuation limit implies that less than cfa, "' 63/5 °' 13 
of the far-UV background can originate from z °' 4.3. However, a slightly subtle point has been over­
looked; namely that the (6q/q) values in Figure 4 refer statistically to the absorption sampled along 
an infinitely narrow pencil beam (namely the line of sight to a quasar), whereas the UV background 
observations have been obtained with a finite e = 8' beam size. Since the opacity is dominated by the 
Lyman limit absorbers, which are assumed to be associated with galaxy halos of, say, D "' 50 kpc size, 
the absorption-generated background fluctuations on the sky are expected to be correlated only on 
very small scales of order Oc "' cD /Ho "' 10". Such small scale fluctuations would only appear in the 
finite beam measurements of Martin and Bowyer diluted by a factor of order O/Oc "' 50. The upper 
limit on <fa, derived above therefore has to be relaxed by the same amount to <fa, � 503. Given the 
severe practical problems of measuring UV background fluctuations on such small scales as 8 ;:::::: 10", 
it is unlikely that this constraint will be tightened much further in the forseeable future. On the other 
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hand, the above considerations do serve to demonstrate that, because of the very small size of the 
anticipated absorption coherence patch on the sky, use of the average attenuation given by equation 
(12) is well justified when dealing with the radiative transfer of diffuse background light. 

VI. SUMMARY AND CONCLUSIONS 

A decade of study of quasar absorption lines has yielded unique new and unique information on 
both the gas content and ionizing radiation field present in intergalactic space over a large span in 
redshift. In summary, the quasar absorption line data suggest that there is not enough ionizing flux 
present in intergalactic space to produce diffuse recombination emission from photoionized gas at a 
level close to current observational limits on the extragalactic far· UV background flux; nor does there 
appear to be enough neutral gas present to produce collisionally excited Lyo: emission from shock­
heated intergalactic gas at a detectable level. On the other hand, there is more than enough neutral 
hydrogen contained in the more massive absorption systems associated with galaxies to produce a 
significant Lyman continuum opacity out to high redshift, thereby hiding from view any potential far­
UV background contribution originating at z <: 3. In particular, any collisionally excited Hell J.304A 
emission emitted during IGM re-heating will be attenuated by at least two orders of magnitude in 
intensity. 

It is concluded that diffuse thermal line emission from the various components of the IGM is most 
likely not a significant contributor to the extragalactic diffuse far-UV background. 
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THE COSMOLOGICAL UV BACKGROUND FROM DECAYING NEUTRINOS 
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International Centre for Theoretical Phys ics , Trieste , I taly 

ABSTRACT 

The hypothe s i s  that dark matter tau neutrinos decay into photons which 
ionise hydrogen throughout the universe leads to testable consequences for 
the cosmological UV background. Observations of the ionising component of 
this background are used to constrain the energy of the decay photons . The 
background of softer U-V decay photons can then be predicted, and is found 
to be close to the upper limit derived from observations made above the 
atmosphere . 

1 ')7 



1 28 

1 )  Introduction 

I have recently proposed
1

' 
2

' 
3) 

that dark matter tau neutrinos decay 

into photons with a lifetime r-l - 3xl0
23 

seconds , and that these photons 

ionise hydrogen in galaxies , clusters of galaxies , Lyman a clouds and the 

intergalactic medium . This hypothes i s  solves several as tronomical and 

cosmological puzzles , and seems to be in good agreement with a number of 

rather varied types of observation. In this talk I would like to discuss 

the contribution of the proposed decay photons to the cosmological u-v 

background . It is convenient to divide this discussion into two parts , one 

dealing with the background of Lyman continuum photons , and the other that 

of softer photons . The reason for this division is that these two 

backgrounds are detected in different ways . Before embarking on this 

discussion I shall describe recent negative attempts to detect the 

predicted emission line from dark matter neutrinos in clusters of galaxies , 

and explain why these negative results are not decisive . 

2 )  Search for the Predicted Emission Line from Clusters of Galaxies 

In the absence of absorption , one predicts an emission line of 

rest- energy in the range 14 - 15 eV from clusters of galaxies with an 

intensity I given by 

4xl0
- 1 5 ( :1:: ) -2 -1 - 2  I----- ergcm sec arcsec 4 - 2 

( l+z ) lgm . cm 

where :1:: is the surface density of dark matter in the detector aperture and 

z is the red shift of the cluster . Typ ical values of :1:: for clusters lie in 

the range 0 . 1 - 1  gm . cm-2
, on the basis of either an isothermal sphere model 

for the clusters , or of observations of gravitational arcs produced by the 

clusters
4

•
5 )

. 

In a first attemp t ,  Fabian , Naylor and Sciama
6 ) 

used IUE data to study 

the spectrum of the moderately rich cluster surrounding the quasar 3C263 . 

No unident ified line was detecte d .  W e  concluded that 

or 

or 

( i )  :1::<0 . 34gm. cm
-2 

in this cluster 

( i i)  r>2xl0
23 

secs 

( i i i )  the line is absorbed b y  cold clouds i n  the cluster . 

The first two possibi lities are only marginally s tringent . In my 
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opinion the most fruitful possibility is the third, that of absorption in 

the c luster . This possibility arises from the discovery by White et al . 7 ) 

of cold , X-ray absorbing clouds in the central regions of nearby clusters 

using X- ray spectra . The surface density of the HI clouds -1021cm-2 , which 

is very much greater than that 

(-1017 cm-') . The existence of the 

required to absorb 14 . SeV photons 

cold clouds in the hot (-107 - 108°K) 

intracluster gas demonstrates that cold and hot gas can co - exist without 

evaporation of the clouds taking place (magnetic fields presumably inhibit 

conduction) . There is also observational evidence for significant 

quantities of dust in clusters8 ) . Presumbably the dust is contained in the 

clouds , where it can be protected from rapid destruction by the hot 

intracluster electrons 9 > . 

These ideas may be relevant for the reportedlO) failure to detect an 

unidentified emission l ine in the cluster A665 by the Hopkins Ultra-Violet 

Telescope on the recently conducted ASTRO I mission. In a range of 

res t - energies of 14- 16eV , if absorption in the cluster is neglected, a 

lower limit of T-1024 - 1025 secs is obtained , the precise lower limit 

depending on the energy involved .  The only exception to this lies i n  the 

narrow range 14. 3±0 . 02eV , where the predicted line could be hiding under 

the s trong geocoronal Lyman beta line which was observed.  To exclude this 

unlikely co incidence one would need to observe a cluster with a different 

red shift from that of A66 5  (which has z-0 . 18 ) . 

It is important therefore to make further studies of the possibility 

of subs tantial absorption of the line by HI and dust in the cluster . The 

predicted input energy flux would then be re- processed into various 

emission lines and into infra - red radiation emitted by the dus t .  Clearly 

this question gives rise to a number of new observational and theoretical 

problems which must be investigated ( e . g .  ref .  1 1 ) . In particular , it is 

planned to use ISO to determine whether some clusters of galaxies are 

extended sources of infra-red radiation. 

3 )  The Cosmological Background of Lyman Continuum Photons 

We need to know this background in order to discuss the ionisation of 

the intergalactic medium and of Lyman a c louds . We must also ensure that 

the neutrino decay theory does not give rise to an excessive background . 

An observational upper limit at essentially zero red shift can be derived 

from Ha data on HI c louds which are exposed to this background. There 

exists such data for high velocity c louds in or near our Galaxy , but in 
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these cases there may be s i gnificant absorption from nearby HI 

concentrations with a different velocity from that of the high velocity 

c l ouds . The most rel iable value comes from Ha observations of Reynolds et 

al . 1 2 )  of a n intergalactic HI cloud in Leo . S ince some of the inferred 

Lyman continuum photons may be generated locally in the cloud, one actually 

obtains an upper limit on the extragalactic flux F1 of Lyman continuum 

photons at z-0 . Reynolds et al derived the limit 

We now impose the requirement that the corresponding flux F2 of decay 

photons should not exceed F1 • In calculating F2 by integrating the flux 

from dis tant decaying neutrinos we must allow for the cosmological red 

shift acting on the initial energy E 
"( 

of 

rest- frame of the parent neutrinos . Setting 

E"I 13 . 6  + E eV , 

the decay photons in the 

we shall find that E<<l3 . 6 ,  so that the calculation of F2 is e lementary . 

We shall not need to take into account precise red shift dependent factors 

depending on an adopted model of the universe . In addition absorption 

effects from the accumulated influence o f  Lyman a clouds along the line of 

s i ght wil l  be unimportant . 
We then obtain 

F 2 

n v E R , 13 . 6  

where nv is the cosmological nwnber dens ity of decaying neutrinos and R is 
the radius of the universe (=c/H0) . The value of nv is standard ,  namely 

-lOOcm-3 , and in our theory2 ) R-2xl028cm. The condition F2:5F1 then implies 

that 

so that 

E 
13 . 6 :5 0 . 09 ( T ) 

3xl0 2 3 sec 



E :S 

and 

13 . 6 :S E 
-y 

1 .  2 [ ' ) eV 
3xl0

2 3
sec 

:S 14 . 8  [ :
3 

) eV . 
3xl0 sec 

131  

The essential conclusion of this argument is that E
7 

is narrowly 

constrained .  If our theory is correct this fact would lead to a number of 

important consequences for as tronomy , cosmology and e lementary particle 

physics which are discussed in refs . 1 ,  2 and 3 .  Further consequences 

arise from the red shift dependence of F
2 

We have n
v

a ( l+z)
3

, and in our 

theory
2 )  

Ra ( l+z )
-312 

(Einstein- de S i tter mode l ) , so that 

F
2

( z ) a ( l+z ) 312 

This relation enables one to explain
3 )  

the otherwise puzzl ing h igh 

ionisation o f  Lyman a clouds and the intergalactic medium at large red 

shifts . 

4 )  The Cosmological Background of Photons with A>912A 

Since the Galaxy is es sentially transparent for photons softer than 

13 . 6 eV , this background is in principle detectable from observations made 

above the atmosphere , as discussed by Bowyer at this meeting. Again the 

red shifted flux F
3

( A )  of soft decay photons must not exceed the observed,  

or inferred, cosmological background . We can here make a genuine 

prediction, s ince F
3 

is determined by E
1 

and T 1 both of which are now 

highly constraine d .  We predict that 

where \ i s hc/E
7

, the initial wavelength of the decay photon 

rest- frame of its parent neutrino . 

At A-lOOOA , we obtain 

in the 
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If we make the usual allowance for absorption by dust in the Mi lky Way , we 

predict that at b-90° 

F( lOOOA) - 300 cu . 

Similarly, we derive 

F ( l400A) - 200 CU 

and 

F ( 2000A) - 100 cu . 

These predictions are intriguingly close to the values discussed by 

Bowyer ,  after allowance for the integrated contribution from galaxies and 

from two - photon emission by the Reynolds layer of ionised gas in our 

Galaxy . Perhaps in the future it will be possible to test our theory in 

this way , and in particular to check the predicted A-2 · 5  spectrum . 
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We present a review of the presently available observations of the optical and near-IR extragalactic 
background light (EBL) obtained by means of night sky photometry. The EBL is a quantity of great 
cosmological importance; areas which are directly affected include galaxy formation and evolution, 
the appropriateness of different cosmological models, and the local luminosity density due to 
galaxies and other matter in intergalactic space. The basic problem in measuring the EBL is its 
separation from the other, much stronger components of the light of the night sky. We present first 
a review of the different methods utilized and the results obtained so far. Then we discuss in some 
more detail the dark cloud technique for EBL separation and describe our recent measurements 
carried out at ESO and at Calar Alto. 
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1. INTRODUCTION 

The great cosmological importance of an isotropic background radiation component was already 
recognized in theoretical contemplations by Halley!) (1721), Loys de Cheseaux2l (1744) and 
Olbers3l (1823) (For a review see Harrison4,5l). The absence of a (very) bright background light, 
expected as the accumulation effect of more and more distant shells of stars in an infinite universe, is 
generally known as Olbers' Paradox. In spite of the long history of this problem in the optical, the 
background radiation was first detected in the microwave. The background radiation in the 
conventional optical and neighbouring infrared and ultraviolet wavebands have consistently defeated 
attempts to detect them. 

The intensity of the background radiation due to galaxies (or other luminous matter) is given in 
the Friedmann models with a zero cosmological constant by the formula (see e.g. Partridge and 
Peebles6l) 

c r 0 l.(A.,t) n(t) 1 
Io(/'Q,(o) = 4ltL(AcJ,(o ) xn(to) J, L(X(jt- ) x ii(t;;J" x --3 dt '.run '"U "U [l+z(t)] 

(!) 

where I0(A.0,t0) is the background brightness and L(A.0,t0) n(to) the luminosity density at 
wavelength A.0 at the present time to· There are n(to) sources (galaxies) per unit volume, each of 
them emitting the flux L(A.0,t0). The first factor under the integral describes the evolution of the 
energy output and spectral distribution of a galaxy. Here L(A.,t) is the luminosity of the galaxy at the 
wavelength A.=A.o . (1 +zr1 and at the time t. The second factor gives the evolution of the number of 
galaxies, while in the third factor the redshift z(t), being a function of the time, depends on the 
assumed cosmological model. The function z( t) also appears in the first factor because A.=A.0 . 
( l+z(t)r1. The lower limit of the integral, 1min' stands for the epoch when the oldest galaxies were 
formed. Thus, in Eq. (I) several quantities of great cosmological importance are included. 

1 . 1  Galaxy formation and evolution. The principal interest for the extragalactic background light 
(EBL) during the past 20 years stems from the prospect of using it as a probe of galaxy formation 
and evolution. In a pioneering investigation Partridge and Peebles6l pointed out that the redshifted 
radiation from very young galaxies could be observable as a background light component, especially 
if the forming galaxies went through a bright outburst phase during which some 20 % of primordial 
hydrogen was converted into helium. It is now generally believed that most of the helium was 
synthesized in the very early universe, before the galaxy formation. However, the concept of an 
initial starformation burst with accompanying strong UV radiation is nonetheless important for the 
EBL predictions and was analyzed by Tinsley 7) in extensive model calculations including realistic 
galaxy evolution assumptions. Her results indicated that for models including galaxy evolution the 
background is brighter by about a fctor of 3 to I 0 as compared to the non evolving models. Some of 
her models with recent galaxy formation (at z=3) produced a large optical background. Recently, 
Guiderdoni and Rocca-Volmerange25) have presented results for the predicted EBL using 
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spectrophotometric modeling for the evolving galaxies, and a number of different cosmological 
models and galaxy formation epochs. 

1 .2 Cosmological Models. It has been often suggested that the integrated background light due to 
galaxies could be used as a test to discriminate between different cosmological models (see e.g. 
McVittie and Wyatt8l, 1959; Whitrow and Yallop9); Partridge and Peebles6l). Calculations by 
Sandage and Tamman 10) for Friedmann world models with zero cosmological constant and no 
galaxy evolution show that for different values of the deceleration parameter CJo• the background at 
optical wavelengths is about 1 10-9 erg cm-2 s-1 sterad-1 k1 and decreases only about 30 % when CJo 
changes from -1 to +2.5 . Tinsley 7) found larger differences between the cosmological models with 
different q0, especially when evolution was included. These differences are masked by the much 
larger uncertainties due to our incomplete knowledge of galaxy evolution. Yoshii and Takaharal 1) 

have found similar effects of CJo on the predicted EBL. The Hubble parameter Ho does not influence 
the background when no galaxy evolution is assumed. But even with models with galaxy evolution 
Tinsley 7) found that the influence of Ho is very small. Thus the selection of a specific cosmological 
model (i.e. H0 and q0) can cause only a minor variation in the value of the background light at 
optical wavelengths. It should be noted, however, that for the near-infrared background radiation 
the predicted differences between different cosmological models are much larger. 

Stabell and Wessonl 2) and Wesson et al. 13) have re-emphasized the fact, first pointed out by 
Harrison 14), that the specific cosmological model - even if expanding or nonexpanding - is of less 
importance as compared to the effect of the finite lifetime of galaxies. 

1 .3 Local Luminosity Density. The theoretical predictions which lead to the above mentioned value 
of -H0-9 erg cm-2 s-1 sterad-1 k1 for the extragalactic light, are based on a local luminosity density 
of 3.6· 10-47 ( Hof  100 kms-1 Mpc-1) erg cm-3 s-1 Hz-1 at 4300 A. 

This value has been derived by Shectmanl 15) from the number of known galaxies (Kiang16)); 
see also the discussion in Peebles17l. Based on recent analyses of galaxy counts (e.g. Ellis58)), 
Yoshii and Takahara1 1 l) have adopted a lower luminosity density of 2.3· 1 047 ( Hof 100 kms-1 
Mpc-1) erg cm-3 s-1 Hz-1 at 4600 A. 

Arp 1 8) pointed out that there may exist large numbers of hitherto unknown galaxies which, 
either because of their small angular extension or their low surface brightness, are not detectable with 
present observing techniques. Shectrnan 19), analyzing the small-scale anisotropy of the EBL has 
found, however, that, if the luminous matter is distributed in the same way as galaxies, the observed 
fluctuations are in accord with the conventional value of the local luminosity density. If the EBL is 
totally due to galaxies, then the galaxy clustering will produce an anisotropy to the spatial 
distribution of EBL which is of the order of -20-30 % at scale lengths of a few arc minutes. This 
anisotropy may be the most efficient means of detecting the component due to galaxies of the EBL 
(see Shectman 1 5,19); Martin and Bowyer20l. However, there may be other components of the EBL 
which do not follow the galaxy clustering. Thus the detection of the isotropic EBL level is still of the 
greatest interest. 
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1.4 Intergalactic Gas. Besides galaxies, intergalactic clusters and stars also the intergalactic gas may 
contribute to the EBL. E.g. Weyman2 1 ), Hogan and Rees22), and Sherman and Silk 23) have 
discussed Ly-a emission by hot intergalactic ionized hydrogen, redshifted into the optical band. 
They suggest that this might constitute a measurable, even dominant, extragalactic background 
towards the red. A clumpy structure, varying both spatially and in frequency is expected if the illI 
gas is inhomogeneous. 

2. BASIC OBSERVATIONAL CONSIDERATIONS: THE COMPONENTS OF THE 
LIGHT OF THE NIGHT SKY (LONS) 

Observations of the EBL are hampered by the much stronger foreground components of the LONS. 
Typical minimum values of these components in the blue spectral region are given in Table 1 . 
Unlike the other components the EBL is isotropic which, in combination with its weakness, 
complicates its separation. For ground based observations one has the additional problem of 
irregular and relatively rapid time variations due to the airglow. 

The situation in the optical is very different from the microwave band, where the extragalactic 
component (2.7 K) is roughly equal to the atmospheric component (-2.3 K) (Penzias and 
Wilson24l) and the solar system and the galactic component off the Milky Way are negligible. 

The basic approach when trying to measure the EBL is to use either I) the differences in the 
spatial distributions or 2) the differences in the spectra of the different LONS components. Since 
both these methods have difficulties one should 3) try to eliminate or minimize as many of the 
unwanted foreground components as possible by a suitable selection of the observing site and of the 
observing technique. If only an upper limit is measured for the EBL it is still possible to discuss the 
combined EBL and DGL. However, for a measurement of the EBL these two components must be 
also separated. 

In the following sections we discuss the different methods developed for the separation of the 
EBL, and the results obtained so far. We do not discuss the galaxy count method for which other 
lectures are devoted (Rocca-Volmerange; Gardner; Franceschini, these Proceedings). 

Table 1 . Comy'.:ments of the Lig.ht of the Night Sky at A. = 4000 A. Unit is 
1 · 10-9 erg cm· s·1 sterad-1 A which at 4000 A corresponds to -0.5 S 10 

Extragalactic background light (EBL) 
Integrated galactic starlight (ISL) (b=90°, m>8m) 
Diffuse galactic light (DGL) (b=90") 
Zodiacal light (ZL) (�=90") 
Airglow (zenith) 
Atmospheric scattered light (zenith) 

Total 

1-10 
30 

0- 10 
60 
60 
20 

1 7 1 - 190 



3. EBL SEPARATION USING ITS DEPENDENCE UPON 
GALACTIC LATITUDE 
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The first attempt to measure the EBL intensity photometrically was by Roach and Smith26). The 
separation of the EBL was based on the assumption that its observed intensity at galactic latitude b, 
I'EBL• decreases towards the galactic plane in accordance to the cosecant-law: 

(2) 

where to is the optical half-thickness of the galactic dust layer. However, the two galactic 
components, the integrated starlight and the diffuse galactic light show a dependence on b and, being 
much stronger components, completely overwhelm the EBL. 

Roach and Smith26) derived from their analysis of a large data base of zenith sky observations 
an upper limit of 5 S 10 to the EBL at A. = 5 300 A. This upper limit is, however, too stringent since 
the analysis did not account for the indirect EBL component which is scattered by the galactic dust 
layer in analogy to the diffuse galactic light. The scattered EBL component is strongest towards the 
galactic dust layer and decreases towards the poles. The radiation transfer problem to be solved here 
is a plane parallel disk of dust embedded in an isotropic incident radiation field. For the 
observationally determined albedo values for dust, a�0.60 (e.g. Mattila27l) about half of the 
extinction according to Eq. (2) is compensated for. Thus the Roach and Smith26) upper limit is 
transformed to IEBL :!> 10 S 10. It appears that this method does not have much promise for an actual 
measurement of the EBL. 

4. THE METHOD OF DUBE ET AL. 

Dube, Wickes and Wilkinson28) carried out a very thorough ground-based photometry of the night 
sky where each of the individual foreground components is dealt with in a different way. The 
experiment used a relatively large field of view (diameter 16'), containing typically several hundred 
stars brighter than 20m. However, the stars were blocked with specific star masks, placed in the 
focal plane of the telescope and prefabricated with the help of the Palomar Sky Survey plates for 
each one of the 1 1  selected high latitude fields in the range b = 46°-89°. 

The zodiacal light was separated on the basis of its solar like spectrum. The depth of the strong 
Mgl double at 5175 A was measured using a combination of a narrow and broad filter. Finally the 
airglow and the tropospheric scattered light were measured by assuming that they are proportional to 
sec z. The measuring fields were tracked accross the sky over a wide range of sec z-values, and the 
temporal variations of the airglow were modeled with a polynomial. The residuals in this fitting 
procedure contributed most of the error in the fmal result. After each of the foreground components 
had been eliminated with an accuracy approaching I % the remaining sky brightness contained only 
the EBL and DGL. These values with their error bars are plotted in Fig. I as a function of galactic 
latitude. As can be seen the individual values have typically errors of ±5 S 10. As a mean value of all 
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Fie:. 1. Results of Dube et at.281 for DGL+EBL versus galactic latitude. The continuous curve 
indicates the average starlight. 

the data Dube et al. obtained 1 .0±1 .2 S 10. Because it was not possible to estimate the DGL 
contribution the result was interpreted as an upper limit on the EBL of 3.4 S 10 or 5. l · 10-9 erg cm-2 
s-1 sterad-1 A-1 at the 90 % confidence level. 

A basic problem of this method is that it starts with the total brightness of the night-sky which is 
a factor of -100 brighter than the EBL. Thus a very accurate elimination of the absolute amounts of 
the zodiacal light and airglow is required. Furthermore, the method does not differentiate between 
the EBL and DGL. The DGL which will also have a strong Mgl absorption line in its spectrum is 
entangled in an unaccountable way with the zodiacal light. 

The most critical point in the data analysis of Dube et al. was the way how they corrected for the 
airglow. After having subtracted zodiacal light and starlight, and having corrected for atmospheric 
extinction (in the same way as for stars), they found that the residual sky brightness was to a good 
approximation a linear function of sec z. Thus they assumed that a linear extrapolation to sec z=O 
would give a value of the residual sky brightness, EBL + DGL, free of airglow. This assumption 
is, however, doubtful. We have reanalyzed the airglow problem as follows: (1) We have adopted 
an extraterrestrial airglow distribution as given by van Rhijn59) for a height of 100 km. (2) We have 
made a correction for Rayleigh extinction, etR, (Offi. 10) and have added a term for Rayleigh 
scattering according to the tables of Ashbum29). This function is our prediction for the airglow 
intensity to be observed at the ground. (3) Following the recipe of Dube et al. we have then 
"corrected" these model airglow intensities for extinction by using the (full) atmospheric opacity 
(Rayleigh plus aerosol components). (4) The resulting function I(z) is in fact, to a good 
approximation, a linear function of sec z over the range from 1 to 2. (5) A linear extrapolation of 
this model airglow intensity does not, however, cross the sec z=O axis at the zero point but at the 
negative side of it. ( 6) Using the values as given by Dube et al. for the average atmospheric 
extinction (Offi.16) and zenith airglow intensity (25 S 10) we find that the reduction method of Dube 
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et al. overestimates the airglow intensity by - 3 S 10. Thus their residual value for EBL + DGL 
should be increased by this amount, resulting in EBL + DGL = 4.2 ± 1.2 S 10• or an EBL upper 

limit of 6.4 S 10 at the 90 % confidence level. 

5. MEASURING THE EBL BEYOND THE AIRGLOW AND THE 
ZODIACAL LIGHT 

Observations from space platforms, which are imperative for UV and IR background radiation 
measurements, also have great advantages for measuring the optical background (Baum30)). The 
ultimate method for EBL measurement would be provided by an experiment from beyond the 
zodiacal light cloud (Roach and Smith26l). 

An unprecedently favorable opportunity for the EBL measurement was offered by the Pioneer 

10 spacecraft as it passed out of the asteroid belt, and the zodiacal light intensity dropped beyond 3 

AU to vanishingly small values. The only remaining LONS components at this observing site were 
the integrated starlight (ISL), the DGL and the EBL. Because of the crude spatial resolution (2°) of 
the Pioneer 10 photometer experiment, starlight unavoidably dominated the signal. Toller3 l )  

analyzed the Pioneer 10 blue photometric data for 1 7  high galactic latitude areas using the Roach and 
Megm32) and Sharov and Lipaeeva33) star count data to subtract the ISL component. Toller 
estimated the DGL value in these high-latitude fields to 2.0±0.4 s10 and derived an upper limit to the 
EBL of 3.9 S10(V)ozv or 4.5 · 10-9 erg cm-2 s-1 

sterad-1 A-1 
at the 2cr limit. Because of the 

relatively large uncertainties in both the Pioneer photometry (±4 s10 or ±8%) and in the star count 
data (±15 %) an actual determination of the EBL appears not to be possible from these data. 
However, a larger optical telescope (cl> ::>: 50 cm) sent above or beyond the zodiacal dust cloud has 

great promise for a clean measurement of the EBL and its spectrum. Equipped with an accurate 
photometer with -2' field of view such a telescope could look between the stars down to -20m, 
rendering the starlight contribution negligible for the high galactic latitude areas. In fact, a 
photometer for zodiacal and other background light studies was included in the payload of the NASA 

spacecraft of the International Solar Polar Mission, which - like the recently launched Ulysses - was 
scheduled to fly outside the zodiacal dust layer. Unfortunately, this spacecraft was cancelled, 
however. 

6. THE DARK CLOUD METHOD 
6.1 Description of the method. We have been developing for several years a method for the 

measurement of the EBL which utilizes the screening effect of a dark nebula on the background light 
(Mattila34,35); Schnur36); Mattila and Schnur37,38l). A differential measurement of the night-sky 

brightness in the direction of a high galactic latitude dark cloud and its surrounding area, which is 
(almost) free of obscuring dust, provides a signal which is due to two components only: (1) the 

extragalactic background light, and (2) the diffusely scattered starlight from interstellar dust 

All the large foreground components, i.e. the zodiacal light, the airglow, and the atmospheric 
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Fig. 2. (a) Principle of the dark cloud method for EBL measurement; 
(b) Opaque dark nebula is shown in front of a high-galactic-latitude background of stars 
and galaxies. Measuring positions within the nebula (#2) and outside (# 1 and 3) are indicated; 
( c) Schematic presentation of the surface brightness distribution across the dark nebula; 
(d) the difference in spectral distributions of the galactic starlight and the EBL. 
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scattered light, are completely eliminated (see Fig. 2a). The direct starlight down to -21st magnitude 
can be eliminated by selecting the measuring areas on a deep Schmidt plate. At high galactic latitudes 
(lbl > 30°) the star density is sufficiently low to allow blank fields of -2' diameter to be easily found. 
Galaxy models show that the contribution from unresolved stars beyond this limiting magnitude is of 
minor importance. If the scattered light from the interstellar dust were zero (i.e. the albedo of the 
interstellar grains a = 0), then the difference in surface brightness between a transparent comparison 
area and the dark nebula would be due to the EBL only, and an opaque nebula would be darker by 
the amount of the EBL intensity (dashed line in Fig. 2b-c). 

Unfortunately, however, the scattered light is not zero. A dark nebula in the interstellar space is 
always exposed to the radiation field of the integrated galactic starlight, which gives rise to a diffuse 
scattered light (shaded area in Fig. 2c ). Because the intensity of this scattered starlight in the dark 
nebula is expected to be equal or larger than the EBL, its separation will be the main problem in the 
present method. 

The separation method utilizes the difference in the shape of the spectral energy distributions of 
the EBL and the galactic light around the wavelength A. = 4000 A (see Fig. 2d). The spectrum of the 
integrated starlight can be synthesized by using the known spectra of stars representing the different 
spectral types, as well as data on the space density and distribution in the z-direction of stars and 
dust. Synthetic spectra of the integrated starlight have been calculated by Mattila39,40)j. The most 
remarkable feature in the spectrum is the abrupt drop of intensity shortward of A. = 4000 A. The 
shape of the integrated starlight spectrum and especially the size of the 4000 A discontinuity have 
been found to depend only weakly on the galactic latitude and the imagined z-distance of the 
observer, z0• 

It is possible to draw some conclusions about the spectrum of the EBL by using plausible 
theoretical arguments. Radiation from galaxies and other luminous matter over a vast range of 
distances, from z = 0 up to z � 3 at least, contribute to the EBL. Therefore, any sharp spectral 
features of the source spectrum, lines or discontinuities, are washed out. For the present study it is 
important to recognize that the discontinuity at 4000 A, although present in all galaxy spectra, does 
not occur in the integrated background light. 

Figure 3 illustrates how the spectral energy distribution of the observable surface brightness 
difference dark nebula minus surroundings changes for different assumed values of the EBL 
intensity. 

6.2 Results for different dark cloud areas. The result of the first application of the above described 
method to the dark nebula Ll34 area (1 = 4°, b = 36°) gave an unexpectedly high EBL intensity of 
(23±8) 10-9 erg cm-2 s-1 sterad-1 kl (10±4 S 10) at 4000 A (Mattila34». Later on, the same method 
was used again by Spinrad and Stone47) at the same nebula; they obtained a 3 o upper limit of 
1 0 · 10-9 erg cm-2 s-1 sterad-1 A-1 (or 5 S 10). to the EBL at 4000 A. Surprisingly, their 
measurements did not show any surface brightness excess in Ll34 although this excess is readily 
seen both on red and blue photographic plates obtained of the L134 area with the ESO 1-m Schmidt 
telescope. Boughn and Kuhn44), again applying the dark cloud technique, observed a minimum 
excess surface brightness of 1.5 10-9 erg cm-2 sterad-1 A-1 at 6500 A in the Ll34 cloud centre. 
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Eig._1_ The observed spectrum for Pos. 8 in L 1642 (points with error bars) is compared with the 
pure _sca�tered light spectrum (l�BL = Di and two cases with correction� for an assumed EBL 
contnbutJ.on, I'EBL = 5 and 10x10- erg cm- s-1 sterad-1 A-1• The scattered hght spectrum has been 
derived empirically from the observed L1642 spectra in the range AR = l-2m . The spectra have been 
normalized to the observed value of Pos. 8 at 4150 A. I'JlBL is the fraction of EBL which the dark 
cloud is able to block along the line of sight. For Pos. 8 \Ae = 4m) I'EBL = 0.9 IEBL· 

Their "clear" comparison areas were, however, quite close to the cloud and were probably 
contaminated by a considerable amount of dust. Thus a conclusive upper limit to the EBL was not 
obtained from this experiment. 

We have continued the measurements of the EBL with the dark cloud technique in the area of the 
high-latitude dark nebula L1642 (I = 210°, b = -36°.5) in the galactic anticentre direction (Mattila and 
Schnur.see [35]). As compared to Mattila34) the observing and data analysis methods have been 
considerably improved. The observations were carried out using the 1-m telescope of the European 
Southern Observatory. Five intermediate-band filters were used, centered at 3500 A (u), 3850 A, 
4150 A, 4700 A (b) and 5550 A (y). The field size was 88". Several positions were selected in 
transparent areas around the cloud for fixing the background level. Both starcount data and far 
infrared (IRAS) surface brightness maps of the L1642 area (see Laureijs, Mattila and Schnur48)) 
were used to select transparent areas. In addition, uvby�-photometry of several A-F type stars in 
these areas has been performed by Franco49), and his results prove that the extinction in our 
comparison areas is indeed very small, Av < om.as. 

The photoelectric surface photometry of weak extended objects is hampered by the time 
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variability of the airglow. One has to repeat normally in single beam photometry the ON and OFF 
source measurements after each other. We have used in our observations a method in which the 
airglow fluctuations are eliminated by means of strictly simultaneous parallel observations with the 
ESQ 50-cm telescope (see Schnur and Mattila50». The best chance of detecting the EBL is to look 
at the positions which have (a) the largest optical depth through the cloud and (b) the lowest surface 
brightness. In practice these two conditions are fullfilled for the same positions. In our 
observations of Ll642 the Position No. 8 was identified to best fullfill these both conditions. An 
EBL contribution for Pos. No. 8 is suggested (see Fig. 3). At this position the surface brightness of 
the cloud at 3500 A is only marginally higher than the clear background, i.e. M = 1 . l±o.5 10-9 erg 
cm-2 s-1 sterad-1 A-1, whereas the surface brightness of the cloud at the longer wavelengths, 
( 'A =  3850, 4150, 4700 and 5550 A) is clearly in excess above the background. This situation can 
arise only in one of the following two ways: (1) the albedo of the dust decreases strongly towards 
shorter wavelengths and drops to nearly zero at 3500 A, or 
(2) There is a background light component, emanating from behind the cloud, of the same order of 
magnitude as the scattered light surface brightness of the cloud. The first possibility is ruled out by 
the fact that at other, less opaque, positions in the same cloud the surface brightness at 3500 A is 
significantly different from zero, and is about one half of the values obtained at 'A �  4000 A. It is not 
to be expected that the albedo specifically at 3500 A would drop strongly towards opaque areas. 

As shown by the model curves in Fig. 3, an EBL value of -6 units can best fit the observations. 
A more quantitative analysis is presented in [35]. It gives 

IEBL = 6.5±2.5 10-9 erg cm-2 s-1 sterad-1 kl 
as the result of the present observations. This value corresponds to 3±1 S10(AOV) at 4000 A. We 
would like to emphasize that this is still a preliminary value and refer to Mattila and Schnur (in 
preparation) for the final results. 

7. THE EBL IN THE NEAR-INFRARED 

Basically the same methods as discussed above for the optical band, can be used also in the 
near-infrared for the separation of the EBL. About 25 years ago, pioneering rocket experiments, 
carried out by the group at Cornell University, resulted in the first measurements of the 
extraterrestrial near-infrared surface brightness of the night sky and hence to upper limits for the 
near-infrared EBL. These limits of 5x10-6 wm-2 sr-1 µm-1 in the range 1-3 µm (Harwit et al.51)) 
and 3xl0-8 wm-2 sr-1 µm-1 at 5-6 µm (Soifer et al.52)) were subsequently reduced by a balloon 
experiment to 5xl0-7 wm-2 sr-1 µm-1 at 2.2 µm (Hofmann and Lemke53)) and finally by the 
all-sky observations of the Cosmic Background Explorer COBB (Hauser et al. 54 l) to the now best 
available limits of 7±3x10-7 wm-2 sr-1 µm-1 at 1 .2 µm, l .5±o.6xl0-7 wm-2 sr- 1 µm- 1 at 2.3 
µm, 4.4±1 .8xl0-8 wm-2 sr-1 µm-1 at 3.4 µm and 7.6±3. lxl0-8 wm-2 sr-1 µm-1 at 4.9 µm. 

Limits to the near-infrared EBL have also been derived from ground-based observations. 
Boughn and Kuhn44l, using the dark cloud method at 2.2 µm for the molecular cloud Ll34 derived 
an upper limit of 5xl0-8 wm-2 sr-1 µm-1 . This, however, was not a strict upper limit but depended 
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on assumptions on the optical thickness of the cloud and the amount of galactic light scattered in it. 

On the other hand, Cowie et al. 55), from galaxy counts based on deep K imaging of selected fields, 
derived a lower limit to the near-infrared EBL of 1.7 x 10-9 wm-2 sr-1  µm- 1. This leaves a range 
of roughly by factor of 50 between the lower and upper limit at 2.2 µm. 

Experimentally, the main difficulty in measuring the near-infrared EBL consists in subracting 

the contribution of zodiacal light. Even around 3-4 µm, where the combined brightness of zodiacal 
light scattering and thermal emission is at its minimum, it still amounts to about 4x10- 8  

wm-2sr-l µm- l  (Hauser et al. 54l), which is about an order of magnitude higher than current model 

predictions for the EBL (Yoshii and Takaharal l), Franceschini et al.56)). 

Possible measurements of an isotropic extragalactic component in the near-infrared have been 

reported from a photometric rocket experiment at 2.2 µm and 3.5 µm (Matsumoto et a1.45l) and 

from 1-3 µm spectrophotometry, again during a rocket flight (Noda et al.57l). However, the spatial 

and spectral coverage were not extended enough to allow an unambiguous determination of the 

contribution of zodiacal light. The reported measurements therefore should be considered as upper 

limits to the EBL brightness in the near-infrared; they are close, although somewhat lower, to the 

limits given by the sky brightness at the south ecliptic pole as observed by COBE54)_ 

Ideally, an experiment to measure the near-infrared EBL should have extended spatial coverage, 

covering the sky from the ecliptic to the ecliptic poles, at least one year of observing time to 

determine the efffects of the earth's orbital motion, a wide spectral range including the mid-infrared, 

where zodiacal light exclusively dominates the night sky emission, and measurements in the range 

around l µm, where scattering of solar radiation is important - all this, in order to be able to derive a 
reliable model of the zodiacal light contribution. The COBE experiment so far has been the only one 

to fulfill these conditions and soon should be able to give a much improved upper limit or 

measurement of the near-infrared EBL. In addition, an ideal experiment should have a small 

(< 0. 10°) field of view in order to reduce the stellar contribution and the contribution by bright 
interstellar cirrus emission to insignificant amounts. These latter components may limit the accuracy 
achievable with the comparatively large field of view (0. 7°xO. 7°) of the COBE experiment. The 
photometric experiment on satellite ISO (see Leiner! et al., this volume), with its much smaller field 

of view of 0.05°, should give an important improvement in this respect. The prospects that a real 
measurement of the near-infrared EBL will be obtained during the next few years are still difficult to 

appraise, but they are better than they have been ever before. 

8. DISCUSSION 
8.1 Comparison of the EBL measurements. A compilation of the different EBL determinations is 
presented in Table 2. The present result for the EBL intensity is significantly smaller than the 

previous value of Mattila34), i.e. IEBL = 23±8 10-9 erg cm·2 s·I sterad·1 kl , which was obtained 
for the direction of Ll34 (1=4°.0, b=35°.9). We think that most of the discrepancy is due to the 
much larger observational errors inherent in the 1976 values which were based on a single-telescope 
observing technique. A part of the discrepancy may be due to a real difference of the background 

light intensities in these two directions: any galactic contribution would be stronger in the center 
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direction (L134) as compared to the anticenter direction (L1642) because of the longer line of sight 
through the galactic halo. However, the galactic contamination of the present EBL results is 
expected to be minimal. In any case a repetition of the EBL measurement in the L134 area is of great 
interest and observations have already been started at La Silla (Mattila and Schnur) and at Calar Alto 
(Mattila and Leinert). Comparing the upper limits of Dube et al.28) and Toller31)  with our present 
EBL measurement we conclude that there is no obvious discrepancy. Our measured value is close to 
these upper limits. 

Recent galaxy counts by Tyson41,42), extending to m1 = 27m, have provided an estimate of the 
EBL due to galaxies: IEBL = 0.7 10-9 erg cm-2 s-1 sterad-1 A-1. This value depends, however, 
crucially on the slope of the log N(m) curve which is used for extrapolation beyond the magnitude 
limit. According to Tyson, 75 % of this EBL value, i.e. IEBL = 0.5 10-9 erg cm-2 s-1 sterad-1 A-1 is 
due to galaxies fainter than m1 = 2om (which is comparable to the magnitude limit in our 
measurement areas). Thus, according to Tyson's result only a small fraction of our present 
observed EBL intensity can be explained in terms of integrated light of galaxies. 

Table 2. Compilation ofresults for the optical EBL intensity. The unit is 1·10-9 erg cm-2 s-1 
sterad-1 A-1 

Authors Year IFRT. /...(A) Site Method 

Roach and Smith 1968 <6 5300 ground b-dependence 
Lillie 1968 <5 4100 rocket subtraction of foreground 

components 
Mattila 1976 23±8 4000 ground dark cloud L134 
Spinrad and Stone 1978 <10 4000 ground dark cloud L134 
Dube et al. 1977,1979 <5.1 5 1 15 ground subtraction of foreground 

components 
Toller 1983 <4.5 4400 R>3AU subtraction of starlight 
Boughn and Kuhn 1986 (<1.5)* 6500 ground dark cloud L134 
Mattila and Schnur 1989 6.5±2.5 3500 ground dark cloud L1642 

4000 
Tyson 1988 0.68+o.03 4500 ground galaxy counts 

-0.01 

* Minimum surface brightness of the nebula (see text) 

8.2 Light from the galactic halo? Part of the background light observed in any of the EBL 
experiments might actually originate within our Galaxy. Because of the differential observing 
method used in the dark cloud method, only light originating from behind the dark nebula, i.e. 
essentially in the galactic halo, can contribute to the measured EBL. 

First, it is noted that if the unresolved starlight has the same spectral distribution around 4000 A 
as the total starlight, it is eliminated when calculating the extragalactic light. For a much smaller 
discontinuity value, which is known to be valid for the metal-deficient halo stars, the unresolved 
starlight would not be eliminated. Using the galaxy model of Bahcall and Soneira43) we find for I =  
180°, b = 30° the ISL contribution I*(mB2:20m) = 0.16 s10 corresponding to 0.4 10-9 erg cm-2 s-1 
sterad-1 A-1. Only the small fraction of this total ISL which is due to metal-deficient stars having a 
flat spectrum in the 3500-4000 A range is not eliminated by our separation technique. Thus the ISL 
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cannot be responsible for more than a negligible fraction of the observed EBL intensity. 
As a crucial observational test to exclude the galactic contribution we emphasize the importance 

to observe the EBL in several directions with different path lengths through the galactic halo. 

I 

1 
A [µm] 

-2 -1 -1 [W m sterad µm ] 

2 3 4 5 

Fig. 4. Calculated spectral energy distributions of the integrated light of galaxies. The continuous 
curves are models from Yoshii and Takahara 1 1!, the dashed curves are from Tinsley7 ! (see text for 
details). Recent observational values and upper limits are indicated. 
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8.3 Comparison with theoretical predictions. We compare in Fig. 4 the observational EBL results 
with a number of theoretical predictions for the background light due to galaxies. The observational 
values are according to Table 2 with the addition of the near-IR results of Boughn and Kuhn44l and 
Matsumoto et al. 45). From the wealth of UV data points (see Bowyer46)) we show only the recent 
result of Martin and Bowyer20l at 1500 A. 

As an example of model predictions the continuous lines show the recent EBL calculations in the 
wavelength range 0.36-3.4 µm by Yoshii and Takahara1 1l. The thick and thin lines represent the 
models with and without galaxy evolution, respectively. The curves are labeled by the value of the 
deceleration parameter Clo (ranging from 0.02 to 1 .0) and, for the evolutionary models, with zp (3 or 
5), the redshift at which the galaxies formed. The total range of EBL intensities of Yoshii and 
Takahara is within a factor of -2. 

The dashed and dash-dotted lines in Fig. 4 show some of the cases previously calculated by 
Tinsley7l. All four curves are for Clo =  0.02. The curves labeled Cl and 1 assume distant galaxy 
formation epochs (zp = 35 and 20 for ellipticals and spirals, respectively). Curve Cl is for no galaxy 
evolution whereas the other curves assume evolution. It is seen that curves Cl and 1 agree relatively 
well with the Yoshii and Takahara results. All these curves are an order of magnitude lower than the 
observational values or upper limits in the optical. Tinsley's models 12 and Yl2 are for recent galaxy 
formation (zp = 3) and they predict a much brighter EBL, with a maximum in the optical band. In 
these cases the strong UV radiation of young galaxies at A. � 1000 A is shifted to ( 1 +zp) A. � 4000 
A. Case 12 which assumes a strong UV brightning in the past, can clearly be excluded. Case Yl2 
on the other hand is still compatible with the observational results. In this model the spectrum at A. < 

0.33 µm remains constant. In conclusion, nonevolving galaxy models cannot account for the 
observed level of EBL but models with evolution seem capable of producing enough background 
light if the circumstances are favorable for putting much of the radiated energy into the optical band 
at present. 
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OBSERVATIONS OF THE INFRARED EXTRAGALACTIC 

BACKGROUND LIGHT WITH ISOPHOT 
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Extended abstract 

So far there exists no convincing measurement of the infrared extragalactic background 
light. In the near infrared, the results of Matsumoto et al.3> and Noda et al.5> suffer from 
the limited spatial and spectral coverage and the resulting uncertainty in the separation 
of the components. In the far infrared, the values obtained by the Nagoya-Berkeley 
experiment4> are in doubt, because the sub-mm excess found by the same experiment was 
not confirmed by the COBE satellite. COBE1l is expected soon to give more reliable 
results, but because of its comparatively large field of view (0.7° x 0.7°) the subtraction of 
the stellar component (in the near infrared) and the interstellar cirrus emission (in the 
far infrared) may limit the achievable accuracy. 

Figure 1 stresses the importance of the separation of components for the measurement 
of the infrared extragalactic background light. The most important ones are zodiacal light 

1 49 



1 50 

z = 1000 Galaxy 

surrounding debris 
{scanering and 

emission) 

.Eig. 1 :  Components contributing to a measurement of infrared sky brightness. Note that 
the extragalactic background light can only be evaluated after careful avoidance or 
subtraction of a number of contributing sources of brightness. 

42" 

* 

Local Selection of dark sQots 
42" 

dark COBE/DIRBE 
/ field 

* 

.Eig. 2: Method envisaged to find the darkest spots on the sky for a measurement of the 
infrared extragalactic background light. Shown is a COBE field ( 42' x 42'), already 
selected for minimum sky brightness. This field will be mapped with a field-of-view of 
3' x 3' (small squares) in a wavelength sensitive to "cirrus" emission of interstellar dust. 
Thus bright cirrus (shown as patches) can be avoided as well as bright stars or galaxies. 
The darkest ones (shown in black) will be selected for the attempted measurement of 
the infrared extragalactic background light. In addition, measurements of higher angular 
resolution (1'  x 1', corresponding to the pixel size of the ClOO camera) in the center of 
the field aim at detecting faint galaxies and fluctuations of the background radiation. 
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and stellar contribution i n  the near infrared, zodiacal light and thermal emission of 

interstellar dust ("cirrus") in the far infrared. The experiment to be performed with 

ISOPHOT has the following strong points: 

the field-of-view of 0.05° diameter together with the high sensitivity of a cooled 

telescope allows us to exclude all stars brighter than K = 15 and to avoid the 

contribution of bright cirrus, and thus it allows us to find the darkest points in 

the sky. 

the availability of 20 filter bands from 3-200 µm and the extended spatial 

coverage from the ecliptic to the ecliptic poles, and the availability of the COBE 

all-sky maps will help to create a trustworthy model of the zodiacal light and 

allow us to separate the zodiacal light contribution from the data with good 

accuracy. 

the extended spectral coverage allows us to estimate the contribution of 

interstellar cirrus emission to the zodiacal-light subtracted signal. 

The residual - if significantly larger than zero - would be a measure of the infrared 

extragalactic background. 

For a more detailed description of the ISOPHOT experiment and its capabilities to 

detect the infrared extragalactic background radiation see the report by Lemke et aJ.2l. 
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REDSHIFT CONSTRAINTS AND CLUSTERING OF FAINT GALAXIES 
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ABSTRACT: Deep CCD images of the sky reveal a high surface density of faint, predom­
inantly blue galaxies down to BJ � 27 that may be at high redshifts, z ;::; 1. Since our 
knowledge of these faint objects is quite limited, and not many of the ones fainter than 
BJ = 23 have known redshifts, their true nature has proved elusive. In this paper, we 
describe two model-independent redshift constraints on these faint galaxies. The first is 
an upper redshift limit z < 3 that is implied by the lack of any Lyman break candidates 
in our deep U BJR data. The second is a (rough) lower limit on the median redshift that 
follows from the fact that a large fraction of faint blue galaxies are gravitationally lensed 
by foreground galaxy clusters at z � 0.5. We have also examined the two-point angular 
correlation function of faint galaxies (BJ = 24-26), comparing it to that expected for pro­
genitors of L* galaxies under various assumptions about redshift distribution, clustering 
evolution, and cosmology. The faint galaxies are found to be surprisingly weakly clus­
tered. There are several possible explanations of this result: (a) the majority of the faint 
blue galaxies belong to a class of objects that is weakly clustered and intrinsically faint 
at the present epoch; (b) galaxy clustering evolves much more rapidly than expected in 
gravitational instability theories; or ( c) the geometry of the Universe differs significantly 
from the Einstein-de Sitter model . If the first of the above explanations is correct (and 
this is the most likely one, in our opinion), it will be very difficult to learn about the 
geometry of spacetime from faint galaxy counts in the optical. 
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I. Introduction 

The nature of new-born galaxies and the epoch at which most galaxies were formed 

have been the focus of a lot of attention over the last few years1l. Much effort has 

been invested in searches for high-redshift primaeval galaxies2l .  Although a few powerful 

radio galaxies have been found at redshifts z ;::; 23) and quasars are known to exist out to 

z ;S 54), their comoving space density is many orders of magnitude smaller than that of 

normal bright galaxies at the present day. QSOs and radio galaxies are thus very special 

objects and may bear little relation to the average galaxy at high redshift. 

Since the discovery of faint field galaxies in optical photographic surveys about a 

decade ago5l ,  and with deep CCD imaging revealing fainter (and far more numerous) 

blue galaxies down to BJ � 276•7), the possibility that these objects may be ordinary 

galaxies at an early stage of evolution has excited much interest. For the bulk of the 

faint blue galaxies (BJ = 24-27), the observed properties are limited to their projected 

number density, broad-band colours, and rough angular sizes and shapes. Galaxy evo­

lution models are therefore underconstrained. It is possible that the faint population, 

instead of being related to today's typical L • galaxy (as is implicitly assumed in standard 

evolutionary models), represents an entirely new class of objects. A hint of the latter 

follows from the high space density implied by the faint counts which exceeds the space 

density expected of normal luminous galaxies8•9l . 

Most of the discussion in this paper will be limited to faint galaxies in the range 

24 ;S BJ ;S 27, a range over which evolutionary effects are quite strong. No spectroscopic 

redshift data exist for galaxies this faint. In §II, we have tried to place broad redshift 

limits using indirect methods. Most of the galaxies must be between 0. 7 ;S z < 3, as im­

plied by arguments about the Lyman break (upper limit) and gravitational lensing (lower 

limit). As a further test of the nature of the faint galaxies, their clustering properties 

have been studied10) . The measurement of the angular correlation function is described in 

§III, while §IV calculates the clustering amplitude expected for normal luminous galax­

ies. The last section (§V) discusses the nature of faint blue galaxies, particularly the 

implications of their weak clustering amplitude. 
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II. Redshift Constraints 

Since all but the hottest 0 staxs have a laxge drop in flux at 912 A, and it takes only 

1017 atoms cm-2 of neutral gas to reach unit optical depth, galaxies axe expected to have 

a Lyman break of at least a factor of 2-511) . At z = 3, the break would redshift past 

3600 A causing U - BJ to go very red. Faint galaxies, on the other hand, typically have 

spectra that are almost flat across UBJR. This implies that most, if not all, of them 

( > 93%) are at z < 312) . Figure 1 shows no obvious Lyman break candidates (these 

would be to the upper left in the plot) .  The redshift limit cannot be circumvented even 

if the faint galaxies have small intrinJic Lyman breaks. Spectra of quasaxs at z > 3 show 
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Figure 1: A U  - BJ vs. BJ - R colour-colour plot for about 1500 galaxies 
with BJ < 28 in three fields covering 27axcmin2• Bigger dots represent 
brighter galaxies. The solid cross at BJ - R = 0.26, U - BJ = -0.91 
represents flat spectrum colours. The absence of any significant population 
of galaxies with blue BJ - R  ( < 0.5) and red U - BJ (a Lyman break greater 
than a factor of 3) or of U non-detections rules out any fraction > 7% of 
galaxies that could be at z :<::; 3. Such objects would occupy the top-left 
section of the plot enclosed by the dashed lines. 
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that there is a high probability of encountering an intervening Lyman-limit system at 

z � 313l, and this would result in a non-detection in U. 

A somewhat looser lower bound can be placed on the average redshift of faint galaxies 

from the fact that a large fraction appear distorted by the gravitational lensing effects 

of foreground galaxy clusters. The most extreme examples of these are the occasional 

giant luminous arcs seen in clusters14l. A much more common phenomenon is to find 

background galaxies in the range BJ = 24-27 stretched by the shear of the lens into tiny 

arclets centered on the cluster15). For lensing to occur, the distorted faint galaxies have 

to be about twice as distant as the cluster (unless the cluster is unreasonably massive). 

The best lower limit on the median redshift of these faint galaxies comes from the 3C295 

cluster (CL1409) at z = 0.46. An analysis of the distribution of shapes and orientations 

of the field galaxies seen in the direction of this cluster suggest that about half of them 

are at z ;::: 0. 716 ) .  Further, spectroscopy of five bright arcs in clusters yields redshifts 

between 0.72 and 2.2 and these have unmagnified magnitudes of BJ � 2514 •17) .  

III. Observed Angular Correlation Amplitude 

We estimate the angular two-point galaxy autocorrelation function, w( B) , using deep 

CCD images of high-latitude regions of the sky free of nearby galaxy clusters. The data 

used include: [1] 12 CCD fields surveyed in BJ, R, and I by Tyson and Seitzer18) 

(hereafter TS12), each field about 9 arcmin2 ; [2] comparably deep U data on three of the 

TS12 fields12l; and [3] a deep (5100 s total exposure), large-format ( 49 arcmin2 ), KPNO 

4-metre CCD BJ image of the SA68 field. The FOCAS software19 •20l is used to detect, 

photometer, and measure the positions of objects in each CCD image. 

We use all galaxies with isophotal magnitude 24 < BJ < 26 to compute w(B). Within 

this range, the FOCAS detection list is reliable and is nearly complete for objects with 

surface brightnesses above our detection threshold of 29 BJ mag arcsec-2. The correlation 

functions derived for the TS12 fields are combined to compute a mean w(B) and field­

to-field rms deviation (Figure 2a). The correlation functions for SA68 are plotted in 

Figure 2b. For this field, the direct w(B) estimates (filled circles) show a linear trend 

with B, going negative at B ;::: 3011• This behaviour suggests a weak, large-scale gradient 
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in the galaxy density across the field. The "ensemble-average" w( 0) estimates for this 

field (open circles) are close to zero at large scales and are likely to be more reliable. 
0. 1 

,,....._ <I:> 
......, ;!; 

(a) TS1 2 
0.05 

0 

-0.05 

(b) SA68 
0.05 

0 . .  
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-0. 1 
1 0  1 00 

(J (arcsec) 
Figure 2: Angular correlation functions w(O) for fa.int galaxies in the blue 

magnitude range 24 < BJ <  26. Figure 2(a) shows the mean w(O) for the 
TS12 fields and the l<T error bars show field-to-field fluctuations. Figure 
2(b) shows w( 0) for the SA68 field together with Poisson errors. The filled 
symbols in 2(b) show the direct estimate of w(O) and the open symbols 
show the ensemble-average estimate that corrects for spurious large-scale 
gradients in the galaxy surface density. The horizontal lines show the range 
of angular scales used to compute the values of w(30") listed in Table 1 .  

We bin together all the data for 1511 ;S 0 ;S 45". These values of 0 are large enough 

to avoid problems of undercounting caused by galaxy crowding [see w( 0) for 0 ;S 10" 

in Fig 2), and yet are much smaller than the extent of the individual TS12 fields. The 

effective value of 0 in this broad bin is � 3011 • The correlation strengths, w(30"), are 

listed in Table 1 for various samples. The correlation function has also been evaluated 

for objects in the ranges 23.5 < U < 25.5 (three U fields), 23 < R < 25 (TS12), and 



1 60 

22 < I <  24 (TS12).  The above ranges are chosen to be roughly centred on the mean U, 

R, and I magnitudes of galaxies in the range 24 < BJ <  266•12) There is about 50-75% 

overlap between the galaxies in the different ranges. In addition, the TS12 BJ sample is 

divided into the "BJ red" (BJ - R > 0.6) and "BJ blue" (BJ - R < 0.6) samples. 

Table 1: Observed Galaxy-Galaxy Angular Correlation (Uncorrected) 

TS12 

TS12 BJ SA68 BJ u R I BJ red BJ blue 

w(30") 0.009 0.022 -0.004 0.014 0.020 0.003 0.020 

aw 0.006 0.006 0.010 0.007 0.006 0.010 0.009 

Nobi 3631 1570 639 2731 2560 1571 1538 

The second line in Table 1 lists the la error in the mean of w(30"). For the TS12 

samples, these errors are estimated from the field-to-field variance and are comparable 

to or slightly larger than (by up to 30%) the Poisson error. For SA68, we list the value 

of w(30") from the "ensemble-average" estimator. We quote Poisson errors for SA68 and 

for the three-field U sample. The number of objects in each sample used to calculate 

w(O) is given in the last row of Table 1 .  

In BJ,  w(3011) i s  clearly positive for SA68 and i s  higher than the TS12 estimate (see 

below). The R- and I-selected galaxies are clustered slightly more strongly than those 

in the TS12 BJ and U samples (no detectable correlation in U). The BJ blue sample 

appears to have a larger w(30") than the red one but this effect is not statistically 

significant. These effects are currently being investigated using larger samples. 

In estimating w( 0) for a field, we normalize by the actual object count nd in that field 

rather than by the mean (nd} averaged over all fields. This avoids any spurious signals 

arising from field-to-field variations in seeing, noise level, extinction, and magnitude scale, 

but causes the angular correlation function to be underestimated by21) 

(1)  
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where dQ1 and dQ2 are solid angle elements separated by 8 and the integrals are over the 

solid angle n of the field. Assuming a true correlation function wT ( 8) ex 9-o.s, we get 

172 = 0.53wT(30") for the TS12 fields, while 172 = 0.27wT(30") for the larger SA68 field. 

The TS12 entries in Table 1 should therefore be divided by 0.47, and the SA68 entry by 

0.73, to obtain corrected estimates of wT(30"). This explains why the TS12 BJ estimate 

in Table 1 and Figure 1 is lower than that for the SA68 field. Combining the TS12 and 

SA68 corrected data, our best estimate of w(30") in the BJ band is 0.024 ± 0.004. 

Even in the absence of extinction variations, etc. (mentioned above), the field-to­

field variance in counts nd is expected to exceed Poisson variance by the amount u2• The 

observed number count variance in the TS12 fields gives u2 < 0.012 ± 0.004 for the BJ 

sample. This is in excellent agreement with the expected excess variance (from eqn. 1)  

for a power-law correlation function with our 'best fit' amplitude of w(30") = 0.024. 

IV. Expected Correlation 

The two-point angular correlation function is related to its spatial counterpart e(r) 

by an integral equation22). The spatial correlation function measured from nearby 

galaxy samples is well approximated by a power law e(r) = (r0/r)'Y at r ;S 10h-1 Mpc 

with r0 = 5.5h- 1Mpc and 'Y = 1.8 (where h is the Hubble constant Ho in units of 

100 km s-1Mpc-1 ) . For 8 «: 1, the relation between w(8) and a power-law e(r) is 

(B) _ r.:r[C'Y - 1)/2] A -r w - ytr r('Y/2) e-r-1 
ro '  

A = ['° g(z)(dN/dz)2 dz/ [['°(dN/dz) dzJ 2 , 

g(z) = (�:)x1--r F(x)(l + z)-(3+•--r> ,  

(2a) 

(2b) 

(2c) 

where x is the coordinate distance at redshift z, dN/dz is the number of objects per 

unit redshift, and the metric is ds2 = c2dt2 - a2 [dx2/F(x)2 + x2d82 + x2sin28d�2], where 

a is the cosmological scale factor21l .  In deriving equations (2), the spatial two-point 

correlation function is assumed to evolve as 

e(r, z) = (ro/r)'Y(l + z)-(3+•) ' (3) 
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where r is the proper separation between galaxies. If the clustering pattern were fixed 

in comoving coordinates, then E = / - 3 ':::! -1 .2; this is expected in theories such as 

the biased cold dark matter model, where galaxies form at the matter density peaks and 

are strongly clustered ab initio23•24) . However, if galaxy clustering is dynamically bound 

and stable at small scales (fixed in proper coordinates), then E ':::! 0. We adopt E = 0 and 

E = -1.2, spanning the range expected in most models of galaxy formation/clustering. 

The redshift distribution dN/dz of faint galaxies appears in equation (2). At BJ � 

21-23, the median redshift of field galaxies is about 0.3-0.425•26•27) , but little is known 

about dN /dz for galaxies with 24 < BJ < 26 . Using the z < 3 limit imposed by Lyman 

break arguments12l , the angular correlation amplitude is minimized (wm;n)  when 

(dN) (dN) 1 
dz = dz m;n ex 

g(z) ' 
(z < 3). (4) 

The upper redshift limit is crucial; otherwise, one could dilute the angular correlation 

strength by setting dN/dz ex [g(z)J-1 out to some arbitrarily high redshift. 

Table 2: Model Predictions for the Angular Correlation 

Model f!o = 0, .\ = 0 f!o = 1 ,  .\ = 0 f!0 = 0.1, ,\ = 0.9 

Parameters E = 0 E = -1.2 E = O  E = -1.2 E = 0 E = -1.2 

Wm;n(30") 0.014 0.045 0.032 0.093 0.008 0.027 

Zmin 2.05 1 .66 1 .78 1 .33 2.01 1 .67 

WA(30") 0.014 0.056 0.037 0.17 0.008 0.033 

WB(3011) 0.025 0.070 0.050 0.16 0.014 0.039 

Table 2 lists Wm;n(30") for three cosmologies, an Einstein de Sitter model (f!0 = 1) ,  

an open model with f!0 = 0, and a spatially flat, low density model with n0 = 0.1 

and a cosmological constant ,\ = A0/3H� = 0.9. The second line in Table 2 gives the 

median redshift Zm;n of the distribution (dN/dz)m;n that minimises w. The correlation 

strength of the B rselected faint galaxies is inconsistent with their being the high-redshift 

counterparts of present day bright galaxies in an n0 = 1 universe if E = - 1.2 . Even if 
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E � 0 and dN/dz = (dN/dz)min, the predicted amplitude of the no = 1 models is only 

marginally consistent ( � 5% level) with our observations. Low density models with E � 0 

are compatible with our w(B) constraints. The shape of (dN /dz)min ' with a sharp cutoff 

at z = 3, is quite unrealistic. We also use two somewhat more realistic models for dN /dz, 

� ex  z2 exp [ - (z/zol] . (5) 

Model A (zo = 3, f3 = 9) just satisfies the constraint that < 7% of the faint galaxies 

are at z > 3 (§II), and has a median redshift z = 2.3. For this distribution to be 

correct, there must be a rapid rise in the mean redshift of galaxies from z � 0.4 at a 

magnitude limit of BJ ;S 2426 •27) to z ;::::; 2 for 24 < BJ < 26. Model B (zo = 1.8, 

f3 = 4) with z = 1.5 is perhaps a more feasible model for dN/dz28•29). Table 2 also lists 

the expected values of w(30") for these two models, which should be compared with the 

corrected estimate of w(30") given in §III. With the dN /dz models A and B, the n0 = 1 

predictions lie well above our measured amplitude for w(B) (by at least 3a) while the low 

density cosmological models can produce an amplitude as low as that observed if E � 0. 

V. Implications 

The results of the preceeding sections have the following possible interpretations: 

[1] The geometry of the universe corresponds to an open Friedmann-Robertson-Walker 

model or a non-zero A model and the clustering pattern evolves strongly (€ � 0). 

[2] The clustering evolves more rapidly than expected theoretically ( € > 0). 

[3] Most of the faint galaxies at BJ � 26 belong to a new population that is weakly 

clustered and intrinsically faint at the present epoch. 

The last of these explanations appears to us to be the most plausible. All our 

model predictions assume a spatial correlation function with a correlation length r0 = 

5.5h-1 Mpc. The angular separation at whicli we measure the correlation amplitude, 

30", corresponds to physical scales of 160-200h-1kpc (130-110h-1kpc) at z = 1-3 in an 

n0 = 0 (no = 1) universe. The power law form of the spatial correlation function, with 

an index of -1.8, is observed to apply all the way down to separations of � lOh-1 kpc22) , 

so equation (3) should be valid over the relevant range of redshifts. However, r0 has 
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been measured reliably in nearby samples only for luminous galaxies30) . The clustering 

strength of intrinsically faint galaxies is poorly known and could possibly be weaker31) . 

Several authors have argued that if A = 0, the high surface density of faint galaxies 

implies they have a space density much greater than that of local luminous galaxies9•27). 

This problem has led some authors to question whether galaxy numbers are conserved 

at hlgh redshift32•33•9) . The discrepancies between our models and the observed w( 8) 

cannot be explained if the objects at BJ � 26 are simply sub-galaxian clumps which will 

merge to form present-day luminous galaxies since in this case their clustering should be 

described by equation (3) with r0 � 5.5h-1 Mpc on scales ;(; 100h-1kpc. The high surface­

density of galaxies could also arise from a new galaxy population that dominates over 

normal galaxies at magnitudes fainter than BJ � 2333) . Our results would then suggest 

that this new population is more weakly clustered than present day luminous galaxies. 

Luminosity-dependent evolution models ( e.g. models in which dwarf galaxies undergo 

frequent starbursts) may be successful at reconciling the count excess at BJ � 21-23 with 

the shape of the observed redshift distributions which peak at z � 0.2-0.425•34) . In this 

class of models, the excess faint galaxies are progenitors of present day dwarf galaxies. 

However, the local number density of low-luminosity galaxies rises relatively slowly at 

the faint end (at least for MB, ;S -17 + 5log10h35)). It is therefore difficult to account 

for the high surface density of faint counts simply by invoking a bright phase in the early 

evolution of normal dwarf galaxies33l , unless these dwarfs somehow represent only a tiny 

visible fraction of a larger class of galaxies. The galaxies comprising the deep counts may 

thus belong to a genuine new population that has since faded to produce systems that 

are intrinsically faint, of low surface brightness, weakly clustered and more abundant 

than normal dwarf galaxies at the present day. 

Some of the problems discussed above can be avoided in cosmological models with 

a non-zero cosmological constant. The faint blue counts can be explained with plausi­

ble assumptions about galaxy evolution in models with !10 � 0.1 and .X � 0.936) . As 

Table 2 shows, the angular correlation amplitude in such models is compatible with our 

observations of weak clustering, provided the faint galaxies are located at redshifts z > 1 
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and the clustering evolves with f � 0. Models with n0 + .X = 1 are compatible with the 

inflationary model of the early universe37) and have many other attractive features38•39) . 

However, a non-zero cosmological constant seems unnatural40> and such models may be 

in conflict with the comparatively low galaxy counts in the near infrared K band and 

with the observed frequency of gravitationally lensed quasars41) . 

The best estimate of w(30") in our 24 < BJ <  26 sample, after correcting for finite 

field-size effects and spurious large-scale gradients in galaxy density, is consistent with 

the amplitude found by Windhorst and Neuschaefer42l at g = 24.7 (BJ � 25). They find 

that w(B) obeys a power law, so that our evaluation of equation (1)  is accurate. The 

authors point out that their sample is seriously incomplete beyond g = 24.5, so it is not 

clear whether the rise they see in the w(B) amplitude at g > 24.7 is real. 

Our data show a marginally significant trend from U to I, in the sense of the 

correlations becoming stronger as we select galaxies at redder wavelengths. This may 

suggest that the dominance of the weakly clustered population over the progenitors of 

normal galaxies decreases as one goes to the R and I bands. A detailed investigation 

of the faint galaxy angular correlation function, using a variety of selection criteria, can 

prove useful in defining the distinguishing characteristics of the weakly clustered objects. 

This should allow us to identify the predecessors of normal, bright galaxies from the 

multitude of objects seen at faint magnitudes. After all, the ancestors of galaxies like 

our own must be present in these deep images of the sky. 
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VISIBLE AND NEAR-INFRARED GALAXY COUNTS 
AND THE IMPLICATIONS FOR THE COSMOLOGICAL GEOMETRY 

Jonathan P. Gardner 
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Honolulu HI 96822 USA 

The Hawaii Deep Survey has obtained near-infrared faint galaxy counts to K=23. 
The low number of galaxies making up these counts favors a q 0=0.5, A=O cosmo­
logical geometry. The B band number counts show a large excess of objects over 
this model. By combining spectroscopic redshift identifications with the K magni­
tudes, we show that this excess is caused by a population of faint blue dwarfs 
which is present at redshifts of z =0.4, but is not counted in the local population. 
The dwarf galaxies contain as much K light as the normal galaxy population and 
may dominate the baryonic matter content of the universe. 
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Introduction 

The cosmological deceleration parameter, q 0, can in principle be determined 

from galaxy number counts, but in practice luminosity and number evolution can 

easily dominate the geometrical effects. With samples selected in the radio and the 

optical evolution effects are strong because the nuclear activity producing the radio 

emission, and the massive stars producing the optical emission have shon times­

cales relative to the age of the galaxy, and thus it is difficult to compare these sam­

ples to a present day population. 

In the near-infrared, 2.2 microns or the K band, the light is from near solar 

mass stars whose lifetimes are similar to the age of the galaxy. The evolutionary 

corrections are much smoother as these stars do not change quickly. At high red­

shifts the K band samples the well understood rest frame optical pan of the spec­

trum, which is much flatter than the rest frame ultraviolet. Thus the cosmological 

dimming due to the K correction is less, allowing us to sample to large redshifts at 

brighter magnitudes. 

When we reach faint enough levels to break through and sample the whole 

of the galaxy occupied volume, the number counts contain information about the 

geometry and the redshift of galaxy formation in the same way that star counts 

give us the structure and limits of our own galaxy. 

Hawaii Deep Survey 

The Hawaii Deep Survey was designed to obtain deep K band galaxy sam­

ples with corresponding optical colors which can also be used as a basis for spec­

troscopic observations. We are using a Rockwell 256x256 HgCdTe array detector 

on the University of Hawaii's 2.2 meter telescope and on the Canada France 

Hawaii Telescope. We have K band galaxy counts to K=23, and spectroscopic 

identifications are nearly complete for the B<24 sample. We are just beginning 
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spectroscopic work on a K band selected sample. In addition, work has begun on a 

wide field sample which will provide good signal to noise on the number counts 

from K=l 4  to K=20. Results obtained to date are reported in Cowie et al., 1990, 

Lilly, Cowie and Gardner, 199 1,  and Cowie et al., 199 1 .  

The B band galaxy number counts, normalized to a simple power law, are 

plotted in Figure 1 against galaxy evolution models adapted from Y oshii and 

Takahara (1988). The models have numerous assumptions about the present popu­

lation mix, the galaxy luminosity function, and galaxy evolution (younger galaxies 

being bluer and more luminous,) however, there are several model-independent 

conclusions which can be drawn. Up to B=22, we can model the counts well. 

Beyond this the counts rise more rapidly than any of the models, even the extreme 

case with non-zero A. An open universe has more volume at high redshift than a 

closed universe, and a flat universe with A=0.9 and 0=0.1 has even more volume, 

giving higher number counts at the faint end. These models do not, however, 

predict enough galaxies to fit the data. 

Luminosity evolution has a stronger effect than geometry for the B selected 

sample. Because younger galaxies are expected to be brighter in the blue, they are 

seen to greater distance, and therefore more galaxies are counted. These galaxies 

should be at high redshift. Spectroscopic work has shown that this is not the case. 

Until the K band counts existed, there were two proposed explanations for the 

excess B counts, one cosmological and one astrophysical. The cosmological 

hypothesis was that we live in a flat universe with A=0.9 and 12=0. l ,  and there is 

moderate galaxy evolution (see, e.g., Lilly, Cowie and Gardner, 1991). The B band 

number count data can be fit with this hypothesis, but they require a fairly low red­

shift of formation for the galaxies. The proposed astrophysical explanation is that 

there is a population of blue dwarf galaxies at redshifts of about 0.4 which is not 

included in the present day luminosity function (see e.g. Broadhurst et al., 1988). 
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Figure 1. A comparison of blue and infrared galaxy counts with model predictions. 
The blue number counts are taken from the compilation of Metcalf et al. 1990, in 
addition to those of Tyson (1988; shaded region), Lilly et al. (1990; solid squares), 
and the APM survey (diamonds; Sutherland et al. 1990). The infrared counts are 
taken from Glazebrook et al. (1990; triangles), Jenkins and Reid (1990; shaded 
region), Gardner, in preparation (diamonds), and our data, reported in Cowie et al., 
(1991;  squares). The models follow those of Yoshii and Takahara, (1988), except 
that the luminosity function is extended to 10 magnitudes below L. . The counts 
have been normalized to power laws of slope 0.45 normalized at B=16 and K=l l  
in order to show the full dynamic range of the data. The models correspond to 
three geometries, q0=0.5 (solid line), q0=0.2 (dashed line), and flat with A=0.9 and 
n=O. l (dotted line). 
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The K band counts are more sensitive to the cosmological geometry than 

the B band counts. At K=19, the counts stop rising rapidly and flatten out to a 

much shallower slope. At this point we are no longer sampling to greater distances, 

but are seeing through to the end of the galaxy occupied volume. The count's slope 

is the faint end shape of the luminosity function averaged through this volume. 

Thus the counts at the faint end favor a q 0=0.5, A=O.O geometry. This 

result is, of course, model dependent, but is more robust than it might seem at first. 

These curves represent models with redshift of galaxy formation of z=5. However, 

to fit the open universe model to the faint K band counts, we would need to make 

zform equal to 2, and for the more extreme non-zero A model, zform =l.5. In addi­

tion, this result is based upon a deficiency of galaxies, and this is much harder to 

explain away than the excess seen in B .  Luminosity evolution makes galaxies 

bright in the past and would increase the number counts. The same holds true for 

merging models. The stars which give off the K band light have been there since 

the galaxy formed, so it is very difficult to dim the galaxy relative to its current 

luminosity. The model independent conclusion to draw from the number counts is 

that there is no way to fit both the B band and the K band number counts with the 

same population. The difference between the B and K counts is essentially a color 

problem. 

Figure 2 is a plot of the median B-K color vs. K magnitude. At the bright 

end we have B-K of 5 to 6, which is typical of a nearby galaxy population. How­

ever, at the faint end B-K falls to 4, which is as blue as a local irregular. The 

surprise is that this happens in a K selected sample. The population must be dom­

inated by starbursting galaxies. The blueness of the faint population is the cause of 

the discrepancy between the blue and the infrared number counts. What must be 

explained in any model is why there are so many faint blue galaxies. 
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Figure 2. Median B-K vs. K magnitude for our K selected sample. While at bright 
magnitudes B-K is around 5 to 6, typical for a nearby galaxy population, at the 
faint end B-K has fallen to 4, which is as blue as a local irregular. 

The Spectroscopic Sample 

We have spectroscopic redshifts for 14 galaxies of the 18 galaxies in the 

B<24 sample. One galaxy remains unidentified, while three have not yet been 

attempted. Although our sample is small, we are complete at the 93% level. Figure 

3 is our spectroscopic sample, with redshift plotted against B magnitude, along 

with the data from Broadhurst et al. (1988), and Colless et al. (1990). The data fits 

the no-evolution model, and the lack of high redshift objects rules out the strong 

evolution explanation for the excess B band number counts which are already a 

large effect at B=24. 

We can combine the redshift data with the apparent K magnitude to deter-

mine what the population producing the B band excess actually is. That is, the 

absolute K magnitude, plotted in Figure 4 against apparent B magnitude, should 

give a good estimate of the galaxy mass, except for the most extreme starbursting 

case where it is an upper limit. At the brighter magnitudes the absolute K 
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Figure 3. Spectroscopic samples for B magnitude selected samples. The dots show 
the B<21 and B<22.5 samples of Broadhurst et al., (1988) and Colless et al. 
(1990). The latter is about 80% complete. The solid squares show our data (Lilly et 
al., 1991) which is 93% complete to B=24. Open circles are objects for which we 
have not yet attempted spectroscopy and are plotted with redshifts estimated from 
their colors. One object at B<24 remains unidentified despite attempts and could be 
at high redshift (upward pointing arrow.) The dashed line shows a predicted mean 
redshift for a model with no galaxy evolution; it provides a remarkable good fit. 

magnitudes center around K. for an elliptical galaxy. At the fainter end, however, 

which is where the excess B counts appear, we begin to see galaxies that are as 

much as 4 magnitudes fainter in K. This is unexpected in a magnitude-limited sam­

ple where we expect the counts to be dominated by the near-L. galaxies which can 

be seen to the limits of largest volumes. Roughly 2/3 of the faintest galaxies appear 

to be dwarfs of this type. If we try to turn this into a luminosity function we find 

that the total K luminosity density is 8.lx 108 L0 /Mpc3 with roughly half the light 

coming from the dwarfs and half from normal galaxies. 
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Figure 4. Absolute K magnitude vs apparent B magnitude. Solid symbols show 
objects with spectroscopic redshifts; open symbols those with estimated redshifts 
determined by SED fitting to the colors. This plot includes data from a field for 
which we have not yet begun spectroscopic identifications. 

The blue dwarf population contains an equal amount of K band light as the 

normal population. Since they are likely to contain more gas than stars, this popu­

lation could dominate the baryonic mass in the universe. In particular, if dwarfs 

contain four times as much mass in gas as in stars, then their baryonic density is 

p8 =l.4x 10-31 gm cm-3. This is very approximate, but can be compared to the 

homogeneous Big Bang nucleosynthesis model of Yang et al. ( 1984.) which 

predicts p=2-9x H/31 gm cm-3 

Looking back at the number counts in Figure 1 it is possible to see the 

impact of the blue dwarf galaxies. The population is very blue so it appears as an 

excess in the B counts, but does not appear in the K counts until we reach fainter 

levels. Thus these galaxies, instead of being an excess at the K = 18 to 22 level, 

does not appear until the K = 20 to 24 level, where they fit the models much 

better. 
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The observed K. of the dwarfs is similar to that of the local dwarf spheroid 

population, but the local density of such objects is far too low to be the same 

population. Even in the Virgo cluster the ratio of dwarfs to normal galaxies is too 

low. There are several explanations for where these blue dwarfs are at the present 

epoch which we must consider. The dwarfs detected in our survey are relatively 

compact objects, and it is unlikely that they have spread out to become too low 

surface brightness to be detected nearby. 

The galaxies could have merged to form larger galaxies, and this would 

explain the baryonic density of the dwarfs. However, neither present day ellipticals, 

because of their colors, nor spiral, because of the fragility of their disks, are the 

likely result of merging at z ==0.4. 

Two proposals which seem most likely are that the blue dwarfs are either 

biased away from the local population, or that they have disrupted themselves dur­

ing the starbursting process. Both of these explanations imply that there is 

significant biasing of matter away from the light of normal galaxies. 

Conclusion 

All of our conclusions are model dependent and are yet to be confirmed by 

other groups. However, our K band number counts indicate that we are living in a 

q0=0.5, A=O universe. The B band counts indicate that there is a population of blue 

dwarfs which flourished at z ==0.4 but has now burnt out and destroyed itself, or in 

some other way is no longer counted in the present galaxy population. 

If we accept the presence of the blue dwarf population then it contains at 

least as much baryonic mass as the present day normal galaxies and may account 

for the missing baryon problem which is suggested by primordial nucleosynthesis 

models. 
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GALAXY COUNTS AT ULTRAVIOLET WAVELENGTHS (2000 A) 
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Abstract 

Individual galaxy counts at 2000 A derived from ultraviolet 
(UV) images obtained with a 40-cm balloon-borne telescope 
are presented and discussed. The galaxy number counts 
are high, with a steep differential log-counts slope. The 
detected galaxies show very blue m2000 - b colours, typical 
of late type spirals. Galaxies brighter than m2000 = 18.5 
contribute at the level of 20 - 30 ph(cm2sAsr)-1  to the 
extragalactic ultraviolet background in the far UV. 
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I. Introduction 

Galaxies have been identified for a long time as a possible significant contribu­
tor to the ultraviolet (UV) Extragalactic Background Light (EBL) . Neverthe­
less, the only published measurement of their integrated emission is the pio­
neering power spectrum analysis performed in 1 l .  They find 30 ph( cm 2 sAsr ) - 1  
(thereafter PU) at 1500 A ,  which is an appreciable fraction of the 250 or so ex­
tragalactic PU observed at high galactic latitude. Since non evolving discrete 
sources give half of their EBL contribution at redshifts below 0.3 (see e.g. 2l), 
UV galaxy counts should provide interesting lower limits to the fraction of the 
UV EBL due to galaxies, even from modest sensitivity data. 

This paper presents galaxy counts derived from observations obtained at 
2000 A with a balloon-borne imaging telescope, and the resulting contribution 
to the ultraviolet EBL. The main characteristics of the instrument and of the 
observations will be given first, then the instrumental corrections performed 
and the galaxy numbers derivation, with some discussion of the results. This is 
the first direct measurement of field galaxy numbers at ultraviolet wavelengths 
below the atmospheric cutoff. 

Before going further, it is worth noticing two specific aspects of our UV obser­
vations in the current state-of-the-art : 

1. Below the sensitivity limit, the redshift of the bulk of the detected galaxies 
is in the range 0.1 - 0.2, and the corresponding look-back time is about 2 -
3 billion years. This leaves time enough for a significant evolution, since it 
is comparable with the gas depletion timescales of nearby late type galaxies, 
and since the lifetimes of the stars which dominate the UV emission are short. 
There is little dependence on the geometry of the universe. The exotic situation 
of a giant local hole in the density of galaxies (as discussed in 3l) is not taken 
into account here. 

2. The in-flight angular resolution avoids crowding problems, but does not 
make possible a direct separation of stars and galaxies at the faint end of the UV 
observations. Nevertheless, at the depth level required (B < 21. ) ,  published 
catalogues like the ones of 4) and 5) allow identification of the detected objects 
by their positions on the sky in a limited area of the UV observations, with 
negligible chance coincidences. 
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2. Observations 

The five high galactic latitude observations used here (Table 1.) have been 
obtained with a 40-cm entrance pupil telescope for imagery at 2000 A, de­
veloped jointly by Laboratoire d'Astronomie Spatiale (scientific payload) and 
Observatoire de Geneve (4 arcsec. r.m.s. stabilized gondola). 

Table 1: List of the observations. The equatorial coordinates of the guide 
stars are taken from the Centre de Donnees Stellaires de Strasbourg, France. 
They lie within a few arcmin. from the actual centres of the observed fields. 
The last column gives the cumulative observing time in seconds. 

Name Telescope Alpha 1950 Delta 1950 Expos. 

SA57 F1500 13 03 47.14 +29 17 48.3 1200 
M3 F1500 13 39 52.94 +28 37 37.9 3600 
A2111  F1500 15 36 52.85 +34 50 13.3 2700 

Coma FlOOO 12 57 08.09 +28 20 06.4 3000 
SA57 FlOOO 13 03 47. 14 +29 17 48.3 3000 

The two available focal lengths (referred to as F1500 and FlOOO) provide an 
angular resolution of 12 and 20 arcsec. (FWHI) on a 1 .55 and 2.3 degree field 
of view respectively. Unresolved objects with flat energy spectra are detected 
in twenty minutes observing time with the F1500 instrument. The bandpass 
(Ao � 2000 A; �>. � 150 A) is defined by the multilayer filters deposited on the 
primary and on the secondary mirrors, the CsTe photocathode and the in-flight 
residual absorption of ozone and molecular oxygen. At such a wavelength, the 
light of late type galaxies is dominated by stars of about five solar masses, with 
lifetimes of a few hundred million year. The measured fluxes then monitor the 
star formation activity ( e. g. 6l) .  An important point to be noticed is that the 
very good blocking of visible light achieved, allows observation of cold objects 
down to m2000 - B' = 6 (GO type spectra) with a negligible contribution of 
light above 2200 A. The ultraviolet magnitudes are derived from the digitized 
photographic frames translated into intensities, with a home made routine 
which integrates the surface brightness of the detected objects down to a certain 
criterion above the sky value. The difference with the total magnitude is 
estimated to less than 0 .1  magnitude for normal galaxies. The linearity of 
the photometry has been checked on laboratory vacuum stars and should not 
be in error by more than .2 magnitude in the useful range. The zero point has 
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been established from several stars in common with observations performed 
with the previous experiment SCAP 2000 7) and the evaluated uncertainty 
is � .25 magnitude. In the high galactic latitude regions of interest here, the 
galactic extinction is low and has been neglected. We have excluded the regions 
near the M3 and Coma cluster centres, and the useful observed area is about 
6 square degree. 
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Figure 1. Observed differential log-counts in the three 
F1500 high galactic latitude fields as a function of UV mag-
nitudes, with galactic latitudes in degree and useful areas 
in square degree. The values are given per square degree 
per magnitude. 
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3. Object counts and instrumental corrections. 

The observed raw differential counts at 2000 A, in number per square degree 
per magnitude, measured in 0.5 mag bins, show a rather good agreement of 
numbers and slopes in the three high galactic latitude fields M3, SA57 and 
A2111  (Fig. 1 ) ,  all observed with the same instrument (F1500). In the fol­
lowing, we shall refer to the counts averaged over the three FOCA 1500 fields, 
excepted for the 18.25 magnitude bin where the SA57 F1500 observation which 
has a shorter observing time is discarded (Table 1, col. 5) .  The analysis which 
follows is restricted to UV magnitudes between 15.5 and 18.5 to avoid small 
numbers statistics and large instrumental corrections. The two FlOOO obser­
vations are used to evaluate several corrections and the stellar contribution to 
the counts. To this purpose, we made a wide use of the galaxy catalogue of the 
Coma cluster region in 4) and of the star catalogue in the same region, kindly 
sent to us by Metcalfe 5). In the following, both catalogues will be referred to 
as GMP catalogues. 

Table 2: Object counts: {1} centres of the magnitude bins. {2} number of 
detections per magnitude per square degree. {9) fraction of spurious detections. 
(4) completeness fraction. {5} Malmquist bias. {6} corrected source counts, 
same units as col. 2. {7} galaxy counts, same units as col. 2. 

m2000 Raw Spurious Complet. Malmquist Sources Galaxies 
(1 )  (2) (3) (4) (5) (6) (7) 

15.25 9.3 0.00 1.00 1.00 9.3 4.4 
15.75 19.6 0.00 1.00 1.00 19.6 12.0 
16.25 22.8 0.01 1.00 1.00 22.8 11 . 1  
16.75 35. 0.00 1.00 1.00 35. 17. 
17.25 92. 0.04 0.99 1.00 88. 60. 
17.75 155. 0.12 0.96 1.02 139. 96. 
18.25 280. 0.27 0.72 1.08 264. 198. 

Corrections have been performed for spurious detections on the sky background 
and particle events in the detector, from the comparison with a laboratory 
uniformly illuminated frame, and from the visual inspection of the Palomar 
Observatory Sky Survey blue prints. The incompleteness has been evaluated 
essentially from the region in common to the two SA 57 observations, and 
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accounted for. Finally an a priori correction of the Malmquist bias has been 
performed. The counts obtained after these different steps are given Table 2, 
column 6, and are plotted Fig. 2. It is to be noticed that all the above correc­
tions are small. A more detailed description of the instrumental corrections is 
given in 8l. 

4. Galaxy counts 
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Figure 2. Galaxy counts: (same coordinates as in 
Fig. 1) .  The subtraction of the estimated stellar contri­
bution to the corrected counts (dashed line) , results in the 
estimated galaxy counts (solid line) . 

20. 
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The galaxy counts have been deduced by subtracting to the corrected source 
counts, the observed star counts taken as the average of the identifications in 
the three observations overlapping the GMP star catalogue. The incomplete­
ness of the UV data has been corrected for, and a correction has been made 
to take into account the difference between the galactic latitude of the GMP 
star catalogue and the average galactic latitude of the three UV observations 
used to derive the high latitude counts. The observed star numbers naturally 
include the possible red leak contribution of stars; it has been checked in the 
GMP galaxy catalogue that nearly all the detected galaxies show blue UV-to­
visible colours, which excludes any significant contribution through the red leak 
for these objects. A fraction of the objects in the GMP star catalogue show 
colours typical of late type galaxies in m2000 - b vs b - r diagrams, and have 
been considered as QSO's or misclassified galaxies. The star catalogue is little 
affected by the Coma cluster, but the 1000 arcsec. radius region around the 
centre has been excluded in the star number estimates. The obtained galaxy 
numbers (Table 2, col. 7 and Fig. 2) are comparable to or higher than visible 
counts at the same flux level. The slope of a linear fit to the differential log­
counts is a steep one, of 0.54 in the UV magnitude range 15.5 - 18.5 and 0.67 
in the UV magnitude range 16.5 - 18.5 respectively. Due to the large error 
bars of the bright end counts, the latter estimate has more weight, and the real 
value of the slope is probably near euclidean or steeper. 

5. Error estimate. 

A rough error analysis taking into account essentially the uncertainties of the 
instrumental corrections and the large scale structure of the universe leads to a 
factor c:::: 2 uncertainty on the galaxy number counts. The Coma contamination 
cannot be calculated precisely, but must lie within ten percent at maximum 
since the agreement between the three F1500 counts is good, and since it is 
present in only one field whose centre is about 2 degree away from the cluster 
centre. 

6. D iscussion. 

The galaxies which dominate the counts at 2000 A show blue, mostly negative 
m2000 - b colours, at least in the 0.4 square degree in common between the 
SA57 F1500 UV observation and the GMP catalogues. The galaxies differen­
tial counts per UV magnitude bin at high latitudes are high and the slope of 
the log-counts in the considered UV magnitude range is steep. The observed 
UV slope validates below the atmospheric cutoff the increase towards shorter 
wavelengths demonstrated in ground-based observations 9), 10) and ll) ,  with 
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potential information on the recent evolution of field galaxies or of their lumi­
nosity function. It also implies an important contribution of field galaxies to 
the UV EBL: the contribution of galaxies brighter than m2000 = 18.5, evalu­
ated from a linear least square fit to the log-counts in the UV magnitude range 
15.5 - 18.5 is found to be 32 ph( cm2 sAsr )- 1 .  This value is comparable to the 
30 ph(cm2sAsr) - 1  upper limit for the total galaxy contribution at 1500 A to 
the EBL given in l) .  The difference in wavelength with the present results can­
not explain this discrepancy, since the galaxy contribution to the EBL shows 
essentially a spectrum with a flat energy distribution l) .  It is worth noticing 
that the two linear least square fits to the log-counts in the UV magnitude 
ranges 15.5 - 18.5 and 16.5 - 18.5 produce the same contribution of c::= 65 
PU to the EBL, in a crude log-linear extrapolation down to UV magnitude 
20.5. The field galaxies then produce an important fraction of the Far UV 
extragalactic background light. 
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Abstract. The luminosity function of globular clusters in elliptical galaxies belonging to 
the Fornax cluster of galaxies is investigated. In several fields near the elliptical galaxies 
NGO 1351, NGO 1379, NGO 1399 and NGO 1427 we obtained deep COD-photometry in 
B, V and R. In addition, several comparison fields were observed, in order to determine the 
luminosity and spatial distribution of faint background galaxies. The precise determination 
of these faint galaxies is crucial, because they outnumber the globular clusters near the 
limiting magnitude and major variations from field to field of these faint galaxy counts are 
found. The faint galaxy counts are compared to those obtained by Tyson (1988). 
Taking into account an averaged luminosity function of these faint galaxies, we find a 
clear turnover of the luminosity function of globular clusters in NGO 1399 at ma = 24.8, 
mv = 24.0 and mn = 23.4mag. If a universal luminosity function of globular clusters is 
assumed, the distance to Fornax is m-M = 31.8, or d = 22.9 Mpc. Correcting for the 
peculiar motion of the Local Group we obtain Ho = 55kms-1Mpc-1• The luminosity 
functions of the much less numerous globular clusters associated with the other Fornax 
ellipticals needs further investigation to decide whether a universal luminosity function of 
globular clusters may exist. 
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Observations and Reduction. For the observational study of globular clusters in Fornax 

ellipticals we have chosen the two elliptical galaxies NGC 1379 and NGC 1399, which are 

both known to have abundant globular cluster systems (see e.g. Harris, 1988 for a list of 

galaxies where globular clusters have been detected), and two further elliptical galaxies, 

NGC 1351 and NGC 1427, which are located at larger distances from the core of the 

Fornax cluster. 

For these 4 elliptical galaxies we obtained one near-central field and one comparison field, 

each. The near-central field always was chosen near the center of the galaxy, however, 

the very center of the galaxy was excluded. Detections of globular clusters are incomplete 

there because the diffuse background light of the galaxy cannot be subtracted accurately 

in the innermost 10 arcsec due to the steep gradient of the luminosity profile. The near­

central ( 'target ') fields are supposed to contain a large number of globular clusters. The 

comparison field always was chosen at a distance 20 . . .  60 arcmin from the center of the 

galaxy, so that it can be assumed not to contain anymore globular clusters belonging 

to the target galaxy. The comparison fields are used to determine the distribution and 

luminosity function of the background galaxies (see below). 

We used the Eso Faint Object Spectrograph and Camera (EFOSC) attached to the ESO 

3.6m telescope on La Silla, Chile. All fields were observed in three colours (standard Bessell 

B, V and R system). An RCA chip with 660x 1030 pixels (15µm, 0.335 arcsec) was used, 

covering an area of "" 21arcmin2• The seeing was only between 1.2 and 1.5arcsec, so that 

we could not fully exploit the scale. All fields were observed in a similar way: between 

3 and 5 exposures were made in each colour, changing the telescope position by several 

arcsec between the individual exposures. Total integration time was 60 min per field and 

colour. Multiple exposures are extremely useful to eliminate cosmic events and to reduce 

defects of the chip and fringing which was substantial in V (see also Tyson, 1986; 1988). 

From the whole set of comparison images we were able to construct a master Hatfield (in a 

similar way as described in Tyson, 1986). After subtracting a two-dimensional dark-frame 
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Fig. la-c. The differential number counts in B, V and R are shown for various comparison 
fields ("' 15arcmin2). Significant variations from field to field are due to galaxy clusters at 
intermediate redshifts 

and correcting for column offset, the images were divided by the master flatfield. Then 

the images were calibrated using a large set of photometric standard stars ( Alcaino et al, 

1988; Stobie et a.I, 1985a, 1985b) which were observed on all nights. Finally the individual 

images were summed up. These final images were then reduced with DAOPHOT (Stetson, 

1987). 

Results. The differential number counts of several comparison fields are shown in Figs. la-

c. The total number of detected objects per half-magnitude bin and per field ("' 15arcmin2) 

are displayed versus apparent magnitude. The number counts are deficient at the bright 

end because the fields were selected not to contain bright objects. Beyond 25mag, the 

number counts decrease due to detection incompleteness which needs correction (see be-

low). The number counts of the comparison fields show large variations from field to field. 

Thus it seems difficult to define a reliable background. 

The number count variations are due to clusters of galaxies at intermediate redshifts. In 

the target field of NGO 1399, e.g., is a cluster of galaxies with an estimated redshift z"='O.l .  

The six brightest galaxies having apparent magnitudes m"='2lmag are clearly elongated. 

Many galaxies which are not seen at first inspection of the images may contribute to this 

cluster. After reduction with DAOPHOT, the luminosity function of the faint galaxies 
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shows an excess of objects which is due to this cluster (see Fig. 4b ). Another rich cluster 

of galaxies at an estimated redshift z"='0.5 is seen on the images of a comparison field of 

NGC 1379. A large number of faint, mostly considerably elongated galaxies, belong to 

this cluster. The faintest galaxies which are still well resolved by eye have an apparent 

magnitude of m"='24mag. 

In nearly half of the comparison fields, remote clusters of galaicies are seen by a first raw 

inspection of the CCD images, which contribute to the significant variations of the number 

counts from field to field. Already after raw inspection of the deep CCD-images by eye, 

we see that the distribution of faint galaxies is characterized by substantial variations 

from field to field. Since the globular clusters are outnumbered by the faint background 

galaicies, a mean background of faint galaicies must be defined if we want to determine 

reliable luminosity functions of globular clusters. 

In order to compare the differential number counts with other published data, the loga­

rithmic counts of these fields are displayed in Figs. 2a-c. The counts are scaled to an area 

of 1 degree2 and are given in one-magnitude bin. Due to the detection incompleteness 

near the faint limiting magnitude, the counts decrease substantially beyond 25mag. It 

is shown that, except for the range of detection incompleteness, the differential number 

counts nearly follow an exponential law. The slope a of the (log N(m) - m) counts is 

well approicimated by °'B = 0.37mB, av = 0.34mv and °'R = 0.32mR. In all fields we 

obtain the same trend with colour: the bluer counts have the steeper slope. This trend 

with colour was already found in earlier investigations of faint galaxy counts (Tyson, 1988; 

Gardner, Guhathakurta, Milliard and others at this meeting). These counts are slightly 

less steep than Tyson's counts (see Fig. 2). Ferguson and Sandage (1988) obtained in 

their study of the central 2.4° radius core of the Fornax cluster a slope °'B = 0.16mB at 

the faint end (the slope gets steeper towards the bright end). The quite different slopes 

are due to the different galaxy populations which are traced by the galaxy counts. 
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Fig. 2a-c. The (log N(m) - m) relation is displayed per magnitude-bin and per degree2 • 
The decrease beyond 25mag is due to detection incompleteness and needs correction. The 
straight line corresponds to a slope of 0.37 (2a), 0.34 (2b) and 0.32 (2c). For comparison 
Tyson's counts are drawn as dots at 22 and 26mag (2a and c) 
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20 22 24 m (mag] 
Fig. 3. The differential number counts after correction for incompleteness. The counts 
follow nearly an exponential law, except the faint blue counts, which seem to level off. 
Symbols correspond to colours as given in Fig. 2 

After correction for detection incompleteness we obtain the differential number counts as 

displayed in Fig. 3. It is shown once more that the blue counts have a steeper slope than 

the red counts. More objects are found in the red than in the blue band. The red counts 

increase nearly with the same slope over the whole range of apparent magnitude. The blue 

counts seem to slightly level off beyond 26mag, however, the correction for incompleteness 

there is substantial (the correction factor near IDB = 27mag is "" 10 !). Tyson already 
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Fig. 4a,b. The differential number counts of the mean background (left , lower curve) and 
of the target field of NGO 1399 (left, upper curve) , and the difference of both (right) . The 
excess of objects in the target field of NGO 1399 is due to a galaxy cluster (brightest and 
intermediate peak) and most probably also due to an abundant globular cluster population 
(faintest peak) 

noted a similar decrease of the differential number counts in the blue band (however, the 

limiting magnitude of his counts is more than lmag fainter than our limit) . 

Globular clusters associated with NGC 1399. From the various comparison fields 

observed in this study, we determine a mean background of faint galaries. Those fields 

where clusters of galaries are clearly present, the differential number counts were corrected, 

i.e. the excess counts above a smooth increase of the differential number counts were not 

taken into account. As shown above, the differential number counts approrimately follow 

an exponential law in the whole range of apparent magnitudes between 18 and 26mag. 

Therefore a reliable mean of the background can be obtained by averaging the corrected 

luminosity functions of the different fields. The finally obtained slopes of the (Jog N(m) 
- m) counts of faint background galaries are an = 0.36mn, av = 0.34mv and an = 

0.32mn. 

In Fig. 4a are shown the differential number counts of the mean background (lower curve) 
and of the target field of NGO 1399 (upper curve) . The target field of NGO 1399 contains 

a large number of excess objects. Already the first inspection of the data. has revealed the 
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presence of a cluster of galaxies at redshift z""O.l (see above) which contributes in part to 

this excess. The differential number counts of the excess objects are displayed in Fig. 4b. 

The two brightest peaks are probably due to the galaxy cluster. The faintest and richest 

population is assumed to be due to globular clusters belonging to NGC 1399. The peaks 

are present in all three bands. Taking the mean colours of these objects, we obtain B-V = 

0.8mag, B-R = 1 .4mag which are typical colours of globular clusters (Bridges et al, 1990; 

Geisler and Forte, 1990). Assuming a universal luminosity function of globular clusters, we 

determine a distance modulus m-M = 31.8mag for Fornax, based on the value for galactic 

globular clusters Ma = -7 .Omag. Further correcting the radial velocity of NGC 1399 for 

Virgo infall (Yahil et al, 1977), we determine Hu = 55kms-1Mpc-1 •  Only a formal error 

accounting for the accuracy of the photometry and the determination of the peak can be 

given which is "" ± 0.2mag, i.e. Hu = 55 ± 5 kms-1 Mpc-1• Much larger errors may be 

introduced by a systematically different luminosity function of globular clusters in Fornax 

ellipticals as compared to Local Group spirals. 

The globular cluster systems associated with the other Fornax ellipticals are much less nu­

merous. The peak luminosities are found at similar apparent magnitudes within ± 0.2mag, 

however, further reductions including a discrimination between extended faint background 

galaxies and unresolved globular clusters are necessary, before reliable luminosity functions 

for these globular clusters can be given. 

Conclusions. Deep CCD-photometry was presented for several fields near 4 Fornax el­

lipticals to determine the luminosity functions of their associated globular clusters. The 

distribution of faint background galaxies which outnumber the globular clusters near their 

mean apparent magnitude, is determined with the aid of a number of comparison 'blank' 

fields. Large variations of the differential number counts of detected objects are found 

from field to field, which require determination of a 'mean background field'. All fields 

are well represented by a near exponential increase of the differential number counts. The 

comparison with Tyson's counts shows the same behaviour with colour, i.e. blue counts 
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are steeper than the red counts in all fields. However, all our fields are characterized by 

a less steep slope than those of Tyson. Similar number counts are found near 24mag, i.e. 

we observe more bright and less faint galaxies than Tyson. This result may be related to 

the different regions chosen in these works (Fornax vs. South Galactic Pole) . 

Taking into account a 'mean background field' constructed from the various comparison 

fields available, we determined an approximate luminosity function of globular clusters 

belonging to NGC 1399. Further assuming a universal luminosity function of globular 

clusters in galaxies, we determine the distance to the center of the Fornax cluster m-M = 

31.8mag or 22.9 Mpc. 
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Abstract 

We review the present status of the models predicting faint galaxy counts, and redshift 
distributions, which are important steps on the way to estimate the contribution of high-z 
and primeval galaxies to the extragalactic background light. We summarize the modelling 
of these data taking into account the evolution of galaxies, and we study the sensitivity of 
the predictions to the inputs: luminosity functions and scenarios of galaxy �volution. If 
the luminosity function and mix of spectral types are known, it is possible to get some 
information on the value of the density parameter 00 = 2q0 (providing the cosmological 
constant Ao vanishes) .  The conservative interpretation of the data with simple scenarios of 
evolution gives 00 o= 0.1. 

Such a result is inconsistent with the flat universe predicted by the inflationary paradigm. 
The data can be accomodated in this context with a non-zero cosmological constant. On the 
other hand, the high-z objects do seem to be smaller than the nearby galaxies. It is possible 
to fit the counts with 00 = 1 and a dwarf-rich luminosity function at high z, although the 
non-detection of a large number of nearby dwarfs has to be explained in this latter case. 
Alternatively, one can relax the assumption of galaxy-number conservation and assume that 
the high-z dwarfs have been accreted by giant galaxies. We give constraints on the amount 
of number evolution (and related mass evolution) which can fit all the data in an IJ0 = 1 
universe. 
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Jl. Introduction 

Faint galaxy counts can be used to constrain the value of the deceleration parameter qo. In 

this test, galaxies are simply used as bench-marks tracing space. Providing the comoving 

number density is conserved, the number of galaxies in a shell at redshift z is proportional to 

the volume of this shell and the faint counts are sensitive to space curvature through these 

volumes. It is difficult to get redshifts for a complete sample of galaxies which would be 

deep and large enough to extract cosmological information (this is known as the Loh-Spillar 

test1l ) .  So the most common test consists in counting galaxies against apparent magnitudes. 

The sensitivity of these latter counts to space curvature is maintained, even if galaxies are 

d istributed in a wide luminosity function {LF) .  The status of the faint galaxy counts with 

respect to the series of classical cosmological tests designed to measure space curvature from 

observations of high-z objects, is reviewed by Sandage2l and Guiderdoni3l. 

Moreover galaxies are not inert bench-marks. They evolve and it is necessary to under­

stand this evolution before addressing cosmological problems. The evolution must be anal­

ysed by means of a model of spectrophotometric evolution which allows to compute evolving 

synthetic spectra of galaxies from a minimum set of assumptions about the star formation 

history. By coupling these results with Friedmann-Lemaitre cosmological models, apparent 

magnitudes and colours can be derived, which take into account the entangling of the cos­

mological and evolutionary effects in a consistent way. The interpretation of galaxy counts 

must use these realistic magnitude and colour computations. It may be easier to understand 

the average evolution of the overall "field" population observed in the counts than that of the 

"standard candles" used in other tests, which are bright objects, and probably have peculiar 

histories. So it can be anticipated that the faint counts will in turn yield more informations on 

cosmology. Finally they allow to estimate the contribution of high-z �nd primeval galaxies to 

the extragalactic background light {hereafter EBL; see Rocca-Volmerange, this conference). 

2. Modelling faint galaxy counts 

2.1 - Principles 

The predictions of faint galaxy counts are based on the assumption that the comoving number 

density of galaxies with spectral type i is conserved once the galaxies formed at redshift Zfor · 
The number of these galaxies at redshift [z, z + dz[ contributing to the counts per steradian 

and magnitude bin around apparent magnitude m; {through the ,\ filter) is: 

d2 A; (m; , z) = <l>; {M; ) { l  + z)3 dV 
dm; dz {1)  

dz 

dV is the volume element per steradian of the shell [z, z + dz[ given in classical textbooks4l . 

<l>;(M..) is the comoving LF for type i determined from the analysis of nearby galaxies. The 
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absolute magnitude M>. is  computed from: 

M>. = m>. - (m - M)b01 (z) - kj>. (z) - ej>. (z) (2) 

(m - M)b01 (z) is the bolometric distance modulus4l .  The k-corrections account for the 

cosmological redshift of the spectra of distant galaxies. The e-corrections account for the 

intrinsic evolution of the rest-frame spectra with respect to nearby standards. The results 

are given for Ho = 50 km sec- 1 Mpc-1 ,  with a weak dependence on Ho through the ej>. (z) . 

The total counts per steradian in the magnitude bin dm>. are: 

(3)  

Zmax,j = min(ZJor,j , Z!im ) with Z/im being the redshift above which the Lyman continuum 

break enters the >. filter: 1 + Zlim "' >./912 A. 
The specific intensity per unit wavelength (EBL) in erg s- 1 cm-2 A-1 sr- 1 is: 

(4) 

with ho being the flux of an AOV star at apparent magnitude m>. = O (in erg s- 1 cm-2 

A-1 ) . The constraints given by the faint counts at magnitudes brighter than m "'  27 allow 

to extrapolate the total contribution of high-z and primeval galaxies to the EBL. 

2.2 - Spectrophotometric evolution 

Eq. (2) tells that all the spectrophotometric properties of galaxies which are relevant for the 

counts, are included in the k- and e-corrections. These quantities are computed from a model 

of spectrophotometric evolution. After Tinsley's pioneering works, the first model of this type 

was proposed by Bruzual5•6l . This model is used by a number of other authors. We built a 

new model at the IAP, which is described in Rocca-Volmerange et al.7) and in Guiderdoni & 
Rocca-Volmerange8l . The latter reference gives the comparison with Bruzual's model. The 

computation of the k- and e-corrections is described in Rocca-Volmerange & Guiderdoni9l . 

Yoshii & Takahara IO) gave predictions at high redshift, based on the photometric model of 

Arimoto & Yoshii 1 1 • 1 2l . 

In the last version of the IAP model, we use the new tracks of Maeder & Meynet13l for 

stars with 1M0 < m. < 120M0 and the tracks of VandenBerg14l for stars with m. < 1M0 . 

This distribution is combined with a library of stellar spectra in the UV, visible and near-IR, 

in order to estimate the synthetic spectrum of the stellar population. The internal extinction 

is estimated from the gas content and simple models of metal enrichment and transfer. The 

nebular emission is computed from the flux of ionizing photons. We keep a standard IMF 
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with a slope x = 1.7 for stars more massive than 2M0 15l , x = 1.35 between 1 and 2M0 , 

and x = 0.25 below. The synthetic spectra satisfactorily reproduce the colours of the Hubble 

sequence of spectral types, with a single parameter, namely the time scale for star formation8l . 

The age of galaxies can be a secondary parameter. The k- and e- corrections at redshift z 

are derived from these spectra after coupling with the standard cosmological models. 

2.9 - Evolution of surface brightness 

The question is to know whether a low intrinsic surface brightness combined with the "cosmo­

logical fading" in 10 log(l + z) makes distant objects detectable at the level of the currently­

available surveys. As in Guiderdoni & Rocca-Volmerange16l , we introduce the consistent 

estimate of surface brightness. We compute the current, rest-frame absolute magnitudes MB 

by correcting the absolute magnitudes at z for cosmology and evolution, and we use standard 

observational relations of the luminosity profiles with MB . 

3. The faint galaxy counts in the case of pure luminosity evolution 

The available data on the magnitude, and redshift distributions of faint galaxies, can be simply 

analysed under the assumption of conservation of the comoving number density (case of pure 

luminosity evolution) . Tinsley17l , Bruzual & Kron18l , Shanks et al. 19l , King & Ellis20l , 

Yoshii & Takahara10l , Koo21 l , Guiderdoni & Rocca-Volmerange22•23l , Yoshii & Peterson24l , 

and Metcalfe et al.25) proposed such analyses from their models of evolution of galaxies. 

9.1 - Sensitivity to inputs 

The LF of galaxies is an important input of the models. We take type-dependent Schechter 

LF's. The standard magnitudes M!J, and standard fractions f; of each type in magnitude­

limited samples, are drawn from observations collected in King & Ellis20l . The slope of the 

LF's is a = -1.07 in agreement with recent determinations26l . It is interesting to investigate 

the sensitivity of the predictions to the input LF's. Figure la shows the influence of the slope 

a and of the faint-end cut-off, with the standard type mix. Clearly a steep slope of the LF 

can accomodate the data whith n0 = 1 .  As shown in section 4,  it also works with no = 0.1 .  

Figure lb shows the influence of the scenarios of star formation, with the standard 

LF. We test two extreme models in which all galaxies behave as ellipticals (here the 1 Gyr 

burst model8l ) , or as late-type spirals (here with a constant SFR8l) . The change of the star 

formation history cannot reconcile n0 = 1 with the data. Figure le gives the sensitivity to the 

redshift of star-formation turn-on. Finally, figure ld shows the sensitivity of the predictions 

to no = 2qo (with Ao = 0). With standard LF and type mix, high Zfor and low no are 

favoured. 
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Figure 1: Sensitivity of the predictions of faint galaxy counts to various inputs. (a) Slope of the LF (with !10 = 1). Solid line: "' = -1 .07; dashes: "' = - 1.5 and - 1.8; 
dashes-and-dots: faint-end cut-off 2 or 4 mag below the knee. (b) Scenarios of galaxy 
evolution: all ellipticals ( upper curves) or all spirals (lower curves). Solid lines: !10 = 1 ;  
dashes: flo = 0. 1 .  
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Figure I (continued) : (c) Redshift of star-formation turn-on. From up to down: Zfor = 3, 
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9.2 - Provisional conclusion 

The effects of evolution and cosmology are strongly entangled. If the properties of current 

galaxies are to be reproduced (shallow slope of the LF, and mix of spectral types describing 

the Hubble sequence), the evolution of galaxies is sufficiently constrained and we can get 

some information on the value of the density parameter. As a matter of fact, the fit of the 

number counts and redshift distribution requires a low flo (� 0. 1) and a high value of ZJor 

( � 10). None of the uncertainties due to the history of star formation (providing there is only 

luminosity and colour evolution), the IMF, the internal extinction or the nebular component 

can make the results consistent with the value fl0 = 2q0 = 1 required by the inflationary 

paradigm (if >.0 = 0). This conclusion holds from the U-band counts to the red8l , and is very 

robust since it is due to the smaller volume elements at high redshifts for fl0 = 1. On the 

contrary, Cowie et al. 27) suggest that the low-fl0 open universes predict more galaxies than 

observed in the K-band counts. Nevertheless it may be easy to flatten the predicted counts 

in the open universes by hiding some of the high-z galaxies (because of strong extinction, 

or low-surface brightness for instance). Moreover the K-band prediction., are based on the 

nearby blue LF, corrected to near-IR by means of model-dependent colours. It would be 

necessary to check this conclusion with an observational near-IR LF. 

In fact, a steep-slope LF can also accomodate the observed counts with fl0 = 1 .  The 

degeneracy of the solutions in the N(m) diagram can be removed by means of the redshift 

distribution N(z). Figure 2 gives these predicted distributions compared with magnitude­

limited samples28•29•30) . Apparently the deepest sample cannot be fitted with the standard 

LF, In contrast, a dwarf-rich LF can accomodate the data, whatever value of flo is taken. 

This suggests that high-z galaxies are smaller on an average than those of the standard LF. 

4.  The bright galaxy counts 

The bright end of the counts is not reproduced by standard models, which predict too shallow 

a slope. In fact ,  if the counts are normalised at magnitude 19 (that is, at an average redshift 

z "" 0.1), the predicted counts at magnitude 15 to 17 have twice the observed value. This 

discrepancy became obvious with the publication of the APM counts31 ) . Of course, this can 

indicate that we are located in a hole and that the local number density is lower that the 

mean. Alternatively, the evolution of nearby galaxies may be stronger than derived from 

the classical scenarios. Large e-corrections steepen the slope of the counts. Figure 3 shows 

that steep-slope LF's (- 1.8 < a < -1.5) can accomodate the data with flo = 1 as well as 

00 = 0.1. Nevertheless the detection threshold of the APM is relatively bright. So it is not 

clear that most of the counted objects could be dwarfs. 
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5. The faint galaxy counts revisited in the flat universe 

In order to save inflation, Fukugita et al.32) introduced a non-zero cosmological constant, 

which increases the observable volume of the universe, and consequently the observable num­

ber of galaxies. The authors reproduce the counts with !10 = !lb = 0.1 (consistent with the 

constraints from primeval nucleosynthesis) , and the suitable >.0 = 0.9 for the flat universe. 

This case is shown in fig. ld. In fact, a non-zero >.0 can solve a number of observational 

puzzles33l. Nevertheless, cosmologists are very reluctant to introduce a non-vanishing >.a 
since it would require the fine-tuning that the inflationary paradigm precisely tries to avoid. 

Up to now, the general philosophy was to assume number conservation and to use the 

most plausible scenarios of evolution derived from previous studies in order to determine 

the values of !lo and >.0• We shall hereafter assume that !10 = 1 and >.o = 0 (Einstein-de 

Sitter universe) and use the counts as constraints on the evolution of galaxies. For instance, 

a possible solution to reconcile the counts with the flat universe, is the introduction of a 

LF which differs from the one currently derived from nearby galaxy surveys. In order to 

reproduce the large number of faint objects, it is necessary to take a faint-end slope as steep 

as n = - 1.5. A large number of dwarfs is predicted by models of galaxy formation with the 

CDM power spectrum of fluctuations (see e.g. the most recent versions of these models in 

White & Frenk34l , and Lacey & Silk35l , and references therein) . It is also suggested by the 

deep redshift surveys. Cowie et al.27) reproduced the faint counts with such a population, 

although their fit is better in the near-IR than in the blue. The main problem is to assess 

the current fate of these objects. They might have so faint surface brightnesses by now that 

they are invisible in all surveys but the deepest ones. If we do not believe that most of the 

nearby galaxies are still undetected, we must conclude that these objects have disappeared. 

They might have been destroyed during an initial star burst, as preferred by Cowie et al . .  

Alternatively, a more plausible process is the accretion by bigger galaxies. In this latter case, 

there is no more number conservation, but there is still mass conservation. 

6. The case of number evolution 

6.1 - A scenario of merging-driven number evolution 

This assumption is a natural prediction of the CDM flat universe in which galaxies form from 

smaller units in a hierarchical scenario36•37•38) . In Rocca-Volmerange & Guiderdoni39) , and 

Guiderdoni & Rocca-Volmerange16l , we presented a model in which evolution of galaxies is 

driven by merging. Giant galaxies result from the coalescence of a number of smaller objects. 

We model number-density evolution in a simple, phenomenological way by assuming two 

fundamental properties for the mass function (MF) : 



(1) self-similarity. We simply assume a Schechter comoving MF at redshift z: 
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(5) 

with M' (z) being the characteristic mass at the knee, </>' (z) a characteristic density and a(z) 

the slope. These three parameters are allowed to vary with redshift. Such a formula can fit 

any evolving MF, at least approximately. 

(2) conservation of the total comoving mass density. With eq. (5) , this leads to: 

M' (z)</>' (z)f(a(z) + 2) = M' (O)</>' (O)f(a(O) + 2) (6) 

The values M' (0), </>' (0) and a(O) are fixed in order to fit the current LF of galaxies, with 

the consistent mass-to-light ratios computed in our model. 

The actual number evolution probably acts on M' , </>' and a. We introduce complemen­

tary attempts to approach this evolution, by assuming that only two of the three parameters 

change. We parametrize the evolution of one of the factors of eq. (6) as ( 1  + z)" ,  and 

we consistently compute the evolution of one of the other factors with keeping the last one 

as a constant. Thus, with the condition that galaxies are more numerous and less massive 

for increasing z, we get three series of models, namely the so-called M' - </>' model (with 

</>' (z) = </>' (0) ( 1  + z)" and constant M' </>' ) ,  M' - a model (with M' (z) = M' (0) (1  + z) -" 

and constant M' f (a + 2)),  and </>' - a model (with </>' (z) = </>' (0) (1 + z) -" and constant 

</>'f(a + 2)) .  The actual evolution is probably a compromise between these three limiting 

cases. The parameter 11 is free. Spiralling of companions down to galaxies due to dynamical 

friction could be the regulating process of merging and number evolution. Following Bahcall 

& Tremaine40) , we showed that it leads to values 1/ o=l to 216) . 

Simulations suggested that in a forming galaxy, star formation triggered by cloud colli­

sions exponentially decreases with time41 ) , as in our scenarios. So we keep our standard SFR 

histories. Of course, a more precise modelling of the merging-driven history of star formation 

would be needed. We only assume that it relatively acts more on colour distributions than 

on the number counts N (m) that we consider as our primary constraint. 

6.2 - Results 

Figure 4abc gives the results for the three limiting cases in visible and near-IR bands. Ap­

parently all kinds of number evolution seem to conspire to reproduce the observational slope, 

whatever parameters of the LF are actually affected by evolution. Values 11 = 1 to 2 give 

comparable results16l . The surface-brightness threshold in Tyson'counts42l at µ8 = 28. 7 

mag arcsec-2 is so deep that the building blocks are visible in the survey. The second im­

portant point is that the condition of high Zfor is not necessary. The fit is here given for 
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Figure 4: Predictions with (1 + z)" number evolution in addition to the normal 
luminosity evolution, for three models (see text): solid line: M'-¢>* ; dashes: M'-a; dashes­
and-dots: ¢>'-a. Here T/ = 1.5, n0 = 2q0 = 1, and J-0 = 0. The redshifts of galaxy formation 
are 5 for E's, 3 for Sa-Sb and 2 for later spirals. Dotted lines: predictions with the standard 
LF and no = 0.1 or 1. (a) Blue counts (4600 A).  (b) Red counts (7900 A). (c) Near-IR 
counts (2.2 µm). (d) Redshift distribution at 23.3 < BJ < 24.3. 
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Zfor = 2 to 5, but the predictions are not very sensitive to the precise values. Figure 4d 

displays the redshift distributions. Apparently the best fit gives an increase of the slope <> 

with redshift, suggesting that giant galaxies accrete dwarf objects. The colour distribution 

can also be accomodated with such a model16l , as well as other observational features39l . 

The related mass evolution has to be as high as � (1 + z)- 1 .5 . Such a large evolution 

is suggested by theoretical considerations on the accretion of companions by a giant galaxy 

after dynamical friction 16) . On an observational point of view, there is evidence for accretion 

of dwarfs in a lot of galaxies43l . Nevertheless, strong number evolution is here needed, well 

above the current observational estimates based on giant galaxies. On the other hand, the 

thinness of galaxy disks put severe constraints on the amount of accretion44l . In particular, 

the accreted objects must be diffuse enough in order not to heathen the disks. 

7. Conclusions 

( 1) The increasing number of data on high-redshift galaxies now actually sets strong con­

straints on models of galaxy formation and evolution, and on the value of flo (and >.o). 
(2) A conservative interpretation of the faint counts based on standard LF and type mix gives 

fl0 = 2qo "' 0.1 and z for � 10 (although the predicted near-IR counts seem to be too steep) . 

Other cosmological tests using high-z galaxies lead to this conservative conclusion3l . 

(3) It is easy to save the flat universe by introducing a non-zero >.0• It is also possible to 

accomodate the counts with flo = 1 and >.0 = 0, by introducing a dwarf-rich LF. In this 

latter solution, the current invisibility of the nearby dwarfs has to be explained. 

( 4) Alternatively one can relax the assumption of number conservation. We show that strong 

number evolution in the overall population of galaxies allows to fit the properties of high­

redshift galaxies in an fl0 = 1 universe with moderate redshifts of galaxy formation. 

The deep redshift surveys do seem to suggest that the high-z LF is dominated by dwarfs. 

This does not completely rule out the conservative fl0 "' 0.1. Nevertheless it is more satis­

factory to fit the counts in an Einstein-de Sitter universe with this dwarf-rich LF since it is 

a prediction of CDM models of galaxy formation. Either these objects are still present and 

we must explain why they are not detected in our environment, or they have been accreted 

by nearby galaxies. In this latter case, the evolution of galaxies is driven by merging. New 

studies of the properties of the blue, high-z objects will help to confirm this interpretation. 
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MERGERS IN A CDM COSMOLOGY 

R.G. CARLBERG 
Department of Astronomy, University of Toronto, 

60 St. George St., Toronto, Ontario, M5S lAl, CANADA 

ABS TR ACT Galaxy mergers are a consequence of gravitional forces in a clustered universe. 
Accounting for galaxy merging in a low bias CDM cosmology can reconcile the n = 1 ,  A =  0, 
CDM cosmology with recent measures of large scale clustering. At first sight a formal linear 
bias of bt "' 0.8, which leads to the galaxies being anti-biased with respect to �PP on scales 
less than about 3h-1 Mpc, appears extreme, and might suggest very large n from dynamical 
estimators. However the galaxies in a cluster have velocities that are 0.69 of those in the dark 
matter, and as a result are more centrally concentrated, having a mean harmonic radius a 
factor of two less than the dark matter. Consequently the virial n measured in the cluster 
is 0.27. The pairwise peculiar velocities on small scales are 0.37 of those in the density field, 
where the single galaxy cooling is statistically augmented by the clustering anti-bias. The 
Cosmic Virial Theorem applied to the galaxy tracers yields n = 0.21. A test of the importance 
of merging is the merger rate-redshift relation, which at low redshifts predicts that merging 
should increase approximately as (1 + z)m, with m "'  4.5!1°.42 • The current , scattered, data 
provides an indication that m "' 5. Although z ;S 1 merging does not significantly alter the 
mass function of galaxies, about 5%, it can cause significant perturbations to their luminosity 
function, which may account for the excess counts and weak correlations of faint galaxies. 
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INTRODUCTION 

Galaxies are a readily observed but nearly massless tracer of structure and dark matter in 
the universe. A basic understanding of galaxy formation, at least sufficient to identify their 
sites and kinematics of galaxies in relation to the dark matter is a crucial element for the 
interpretation of most cosmological observations. In any hierarchical theory for the formation 
of structure, such as CDM, merging is the fundamental process by which large objects are 
assembled from smaller units, and, as a gravitational process, is a relatively well defined 
problem accessible to current methods of quantitative study. 

The significance of merging in the context of the standard !1 1, Ho 
50 km s-1 Mpc-1 ,  Cold Dark Matter (CDM) model for the formation of cosmic structure 
is considered here. The CDM model is characterised by one free parameter, the linear bias; 
be = 1/ us, where us is the linear extrapolation to z = 0 of the rms density fluctuations in 
8h-1 Mpc spheres. There are many apparent problems with standard CDM: the Hubble 
constant, !1 � 0.2 for a galaxies trace mass interpretation of the data, and there are 
large "voids" and "walls" extending beyond 38 h-1 Mpc where linear theory predicts anti­
correlation. 

Biasing the formation of galaxies to occur only at the high peaks of the density 
field results in a galaxy distribution which is more clustered than the overall density field 
(Kaiser 1984), which can correct the biased !1 "'  0.2 from galaxies up to a true !1 = 1 for the 
density field (Davis, et al. 1985, Bardeen et al. 1986). The value favoured in a landmark study 
was be = 2.4 (Davis et a/. 1985). However observations of large-scale bulk velocities (Lynden­
Bell eta/. 1988) sets stringent upper limits on be: Kaiser and Lahav (1988) find be "' 1.5 for 
consistency with the CDM model, and the detailed velocity field reconstruction Bertschinger 
et a/. (1990) indicates be "' 0.74. X-ray clusters are controversial and have been taken to 
indicate high (Evrard 1990) and low bias factors (Bond and Myers 1991). Moreover, the 
entire class of high-bias CDM models, in which large scale clustering is accurately predicted 
by linear theory, are excluded by the large scale structures found by de Lapparent, Geller 
and Huchra ( 1986) and the quantitative measures of the APM galaxy angular correlation 
function (Maddox et al. 1990a), the variance of counts in cells from the QDOT survey 
(Efstathiou et al. 1990, Saunders et al. 1991 ). On the other hand, fairly firm lower limits to 
the bias are provided by the upper limits to Microwave Background temperature fluctuations, 
assuming standard recombination. Analysis of recent experiments at the Owens Valley radio 
observatory and the South Pole suggests be � 0.8 (Bond et a/. 1991 and Vittorio et al. 1991). 
The part of parameter space allowed in !1 = 1 CDM models that remains relatively unexplored 
is thus less than a factor of two in linear amplitude. 

A low bias, be = 0.8, CDM model is numerically constructed in Couchman and Carlberg 
(1991) to show that measurements of large-scale power and the existence of structure at 
high redshift can be accommodated within the CDM model. If galaxies accurately traced 
the clustering and kinematics of the dark matter this model would be stillborn, having an 
excessively steep correlation function, and absurdly large pairwise random velocities. A 
necessary and straightforward allowance for galaxy merging removes the first problem, and 
the previously recognized velocity bias removes the second. The degree of merging invoked can 
be tested for consistentency with observations thought to be directly related to interactions 
between galaxies, such as IRAS galaxies, quasars, and rather speculatively, the luminosity 
evolution of fa.int galaxies. 

LOW BIAS CDM 

Evolving the CDM spectrum (e. g. Bond and Efstathiou 1984) to be = 0.8, 
approximately the limit allowed by the Microwave background measurements, is expected 
to enhance the structure on large scales, as indicated in the calculations of the correlation 
function with some low order nonlinearity (Bond and Couchman 1988, Coles 1990) which 
push the first zero of the correlation function to larger separations. The full nonlinear 
evolution still requires a large numerical simulation. A very large simulation is required, 
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since the large scale structure observations probe scales of20-40h-1 Mpc, and simultaneously, 
individual galaxy size dark halos must be at least modestly resolved in the same simulation. 
Two dissipationless !1 = 1 simulations were performed (Couchman and Carlberg 1991), each 
consisting of 2,097,152 particles in boxes with sides lOOh-1 Mpc and 200h-1 Mpc. Individual 
particle masses then correspond to 2.65 x 1011 M0 and 2.12 x 1012 M0 in the small and 
large box respectively. Statistical quantities derived from these simulations were corrected 
by extrapolating the linear spectrum at the small wavenumbers beyond the size of the boxes 
to obtain the results for an effectively infinite universe. Running these large simulations to 
bt = 0.8 presents a considerable technical challenge due to the high degree of clustering that 
develops. Couchman's (1991) hierarchical grid code, which is of order 102 times faster than a 
standard P3 M code for this problem, allowed a simulation to be done on a 4 Mflop machine 
in 2 cpu-months of time. 

GALAXY TRACER IDENTIFICATION 

The statistical properties of the galaxies found in the "sticky particle" experiments of Carlberg 
& Couchman (1989) and the SPH experiments of Carlberg, Couchman and Thomas (1990) 
were approximately reproduced in the bt = 0.96, small box, dissipationless, experiments of 
Carlberg ( 199la) simply by identifying the particles in the dense central regions of galaxy 
mass dark halos at z :e 2 as galaxy tracers, and explicitly ignored any galaxy merging. That 
algorithm deliberately has no merging, to remove the statistical component of velocity bias 
(Berstchinger and Gelb 1991,  and see below) . Furthermore, conservation of galaxies from 
a high redshift in a bt = 0.8 will give an unacceptably steep �99• Some modest allowance 
for galaxy merging, the information for which is already available in the dynamics of the 
experiment, is a necessary and desirable feature, and certainly is required for consistency 
with the results of the previous dissipative cosmological experiments. 

The galaxy identification algorithm used is a "double filter" approach, motivated by 
the results of the dissipative experiments and the White and Rees (1978, and see White 
et al. 1987) scenario of galaxies forming at the bottom of dark halos with some subsequent 
merging. The algorithm proceeds as follows. First, identify "galaxy precursor" particles 
at z :e 3 (the precise results are not very sensitive to the selection parameter choices, see 
below) as those particles closer than 0.2 of the average interparticle separation, implying 
pf p0 > 125; second, these particles are grouped into 'galaxies' at z = 0 at an overdensity 
of about 3000. This algorithm mimics the formation and merging of galaxies seen in the 
dissipative simulations, although the galaxies in the SPH simulations are considerably more 
cleanly defined and much less subject to tidal destruction. The standard results reported 
here used galaxy tracers having masses of 8-16 particles in the 100 h-1 Mpc box, but the 
power spectrum is corrected using the long waves of the 200 h-1 Mpc box, and the linear 
biased CDM spectrum beyond that box. 

CORRELATIONS AND ANTI-BIAS 

The two-point spatial correlation function for both galaxies and density is shown in Figure 1 
at an epoch corresponding to bt = 0.8. The initial spectrum extrapolated to the same 
epoch is also shown. It is immediately apparent that non-linear effects are significant on 
large scales for this low value of bt. Measured from the galaxy spectrum at the final epoch 
J3 (10h-1 Mpc ) = 0.83 and the tophat variance u2(8h-1 Mpc ) = (0.95)2: extrapolation of 
the linear power spectrum would give values roughly 1.6 times larger. 

The most striking feature of the galaxy correlation function is the presence of significant 
biases with respect to the density at both large and small scales. On separations exceeding 
5 h-1 Mpc the galaxy correlation is significantly enhanced near the scale of the downward 
break in the correlation function. This can be understood as the remnants of the high redshift 
statistical bias followed by strong dynamical clustering which draws galaxies into groups and 
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clusters whose correlation function and whose enhanced correlation is partially reflected in (99 at large separations. 
The small-scale galaxy correlation is well fit by a power law of slope - 1 .  7, which is 

measured to be relatively stable for quite wide variations in the parameters of the galaxy 
selection algorithm. For variations of the redshift of initial identification from 2 to 4.5, 
changes of the identification overdensities by an order of magnitude, varying the numbers 
of particles required in the galaxies by of a factor of 4 (which of course changes the 
numbers of galaxies) the correlation function for (99 > 0.1  remains well approximated as 
(99 � (5.5 ± 0.5/r)C-t.7s±O.l) . It appears that in spite of the relatively simple nature of 
the galaxy algorithm, the basic features which it selects are generic to the dynamics of the 
simulations. 

r(h-1 Mpc) 

Figure 1: Correlations for the density (solid line) and galaxies (dashed line) at an 
epoch corresponding to be = 0.8. These correlations were obtained from the numerical 
simulations after correcting for the finite boxsize. The autocorrelation of the initial 
density field linearly extrapolated to be = 0.8 is shown by the dotted line. The filled 
symbols indicate the galaxy correlation measured directly from the lOOh-1 Mpc box. 
Open symbols show the large-scale galaxy correlation measured from the 200h-1 Mpc 
box. 

At separations of 0.1-3 h-1 Mpc the galaxies are anti biased relative to the density by a 
factor of 2.5 to 3 in in correlation amplitude. An analysis of counts in cells shows that long 
tail to high densities that is present in the dark matter counts does not exist in the galaxy 
population. Hence, we conclude that the anti-bias arises because merging (and possibly tidal 
destruction) tends to reduce the numbers of galaxies in high density regions. The large 
antibias does raise a significant question about the fl values that these simulations might 
give from virial theorem estimators, which is discussed in the next section. 

The IRAS sparse sample (c.f. Saunders et al. 1990- the QDOT survey) has been used 
to estimate the variance of the galaxy distribution on large scales. Efstathiou et al. (1990) 
estimated the variance of counts in cubic cells and Saunders et al. ( 1991) estimated the 
variances when smoothed with Gaussian filters . The low bias simulation yields variances 
that are in accord with those observations with the exception of the 20 h-1 Mpc Gaussian 
filter estimate, where there is some current controversy about the size of the error bar. There 
is no question that a high bias CDM cosmology would not have sufficient power to yield 
variances as large as those observed, as shown by Efstathiou et al. ( 1990). The enhanced 
clustering in the low bias CDM is a consequnce of considerable nonlinear evolution of the 
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8(0) 

Figure 2: The angular correlation of galaxies. The symbols are as in Figure 3 of 
Maddox et al. (1990): filled circles indicate the new estimate of w99(0), open symbols 
are from Groth & Peebles ( 1977). The solid line is the analytic projection of the galaxy 
correlation shown in Figure 1. The results have been scaled to the depth of the Lick 
survey as discussed in the text. 

density field, a small positive clustering bias, be "=' 1.2, at large separations, and including 
the long waves outside the box in the power spectrum. 

The angular correlation function for galaxies measured from the APM galaxy survey 
provides a sensitive test of the galaxy two point correlation function at low amplitude on 
large scales due to the very large number of objects. Figure 2 shows the observed angular 
correlation as a function of angle after scaling to the depth of the Lick survey (see Maddox 
et al. 1990a for details). The symbols are the same as in Figure 3 of Maddox et al. (1990a). 
The luminosity function given by Maddox et al. (1990a) was used to calculate the effective 
selection function for galaxies as a function of coordinate distance assuming a catalogue 
magnitude limited at 18.4. At this limit the number density of galaxies is the same as in the 
Lick survey and assumes that the galaxy correlation function does not evolve significantly 
back to the effective depth of the Lick survey. 

COSMIC BIASES 

The potential difficulty with low bias CDM is that the random peculiar velocities will be 
much larger those observed. This is certainly true in the dark matter where the 3D pairwise 
dispersion is 2300 km s-1 at r = 0.5h-1 Mpc, whereas the observed values are in the range 
400-1000 km s-1 .  The problems multiply in the presence of a small scale anti-bias, suggesting 
that the application of the virial theoreom would give n "=' 3. 

The measured ID pairwise velocities of the galaxy tracers in the simulation exhibit 
a large velocity bias, being 37% of that in the dark matter, amounting to 490 km s-1 at 
r = 0.5h-1 Mpc. The origin of this velocity bias is briefly discussed in the next section. 
The observed value is somewhat unclear and subject to modelling uncertainties of projected 
data. Davis and Peebles ( 1983) give � 350 km s-1, Bean et al. (1983) find � 200 km s-1, 
but Hale-Sutton et al. (1989) find � 600 km s-1. As the data of Carlberg, Couchman 
and Thomas (1990) show, there are large moment to moment fluctuations in this number, 
mainly depending on the state of large cluster mergers. Although the simulation velocities 
at this particular epoch are possibly somewhat high, the substantial uncertaintities of galaxy 
identification, and the current inability to perform simulations that resolve overdensities at 
which galaxies exist, ;(; 106, leads to sufficient uncertainties in the numerical value that it is 
premature to reject the low bias CDM on the basis of these slightly excessive velocities. 
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The Cosmic Virial Theorem estimate of the global fl, i s  given by  cri,(r)/H.jr2Q((r)P., 
(Peebles 1980), where cr12 is the pairwise peculiar velocity dispersion of galaxies, P., is a 
constant fixed by the slope of the correlation function, and Q is the amplitude in the standard 
model for the reduced three-point correlation function. The amplitude Q was found to be 
roughly constant at Q = 1.0 ± 0.3, within the errors, for a range of triangle shapes and sizes, 
interestingly smaller than the Q = 1.5 of the dark matter. The three point function measures 
the variance in numbers of galaxies around a galaxy, which merging would likely tend to 
reduce. The result is fl '°" 0.21 .  

RICH CLUSTER BIASES 

The largest relatively quiet cluster has a total mass of '°" 4 X 1015 M0 within an overdensity 
contour of 125 and contains 41 galaxies having 4 or more particles. The most massive, 
central galaxy of this cluster contains 67 particles. The chosen cluster has recently captured 
two small bound groups with which it is in the process of merging. The cluster had a line­
of-sight dispersion in the dark matter of "" 1480 km s-1 . The dispersion in the galaxies was 
'°" 1020 km s-1 giving a bias in velocities 0.69. As a consequence of the cooler galaxies and 
equilibrium dynamics, the profile of the galaxy distribution is steeper than that of the dark 
matter (Carlberg and Dubinski 1991 ), a crucial feature if these model data are to be consistent 
with observed dynamical estimates of cluster mass-to-light ratios. The harmonic mean radius 
was 0.93h-1 Mpc; 533 that of the dark matter. The ratio of the estimated virial mass to 
the total mass, fl = 0.27. This estimate is mass-weighted except that the central group was 
assigned only average weight . Number weighting the estimate raises the implied fl to 0.34. 

BIAS PHYSICS 

The dominant biases in these simulations appear to have their primary origin in the dynamics 
of clustering. In the absence of merging the galaxy correlations would have a small positive 
bias with respect to the dark matter, a faint remnant of the original, large, statistical bias of 
galaxies, which is evident as the b< '°" 1 . 1  - 1 .2 at separations beyond 10 h-1 Mpc. Galaxy 
merging creates the anti-correlation on small scales. The fourteen most massive dark matter 
haloes contain 8% of the particles and contribute 66% of the total correlation. These haloes 
have 6% of the galaxies associated with them which contribute 38% of the galaxy correlation. 
This spatial segregation of pairs is roughly sufficient to account for the factor of 2.5 anti bias 
for the galaxies. 

Velocity bias is comprised of two nearly equal components. In the richest cluster, the 
individual galaxies are cooled to about 0.69 of the dark matter dispersion velocity, roughly 
in accord with with the biases found in a higher resolution experiment of a single cluster 
(Carlberg & Dubinski 1991). The value is a smoothly varying function of the overdensity of 
the initial selection of the galaxy tracers, and as a consequence of straightforward equilibrium 
stellar dynamics the radial density profile of the cool population is steeper and more centrally 
concentrated (West & Richstone 1988) than that of of the relatively hotter dark matter 
population. The reduction of pairs through merging in clusters (Bertschinger and Gelb 1991) 
accounts for about 1//2.5 '°" 0.63 of the bias, creating the total observed pairwise velocity 
bias 0.37. On scales ;(; lOh-1 Mpc, the pairwise velocity bias, is consistent with the single 
galaxy bias found within clusters. 

The origin of single galaxy velocity bias is controversial. The galaxies do not have the 
same velocity acceleration relation as test particles, roughly consistent with dynamical friction 
on the massive correlated halos as galaxies (and groups of galaxies) accrete onto a cluster. 
The massive dark halos are eroded by tidaly stripping as the galaxies fall in, ultimately 
leaving relatively light, low friction, galaxies to orbit in the cluster (Carlberg 1991a). 
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THE MERGER RATE-REDSHIFT RELATION 

Galaxy mergers are an important manifestation of the low redshift tail of galaxy formation 
activity and from the above discussion are quite important for the interpretation of 
cosmological measurements. The approach to a collision between two galaxies is completely 
dominated by well understood gravitational forces, although the eventual outcome of a merger 
may be dependent on such details as the relative masses, gas content, and star formation 
processes in the two galaxies. In any cosmology where galaxies grow from gravitational 
perturbations, the redshift dependence of the merger rate is relatively easily calculated, using 
no physics other than gravity, and with all free parameters normalized by well-determined 
dynamical properties of galaxies. The merger rate-redshift relation is important because 
it provides support for fundamental theory that describes the growth of structure from 
gravitational perturbations. The fact that the merger rate varies approximately as ( 1 + z r, 
with m � 4.5Q0.4 , permits a relatively sensitive low redshift cosmological test. It  should 
be emphasized that as a differential measurement, normalized to galaxy data, the redshift 
variation is not strongly dependent on the particular value of the bias, bt, that galaxies have. 

The theoretical merger rate can be calculated as the merger rate of galaxy mass dark 
halos times the fraction of those mergers that occur at sufficiently low velocities that the 
visible galaxies will merge. The merger rate calculation is based on the Press-Schechter 
(1974) theory, which gives the number of dark halos as a function of mass and redshift , in 
terms of the variable v, the normalized Gaussian variable which gives the peak height of 
the perturbations which are just virializing, where v = 8c/(uo(M)b(t)), and 8c is a constant 
close to unity that sets the overdensity required for turnaround and collapse (8c � 1 .4 for 
a Gaussian filter) The fractional mass variance in a region containing mass M at time t 
is b(t)u0(M). The fraction of galaxy encounters which lead to merging is taken to be the 
fraction of a Maxwellian velocity distribution which is at v < Vm9, the cutoff velocity for 
merging. The merger rates are not too sensitive to the precise value of Vmg , so, given a 
typical galaxy with a circular velocity of 200 km s-1 , Vmg is set at the escape velocity, 280 
km s-1 (Aarseth and Fall 1980). The galaxy merger rate is consequently (Carlberg 1991b), 

( 1 )  

for masses in the range M to  M + t!..M. The three dimensional pairwise velocity dispersion 
for galaxy separation encounters at the current epoch is estimated to be 600 kms-1 (Davis 
and Peebles 1983, Bean, et al. 1983). At earlier times the encounter velocity is, 

_1 [ b(t) ] � [ a(t) 1 -1/2 
vp(t) = 600 km s 

b(to) a(to) 
, (2) 

where n is the index that describes the slope of the density perturbation spectrum on the 
scale of galaxies, and b(t) describes the growth of perturbations (b(t) = ( 1  + z)-1 for n = 1) .  
The observed correlation function and the rate of growth of velocities in simulations both 
indicate n � - 1.5. 

A convenient parameterization of the merger rate dependence is, '!if' = 1� (1  + z )m, 
where all the parameter dependence of the merger rate has been absorbed into the quantity 
m. As discussed in Carlberg (1991 b) the dependence on the parameters in the vicinity of 
n = 1 ,  A =  0, is 

A ( ) o.s1 -o 10 m = 4.5no.42(l _ --)-0.11 M-o.o• � ( vm9 ) • 

3Hfi 12 1 .5 280 km .-1 ' 
(3) 

where M12 is the mass of the galaxy and associated dark halo in units of 1012 M0. The 
equivalent power law index n is constrained by the current epoch galaxy correlation function, 
and is directly observable as the pairwise velocity dispersion at small separations. The 
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adopted value, n = - 1.5, predicts that at z=0.5 the pairwise dispersion has dropped to 
0. 71 of the z=O value. 

The best way to estimate the index m of the merger rate-redshift relation is to ratio 
the merger rates at two relatively low redshifts. This differential measurement avoids the 
problem of having to determine the absolute merger frequency. Furthermore, low redshifts 
are relatively accessible to observation, and are farthest in time removed from the messy 
"epoch of formation" featuring multiple mergers, and a complex redshift dependence for the 
predicted merger rate. 

A growing body of observational evidence suggests a rapid increase in the galaxy merger 
rate with increasing redshift. The evidence for a higher rate of dynamical interactions in the 
past (summarized in the Table below) is almost all indirect, and is necessarily limited to 
small samples of objects because of the faintness of galaxies at intermediate redshifts. The 
merger rate index m is thought to lie in the range 3 ;:S m ;:S 7. When averaged together, 
the current data on m appear to marginally rule out n ;:S 0.2, for any A, and hence is not 
compatible with H0to c= 1.3. 

Table I 

N z > 0.1 
ep er r its t eory sea e ree ierarc y 

Peak Collapse theory 4.5!10.42 Press-Schechter 2 
close pairs c=lO 4±2.5 no redshifts 3 
cluster blueing c=300 ,,,,5 indirect merger estimator 7, 12, 13 
faint galaxy n(z) c=lOO ,,,,5 indirect 4, 5 
IRAS counts "' 104 ,,,,3 no redshifts, indirect 8 
QSOs c=300 "'6 indirect, uncertain physics 9,10 
IRAS z's c=lOO 6.7±2.3 indirect, wide L sam2le 11  

References: 1.  Toomre 1977, 2.  Carlberg 1991b, 3.  Zepf and Koo 1989, 4. Colless, 
et al. 1990, 5. Broadhurst , et al. 1990, 7. Butcher and Oemler 1984, 8. Lonsdale et al. 1990, 
9. Schmidt and Green 1983, 10. Boyle, Shanks and Peterson 1988, 11. Saunders, et a/. 1990, 
12. Dressler and Gunn 1983, 13. Lavery and Henry 1988. 

FAINT GALAXIES 

Faint galaxy counts, colours, redshift distribution, and correlations cannot be reproduced 
with the smooth reverse evolution of the stars in current epoch galaxies in an !! = 1 
cosmology. Unfortunately, the inconsistencies can be removed by relaxing any of a number of 
assumptions. This section calculates the redshift evolution of the galaxy luminosity function 
as a result of the increasing rate of galaxy interactions which cause small changes in the 
numbers but large luminosity enhancements. 

A long standing problem with faint galaxies is that their numbers exceed, by a factor of 
4 or so, the prediction made using standard k correction (wavelength shifting of the spectrum) 
for non-evolving galaxies, and including e corrections (stellar evolution) still leaves a problem 
of about a factor of two (Tyson and Jarvis 1979, Peterson, et al. 1979, Kron 1980). It has long 
been realized that lowering n to values around 0.2, and optionally introducing a A to retain 
a flat universe, can reconcile the counts with a standard evolution model Brown and Tinsley 
197 4, Bruzual and Kron 1980, Yoshii Takahara 1988, Guideroni and Rocca-Volmerange 1990, 
Fukujita, et al. 1990, Lilly 1991 ). There are several possible problems associated with lowering 
!!. Cowie, et al. (1991) find that the excess of faint galaxies in the K band over the standard 
evolution model requires a smaller reduction in n than the B band counts, suggesting that 
the effect may arise from galactic evolution rather than the geometry of the universe (Brown 
and Tinsley 1974). 

Various forms of luminosity evolution, while conserving numbers, have been attempted 
to reconcile the number count problem. King and Ellis (1985) presented a model for the 
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evolution of the counts in  which they considered the separate evolutionary corrections for 
bulges and disks, noting that the corrections are relatively larger for old spheroid populations. 
Broadhurst eta/. (1988) proposed a qualitative model, in which lower luminosity dwarf spiral 
galaxies have increased brightnesses at z "' 0.5, causing the effective luminosity function to 
have an increased density normalization, without an increase in the characteristic luminosity. 
The calculation presented here is in the spirit of the Broadhurst eta/. (1988) model, but done 
with a detailed dynamical model for the evolution of merging interactions which predicts 
relatively little change in the underlying mass function at low redshifts. Rocca-Volmerange 
and Guideroni (1990) have presented a merger model for faint galaxies which requires that 
the mass of the average galaxy is about 5 times lower at a redshifts of 1.5, much larger than 
expected from the dynamical merger theory given above. 

The overwhelming difficulty posed by faint galaxies is that the redshift distribution of 
faint galaxies was expected to contain objects with redshifts exceeing 1, particularly for the 
faint blue galaxies, none of which are found in the current surveys. In fact, the median redshift 
is so low as to be consistent with an unphysical model without any stellar luminosity evolution 
at all (Broadhurst, et al. 1988 Colless, et al. 1990, Lilly, Cowie and Gardner 1991 ) . These 
spectroscopic data are of far smaller samples than the count distribution, and a significant 
fraction, about 20-30%, of the spectra have no identifiable redshift. The implications of the 
observed redshift distribution remains controversial, suggestions include a brightening of the 
numerous dwarf galaxies at modest redshifts (Broadhurst, et al. 1988) a rapid reduction in 
the numbers below z oe 1 through merging (Rocca-Volmerange and Guideroni 1990), a new 
population of objects for which there are no redshift zero counterparts (Efstathiou et al. 1991, 
Cowie et a/. 1991). It is extremely important to determine the redshifts of all the galaxies at a 
given flux level, and to build up an empirical understanding of the k and evolution corrections 
for galaxy luminosities. 

A number conserving, luminosity evolution model is advanced here as a necessary 
redshift correction above a smooth evolution model, although the particular form and 
parameters chosen are likely to be less universally accepted. At redshift zero the luminosity 
function contains a significant fraction, about 1 %, of galaxies that have been increased in 
brightness through a merger or interaction (Larson and Tinsley 1978) which temporarily 
makes them bluer and increases their brightness. The fraction of such galaxies increases 
rapidly with redshift, and can be accurately calculated using the dynamical theory sketched 
above. Interactions cause a small, but temporarily very bright, burst of star formation, adding 
only a small amount to the stellar mass of the galaxies, about 4% over an entire Hubble time 
in the model advanced here, without significantly changing the number of galaxies, since 
the most common event is the interaction or infall of a relatively low mass galaxy, like the 
LMC, with one of the near L. galaxies that dominate the observed faint galaxy population. 
However, since the lumonsity function varies as L-1, a factor of two brightness increase 
doubles the number of galaxies at a given luminosity, if the entire population is undergoing 
such bursts. Only the disk component of a galaxy is assumed to be capable of sustaining 
star formation, the large fractional mass in ellipticals and spheroids of disk galaxies does not 
participate in these bursts. 

The change in the luminosity function at an observed redshift z0 as a result of mergers 
and interactions is the number of galaxies brightened into the range (L, L + dL] as a result of 
mergers occuring at any redshift greater than the redshift of observation, minus the number 
brightened out of that luminosity range, 

D.<f>(L, z0)dL = r� Rm9(t)(</>(L/B(t0 - t)) - </>(L)) dt dL 
lt(z0) 

(4) 

where t0 = !H01(1 + z)-3/2 , and the brightening factor for a merger at time tb, observed 
at time t0 is B(t0 , t) = f;'f/h. The combination of k and e corrections in the specified 
observational band is encapsufated in the effective luminosity to light ratio L,/ M and Lb/ M ,  
fo r  the standard population and the standard plus burst population. A set of tables gives 
the L/M ratios. 
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The basic luminosity function can be built from models having a high redshift for 
the beginning of star formation, z ! = 30 was used here, and with 5 different time scales 
for star formation, 1, 3, 5, 9, and 15 Gyr, in an exponential model, roughly corresponding 
to E/SO galaxies, Sa, Sb, Sc, Sdm (Charlot and Bruzual 1991, Yoshii and Takahara 1988, 
Guideroni and Rocca-Volmerange 1990). The filter luminosities at an observed redshift z0 
of the galaxies that are underwent an induced burst of star formation at Zb is Lb(z0) = 
L,(z0)(l + f90,M/ L,(z0)/ L(z0, zb)/M) where L(z0, zb)/M is computed under the assumption 
that the burst is very short, 5 x 107 years, although even 30 times longer timescale for star 
formation makes little difference to the results. The fraction of the galaxy's mass that can 
be converted into new stars is specified by fgas and is limited by the results to be no more 
than 3% of the galaxy's total stellar mass. The available gas contents of the [E, Sa, Sb, Sc, 
Sdm] galaxies are taken to be [O, 0.01, 0.02, 0.04, 0.20] (e. g. Mihalas and Binney 1981). 

At redshift zero the luminosity function contains a small fraction of galaxies that 
have been brightened and blued by recent mergers. Therefore the luminosity function at 
an observed redshift z0 is ¢(L, z0) = ¢ke(L, z) - !'i.¢ke(L, Z0 = 0) + !'i.</>ke(L , Z0 = 0) where the 
burst component is the difference between the redshift zero rate and the z0 rate of merging, 
with all luminosities k and e corrected. 

The low redshift luminosity functions are critical input data, particularly for the gas 
rich lower luminosity galaxies. The general character of the results do not change, and with 
the exception of the redshift distributions quite a wide range of luminosity functions can fit 
the number counts, colour distributions, and correlations. For comparability we follow Yoshii 
and Takahara (1988) and Guideroni and Rocca-Volmerange (1990) and use Schechter fits 
to the various galaxy types. There is compelling evidence spirals have a steeper luminosity 
function, with a nearly 1.5, for spirals (Sandage, Binggelli and Tammann 1985, Efstathiou 
et al. 1988) accordingly the luminosity function parameters (¢. , M. , a) for [E, Sa, Sb, Scd, 
Sdm] are chosen as [(0.35,-21.1,0.5), (0.07,-20.9,1.0), (0.18,-20.4,1.25), (0.17,-19.9,1.5), (0.23,-
19.45,1.5)] with ¢. in units of 4.0 x 10-3Mpc-3 . 

1 6  1 8  20 22 24 
magnitude 

Figure 3: The predicted blue counts, normalized to a slope of 0.45. The solid 
line is the result standard evolution of the 5 galaxy types, the dashed line shows the 
effect of including the increase in galaxies whose luminosity has been enhanced through 
interaction induced star formation. The dot-dashed line gives the ratio of the two count 
predictions. 
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The addition of a brightened merging component increases the counts of faint galaxies, 
as shown in the n(mB ) relation of Figure 3, address the difficulties raised in Maddox et al. 
(1990b) within an l1 = 1, no merging model. To better constrain the models it would be 
extremely useful to have counts over larger, independent fields at m8 > 24. 

The "extra" galaxies introduced by galaxy interactions peak at z "' 1 for the adopted 
parameter Oc/ a = 1.2. This appears to be the best compromise available, lower parameter 
values cause merging to peak at the present, higher ones create vast numbers of unobserved 
z > 1 galaxies. Even so, this model predicts 133 of the m8 = 21 galaxies are at z ;(; 1 ,  
which is apparently not observed. The statistical � 203 incompleteness of current redshift 
surveys (Broadhurst et al. 1988, Colless et al. 1990) gives a low statistical significance to the 
discrepancy. The median redshift at mB = 21.5 is predicted to be 0.48, whereas 0.31 is 
observed by Colless et al. . On the other hand if the approximately 303 incompleteness is 
assigned to missing high redshift galaxies then the median redshift of the remaining objects 
is expected to be 0.35. The statistical difficulties are worsened by the clustering in redshift 
space. 

T' 

Figure 4: The predicted correlation amplitude as a function of blue magnitude, B for 
the theoretical estimates and bJ for the data (about 0.25 magnitudes fainter typically). 
The circles are from the APM results of Maddox et al. , the x's from Infante and Pritchet 
(1991), the triangles from Koo and Szalay (1984), and the square from Efstathiou et al. 
1991. The circled plus signs are calculated from the Broadhurst et al. (1988) and Colless 
et a/. (1990) samples assuming E = -1.2, 0 ,2, from top to bottom. 

The amplitude of the expected and observed angular correlations are shown in Figure 
4. These are Aw, the correlation amplitude at 1 degree, calculated under the assumption that 
the current correlation length is 5.4h-1 M pc and the 3D correlation has a power law slope of 
'Y = 1.668 (Maddox et al. 1990). The correlation evolves with redshift as (1 + z )-(3+•) , where f 
is zero for a fixed cluster model, and E = -1.2 for clustering fixed in co-moving co-ordinates. 
Only the E = 0 model is acceptable, and there is n-body support for clustering evolution 
stronger than the E = -1.2 hypothesis (in which physical clustering decreases with time). 
At the faintest levels the correlation amplitudes are similar to those reported by Infante and 
Pritchet (1991) and is a little larger than the value of 9.8 X 10-4 reported in Efstathiou et al. 
(1991) scaled from their 3011 measurement using their correlation slope of 'Y = 1.668. their 
measurement. 

It is of interest to compute the predicted Aw for the Broadhurst et al. (1988) and Colless 
et a/. (1990) n(z), shown in Figure 4 as circled plus signs. The highest correlation is produced 
by an f = -1.2 evolution, the lower two being E = 0 and 2, respecitively. It would appear 
that either the mB to B magnitude conversion requires about a shift of nearly an entire 
magnitude, or, that the sample is missing some galaxies at redshifts near 1 which would 
reduce the predicted correlation. Given that the counts are consistent with the models and 
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other data.sets, it seems most likely that the inconsistency lies in the redshift distribution, 
possibly partly due to the ( l+z)4 surface brightness dimming and subsequent selection effects 
discussed in Guideroni and Rocca-Volemerange (1991). 

At the very lea.st, this model establishes that the lower limit to the merger time scale 
is 20 Gyr, and 40Gyr will fit most of the data. The total mass in stars formed over all 
redshifts in the "best fit" model is 4.13 of the pre-existing stellar population. The average 
number of interactions per galaxy from redshift 1 to the present is 0.5, most likely with a 
small companion rather than a rather improbable nearly equal mass merger. 

This model can be conclusively ruled out with complete redshift samples, and certainly 
would call for a population of galaxies which are not numerous at redshift zero. Conventional 
cosmological dynamics argues against a large reduction due to merging between redshift 0 
and 1/2. Similarly tidally destruction of galaxies should not be sensitively redshift dependent. 

SUMMARY 

Understanding how galaxies reflect the large scale structure of the universe is a key problem. 
Accounting for the relatively modest amount of galaxy merging since the first appearance 
of galaxies can reconcile the current measures of large scale clustering in the universe with 
the CDM cosmology, although it requires a fairly drastic increase in the overall amplitude 
of the CDM spectrum, to bt = 0.8. As a consequence of this hypothesis galaxies must be 
anti-correlated on separations of under 3 h-1 Mpc. By itself such a large anti-bias would 
predict a huge fl but the large cosmological velocity bias, 0.69 for individual galaxies in 
clusters, and 0.37 for the pairwise velocities produces reasonable virial theorem fl values in 
clusters and in the field. The cooled galaxies must have a steeper density profile and be more 
concentrated in clusters than the dark matter, which represents a potential test of the idea. 
The particular value of be = 0.8 is an extreme limit. With slight modifications of the galaxy 
finding algorithm and simulations with increased resolution other values near be "' 1 should 
also be acceptable, although anything much exceeding 1 must fail due to the absence of any 
significant nonlinearity. 

Galaxy merging continues to the present, which allows investigation of the evolution 
of merging in the universe. Aside from its importance to large scale clustering, various 
observations have emperically indicated a connection of merging and interactions to such 
diverse phenomena as IRAS galaxies, AGN activity, and blue galaxies in clusters, all of 
which indicate an interestingly rapid dependence of frequency of occurence on redshift. Since 
the merger rate measures the growth structure in the universe it is a constraint on the fl - A 
pair. Current observations, when averaged together weakly exclude fl ;S 0.2, for any A. 

The available data indicates a merger timescale considerable larger than a Hubble 
time, implying relatively little change in the galaxy mass function at z ;S 1. A somewhat 
speculative application of the merger and interaction rate-redshift relation to faint galaxies 
predicts increasing numbers ofluminosity enhanced galaxies, peaking around redshift 1, which 
is compatible with the counts, correlations, but is marginally inconsistent with the redshift 
distributions-however the current (somewhat incomplete) n(z) distributions suffer the deffect 
that they are not compatible with the observed correlation estimates. 

The general conclusion is that merging is a generic and important phenomenon which 
because of its gravitational nature is capable of a relatively clear theoretical understanding. 
Currently however, only a general sketch of the process is available requiring much improved 
n-body, theoretical and observational work for a complete and useful description of this low 
redshift tail of the epoclt of galaxy formation. 
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Abstract 

The diffuse background at far-IR wavelengths (60-lOOµm) contains two sources of foreground emission; one 
arising from warm zodiacal dust and another from cool interstellar dust, as well as the contribution from any 
cosmological isotropic component. Using the IRAS survey data we describe a method of modelling the zodiacal 
emission based on a semi-empirical model for the interplanetary dust cloud. Subtraction of this model from the 
scan data yields maps of the large scale emission due to interstellar dust. Comparison with 21 cm data confirms 
that the known correlation between dust and gas distributions is valid over most of the sky and down to scales 
of a few arcminutes. We also review how an estimate to the upper limit to the isotropic background at 60µm 
has been obtained from the IRAS data. In conjunction with published COBE results, this allows estimates of 
the upper limits to the diffuse background at 100, 150 and 250 µm to be made. These limits may be used to 
constrain the evolution of spiral galaxies inferred from the QDOT redshift survey. 

')')1 
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1 Introduction 

There .are two recognised components of foreground emission at far-IR wavelengths (>. ,....., lOOµm) which must be 

accounted for before any estimate may be made of the cosmological isotropic background in this band. These 

foreground components arise from emission from Zodiacal and interstellar dust. Although the emission from 

the Zodiacal dust is strongest at about 10-20µm, it still contributes significantly to the observed emission at 60 

and lOOµm. This dust cloud (in which the Earth is embedded) has a smooth density distribution which may 

be reasonably well described by an empirical model. Emission from cool dust in the galaxy is predominately at 

lOOµm and reveals the complex structure of the interstellar medium. Although the distribution of interstellar 

dust can be approximately described by a cosecant law (Boulanger and Perault 1988) it cannot be predicted in 

detail using a simple model. 

In this paper we shall describe, with reference to IRAS data, how the foreground and background components 

of diffuse emission have been separated. This allows an upper limit to the far-IR background to be estimated. 

Any isotropic far-IR background is likely to arise primarily from the summed contribution of unresolved sources. 

It is assumed here that these sources belong to the already known populations of far-IR emitting galaxies, these 

being predominately normal late spiral and starburst galaxies. The background limit is used to constrain the 

simple analytic models for the density or luminosity evolution that have been attributed to these populations. 

2 Separation of the Components 

Several approaches have been adopted to remove the smoothly varying Zodiacal component. Boulanger and 

Perault (1988) adopted a simple analytic form (a cosecant law) for the variation of Zodiacal emission with 

ecliptic latitude. In the study of narrow asteroidal band features near the ecliptic plane, Dermott et al (1986) 

used a Fourier decomposition to filter out the emission which varies with low spatial frequencies. 

The approach used by Rowan-Robinson et al (1990) was to adopt a physical model for the zodiacal dust 

emission. This has an advantage over previously used techniques in that it gives allows the measurement 

of absolute fluxes from large scale emission. At present, theoretical models for the Zodiacal dust density 

distribution do not give a satisfactory fit to the observations. This is due to the considerable problem of 

calculation of dust particle trajectories which spiral in towards the Sun under the Poynting-Robertson effect but 

are perturbed by the planets (Misconi, 1980) and time variable Lorentz forces (Consolmagno, 1979). However, 

several analytic expressions for dust density distribution have been suggested as empirical models (see Giese et 

al, 19861 for a comparative study). The form adopted by Rowan-Robinson et al (1990) is the modified fan model, 

which had previously been found to be a good representation of 2-30µm sounding rocket data by Murdoch and 
Price (1985). This model is axially symmetric, but with a plane of symmetry which is tilted with respect to the 

ecliptic. It was assumed that the Sun lies at the centre of the plane of symmetry. The fan model has the form; 

n(r) = nor->(cos f3o)Q exp(-a sin l /3o l) {!) 
Where r is distance from the sun (in AU), /3o is the angle between the line of sight and the symmetry plane 

of the dust cloud. The parameters of the model are; n0, the dust density in the symmetry plane at 1 AU, and 

Q and a which essentially describe the scale height of dust above the plane. For the radial dependence it was 
assumed that 'Y = 1.3 as inferred from scattered Zodiacal light measured using Helios by Lienert et al (1981).  

As the dust emission is not obviously different from a blackbody (Hauser et al, 1984), grey-body emission was 

assumed. The temperature of grains was assumed to vary as T(r) = T0r-112, where To is the temperature at 

I AU. 

The zero point for the calibration of the IRAS scan data was determined using a simple model for the the 

variation of the background diffuse emission at the ecliptic poles (see IRAS Explanatory Supplement1 section 

VI). With a more sophisticated model it is possible that the zero-point may change, but is still likely to lie 
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Figure 1: Grey-scale and contour map of lOOµm emission, in galactic coordinates, after subtraction of the model 
of Rowan-Robinson et al (1990). The contours are from 1 to 10 MJy Sr-1 in steps of 1 MJy sr-1. 

60µm MJy sr -l 

0 5 "' 

4 
ti) " 3 " ... "° 0 " � 2 
.0 

0 90 180 270 360 
(degrees) 

Figure 2: Grey-scale and contour map of 60µm emission, in galactic coordinates, after subtraction of the model 
of Rowan-Robinson et al (1990). The contours are from 0 to 5 MJy sr-1 in steps of 1 MJy Sr-1• 
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Table I: The Fitted Offset terms from the Zodiacal model fitting of Rowan-Robinson et al (1990), and the Ju 
errors associated with the zero point of the IRAS calibration (from the IRAS Ezplanatory Supplement). 

A (µm) 12 25 60 100 

Fitted Offset Dv (MJy Sr-1) 
Zero point error (MJy Sr- 1) 

1.3 1.7 -1.2 2.2 
1.6 3.6 1.0 1.6 

within the uncertainties quoted for the calibration value. To account for this, the fitted model also included a 

constant offset term ( Dv) for each waveband. Dv would also include any isotropic diffuse component. 
The data set used to determine the parameters of the best fit model was version 3 of the Zodiacal Observation 

History File. This is a form of the IRAS scan data which has been re binned to a resolution of R: 0.5°. To remove 

biasing due to galactic emission and the asteroidal dust bands, the regions with I b I< 30° and I /3 1< 15° were 
excluded from the fitted data set. 

The values of model parameters (including the angle between the symmetry plane and the ecliptic and 

longitude of the ascending node) obtained by fitting to this data set were found to be similar to those obtained 

in previous studies (e.g. Lienert et al, 1981 ). Of particular interest here are the values of D,,, which are 

summarised in table 1. In conjunction with the zero point errors, these values may be used to obtain upper 
limits to the diffuse background at these wavelengths. 

3 Maps of Galactic Emission 

By subtracting the best-fit Zodiacal model from the scan data, maps of emission due to interstellar dust may be 

formed. This has been done by Rowan-Robinson et al(1991) using the model described above to form 0.5° maps 
at 60 and lOOµm. These maps may be of particular use at other wavelengths since the dust column density 
may be used to predict visual extinction and the magnitude of photoelectric absorption in a given direction. 

These two maps are shown here in figures 1 and 2. In both maps the high column density of dust in the 

galactic plane is evident. Note that point sources have not been removed from the map, and some bright 

sources, such as the LMC at l, b=(280,-33) are clearly visible. The ecliptic plane is evident at 60µm due to 
the asteroidal dust bands. At lOOµm it may be seen that the galactic poles are not dust free, but that there 

are several extended regions of low dust column density at high galactic latitude. These 'holes' are centered at 

l, b = (160°, 55°) and (85°, 75°). These correspond closely to the holes of 21 cm emission discovered by Lockman 

et al (1986) although their minima do not coincide exactly. 

Boulanger and Perault (1988), in a detailed study of large scale emission from interstellar dust, note that the 

IOOµm intensity (I.(100)) follows the column density of HI (NH1) as determined from 21 cm measurements, 

and found that; 

Iv (IOO) = 0.085 x I019NH1 (2) 

(where [11 is in MJy Sr-1 and NH1 is in atoms cm-2) . The validity of this relationship may be tested over a 

large region of the sky by forming a ratio map of I. (100)/NHI (figure 3). This was done using the IOOµm maps 

described above and the Bell Labs antenna 21 cm data of Stark et al (in preparation) . Note that the resolution 

of the 21 cm data is � 2.5°. It was found that equation 2 is constant to within 30% over 90% of the sky. It 

is also evident from figure 3 that there is a decline in [11/NH1 towards the galactic anticentre due to the lower 

intensity of starlight in this direction. Towards the galactic centre I11/NH1 increases with the intensity of the 

interstellar radiation field. 

A map which is sensitive to the temperature of dust may be formed by calculation of the quantity, C = 
I. (100) - 5  x Iv (60) (as suggested by Wesselius, 1990, XXVIII COSPAR meeting) . Cirrus at the mean observed 

temperature will have C = 0 and hot regions will have negative values. Figure 4 shows a map of C, and it 
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Figure 3: Grey-scale and contour map of the ratio J,,(100)/NHJ in galactic coordinates. Contours from 0.0 to 
0.3 in steps of 0.06, units are 10-19 MJy Sr-1 cm2• 

may be seen that at high galactic latitudes the map is relatively bland, indicating a reasonably constant dust 

temperature. In the galactic plane, there are white (warm) regions which correspond to regions of active star 

formation. In many cases these are adjacent to black (cool) areas due to emission from dust in molecular clouds 

which is self-shielded from the interstellar radiation field. The association of these cool regions with molecular 
clouds is confirmed by the good correspondence with maps of CO emission. 

4 Small Scale Correlation of Dust and Gas Distribution 

Work is in progress to study the correlation of lOOµm and 21 cm emission down to scales of a few arcminutes. 

High resolution maps may be formed by using the individual detector data to show small scale deviations from 

the large scale emission. Averaged over a few square degrees, the maps of Rowan-Robinson et al (1991) provide 

the best available estimate of diffuse emission at lOOµm. It should be noted that in addition to the Zodiacal 

modelling described above, the coarse map data are subject to selection criteria and are smoothed - see Rowan­

Robinson et al (1991) for details. In forming the high resolution maps scan data are normalised by demanding 

that the average brightness density over 5° x 0.5° strips equals that measured from the coarse map. 

As yet the area covered by 21 cm data at a similar resolution is rather limited. It is found that for the 1° x 6° 

region for which we have detailed 21 cm mapping of a region of very low column density (courtesy of A. Pedlar, 

Jodrell Bank), that the correlation between lOOµm emission and Nu1 is good. Figure 5 shows the 2lcm and 

lOOµm maps of the region at 3 arcmin resolution. There is good correspondence between the two maps, the area 

of very low column density between Dec = +52° and +53°, and the large triangular area of cirrus to the South 

of this area are clearly similar. The major difference between the two maps is the presence of point sources in 

the IRAS map. There is no evidence in these maps for any significant separation of the dust and gas on scales 

down to a few arcmin. 

5 An Estimated Upper Limit to the Far-IR Background 

While awaiting the results from COBE it is possible to use the IRAS data to estimate an upper limit to 

the diffuse background in the far-IR band. Oliver et al (1991) have shown that the strongest constraint is 

provided by the limit at 60µm. The fitted value of Dv (table 1) is (-1.2 ± 1.0) MJy sr-1, giving a 2u limit 
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Figure 4: Grey-scale and contour map of the temperature sensitive quantity (Iv(lDO) - 5 x 111(60)) in galactic 
coordinates. 

Table 2: The estimation of upper limits to the background at far-IR wavelengths, all brightness densities are 
given in MJy sr-1. COBE data are from Mather et al (1990b). 

,\ (µm) 60 100 150 250 

Measured Upper limit (IRAS) :$ 1.0 

Total Observed (COBE) 4.7 4.0 6.4 5.3 

Zodiacal Dust 3.35 1.44 0.74 0.31 

Interstellar Dust 0.33 1.71 3.64 3.23 

Total Foreground 2: 3.7 3.1 4.4 3.5 

Inferred Upp er limit 0.9 2.0 1.8 

of 2.0 MJy sr-1• COBE was designed to make absolute flux measurements, and Mather et al (1990a) claim 

that there is a calibration error with the diffuse emission measured by IRAS. By comparison of the IRAS and 
COBE 60µm fluxes measured at the South ecliptic pole, it is found that the IRAS measurements are too large 
by a factor of 1.9. Thus the 2a limit to the 60µm background is "' 1 MJy sr-1• The COBE flux measured at 
the SEP is 4.7 MJy sr-1 (Mather et al, 1990b) and so the foreground emission at 60µm at the SEP must be 

at least 3.7 MJy sr-1• The contribution to this from Zodiacal and interstellar dust is 3.35 MJy sr-1 and 0.33 
MJy sr-1 respectively (see column 1 of table 2). The contribution to the foreground at longer wavelengths 

may be obtained using the spectral models for the foreground components. The models adopted by Oliver et al 
(1991) for this extrapolation are the Zodiacal model described above and the interstellar grain model compiled 

by Rowan-Robinson (1990) (see below). These foreground components at 100, 150 and 250µm are summarised 

in columns 2 to 4 of table 2. By subtraction of the predicted foreground from that observed using COBE, limits 

to the background are estimated to be 0.9, 2.0, and 1.8 MJy sr-1 at 100, 150 and 250µm respectively. 

6 Evolution of the Spiral Galaxy Population 

Evidence for evolution of the population of IR emitting galaxies was given by Hacking et al (1987) following a 

deep IRAS survey near the South ecliptic pole (Hacking and Houck, 1987). It was found that the source counts 

at 60µm imply that there were either significantly more IR emitting galaxies at earlier epochs, or that they had 
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Figure 5 :  Grey-scale and contour maps of lOOµm and 21 cm emission in a region o f  low column density. Both 
maps are at a resolution of 3 arcmin, lOOµm data is contoured from 0.25 to 0.85 MJy Sr-1, with a spacing of 
0.12 MJy Sr-1• The 21 cm data contours are from 0.6 to 1.1 x 1020 H atoms cm-2• (21 cm data courtesy of 
A.Pedlar) . 



228 

--No Evolul1on, Zmax =7 
c " 

� 
:S 3.5 Q=3.2, Zm.,=7 
'-.. 

"cn 

"' " '-.. z :'.'.. 
- - - - - - - - - - - - - - -H! 1 - - -

"" 
£ 

2.5 
-3 -2 - 1  

log I s I J y  I 
Figure 6: 60µm normalised differential source counts. Data from Lonsdale et al (1990, solid squares) and Hacking 
and Houck {1987, crosses). The theoretical curves are for no evolution {solid line), and density (P = 6.7, dashed 
line) and luminosity (Q = 3.2, dotted line). At these flux levels the counts are not sensitive to the redshift 
cut-off (zmax) adopted. 

higher luminosities in the past, or that there has been a combination of these two effects. Other surveys, such 

as presented by Danese et al {1987), Francheschini et al, {1988), and Lonsdale et al (1990), also support the 
view that there has been strong evolution of the population of IR emitting galaxies. 

Simple analytic forms that are commonly used to describe this density or luminosity evolution are one 

parameter models. For density evolution, the comoving density of sources p at a time t (redshift z) is; 

p(t) = p(to)(l + z)P (3) 

Where to is the current epoch. This form was suggested by Hacking et al (1987) on the basis that evolution 

is dominated by the collision rate between galaxies. If Pp is the proper density of sources and ii is the mean 

relative velocity, then P = 6 (rate oc p;J or P=7 (rate oc vp;J. 
For luminosity evolution in a no = 1 universe, the model in which source luminosity decreases exponentially 

with time is; 

{4) 

The physical motivation behind this model is that it should reflect the depletion of gas available for star 

formation with time. 

Saunders et al (1990) has fitted both these forms of evolution to data from the QDOT (QMW, Durham, 

Oxford and Toronto) redshift survey of IRAS selected galaxies. The survey is a 1 in 6 selection of sources with 

Sv � 0.6 Jy, and contains 2163 galaxies at I b I> 10°. The evolution parameters obtained were Q = 3.2 ± 1.0, 

P = 6.7 ± 2.3. The 60µm differential source counts are shown in figure 6. Also shown are the predicted source 

counts for the best fit density and luminosity evolution models. It is not possible to discriminate between the 

two models with the QDOT data; source count studies are unlikely to resolve the question of which scenario 

is a better description of observed population evolution before the advent of ISO (which should be able to 

detect source fluxes down to the lOmJy level) . However, these limits on the diffuse background do allow some 

constraints to be placed on these forms for the evolution. 

There are three distinct emission components thought to be responsible for far-IR emission from galaxies, all 

of which seem to have reasonably well defined canonical spectra. These components are; 
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1. A 'cool' disc component. This arises from the heating of interstellar grains by the radiation field of the 

normal stellar population. The typical spectrum of this component is now reasonably well understood, 

having undergone refinement from the classical models of 0.1 µm radius silicate and graphite grains to the 

inclusion of short wavelength components (3 - 60µm) arising from a population of small (non-equilibrium) 

grains (see e.g. Puget and Leger, 1989). A spectrum compiled by Rowan-Robinson (1990) is shown in 

figure 7a. 

2. A 'warm' Starburst component. Models of expected spectra have been developed by Crawford and Rowan­

Robinson (!986) and Efstathiou and Rowan-Robinson (1991a) based on radiative transfer models in which 

hot stars are surrounded by optically thick (to UV) dust shells. See figure 7b. 

3. A 'warm' Seyfert component. Dust in the narrow line region illuminated by a power law continuum 

can explain the characteristic spectrum, peaking at 25 µm see figure 7c. Models of this type, made 

under various assumptions of the geometry of the dust cloud have been investigated by Efstathiou and 

Rowan-Robinson (!99!b ). 

Classification of observed IR galaxies on the basis of far infrared colour temperature was suggested by 

Rowan-Robinson and Crawford (1989) as a method of indication of the dominant component. Two classes were 

suggested; those with cool 25-60-100 µm colours primarily show emission from the disc component, whereas 

galaxies with warm 25-60-100 µm colours are dominated by Starburst or Seyfert emission. 

Saunders et al (1990) used this classification and provided local densities of the two components, separating 

galaxies on the basis of whether the 60/100 micron colour temperature was less than or greater than 36 K. 

The space density of Seyferts is low enough that to a good approximation it may be assumed that the 'warm' 

component has a Starburst type spectrum. There is no evidence, as yet, that the cool and warm components 

evolve differently. The background spectra shown here (from Oliver et al, 1991) have calculated assuming the 

evolution described above applies to both components. 

Figure Sa shows the results obtained from a luminosity evolution model which has been cut-off at a maximum 

redshift of Zmax = 10 (the calculation for z ?:. 10 is unreliable because of the uncertainty of the spectrum 

at ,\ :S 2 µm). The background lies well below the current upper limits. For the density evolution model 

however (figure Sb), the IRAS limits on the far-IR background are violated for modest cut-off redshifts, with a 

maximum allowable redshift of Zmax � 1.5. Thus, if density evolution is occurring at the measured rate, then 

the background limit suggests a rather late epoch for Spiral galaxy formation. This would be expected in some 

scenarios of galaxy interaction, such as that suggested by Carlberg (this meeting) which would appear to be 

similar to density evolution with a cutoff at z ....., 1. 

7 Summary and Future Prospects 

The zodiacal modelling from the IRAS data now gives a reasonable description of the interplanetary dust cloud 

for I /3 J ?:. 15°. A full empirical description including the asteroidal dust bands which apparently originate from 

the Eos and Themis families (Dermott et al, 1984) is being developed. With a full zodiacal model it will be 

possible to make maps of interstellar dust emission at 60 and 100 µm which are reliable at all ecliptic latitudes. 

The present maps of interstellar dust emission show that there is no evidence for the separation of dust and gas 

on scales down to a few arcminutes. On large scales the most prominent change in the dust/gas ratio seems to 

arise from the variation in the interstellar radiation field throughout the galaxy. 

The IRAS data provide an estimate to the upper limit to any isotropic diffuse background in the far-IR. 

Following foreground modelling similar to that described here, the COBE data should provide more precise 

limits than can be obtained from IRAS. This may, at last, provide a positive detection of the background in 

the far-,IR. If this is near to the upper limit presented here, there is a possibility of measurement of fluctuation 
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Figure 7: (a) Predicted emissivity (solid line) of interstellar grains in the solar neighbourhood, from 
Rowan-Robinson (1990). Observational data are from Boulanger & Perault (1988), Halpern et al (1988), Fabbri 
et al (1988). (b) The solid line shows a simple model for a star forming region of the type discussed by Crawford 
& Rowan-Robinson (1986); a spherically symmetric optically thick dust cloud ( Tuv = 100) surrounding a star 
at T = 40000 K. The small crosses are the data of Telesco et al (1984) for the 3 kpc ring in NGC 1068, the large 
crosses are the average spectrum for regions of massive star formation in the Galaxy (Rowan-Robinson, 1979). 
(c) The 'Seyfert' component, modelled by Rowan-Robinson and Crawford (1989) by an a = 0.7 power-law 
continuum source, illuminating a spherically symmetric dust cloud. The models shown here have optical depths 
of ruv=l,5,20 and 100. 
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Figure 8: Upper limits to the far-IR background, from Mather et al {1990b, 500µm), Mather et al (1990a, solid 
squares) . IRAS upper limits and predicted background spectra are from Oliver et al (1991). (a) The solid curve 
shows the predicted background in a luminosity evolution scenario. (b) Three predicted background spectra 
assuming pure density evolution. A cut-off at a redshift of > 1.5 is ruled out by the present limits. 
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of this background (provided that Galactic cirrus can be discriminated against, perhaps using 21 cm data), 

which would provide a useful diagnostic for the study of clustering on very large scales. If the background is 
much lower than the present upper limit, then models invoking substantial density evolution of far-IR emitting 

galaxies will probably have to be rejected. 
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This paper presents early results obtained from the first six months of measurements of the Cosmic 
Microw�ve Background (CMB) by instruments aboard NASA's Cosmic Background Explorer 
(COBE) satellite and discusses the implications for cosmology. The three instruments: FlRAS, 
DMR, and DIRBE have operated well and produced significant new results. The FIRAS 
measurement of the CMB spectrum supports the standard Big B ang model. The maps made from 
the DMR instrument measurements show a spatially smooth early universe. The measurements are 
sufficiently precise that we must pay careful attention to potential systematic errors. The maps of 
galactic and local emission produced by the DIRBE instrument will be needed to identify 
foregrounds from extragalactic emission and thus to interpret the results in terms of events in the 
early universe. 

• The National Aeronautics and Space Administration/Goddard Space Flight Center is responsible for the design, 
development, and operation of the Cosmic Background Explorer. GSFC is also responsible for the software 
development through to the final processing of the space data. The COBE program is supported by the Astrophysics 
division of NASA's Office of Space Science and Applications. 
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1. INTRODUCTION 

The standard cosmological model was established in 1965 with the discovery of the cosmic 
microwave background (CMB) and the recognition of its implications. In the (Friedmann­
Robertson-Walker) Big Bang model cosmologists had a theoretical framework for describing the 
development of the universe from a time of about one hundredth of a second through the present 
age of the universe. The most notable and precise successes of the Big Bang model were the 
calculation of the primordial nucleosynthesis of the light elements (notably 4He, 3He, D, T, and 
?Li) and the existence of a thermal relic radiation (CMB) from this era."The First Three Minutes" 
by Steve Weinberg (1977) and "Physical Cosmology" by Jim Peebles (1971) provide an excellent 
account of this model. 

With the development of the Standard Model of strong and electroweak interactions providing 
a theory of physics up to the weak scale (250 Ge V) and ideas about grand unification, particle 
theory has provided a context and motivation for extending and expanding the original Big Bang 
model. That fundamental particles (quarks and leptons) are point like particles with asymptotic 
freedom from strong interactions at high energies provides a picture of the early universe as a dilute 
gas of weakly interacting quarks, leptons, and guage bosons. This picture is more readily 
understandable than the old view of the hadron era (10-5 sec), when many particles were crowded 
together with separations and horizons less than a typical particle size (e.g. a proton). With this 
context it has been possible to develop a senario of the universe from very early times (lQ-35 sec) 
including a phase transition induced period of inflation, a time of baryogenesis, and other events 
leading to the original Big Bang model including the fluctuations that lead to galaxy and other 
structure formation. In this standard model cosmology and particle physics come together for 
inspiration and consistency and the observations and experiments in each constrain and test each 
others models. "The Early Universe" by Rocky Kolb and Mike Turner is my recommended 
description of this extended standard model. 

The light elements and the cosmic microwave background (CMB) are the most accessible relics 
from the eras during which the universe was a relatively structureless plasma prior to its evolving 
to the highly-ordered state observed today. In standard models of cosmology, CMB photons have 
travelled unhindered from the surface of last scattering in the early universe to the present era; as 
such, the CMB maps the large scale structure of space-time in the early universe. Despite a quarter­
century of effort, no intrinsic anisotropy in the CMB has been detected. Likewise, there has been a 
fruitless search for distortions of the spectrum from a featureless blackbody. These measurements 
can constrain possible effects in the early universe and cosmology and particle physics theories. 

The COBE (Cosmic Background Explorer satellite) experiments were designed and have 
turned out to be a precision test of the standard model of cosmology. COBE was launched on 
November 18,  1989 into a 900-km circular, near-polar orbit (inclination 99°). The Earth's 
gravitational quadrupole moment precesses the orbit to follow the terminator, allowing the 
instruments to point away from the Earth and perpendicular to the Sun to avoid both solar and 
terrestrial radiation. Throughout most of the year, the satellite orbit provides an exceptionally stable 
environment. During the two months surrounding summer solstice, the satellite is unable to shield 
the instruments and dewar from the Earth and Sun simultaneously, and the Earth limb becomes 
visible over the shielding surrounding the instrument aperture plane as the satellite passes over the 
North Pole. During the same period, the satellite enters the Earth's shadow as the orbit crosses 
over the South Pole. Prior to depletion of the liquid helium cryogen on September 20, 1990, the 
DIRBE and FIRAS instruments mapped the sky 1 .6 times. As the dewar warms, the DIRBE 
instrument continues to take data in its four shortest wavelength bands. The DMR instrument does 
not require cryogenic cooling and continues to operate normally. 
The COBE Science Working Group (SWG), consisting of C. L. Bennett, N. W. Boggess, E. S. 
Cheng, E. Dwek, S .  Gulkis, M. G. Hauser, M. Janssen, T. Kelsall, P. Lubin, J. C. Mather, S. 
Meyer, S. H. Moseley, T. L. Murdock, R. A. Shafer, R. F. Silverberg, G. F. Smoot, R. Weiss, 
D. T. Wilkinson, and E. L.Wright, is responsible for the scientific oversight. 
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2. The DIRBE Instrument Description and Preliminary Results 

The Diffuse Infrared Background Experiment (DIRBE) is designed to conduct a sensitive search 
for an isotropic cosmic infrared background (CIB) radiation over the spectral range from 1 to 300 
microns. The cumulative emissions of pregalactic, protogalactic, and evolving galactic systems are 
expected to be recorded in this background. Since both the cosmic red-shift and reprocessing of 
short-wavelength radiation to longer wavelengths by dust act to shift the short-wavelength 
emissions of cosmic sources toward or into the infrared, the spectral range from 1 to 1000 microns 
is expected to contain much of the energy released since the formation of luminous objects, and 
could potentially contain a total radiant energy density comparable to that of the CMB. The 
discovery and measurement of the CIB would provide new insight into the cosmic 'dark ages' 
following the decoupling of matter and the CMB. 

Observing the CIB is a formidable task. Bright foregrounds from the atmosphere of the Earth, 
from interplanetary dust scattering of sunlight and emission of absorbed sunlight, and from stellar 
and interstellar emissions of our own Galaxy dominate the diffuse sky brightness in the infrared. 
Even when measurements are made from space with cryogenically-cooled instruments, the local 
astrophysical foregrounds strongly constrain our ability to measure and discriminate an 
extragalactic infrared background. Furthermore, since the absolute brightness of the CIB is of 
paramount interest for cosmology, such measurements must be done relative to a well-established 
absolute flux reference, with instruments which strongly exclude or permit discrimination of all 
stray sources of radiation or offset signals which could mimic a cosmic signal. 

The DIRBE approach is to obtain absolute brightness maps of the full sky in 10 photometric 
bands (J[l .2], K[2.3], L[3.4], and M[4.9]; the four IRAS bands at 12, 25, 60, and 100 
micrometers; and 120-200 and 200-300 micrometer bands). To facilitate determination of the bright 
foreground contribution from interplanetary dust, linear polarization is also measured in the J, K, 
and L bands, and all celestial directions are observed hundreds of times at all accessible solar 
elongation angles (depending upon ecliptic latitude) in the range 64' to 124'. The instrument is 
designed to achieve a sensitivity for each field of view of 11(1) = 10-13 W cm-2 sr-1 (1 s, 1 year). 
This level is well below most estimated CIB contributions. Extensive modeling of the 
foregrounds, just beginning, will be required to isolate and identify any extragalactic component 

The DIRBE instrument is an absolute radiometer, utilizing an off-axis folded Gregorian telescope 
with a 19-cm diameter primary mirror. The optical configuration is carefully designed for strong 
rejection of stray light from the Sun, Earth limb, Moon or other off-axis celestial radiation, or parts 
of COBE. Stray light rejection features include both a secondary field stop and a Lyot stop, super­
polished primary and secondary mirrors, a reflective forebaffle, extensive internal baffling, and a 
complete light-tight enclosure of the instrument within the COBE dewar. Additional protection is 
provided by the Sun and Earth shade surrounding the COBE dewar, which prevents direct 
illumination of the dewar aperture by these strong local sources. The DIRBE instrument, which is 
maintained at a temperature below 2 K within the dewar, measures absolute brightness by 
chopping between the sky signal and a zero-flux internal reference at 32 Hz using a tuning fork 
chopper. Instrumental offsets are measured by closing a cold shutter located at the prime focus. 
All spectral bands view the same instantaneous field-of-view, 0. 7" x 0. 7", oriented at 30" from the 
spacecraft spin axis. This allows the DIRBE to modulate solar elongation angles by 60" during 
each rotation, and to sample fully 50% of the celestial sphere each day. Four highly-reproducible 
internal radiative reference sources can be used to stimulate all detectors when the shutter is closed 
to monitor the stability and linearity of the instrument response. The highly redundant sky 
sampling and frequent response checks provide precise photometric closure over the sky for the 
duration of the mission. Calibration of the photometric scale is obtained from observations of 
isolated bright celestial sources. Careful measurements of the beam shape in pre-flight system 
testing and during the mission using scans across bright point sources allow conversion of point­
source calibrations to surface brightness calibrations. 
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Qualitatively, the initial DIRBE sky maps show the expected character of the infrared sky. For 
example, at 1.2 microns stellar emission from the galactic plane and from isolated high latitude 
stars is prominent. Zodiacal scattered light from interplanetary dust is also prominent. At fixed 
ecliptic latitude the zodiacal light decreases strongly with increasing solar elongation angle, and at 
fixed elongation angle it decreases with increasing ecliptic latitude. These two components continue 
to dominate out to 3.4 microns, though both become fainter as wavelength increases. The 
foreground emissions have relative minima at wavelengths of 3.4 microns and longward of 100 
microns. A composite of the 1.2, 2.3, and 3.4 microns images is shown in Figure la. Because 
extinction at these wavelengths is far less than in visible light, the disk and bulge stellar 
populations of the Milky Way are dramatically apparent in this image. A composite of the 25, 60, 
and 100 micron images is shown in Figure l b. At 12 and 25 microns, emission from the 
interplanetary dust dominates the sky brightness, again strongly dependent upon ecliptic latitude 
and elongation angle. At wavelengths of 60 microns and longer, emission from the interstellar 
medium dominates the galactic brightness, and the interplanetary dust emission becomes 
progressively less apparent. The patchy infrared cirrus noted in IRAS data is evident at all of these 
wavelengths. The DIRBE data will clearly be a valuable new resource for studies of the 
interplanetary medium and Galaxy as well as the search for the CIB. 

IRAS measurements toward the south ecliptic pole have been compared with DIRBE results. 
The two experiments are seen to agree reasonably well at 12 and 25 microns, but the DIRBE 
results are substantially fainter at 60 and 100 microns, reaching a factor of 2.6 at 100 microns. We 
have made a more detailed comparison with IRAS data at several points on the sky. By choosing 
points of different brightness, we can distinguish zero-point offsets and gain differences. We find 
evidence for zero-point differences, evidently not constant in time, of a few MJy/sr at all IRAS 
wavelengths. These are most significant (as a fraction of total brightness) at the longest 
wavelengths. We also find that the IRAS de gain at 60 and 100 microns is substantially too high, a 
result which can be understood in terms of the detector characteristics and the data reduction 
procedures used for IRAS image-format data (see the IRAS Explanatory Supplement (1988), pp. 
IV-9 and IV- 1 0  for a discussion of the IRAS de response). The combined effect of these 
discrepancies is particularly large at 100 microns toward faint sky regions. Since IRAS detector 
gain depends on source angular scale (a scan-modulated instrument) and source brightness, no 
simple conversion between the total brightness data from the two experiments is universally 
applicable. This discussion applies only to surface brightness measurements; point source flux 
calibration is not subject to similar problems. 

The DIRBE flux limits (Hauser et al. 1991)1 have the expected spectral shape. They can be 
compared in detail with other measurements, e.g. IRAS, ZIP, Matsumoto et al., (1988A&B) and 
Noda et al. (1991). IRAS measurements toward the south ecliptic pole have been compared with 
DIRBE results. The two experiments are seen to agree reasonably well at 12 and 25 microns, but 
the DIRBE results are substantially fainter at 60 and 100 microns, reaching a factor of -3 at 100 
microns. The DIRBE and ZIP (Murdock & Price 1985) results at the north ecliptic pole agree to 
10% at 10 and 20 microns. Comparison with Matsumoto et al. and Noda et al. shows fairly good 
agreement in the near infrared with a deeper minimum at 3.4 microns and reasonable agreement in 
the far infrared but not as sharp a bump at 160 microns. These results and interpretations are 
discussed in the lecture by Bernard Carr and, for example, a paper by Bond, Carr, & Hogan 
(1991). The DIRBE (and FIRAS) data already rule out significant early VMO's and explosions 
and constrain galactic evolution models. The DIRBE data will clearly be a valuable new resource 
for studies of the interplanetary medium and Galaxy as well as the search for the CIB. 

The DIRBE team is headed by the Principal Investigator Micheal Hauser and Deputy Principal 
Investigator Tom Kelsall. In addition to the COBE SWG participation the following people are 
working on DIRBE: S. Burdick, G. N. Toller, G. Berriman, B. B. Franz, K. J. Mitchell, M. 
Mitra, N. P. Odegard, F. S. Patt, W. J. Speisman, S.W. Stemwedel, J. A. Skard, A. Ahearn, W. 
Daffer, I. Freedman, S. Jong, A. Panitz, A. Ramsey, T. Roegner, V. Snowel, K. Tewari, H. T. 
Freudenreich, C. Lisse, J. Weiland. 
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Figure I. COBE DIRBE full sky maps in galactic coordinates. lA. Combined 1.2, 2.2, and 3.4 micron map in 
respective blue, green, and red colors. The image shows both the thin disk and central bulge of the galaxy. lB. 
Combined 25, 60, and 100 micron map in respective blue, green, and red colors. Both maps are preliminary results 
of a full sky scan by the DIRBE instrument The discontinuities apparent are due primarily to the change in zodiacal 
light as the spacecraft and earth move around in the zodiacal dust but may in part be due to not having final 
instrument calibration. 
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3. FIRAS Instrument Description and CMB Spectrum Results 

The FIRAS compares the spectrum of the CMB with that of a precise blackbody, enabling the 
measurement of very small deviations from a Planckian spectrum. The FIRAS instrument covers 
two frequency ranges, a low frequency channel from 1 to 20 cm-1 and a high frequency channel 
from 20 to 100 cm-1. It has a r diameter beam width, established by a non-imaging parabolic 
concentrator, which has a flared aperture to reduce diffractive sidelobe responses. The instrument 
is calibrated by a full beam, temperature-controlled external blackbody, which can be moved into 
the beam on command. The FIRAS is the first instrument to measure the background radiation and 
compare it with such an accurate external full-beam calibrator in flight. The spectral resolution is 
obtained with a polarizing Michelson interferometer, with separated input and output beams to 
permit fully symmetrical differential operation. One input beam views the sky or the full aperture 
calibrator, while the second input beam views an internal temperature controlled reference 
blackbody, with its own parabolic concentrator. Both input concentrators and both calibrators are 
temperature controlled and can be set by command to any temperature between 2 and 25 K. In 
standard operating condition the two concentrators and the internal reference body are commanded 
to match the sky temperature, thereby yielding a nearly nulled interferogram and reducing almost 
all instrumental gain errors to negligible values. 

The external calibrator determines the accuracy of the instrument for broad band sources like 
the CMBR. It is a re-entrant cone shaped like a trumpet mute, made of Eccosorb CR- 1 10 iron­
loaded epoxy. The angles at the point and groove are 25°, so that a ray reaching the detector has 
undergone 7 specular reflections from the calibrator. The calculated reflectance for this design, 
including diffraction and surface imperfections, is less than 10-4 from 2 to 20 cm- 1 . 
Measurements of the reflectance of an identical calibrator in an identical antenna using coherent 
radiation at 1 cm-1 and 3 cm- 1  frequencies confirm this calculation. The instrument is calibrated by 
measuring spectra with the calibrator in the sky horn while operating all other controllable sources 
within the instrument at a sequence of different temperatures. 

The first results of the FIRAS2 may be summarized as follows: The intensity of the 
background sky radiation is consistent with a blackbody at 2.735 ± 0.06 K. Deviations from this 
blackbody at the spectral resolution of the instrument are less than 1 % of the peak brightness. The 
quoted error is primarily due to an uncertainty in the thermometer calibration; we expect to reduce 
this uncertainty by additional tests. The measured spectrum is shown in Figure 2, and is converted 
to temperature units, where it is compared to previous measurements. The deviations can be fitted 
to the Sunyaev-Zel'dovich form for Comptonization3, giving a limit of lyl < 10-3 (3 cr). A fit to a 
Bose-Einstein distribution gives a limit on the dimensionless chemical potential of lµI < 10-2 (3 cr). 
This places a strong limit on the existence of a smooth hot intergalactic medium: it can contribute 
less than 3% of the X-ray background radiation even at a reheating time as recent as z=2. There is 
no evidence of a spectral distortion, such as that reported by Matsumoto et az.4, and the measured 
temperature is consistent with previous reports and the recent rocket result of Gush et al. 5, 

The variation of the spectrum with sky position as measured by the FIRAS is dominated by the 
dipole anisotropy of the CMB, plus a variation in the interstellar dust emission. A preliminary 
dipole anisotropy spectrum was determined by calculating the average spectra in two large circular 
regions of the sky each of angular diameter 60•, one centered at (ex., B) = (1 1 . lh, -6.3°) and the 
other at (23. lh, 6.3"), which lie along opposite ends of the dipole axis as determined by the DMR. 
The difference between these spectra is fit extremely well by the difference of two blackbodies, and 
is consistent with a peak dipole amplitude of 3.3 ± 0.3 mK and the assumed dipole direction. 

These precise limits to potential distortions covering the major portion of the CMB photons 
provide support for a key element in the models of Big Bang nucleosynthesis - the baryon to 
photon ratio and the interpretation of that number relative to the critical density. The FIRAS 
measurement actually counts the vast majority of photons and the precision of the measurement 
gives us the density constraint 

py = 4.722 (T/1K)4e4Y eV/cm3 - l Q-33 (To/2.7K)4e4Y gm/cm3 
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ny= 20.286 (f/1K)3 photons/cm3 = 415 (fo/2.735K)3 photons/cm3 (1) 

The FIRAS measurements decrease the error on ng from greater than 20% to less than 5%. The 
limits on lµI and lyl in turn limit energy release in the early universe (l+z <few l<J6) to typically 
less than 1 % of the energy in the CMB. This in turn provides limit on cosmologically significant 
events such as primordial particle decay, superconducting cosmic strings, and turbulence. A 
currently interesting restriction is on the parameters of neutrinoes that decay to photons. Examples 
at hand are a potential 17 keV neutrino and Sciama's 28 eV neutrino. The 17 keV neutrino lifetime 
cannot be between 1 year and about 1012 years because it would either distort the CMB spectrum 
or its decay photons must show up directly. Sciama's proposed 28 e V neutrino is similarly 
restricted but Sciama has cleverly proposed a sufficiently long lifetime and hidden the decay 
photons in the ultravoliet background. 

The FIRAS instrument also measures the galactic emission and has made a survey of the dust 
and line emission in its bands. The dust emission is strong; the FIRAS provides good spectral 
information on that dust and has found some ten emission lines (Wright et al. 1991). In addition 
FIRAS has produced maps of the dust emission (205 µm for instance), the 205 µm NII line and 
158 µm err line. 

The FIRAS team is headed by the Principal Investigator John Mather, Deputy Principal 
Investigator Rick Shafer and Deputy Project Scientist for Data Ed Cheng. In addition to the COBE 
SWG participation the following people are working on FIRAS: Dale Fixsen, Gene Eplee, Joel 
Gales, Rich Isaacman, Snehevadan Macwan, Derck Massa, Muriel Taylor, Alice Trenholme, Dave 
Wynne, Steve Alexander, Dave Bouler, Nilo Gonzalez, Ken Jensen, Shirley Read, Larry Rosen, 
Fred Shuman, Frank Varosi, Harte Wang, Will Daffer, Jim Krise, Nick Iascone, and Courtney 
Scott. 
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Figure 2. COBE FIRAS spectrum measurement. The boxes are the data points and the line the best 
fit Planckian (2. 735 K). The data are taken near the north galactic pole. 
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4. DMR 

4.1 DMR INS1RUMENT DESCRIPTION AND OPERATION 

The COBE Differential Microwave Radiometers (DMR) instrument is intended to provide precise 
maps of the microwave sky on large angular scales. It consists of six differential microwave 
radiometers, two independent radiometers at each of three frequencies: 3 1 .5, 53, and 90 GHz 
(wavelengths 9.5, 5.7, and 3.3 mm). At these frequencies the CMB dominates foreground galactic 
emission by at least a factor of roughly 1000. The multiple frequencies allow subtraction of galactic 
emission using its spectral signature, yielding maps of the CMB and thus the distribution of matter 
and energy in the early universe. Each radiometer measures the difference in microwave power 
between two regions of the sky separated by 60°. The combined motions of spacecraft spin (75 s 
period), orbit (103 minute period) , and orbital precession (- I degree per day) allow each sky 
position to be compared to all others through a massively redundant set of all possible difference 
measurements spaced 60° apart. 

Each radiometer consists of a superheterodyne receiver switched at 100 Hz between two 
identical corrugated-horn antennas. The compact low-sidelobe antennas' main beam profile is well 
described by a Gaussian of 7° FWHM and point 60° apart, 30° to either side of the spacecraft spin 
axis6. The two channels at 31 .5  GHz share a single antenna pair with an orthomode transducer 
splitting the input into opposite circular polarizations. Both channels share a common enclosure 
and thermal regulation system. The 53 and 90 GHz radiometers are similar but have two antenna 
pairs at each frequency, each with identical linear .folarization response. A detailed description of 
the DMR instrument may be found in Smoot et al . .  

Three independent techniques are used to determine the radiometer calibration. Solid-state noise 
sources provide in-flight calibration by injecting broad-band microwave power into the front end of 
each radiometer at regular intervals (every two hours). Prior to launch the noise source signals 
were calibrated by comparing to the signal produced by targets of known, dissimilar temperatures 
(approximately 300 K and 77 K) covering the antenna apertures. The DMR observes the Moon for 
a fraction of an orbit during two weeks of every month providing an independent determination of 
the calibration factor. The Earth's -30 km s-1 motion about the solar system barycenter produces a 
Doppler-shift dipole of known magnitude (-0.3 mK) and direction. The modulation in amplitude 
and direction is apparent, but at low signal to noise. Given sufficient observing time (> one year), 
this method may produce the most accurate determination of the absolute calibration of the DMR 
instrument. A forthcoming paperS discusses the DMR calibration more fully. 

The DMR has been operating well since about a week after the COBE launch (18 Nov 1989) and 
is approved for two years of operation. Two additional years of operation have been requested. 

4.2 DMR DATA REDUCTION AND ANALYSIS 
A software analysis system receives data telemetered from the satellite, determines the instrument 
calibration, and inverts the difference measurements to map the microwave sky in each channel. 
Although the experiment has been designed to minimize or avoid sources of systematic uncertainty, 
both the instrument and the software can potentially introduce systematic effects correlated with 
antenna pointing, which would create or mask features in the final sky maps. Further details of the 
data processing algorithms may be found in Torres et al. 9 

The sky maps may in principle contain contamination from local sources or artifacts from the 
data reduction process itself. The data reduction process must distinguish cosmological signals 
from a variety of potential systematic effects. The most obvious source of non-cosmological 
signals is the presence in the sky of foreground microwave sources. These include thermal 
emission from the COBE spacecraft itself, from the Earth, Moon, and Sun, and from other celestial 
objects. Non-thermal radio-frequency interference (RFI) must also be considered, both from 
ground stations and from geosynchronous satellites. Although the DMR instrument is largely 
shielded from such sources, their residual or intermittent effect must be considered. A second class 
of potential systematics is the effect of the changing orbital environment on the instrument. Various 
instrument components have slightly different performance with changes in temperature, voltage, 
and local magnetic field, each of which can be modulated by the COBE orbit. Longer-term drifts 
can also affect the data. Finally, the data reduction process itself may intr0duce or mask features in 
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the data. The DMR data are differential; the sparse matrix algorithm is subject to concerns of both 
coverage (closure) and solution stability. Other features of the data reduction process, particularly 
the calibration and baseline subtraction, are also a source of potential artifacts. All potential sources 
of systematic error must be identified and their effects measured or limited before maps with 
reliable uncertainties can be produced. 

The largest limit is the current 5% uncertainty in the absolute calibration of the instrument. 
The uncertainty in absolute calibration does not create artifacts in the maps but affects the calculated 
amplitude of existing features (e.g., the dipole anisotropy). We continue to acquire and analyze 
calibration information and we anticipate improved calibration in the future. The next largest effect 
is the modulation of the instrument output in the Earth's magnetic field; the primary effect is on the 
dipole term of a spherical harmonics expansion. The magnetic effects will be modelled and 
removed in future analysis. The 53A channel unambiguously shows a magnetic susceptibility; we 
do not include the 53A channel in the dipole results presented below. The largest potential effects 
upon the quadrupole and higher-order multipole coefficients are Earth emission and the possibility 
of undetected calibration drifts. The current 95% C.L. upper limits to combined systematic errors 
in the DMR maps are /ff(f0 < 8xlQ-5 for the dipole anisotropy and "1T(f0 < 3xl 0-5 for the 
quadrupole and higher-order terms. 

As the DMR gathers redundant sky coverage and as analysis continues, we anticipate refined 
estimates of, or limits on, these effects. It is important to note, however, that the DMR is free 
from some of the systematics of previous large-scale sky surveys. The multiple differences 
generated by various chopping frequencies (spin, orbit, and precession periods) allow separation 
of instrumental from celestial signals. Two independent full-sky maps, produced with matched 
beams at each of three frequencies, provide a powerful tool for analysis and removal of possible 
systematic effects. 

4.3 DMR RESULTS 

Figure 3 shows the microwave sky at 6 mm on a linear scale. The most noticeable effect is the 
extreme uniformity of the CMB. The preliminary maps of the microwave sky for each of the six 
DMR channels look very nearly the same in terms of the dipole while the galactic emission varies 
with frequency. The independent maps at each frequency enable celestial signals to be 
distinguished from noise or spurious features: a celestial source will appear at identical amplimde in 
both maps. The three frequencies allow separation of cosmological signals from galactic 
foregrounds based on spectral signatures. The maps are corrected to solar-system barycenter and 
do not include data with the Moon within 25' of an antenna; no other systematic corrections have 
been made. All six maps clearly show the dipole anisotropy and galactic emission. The dipole 
appears at similar amplitudes in all maps while galactic emission decreases sharply at higher 
frequencies, in accord with the expected spectral behavior. 

An observer moving with velocity P = v/c relative to an isotropic radiation field of temperature 
To observes a Doppler-shifted temperature 

T = T0 
( 1 - P2 ) 112 

To [ 1 + Pcos(0) + -2
1 

p2 cos(20) + O(p3) ] (2) 
1 - Pcos(0) 

The first term is the monopole CMB temperature without a Doppler shift. The second term, 
proportional to b, is a dipole distribution, varying as the cosine of the angle between the velocity 
and the direction of observation. The term proportional to b2 is a quadrupole with amplitude 
reduced by 1/2 b from the dipole amplitude. The DMR maps clearly show a dipole distribution 
consistent with a Doppler-shifted thermal spectrum, implying a velocity for the solar system 
bary�enter

. 
of

. 
P=0.00123 ± 0.00003 (68% CL), or v = 370±10 km s-1 toward (l, b) = 

(264 ±2,49 ±2 ), where we a_ssum7 a value T0=2.735 K. The solar system velocity with respect 
to the local standard of rest is estimated at 20 km s- 1  toward (57' ,23 '), while galactic rotation 
moves the the local standard of rest at 220 km s-1 toward (90',0')10,1 1 .  The DMR results thus 
imply a peculiar velocity for the Galaxy of vg = 550 ± 10 km s-1 in the direction (266' ± 2' 30' ± 
2'). This is in rough agreement with independent determinations of the velocity of the local woup, 
Vig = 507 ± 10 km s-1 toward (264 '± 2', 31'  ± 2')12. 
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The angular distribution on the full sky maps is fully consistent with a dipole anisotropy. The 
spectrum of all published dipole parameters, including those from the COBE FIRAS experiment2, 
is consistent with a Doppler-shifted blackbody origin. With high probability the dipole comes 
from peculiar motion and is not due to an intrinsic dipole either large scale gradient as suggested 
by Paczynski and Piran (1990) or net velocity of CMB relative to comoving framel3. The CMB 
dipole anisotropy is well established by the chi-squared of the dipole fit and the dipole amplitude 
spectrum. The dipole anisotropy is more than 30 times larger than any other large angular scale 
anisotropy. The dipole anisotropy is then either due to a Doppler shift or is intrinsic temperature 
anisotropy. It is very difficult to establish a universe with a large dipole anisotropy without 
comparable quadrupolar and higher order moment anisotropies We can compare the dipole 
anisotropy implied velocity with the velocity expected due to gravitational perturbations in the 
region 100 Mpc around our location. Our peculiar velocity can be estimated either by adding up 
observed sources (light=>mass=>potential), e.g. IRAS galaxies or by inferring potential from 
observing large scale velocity flows, e.g. the "Great Attractor", that one readily obtains 80% of 
the CMB dipole implied velocity. The errors in this calculation are on the order of 20% or greater 
so that the whole dipole anisotropy can easily be explained as due to the peculiar velocity of our 
galaxy. Thus we adopt the working hypothesis that the dipole is generated by the galactic peculiar 
velocity to the comoving frame and the resulting Doppler shift. 

The DMR maps with this dipole removed from the data show the only large-scale feature 
remaining is galactic emission, primarily confined to the plane of the galaxy. This emission is 
present at roughly the level expected before flight and is consistent with emission from electrons 
(synchrotron and HII) and dust within the galaxy. The ratio of the dipole anisotropy (the largest 
cosmological feature in the maps) to the Galactic foreground reaches a maximum in the frequency 
range 60---90 GHz. There is no evidence of any other emission features. 

We have made a series of spherical harmonic fits to the data, excluding data within several 
ranges of galactic latitude. The only large-scale anisotropy detected to date is the dipole. The 
quadrupole .fnisotropy is limited dT(f < 3 x 10-5 and higher-order terms are limited to amplitude 
dT(f < 10- . Similarly, a search for Gaussian or non-Gaussian fluctuations on the sky showed no 
features to limit dTff < 10-4. The results are insensitive to the precise cut in galactic latitude and 
are consistent with the expected Gaussian instrument noise. The reported uncertainties are 95% 
confidence level unless otherwise stated, and include the effects of systematics as listed in Table 1. 

These limits on the quadrupole are somewhat better than previous anisotropy studies, but are 
still limited by uncertainties in estimates of many systematic errors that may well be removed in 
further data processing. In an ideal case this might result in a 95% confidence level upper limit of< 
5µK on the rrns quadrupole. One important systematic error term that may well ultimately limit the 
detectable quadrupole and other large angular scale anisotropies is galactic emission. The rms 
quadrupole amplitude including galactic emission (DMR 31, 53, and 90 GHz data and the Relict 37 
GHz data) decreases with increasing frequency. However, since the CMB amplitude begins to 
decrease with frequency, the DMR 53 and 90 GHz channels bracket the apparent best observing 
frequency range. Including the galactic plane produces a quadrupole amplitude at minimum of 50 
µK. To obtain ultimate sensitivity we need a level 20 to 30 times lower. How much does simply 
cutting the galactic plane from the fitting achieve? Tests using the 408 MHz and /RAS 100 micron 
maps indicate that reasonable galactic latitude cuts gain roughly a factor of 5 to 10. We will have to 
obtain the remaining factor of 2 to 4 from careful modeling. 

4.4 DMR DISCUSSION 

The DMR limits to CMB anisotropies provide significant new limits to the dynamics and physical 
processes in the early universe. The dipole anisotropy provides a precise measure of the Earth's 
peculiar velocity with respect to the co-moving frame. Limits to higher-order anisotropies limit 
global shear and vorticity in the early universe. If the universe were rotating (in violation of Mach's 
Principle), the resultant metric causes null geodesics to spiral; in a flat universe the resultant 
anisotropy is dominated by a quadrupole terml3,14. The limit dT(f < 3 x 10-5 for quadrupole and 
higher spherical harmonics limits the rotation rate of universe to n <  3 x 10-24 s-1 , or less than 
one ten-thousandth of a turn in the last ten billion years. 
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Figure 3 COBE DMR full sky maps of the temperature of the sky at 53 GHz (6 mm wavelength). 
The maps are in galactic coordinates and have been corrected to solar system barycenter. 

3.A Absolute Sky Brightness on a scale from 0 to 3.6 K 
3.B Relative sky brightness with mean removed and scale to about -4 to +4 mK. The 

dipole anisotropy (0.1 %) and galactic plane are clearly visible. 
3.C Relative sky brightness with monopole and dipole removed. The galactic plane is only 

significant visible signal. The other structure evident is consistent with instrument observing noise. 
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If the expansion of the universe were not uniform, the expansion anisotropy would lead to a 
temperature anisotropy in the CMB of similar magnitude. The large-scale isotropy of the DMR 
results indicate that the Hubble expansion is uniform to one part in 104. This provides additional 
evidence for hot big bang models of cosmology, and indicates that the currently observed 
expansion of the universe can be traced back at least to the radiation-dominated era. 

Inhomogeneities in the density in the early universe also lead to temperature anisotropies in the 
CMB as the CMB photons climb out of varying gravitational potential wellsl5,16 

1 lip HoL 2 1 [ L ]2 lip AT!f = - (-)L ( - ) = - - (-)L 
2 p c 2 Lo p (3a) 

The DMR results impl4 that the universe at the surface of last scattering was isotropic and 
homogeneous to the 10- level. 

Inhomogeneities on scales outside the present horiwn induce gradients and shear across the 
region within our horizon, and these cause anisotropy in the CMB. Grischuk and Zel'dovich16 
(1978) have shown that a very long wavelength density ripple in a spatially flat universe generates 
a quadrupole anisotropy in the CMB. 

_AT 1 [T ] 2 lip 
<y)quadrupole = Lo2 V21>4> = (c/H,,)2 VZlicp = 1  r (-)L 

p 
(3b) 

There is no dipole term because both the photons and the observer are in free fall. The effect that 
matters is the potential gradient associated with the inhomogeneities. If the universe is flat, the 
DMR limits on the quadrupole term constrain (lipip)L < 10-4 (LfLo)2. Inspire of what one might 
have thought, we can tell something about structure outside our present horizon up to of order 100 
times the present horizon. The large scale geometry of the universe is thus well-described by a 
Robertson-Walker metric with only local perturbations. 

One such potential local perturbation is gravitational radiation. Long-wavelength gravitational 
waves propagating though this region of the universe distort the metric and produce a quadrupole 
distortion in the CMB17. The limits AT{f < 3 x 10-5 for quadrupole restricts the energy density of 
single plane waves or a chaotic superposition to 

A. n < 3 x  10-4 (� t2 h-2 gw 10 Mpc (4a) 

where 11gw is the energy density of the gravity waves relative to the critical density, A.gw is the 
wavelength at the current epoch, and h is the Hubble constant in units 100 km s-1 Mpc-1. 

Those gravity waves on the surface of last scattering will produce chaotic fluctuations. The 
DMR is sensitive primarily to gravitational waves with scale sizes > r at the surface of last 
scattering, or -200 Mpc today. The temperature anisotropy observed is roughly half the strain that 
a freely falling observer at the surface of last scattering would observe. To determine the presnt 
energy density of the gravity waves present at the surface of last scattering one must propagate the 
waves to the present. A number of factors compensate and the limit is essentially independent of 
wavelength and is about AT 

11gw-lss < 1/3 [-]2 = 3 X 10-10 (4b) 
T 

Cosmic strings provide another mechanism for local distortions in the metric. They are nearly 
one-dimensional topological defects predicted by many particle physics gauge theories and are 
characterized by a large mass per unit length, µ 18. The large mass and relativistic velocity produce 
CMB anisotropies through the relativistic boost and the Sachs-Wolfe effect (gravitational lensing 
alone does not produce anisotropy in an otherwise isotropic background). Many authors have 
calculated the anisotropy produced by various configurations of cosmic strings, with typical 
valuesi9,20 

Gµ 
AT{f - 8it�Y-;;z (5) 
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The DMR experiment limits the existence of large-scale cosmic strings to Gµ/c2 < 10-5. There is 
no evidence for higher-order topological defects such as domain walls or textures. The large scale 
geometry of the universe appears to be uniform and without defects. 

The observed isotropy of the universe on large angular scales presents a major problem for 
cosmology. At the time of primordial nucleosynthesis the presently observable universe was 
divided into about 1025 causally independent regions. The observed uniformity of light elements 
implies a baryon density uniformity of l'>pip < 3 during synthesis21 .  At the surface of last 
scattering the horizon size subtends -2· when viewed from here. Regions separated by more than 
2· were not in causal contact; consequently, DMR measures some 104 causally disconnected 
regions of the sky. Standard models of cosmology fail to explain why causally unconnected 
regions are the same to order unity, much less the 10-4 isotropy implied by the DMR observations. 
Inflationary scenarios provide one solution. In these models, the universe undergoes a 
spontaneous phase transition -10-32 seconds after the Big Bang, causing a period of exponential 
growth in which the scale size increases by 30 to 40 orders of magnitude. The entire observed 
universe would then originate from a small pre-inflationary volume in causal contact with itself, 
eliminating the problem. In the simplest inflationary models, the pre-inflationary matter and 
radiation fields are diluted to zero along with any pre-existing anisotropies. The process of 
inflation, however, generates scale-free anisotropies with a Harrison-Zel'dovich spectrum which 
result in small but detectable CMB anisotropies in the present universe22,23. During inflation zero 
point quantum fluctuations produce density fluctuations and gravitons (scalar and tensor fields) at 
levels comparable to the vacuum energy. Thus at the horizon wavelength scales they should 
produce comparable CMB anisotropies. The CMB anisotropy limits are now just pushing down to 
the level which is needed for observed velocities/gravitational potentials and begining to limit the 
energy scale of inflation at a natural level. If we were optimistic, we could hope to see anisotropies 
at the 1 o-5 level, giving us the density fluctuations we need and telling us the inflation energy scale. 

Inflationary models predict quadrupole temperature fluctuations from gravitons or density 
fluctuations of order tff IT - H I  Mp1anck. where H is the Hubble parameter during inflation (a 
period characterized by a constant Hubble parameter). As a result, the possible values of the 
Hubble parameter at the inflationary stage are significantly restricted by the anisotropy limits. 

The relationship between the inflation vacuum Hubble parameter and the vacuum energy 
density is 

H2 = 87t/3 G Pvacuum = 81t/3 G M4 = 8it/3 M4 I MPiancil (6) 

where M is the energy scale of inflation and energy density of the vacuum, Pvacuum = M4 . The 
energy density of gravitons (see Figure 4) is 

!lgraviton = 104 Pvacuum/ Mp(anck 4 = 104 (MfMPianc04 (7) 

for wavelengths significantly smaller than the horizon, rising to Pvacuuml MPianck 4 = (Ml MPianck)4 
at horizon size. The quadrupole CMB anisotropy and smaller angular scales limits imply Hinflation 
< 3 10-s MPianck• the inflation energy scale is far removed from the Planck scale (M < lQ17 GeV), 
and the energy density of the vacuum is Pvacuum = M4 < lQ-9 MPianck· There is thus some reason 
to expect that the phase transition for grand unification (GUT) and the phase transition producing 
inflation are intimately related. The measurements are forcing the energy scale of each into the 
same region. After being separated for theoretical freedom and generalness, experiments may 
reunite them as in the original motivation. There would be a certain economy and beauty in having 
inflation and grand unification occur through the same mechanism and it would join together 
particle physics and cosmology at the birth of the universe. 

A second major problem in cosmology is the growth of structure in the universe. The largest 
structures in the current universe (walls and voids) are observed to have density fluctuations l'>pip 
of order unity on scale sizes -50 Mpc. Structures of this size are at the horizon scale at the surface 
of last scattering; consequently, the primordial density fluctuations are small and most of the 
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growth is in the linear regime. The assumption of linear growth requires peculiar velocities - O.Olc 
in order to move the matter the required JOB light years of co-moving distance in the -JOIO years 
estimated to have elapsed since the surface of last scattering, an order of magnitude greater than the 
peculiar velocity inferred from dipole anisotropy. To explain the observed structure without 
violating limits on CMB anisotropy, and to generate the critical density required by inflationary 
models, many astrophysicists have turned to cosmological models in which most of the matter in 
the universe (> 90%) is composed of weakly interacting massive particles (WIMPs). The 
dynamical properties of this "dark matter" allow it to clump faster than the baryonic matter, which 
later falls into the WIMP gravitational potential wells to form the structures observed today. The 
gravitational potential and motion of these particles produce CMB anisotropy whose amplitude 
depends on the angular scale size. For scale size - J0° most reasonable models predict /'i.T{f - 1-
3 x J0-5, depending on the average density of the universe24. Although current observations do not 
provide significant limits to these models, we anticipate that the DMR will provide a stringent test 
of such models as it continues to accumulate data. 

The DMR team is headed by the Principal Investigator George F. Smoot and Deputy Principal 
Investigator Charles Bennett. In addition to the CORE SWG participation the following people are 
working on DMR: Alan Kogut, Jon Aymon, Charles Backus, Giovanni De Amici, Kevin Galuk, 
Gary Hinshaw, Peter D. Jackson, Phil Keegstra, Robert Kummerer, Charles Lineweaver, Laurie 
Rokke, Luis Tenorio, Richard Mills, Jairo Santana, and Peter Young. 
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Figure 4. Limits on the energy density of long wavelength gravity waves. The DMR experiment 
sets two limits based upon the Lff{f and strain to energy density relationships shown here and 
upon the formulas from Linder (1988): one is for the quadrupole and the other the surface of last 
scattering. The quantum fluctation curve is the predicted spectrum from inflation at maximum 
allowed normalization. This maximum curve corresponds to an energy scale of inflation slightly 
less than J017 GeV. The potential inflation bubble collision spectrum is from Turner and Wilczek 
(1990). The normalization on the predictions depend upon the choice of elementary particle theory. 
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5. CONCLUSIONS 

A year after launch, the COBE instruments are working well and continue to collect data. FIRAS 
has measured the CMB spectrum quite precisely and future improvements and maps are are 
expected. The FIRAS and DMR data show the expected dipole anisotropy, consistent with a 
Doppler-shifted thermal spectrum. Galactic emission is present at levels close to those expected 
prior to launch, and is largely confined to the plane of the galaxy. The results are currently limited 
by instrument noise and upper limits to potential sources of systematic error. There is no evidence 
for any other large-scale feature in the DMR maps. The DMR results limit CMB anisotropies on all 
angular scales >7" to �Tff < 10-4. The results are consistent with a universe described by a 
Robertson-Walker metric and show no evidence of anisotropic expansion, rotation, or defects 
(strings, walls, texture). As DMR sky coverage improves and the instrument noise per field of 
view decreases, we anticipate improved calibration, better estimates of potential systematics, and 
increasingly sensitive limits to potential CMB anisotropies. In principle, the DMR is capable of 
testing predictions of both inflationary and dark-matter cosmological models. DIRBE has 
produced exceptionally good and complete maps of the 1 to 300 micron sky. 
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MODELLING THE EXTRAGALACTIC IR BACKGROUND LIGHT 
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We discuss source counts and background radiation in the IR to mm wavelength domain. 
We address in particular the constraints on galaxy photometric evolution and light emission 
from primeval objects set by currently available data and by observations soon to be carried 
out with the forthcoming generation of both ground based and satellite-borne telescopes. 
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1. INTRODUCTION 

Observations of the diffuse background radiation may provide relevant information on 
sources so faint that cannot be directly detected. As far as normal galaxies are concerned, 
measurements in the optical-UV band are hampered by strong local foreground emissions 
from the zodiacal light, star-light and reflection by high-latitude galactic dust (Mattila, 
1990; Paresce, 1990; Bowyer, 1990), while the radio and X-ray backgrounds are dominated 
by nuclear activity (radio galaxies, QSO's, AG N's). 

On the other hand, at least two prominent spectral windows are available in the 
wavelength domain from the near-IR to the millimeter, where the local backgrounds are 
at the minimum (see Puget, these Proceedings) :  one at ,\ � 3 to 4 µm is bounded by the 
Zodical light and the Interplanetary dust (IPD) emissions; the other at ,\ � 300 to 500 µm 
in the prominent hole between the galactic cold dust emission and the Cosmic Microwave 
Background (CMB). It is a remarkable and happy coincidence that these two wavelength 
ranges lie just where one would like to observe the redshifted photons from the two most 
prominent broad emission features in the galaxy spectra: the emission peak at 1 � µm and 
at 100 µm due to stellar photospheric emission and dust re-radiation, respectively. 

A third cosmological window, but much less prominent, opens around 60 µm within 
the tight boundaries set by the IPD and galactic cirrus emissions. Note a further curious 
coincidence: even in the most favourable cases (i.e. in the near-IR and sub-mm windows), 
the expected level of the integrated emission of distant galaxies turns out to be roughly 
comparable to that of the Galaxy (Franceschini et al., 1991). In any case, a delicate 
subtraction of the foreground components is mandatory to explore the extragalactic domain. 

Several attempts have been carried out in the last few decades to measure extragalactic 
background in these IR windows. Unfortunately, poor sensitivity and shallow sky coverage 
have so far prevented to get definite results. Now, the implementation of high-sensitivity 
detectors at the focal plane of large ground-based telescopes and extensive explorations by 
low background noise space equipments are quickly changing the state-of-the-art. 

After a brief overview on the observational status (Section 2), we expand to discuss 
in Section 3 predictions of galaxy counts and their contribution to the spectral intensity 
and anisotropies of the background light: such predictions relate the observed properties of 
"local" populations to those of the possible distant contributors to the background. Then 
we summarize some predictions implied by models of primeval objects concerning the IR 
background light (Section 4). Exciting prospects of future observations are addressed in the 
last Section. 

2. OBSERVATIONAL STATUS 

We report here on some of the observations on background light, source counts and galaxy 
luminosity functions in the IR. It is only an incomplete list of what we consider the most 
relevant results. 

2.1 Background observations 

The cosmological window in the near-IR has been the target of extensive observational 
efforts, starting from the first exploratory rocket experiment by Harwit et al. (1966). 
Measurements on the diffuse emission obtained by Matsumoto et al. (1988a) with broad-band 
photometers has been confirmed by a recent experiment, with improved spectral and spatial 
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resolution, of the same group at the Nagoya University (Noda et al., 1991). These results 
are also roughly consistent with the total sky brightness observed by DIRBE on COBE in 
the direction of the South Ecliptic Pole (SEP). 

However, if rough agreement exists on the total sky emission, the deconvolution 
of the local foregrounds, needed to infer the intensity of any extragalactic component, 
which is currently beeing performed by the various groups, is much more uncertain and 
controversial. Noda et al., for example, with their small field-of-view of 0.2x0.2 degrees, 
claim to be essentially unaffected by star-light. After a suitable modelling of the zodiacal 
component, they infer the possible existence of an extragalactic component at the level 
observed by Matsumoto et al. (vlv � 10-4 erg/cm2 s sr) . Their improved spectral 
resolution ( >./ b..>. � 10 in the range from 1 .4 to 2.5 µm) has allowed them to conclude 
that such a background is smooth, without any signs of spectral features. Hauser et al. 
(1991), using the preliminary results by DIRBE, which are based on a quite reliable band­
to-band calibration, find a steeper 1 µm to 4 µm energy distribution and suggest it is more 
probably consistent with the expected contributions from star- and zodiacal- lights. We defer 
to Sect. 3 a discussion of this point. 

Longward of 4 µm up to 60 µm the sky brightness is by far dominated, even outside 
the ecliptic plane, by IPD emission. Measurements of its peak intensity at 10 and 20 µm 
by COBE, IRAS and other rocket experiments (Murdock & Price, 1985) are in very good 
agreement. Much is still to be done, however, to accurately define the temperature and 
spatial distribution of the IPD, which are essential to estimate the extragalactic component. 
For example, current uncertainties in the temperature distribution of the IPD imply order-of­
magnitude errors in its estimated contribution at >. = 4µm. The all-sky surveys by DIRBE, in 
particular, are expected to allow investigation down to � 0.13 of the IPD emission intensity. 

Preliminary estimates of the extragalactic sky background at 100 µm has been 
attempted by various groups using the all-sky surveys of IRAS. However, a comparison with 
COBE data for several points in the sky (Hauser et al., 1991) has shown that the IRAS data 
are subject to zero-point and responsivity errors. The COBE estimate of the sky brightness 
at lOOµm in the direction of the SEP is vlv � 10-4 erg/cm2 s sr, a factor of 3 below the level 
observed by IRAS. A rocket experiment by Matsumoto et al. (1988b; see also Matsumoto, 
1990, and Hauser et al., 1991) allowed to set an upper limit to any extragalactic component 
of less than 1 MJy/sr, after subtraction of the interstellar dust emission, as traced by the 
n(HI) column density. Matsumoto (1990) reports indications that the observed i•otropic 
component at 100 µm is due to IPD ,  so that the truly extragalactic background may be well 
below the quoted limit. 

The cosmological window at 200 < >. < 500 µm, where the galactic cold dust, IPD 
and CMB are at the minimum, has been explored by Matsumoto et al. (1988b), Matsumoto 
(1990), Gush et al. (1990). The most impressive limit is reported by the latter, corresponding 
to a BB temperature of the total sky emission T < 3° (or vlv < 2 10-6 erg/cm2 s sr at 
300 µm). A more conservative limit (vlv � 2 10-5 erg/cm2 s sr is reported by Matsumoto 
(1990) at 262 µm, based, however, on a rather low signal-to-noise ratio. Also the DIRBE 
preliminary calibration is quite uncertain here, but results seem to be consistent with those 
by Matsumoto. The final expected sensitivity of FIRAS (COBE) in this wavelength range 
is expected to be better than 10-6 erg/cm2 s sr. 

At •till longer wavelength• (>. > 500 µm), the background radiation starts to be 
dominated by the CMB (whose spectrum does not seems to deviated by more than 13 
from a BB with T = 2.735 K, according to Mather et al., 1990). This obviously sets up 
a natural boundary to the measurement of the spectral intensity of any other background 
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components. In spite of that, due to the well proved smoothness of the spatial distribution of 
the CMB, we can still hope to infer interesting information from analyses of the sky cell-to­
cell fluctuations. Preliminary results have already been reported by Kreysa & Chini (1989) 
at ,\ = 1.3 mm: the 95% upper limit to the rms sky grainineS3 for an 11 arcsec beam turns 
out to be u < 0.8 mJy. 

2.2 Source counts and luminosity functions 

In a few selected spectral regions of the IR domain, source counting has been performed 
down to faint flux levels, sometimes also followed by spectroscopic observations. These data 
are essential for the interpretation of the background radiation, since they allow to define the 
properties of the local source populations responsible of at least a fraction of the observed 
background. 

In the near-IR, thanks to new high-sensitivity detector arrays and to suitable 
observational techniques (e.g. micro-scanning, that allows to reduce the effects of a very 
high sky noise), imaging observations are becoming competitive with those in the optical. 
In particular, very deep counts in the K band have been reported by Cowie et al. (1990) 
and Cowie (1991) down to K '.'.::'. 23, with an areal density of already 50 objects/arcmin2 
(see Figure 4) .  Counts at brighter magnitudes over more extended sky areas are given by 
Glazebrook et al. ( 1990). At variance with results obtained in the optical band, where the 
source counts are seen to steeply increase down to very faint magnitudes (B=26-27), the 
counts in K quickly flatten already at K=20. At the faintest magnitudes the optical counts 
show 3 times more sources than those in K. Models predicting no- or a weak luminosity 
evolution of galaxies easily explain the K-band counts (see Sect. 3.3), but keep significantly 
below the optical ones. The latter may be interpreted as an evidence for an additional 
population of low luminosity blue galaxies undergoing an active phase of star formation 
at moderate z (Cowie, 1991), that should have disappeared by the present time. The 
relationship of such a faint source population to the local galaxies is quite unclear as yet. 

In the far-IR, the IRAS survey at 60 µm, although limited in sensitivity, has been able 
to detect galaxies up to moderate distances, due to their prominence at these wavelengths. 
Source counts have been reported down to Soo = 70 mJy (Hacking, Condon & Houck, 1987), 
which already corresponds for a spiral galaxy to a flux density in the centimetric bands of 
less than 1 mJy. Redshift distributions and luminosity functions from bright samples have 
been estimated by various authors (Lawrence et al., 1988; Smith et al., 1987; Soifer et al., 
1987; Lonsdale & Hacking, 1989). 

Galaxy selection at far-IR wavelengths, as well as those in the radio aud in the 
optical-UV, tend to preferentially detect objects characterized by an enhanced star-formation 
activity. This activity is generally limited to short-lived bursts during which a small fraction 
of a galactic mass is turned into massive stars. On the other hand, the near-IR emission is 
dominated by much older stellar populations, with lifetimes more comparable to the age of 
the universe. 

Therefore, these two IR wavebands provide rather complementary information: the 
one in the near-IR is very promising about the definition of the geometry of the Universe 
(Cowie, 1991) ,  the other may soon provide relevant information on the properties of galaxy 
evolution with cosmic time. 
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3. MODELLING THE IR BACKGROUNDS: KNOWN SOURCE CONTRI­
BUTION 

The first logical step in the interpretation of a diffuse background is to subtract, from the 
observed values of the intensity and sky fluctuations, the contributions of sources whose 
statistical properties are already known well enough to allow a virtually model independent 
operation. We discuss in this Section problems related to the estimate of the contributions 
of stars and galaxies to the IR backgrounds. 

3. 1 The IR star-light 

To predict star counts we have used the Galazy model by Bahcall (1986), suitably 
extrapolated from the optical band, where it is defined, to the IR. The extrapolation to the 
J and K bands has been performed following Mamon & Soneira (1982), who have tentatively 
transformed, using the IR colors of the different luminosity classes ( supergiants through 
white dwarfs), the various stellar luminosity functions from the V band to the IR. However, 
predictions based on these luminosity functions fall short of the star counts in the K-band at 
bright magnitudes by Elias (1978). The reason is that very red late-type stars are obviously 
under-represented in the optical model. To correct for this, we have increased the cutoff 
absolute magnitude Mi( of the disk luminosity function from the proposed value of 2 to 1 
and also increased by 50 pc the scale height of main sequence stars. This empirical procedure 
produced the star counts represented by the thick-line in Figure 1 ,  quite in agreement with 
the Elias's ( 1978) counts, as well as with those at very faint magnitudes estimated by Cowie 
et al. (1990). The same figure shows star counts in K for a range of values of the galactic 
latitude and longitude. 
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Figure 1.  Star counts in the K band. Full squares are counts at the galactic pole by Elias (1978), 

the triangle is the estimated ·count by Cowie et al. (1990). The lower curve is the model prediction for the 

same galactic direction. The other curves refer to galactic latitudes of 20° and 50°, top to bottom. 

The average K-L colours for main sequence stars are typically � 0.2 for V-K< 5 (i.e. 
B-V< 1.6) and become larger than 0.2 only for stars redder than B-V=l.6. The latter, 
however, can be neglected for our purposes. Similar results hold for giant stars too. Then 
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we have estimated star counts at 3 .6 µm by transforming the total counts in the K band to 
the L band with an average colour correction K-1=0.2. 

Star counts in the 12 µm IRAS band have been computed using the procedure described 
in Hacking (1987). In this case too, modifications to the Bahcall's Galazy model are required 
by a comparison with data from the IRAS 12 µm survey. Predictions of integral counts at 
3.6 and 12 µm for various galactic coordinates can be found in Franceschini et al. (1991 ). 
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Figure 2. Residual contributions to the near-IR background radiation of stars fainter than a given 

apparent magnitudes, for galactic latitudes of 20° , 50° and 90° (from top to bottom, respectively). 

Figure 2 shows, for different values of the galactic latitude, the contributions of stars to 
the background in various near-IR bands. We see that, due to the flatness of the counts, an 
important contribution to the starlight comes from bright sources, and this allows a relatively 
easier subtraction of this component even in surveys with poor angular resolutions. 

The confusion limit due to stars in the K band, computed following the procedure 
described in Franceschini et al. (1989), is reported in Figure 3. 

9.2 Interpretation of near-IR background oburvations 

As an useful illustration of how delicate is the procedure of deconvolving foreground emissions 
from observations of the IR background, let us go back to the recent impressive result reported 
by Noda et al. (1991) (see Sect. 2.1 ) . Their claim of the existence of a significant extragalactic 
component (at a level of viv = 10-4 erg/cm2 s sr) relies on two basic assumptions on the 
star-light and Zodiacal contributions. According to Fig. 3, in the sky directions surveyed 
by the experiment, their 0.2° x 0.2° beam turns out to be limited by confusion already 
at K=6: then it seems likely that only stars down to this flux limit, rather than to K=8 
as they assume, have been excluded by the survey. As shown by Fig. 2, this implies a 
non negligible difference in the estimated residual star-light at >. = 2.2 µm: we find viv "' 
3.4 10-5 and 5.8 10-5 erg/cm2 s sr for K=8 and K=6, respectively. A second difference 
is related to the adopted Galaxy model: for K> 8 Noda et al. find a residual star-light of 
� 2 10-5 erg/cm2 s sr, which is some 50% below that predicted by our model. 

All the above translates into significant differences in the estimate of the residual 
extragalactic component. With reference to the averages in the A=2.15 and 2.28 µm channels 
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Figure 3. Estimates of the confusion limit due to stars for a survey in the K band as a function of 
the FWHM size of the beam (assumed gaussian). The three curves correspond to galactic latitudes of \b" I 
= 20°, 50° and 90° (from top to bottom, respectively). The limit is set to 5 times the confusion noise. 

at the acquisition point B (for which the Zodiacal contamination is less uncertain) ,  the 
subtraction from the total observed level of vlv °" 1.9 10-4 erg/ cm2 s sr of a value °" 
10-• erg/cm2 s sr due to Zodiacal scattering (following Noda et al. ) results in a residual, 
possibly extragalactic, component of 

vlv CO'. 3.2 10-5 or 5.6 10-5 erg/ cm2 s sr, (1) 

if we assume star-light subtraction to K=6 or K=8, respectively. Since the Zodiacal 
component may easily be somewhat higher than the value assumed above (as suggested 
by Noda et al.), then the estimates in eq. (1) are to be taken as upper limits only. We 
see that uncertainties by factors of at least 2 or 3 in the estimate of the 2.2 µm cosmic 
background are still present. Note that a dedicated survey in K to better define the star-light 
contamination would not allow to entirely solve the problem, the estimate of the Zodiacal 
light's contamination providing still the major uncertainty. All-sky surveys (such as those of 
COBE) are needed to significantly reduce it. 

9.3 Galazy IR counts and cosmological evolution 

Two well distinct approaches can be followed to model the extragalactic background light. 
One is to start from suitable initial conditions for the spectrum of initial perturbations, 
develop a model for the formation of the structures, and then predict the background. We 
will briefly touch on this in Sect. 4, while a more detailed discussion can be found in Carr 
(these Proceedings). The alternative is to start from the properties of the local source 
populations (normal and active galaxies, AGN's, etc.) and extrapolate them to the past. 
This approach has been followed, among others, by Franceschini et al. (1991), as briefly 
summarized hereafter. 

The galaxy local luminosity function (LLF) exhaustively describes the statistical 
properties of local galaxies, under the assumption of homogeneity of the universe on large 
scales. We have estimated K-band LLF's for various classes of galaxies (E/SO, early- and 
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late-type spirals, Actively Star Forming and Seyferts) using complete samples selected in the 
optical. Transformations to the K-band have been performed using average B-K colors, as 
derived from IR observations of representative galaxy samples. Eventually, reliable LLF's 
should be obtained from all-sky surveys in K, such as that one planned at ESO for the 
southern sky. 

Photometric models for the various classes are needed to fit the sparse existing data 
on galaxy IR colors and to transform the K LLF's to the other IR wavebands. Finally, 
an evolution model, able to consistently reproduce the e:risting data on galaxy photometry 
and possibly also chemistry, is needed to derive broad-band spectra of gala:ries at moderate 
redshifts ( z � 1 )  from those of the local ones: as well known, a dominant contribution to the 
background radiation is expected from sources at z � 1, unless dramatic effects of evolution 
are at work. 

We have adopted the model by Mazzei et al. (1991 ) , talcing into account the effects 
of evolution with cosmic time of the gas fraction and of the metal abundance. Standard 
expressions for the IMF and the SFR have been adopted, as well as stellar isochrones 
based on up-to-date models of stellar evolution (Bertelli et al., 1990). The contribution, 
mostly relevant in the mid-IR, of hot circumstellar dust shells around AGB stars has been 
estimated. The evolution of internal extinction in the discs has been taken into account 
following Guiderdoni & Rocca-Volmerange (1987). Dust re-radiation has been modelled in 
terms of two components: warm dust (typically within HII regions) , whose emission has 
been assumed to evolve proportionally to the SFR; and cold dust, heated by the interstellar 
radiation field and assumed to radiate proportionally to the overall luminosity of the galaxy. 
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Figure 4. Differential counts of galaxies in the K band. The data are from deep surveys by Glazebrook 

et al. {1990), Cowie et al. {1990) and Cowie (1991). The heavy solid line shows the global counts predicted 

assuming a qo = 0.5 universe, a galaxy formation epoch of 1 Gyr after the Big-Bang, pure luminosity 

evolution for galaxies and a LLF (in Mi(1) keeping constant at MK > -20. Partial contributions of 

various sub-classes are also indicated. The line marked with open triangles is an estimate of the counts in K 

of faint blue galaxies and was obtained by transforming B band counts by Tyson (1988) with B-K=3. 

The main result of the model is that in the case of disc gala:ries the evolution of 
the bolometric luminosity from the UV to the far-IR is very weak for galactic ages in the 
range from 2 to 15 Gyr, and weak also are the spectral variations. For early-type gala:ries, 
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the combined effects of spectral evolution and K-correction may provide sensible effects in 
the near- and mid-IR. Predictions of galaxy counts in the K-band based on this model are 
compared in Figure 4 to the observed counts. Our results are in good agreement with those by 
Cowie (1991): if we assume that the LLF of galaxies (in units of Mpc-3 Mi(1 ) keeps constant 
from MK = -20 (where it can be reliably estimated) down to very faint magnitudes, then 
an Einstein-deSitter world model is indicated by the data. It is interesting that a similarly 
good fit to the data could in principle be obtained with an open qo = 0.05 model and a 
LLF cut-off at MK > -20 . To infer any conclusion about the geometry of the universe, a 
precise definition of the galaxy LLF at such faint absolute magnitudes is clearly mandatory. 
LLF's derived from galaxy samples at bright magnitudes (e.g. de Lapparent et al., 1989) 
are affected in this luminosity regime by the uncertainties due to local inhomogeneities: 
exploitation of redshift surveys at fainter magnitudes (e.g. Broadhurst et al., 1988) could 
eventually help to solve the problem. 

3.4 IR background due to galazies 

The contribution to the diffuse background at >. = 2.2 µm from galaxies already detected in 
deep K band surveys (K< 21.4) amounts already to vlv � 5 10-6 erg/cm2 s sr (Cowie et 
al., 1990). Extrapolation to fainter magnitudes performed with our model provide a galaxy 
contribution of 

vlv � 0.75 10-5 or 0.90 10-5 erg/cm2 s sr (2) 

for the two models with q0 = 0.5 and 0.05, respectively. We see that the uncertainties in the 
contribution of "normal" galaxies to the 2.2 µm background are already small, as it should 
be expected: both models are bound to comply with the very deep counts in K. Use of galaxy 
evolution models by Yoshii & Takahara (1988) would not significantly change this conclusion. 
The estimate in eq. (2) may be taken as a lower limit to any extragalactic contribution to 
the IR background light. 

A further significant contribution might be expected from the other numerous 
component of the extragalactic sky: the faint blue galaxies responsible for the excess counts 
observed in the optical (Sect. 2.2). A crude estimate of their maximum contribution to the 
2.2 µm background radiation allowed by the existing data has been obtained in the following 
way. We have assumed that all sources counted in the B band at B > 23 belong to this 
new population and that their K-band source counts are as steep as in the optical (a clearly 
extreme case, since the evolution in the near-IR is in any case expected to be less than in 
the B). The B-K color correction to be applied to these sources was defined by the condition 
that they should make up the observed counts in K at the faintest limit (see Fig. 4): this is 
again an extreme case, as the normal galaxies discussed in Sect. 3.3 already saturate these 
counts. The contribution of this source population to the 2.2 µm background would only be 
vlv � 0.15 10-5 erg/cm2 s sr, a small fraction of that of normal galaxies. This illustrates 
that the result expressed in eq. ( 2) is fairly robust and that it is quite difficult to significantly 
increase it with known source populations. 

Figure 5 is a summary of background observations in the IR, compared to model 
predictions. We see, in particular, that the galaxy contribution in the far-IR (curves Gl and 
G2) is only weakly dependent on the assumption of evolution or no-evolution, adopting the 
luminosity evolution model described in Sect. 3.3. Both this and the galaxy background 
in the near-IR cosmological window are still a factor 3 or more lower than best current 
upper limits. Note that the limit set by Gush et al. at 300-500 µm (Sect. 2.1) would have 
already reached the level expected from distant galaxies, but this is to be confirmed by space 
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Figure 5.  Background radiation in the JR. Gl and G 2 :  contribution of dust emission from 

distant galaxies assuming evolution or no-evolution of the various classes. G3: near-IR background due 

to photospheric emission of galaxies. The evolution model is described in Sect. 2.2. Pl and P2: primeval 

dusty galaxies (Sect. 4). S: starlight emission towards the galactic poles, including the very brightest stars. 

Small downward pointing arrows are upper limits to the extragalactic background set by COBE (cfr. Hauser 

et al., 1990) and Matsumoto {1990)i as discussed in Sect. 2.1.  Filled squares are an estimate of a possible 

extragalactic component by Noda et al. (1991). The two long arrows show the reassessment of limits to 

such a component discussed in Sect. 3.2. 

observations. 

4. CONSTRAINTS ON ENERGY RELEASE BY PRIMEVAL OBJECTS 

We do now a step forward and briefly discuss where, in the background spectrum, radiation 
processes occurring in the primeval universe could have let significant imprints. Due to the 
effects of the cosmological redshift and of dust re-radiation, most of the energy released 
by stars and galaxies since their formation is expected to fall in the IR to mm spectral 
domain. The amount of energy released, however, is severely constrained by the background 
observations discussed in the previous Sections: upper limits of vlv � 3 10-5 erg/cm2 /•/•r 
to any residual extragalactic component in the near- and far-IR, after subtraction of IPD, 
starlight, galactic dust and normal galaxy contributions, have been obtained. 

A number of different pre- and proto-galactic sources have been discussed by various 
authors. Among others, primeval galaxies, that is galaxies in a very early stage of their 
evolution. A long-standing discussion has developed on how should they have appeared, as for 
their size, compactness, spectra, etc. The guiding lines have been inferred from observations 
of the oldest stellar populations in the Galaxy: the oldest stars already contain some heavy 
elements (Z '.'=' 1/10 solar) , and the production of all metals in the Galaxy should have 
quickly occurred in the early phase of its evolution. A rather general, model independent 
argument has been developed by Lilly & Cowie (1987): the background level expected from 
a dust-free population of primeval galaxies releasing the energy associated to the production 
of a solar abundance of heavy elements is simply related to the redshift of formation Zp and 
to the mean cosmic density of the material processed p. The two rightmost curves in Fig. 5 
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correspond to the rather extreme cases of z F = 2 and p = 103 of the critical density (the 
upper), and to ZF = 5 and p = 53 (the lower one). We see that current limits are already 
constraining the less conservative one. 

A more conservative estimate of the diffuse ratiation possibly produced by primeval 
du•ty galaxies (PG 's) is also shown in Fig. 5. It is based on the following assumptions: 1 )  
PG ' s  emit the bulk of the energy released for the synthesis of a solar metal abundance during 
a flash lasting 2 108 yr, when galaxy luminosities were a factor 100 larger than today; 2) 
all optical radiation is absorbed and re-emitted in the far-IR with the typical spectrum of 
a starburst galaxy; 3) the galaxy formation redshift is ZF = 2 (curve Pl) or ZF = 5 (curve 
P2). The mean cosmic density of the material processed in this case is significantly less (by 
roughly a factor 10) than those assumed in the previous paragraph. 

If dust is present in massive amounts at high redshifts, either uniformly spread or 
confined within galaxies, then the peak wavelength .\peak of the radiation increases, while 
vlv keeps roughly constant. Imposing thermal balance between dust and radiation and 
assuming that the radiation density is high enough (vlv > 10-6 erg/cm2/s/sr), Bond et al. 
(1991) find that Apeak � 700 µm. In such a case, three backgrounds from primeval objects 
would be expected: the cosmic MBR, the sub-mm and the residual near-IR backgrounds. 
Fluctuations in the sub-mm and near-IR sky brightness are expected to be anti-correlated, 
due to the effects of dust emissions and absorption. Suitable observational strategies of 
imaging and positional anti-correlation at these two wavebands could be devised to take 
proper advantage of this effect. 

Current observational limits already constrain or rule out some scenarios for the 
formation of cosmic structures; among others, the "mock" gravity instability (Bond et al., 
1991) and the pregalactic explosion scenarios. As for the latter, for example, the current 
limits imply that the radiation energy density generated by each seed star should not have 
been larger than the mechanical energy density, which is quite unphysical. Emission processes 
by pre-galactic stars and very massive objects, black-hole accretion, decaying particles are 
also under severe strain. Finally, redshifted Lya emission from high-z (z > 10) objects and 
Pop.III stars should be well below the limits set by the spectroscopic survey of Noda et al. 
(1991). 

5.  CONCLUSIONS 

Hard observational challenges, due to the very high noise level, and delicate subtractions of 
foreground local emissions hinder the full exploitation of the rich information content hidden 
in the IR background. To give an example, in the near-IR both an high spatial resolution (to 
subtract stars) and full sky coverage (to deal with the Zodiacal light) are needed. In spite of 
that, significant progresses have been done in the past few years and are expected from the 
next ones. 

Background observations in the most favourable windows of the IR sky show brightness 
levels already approaching the values expected by normal weakly evolving or non-evolving 
galaxies. As a consequence, background observations not only will soon provide information 
on the cosmological evolution of stellar populations and dust content of galaxies, but are also 
already setting significant constraints on processes occurring in the dark ages of the universe. 
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ABSTRACT 

We examine the upper limits placed by COBE and other experiments on 
the extragalactic background radiation density in the infrared and 
submillimetre bands. We infer constraints on scenarios involving radiation 
production in the period between recombination and galaxy formation. 
Various sources could have produced photons in this period. If affected 
only by redshift, the photons would generally reside in the near-IR today. 
However, in some circumstances, they would have been reprocessed into the 
far-IR or submillimetre bands by cosmological dust. In this case, a crucial 
signature of such scenarios will be the anisotropies arising from the dust 
clumpiness and temperature variations. One interesting source of 
pregalactic radiation would be the VMOs whose black hole remnants are 
sometimes invoked to explain the dark mass in galactic halos. The 
VMO-plus-dust scenario is still consistent with FIRAS data but it may soon 
be excluded, in which case the radiation would need to be in the near-IR. 
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1. INTRODUCTION 

FIRAS shows1 ) that the cosmic background radiation ( CBR) is well fit 

by a perfect black-body spectrum of temperature 2. 735!0.06 K over the 

waveband 500µ to 5000µ, In particular, the chemical potential µ is below 

10-2, the Compton parameter y is below 10-3, and any excess flux 6I().) 

must be less than 1% of the CBR peak flux IP•peak ) over the relevant 

waveband. These results place general constraints on processes in the 

early Universe and we start off by summarizing these. 

t.1< 10-2 places constraints2 ) on any energy released in the redshift 

range 106>z>104• In this period the Compton interactions of energetic 

electrons with the CBR photons produce a Bose-Einstein spectrum with a 

chemical potential µ which is measure of the energy imput relative to the 

CBR density. However, there is no time for Bremmstrahlung processes to 

produce the extra photons necessary to produce a black-body spectrum 

except at very low frequencies. Only for z>l06 would any heat input be 

completely thermalized. The limit on µ places interesting constraints, for 

example, on superconducting cosmic strings3•4 ), evaporating primordial 

black holes5 l , and the dissipation of primordial density perturbations6•7), 

y<lo-3 places constraints on energy released in the redshift range 

z< 104• In this period complete relaxation to a Bose-Einstein distribution is 

not possible but Compton effects still remove photons from the 

Rayleigh-Jeans region of the CBR and redeposit them in the Wien region. 

This process is important both before and after decoupling, the y 

parameter being a measure of the integral of the electron pressure over 

redshift9 l. The limit on y may already exclude the explosion9 ) and 

mock-gravity10l scenarios for large-scale structure formation, and it 

constrains dark matter scenarios involving decaying elementary 

particles1 1 •1 2? It also restricts the thermal history and present density and 

temperature of any hot intergalactic medium13l implying in particular that a 

smooth IGM could not produce the observed X-ray background14•1 51 
6I(A )<10-2I(Apeak ) places a direct constraint on any submillimetre 

photons produced in the period after decoupling, as distinct from the 

indirect constraints (discussed above ) associated with interactions with 

pre-existing photons. The DIRBE results extend these constraints to the the 

IR bands1 6 l . One important source of photons in these bands is dust1 7-23> 

and this will be a particular focus of attention in this paper. 
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The DMR measurements also have important cosmological implications24 l . 

Besides confirming the dipole anisotropy due to our peculiar motion, they 

constrain the quadrupole anisotropy to be less than 3x10-5 and this places 

limits on the shear and rotation of the Universe. The anisotropies on 

smaller scales must be less than 5x10-s above 7° and this constrains, for 

example, the form of the density fluctuations at decoupling25 ) , various 

features of large-scale structure26) , the spectrum of primordial gravity 

waves27) , and the existence of cosmic strings29 ) . It also constrains models 

for spectral distortions produced by dust19•23 l , as discussed later. 

2. BACKGROUND LIGHT LIMITS 

Despite various claims in the past, there is currently no positive 

evidence for an extragalactic background in the IR to submillimetre bands, 

mainly because of the problem of subtracting foregrounds associated with 

interstellar dust (ISD),  interplanetary dust (IPD) and scattered zodiacal 

light (ZL ). All one claim is upper limits on the background light density 

and we start by summarizing these. They are conveniently expressed in 

critical density units by defining a quantity 

n (A )  = 
4rrvI (V) = 7x10- 7b- 2 [-A�J - 1 [�] 

R c3Pcrit 100µ MJy/sr ( 1 ) 

where h is the Hubble parameter in units of 100 km/s/Mpc. For comparison, 

the CBR peaks at Apeak=1400µ with a density OR(Apeak )=1.8x10-5h-2• The 

limits are summarized in Figure ( 1 ) , along with the local foregrounds. 

We have seen that the current FIRAS results1 imply that any excess 

background must have an intensity less than 1% of the peak CBR intensity 

over the range 500-5000µ. This implies 

( 2 ) 

although the limit could soon be strengthened by a factor of 10. In 

particular, this disproves the Nagoya-Berkeley claim29 ) of an excess at 

700µ. The DIRBE results at the south ecliptic pole1 6) give upper limits in 

the J, K, L, M, 12µ, 25µ, 60µ, 100µ, 120-200µ and 200-300µ bands. However, 

the limits indicated in Figure ( 1) are very conservative since they do not 

include any subtraction for foreground emission. Stronger but less definite 

constraints in the far-IR band come from the most recent analysis30 ) of the 
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Nagoya-Berkeley 

interplanetary 

data: careful 

dust contributions 

modelling of the interstellar and 

gives OR(275µ)<7xl0-7h-2, OR( 135µ)= 

( 1.4:!:0.4)x10-6h-2 and OR( l00µ)<8x10-7h-2• The 135µ result may contain an 

isotropic component, although it would not necessarily be extragalactic. 

Some of the IRAS limits are also shown in Figure ( 1 ). At one stage it 

was claimed31 } that IRAS data indicated a 100µ background with 

OR( l00µ}=3xl0-6h-2• However, this is inconsistent with both the 

Nagoya-Berkeley and DIRBE results. A combination of the DIRBE and IRAS 

data may allow better 60µ and 100µ limits32 ) but these are not shown in 

Figure ( 1 ) .  Both the DIRBE and IRAS limits are of order 10-4h-2 at 12µ and 

25µ, They are very weak there because the interplanetary dust emission is 

so large. Indeed it may never be possible to get good cosmological light 

limits in this waveband. In the near-IR, a Japanese rocket experiment33 ) 

gave a limit OR( l-5µ)<3xl0-sh-2, with a possible detection of a "line" at 2.2µ 

with OR( 2.2µ)=3x10-6h-2• However, this claim was always controversial and it 

seems to be disproved by the recent limits of Noda et al.34) , 
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FIGURE ( 1 ) .  This compares the observational constraints on the background 
radiation density from DIRBE, FIRAS, IRAS , Nagoya-Berkeley and Noda with 
the local foregrounds and the backgrounds expected in various scenarios. 
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3. SOURCES OF RADIATION IN THE POST-RECOMBINATION ERA 

There must be some background radiation in the near-IR due to 

galaxies35 ), As shown by the dotted curve in Figure 1, the theoretical 

prediction is only slightly below the upper limits of Noda et al. Dusty 

galaxies must also produce a far-IR background, although the associated 

density is very uncertain because of unknown evolutionary factors. If the 

evolutionary effects are as large as inferred by Saunders et a.I. from the 

IRAS redshift surveys36) , and if this is due to the source density evolving 

as ( l+z)P with P=6.7, then the DIRBE results would already constrain32) the 

redshift of galaxy formation Zmax to be less than 2, as indicated by the 

upper dotted curve in Figure ( 1 ) .  On the other hand, with more modest 

evolution the background could be several orders of magnitude smaller, as 

shown by the lower dotted curve (with P=O) of Franceschini37 l, 

These galactic sources of an IR background are discussed in more 

detail elsewhere in this volume32,3s,37). Here we focus on more speculative 

pregalactic sources. These are discussed in detail in Bond, Carr & Hogan18l 

[BCHl ) ,  so we only summarize them briefly here. The total density OR 
associated with various scenarios is indicated in Table ( 1 ) .  In most cases it 

is expected to be of order 1% to 10% of the CBR density. While some of the 

sources are rather exotic, three of them should certainly exist at some 

level. Most of the backgrounds would currently be in the optical to near-IR 

if the radiation was affected only by redshift effects, 

In the "pregalactic stars" scenario, the stars are assumed to have a 

density parameter O* (normalized to the density associated with visible 

material) and to burn at a redshift z* (normalized to a value somewhat 

larger than that associated with galaxy formation), They are also assumed 

to produce radiation with an efficiency Ei: (normalized to the value 

associated with very massive stars ). In the "black holes in galactic nuclei" 

scenario, the holes are supposed to accrete a gas density Oacc at a 

redshift z* and to produce radiation from accreted material with an 

efficiency ,;: (normalized to an optimal value of 0. 1 ); the normalization of 

10-4 for Oacc corresponds to a scenario in which one has a 108Me black 

hole at the centre of every galaxy which doubles its mass through 

accretion. In the "halo black holes" scenario, holes of mass M (normalized 

to the maximum value consistent with dynamical constraints) are assumed to 

accrete pre galactic gas with density Og and temperature T g at the Bondi 

rate in s ome pe�iod before Balaxy formation . 
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TABLE ( 1 ) :  background radiation densi ty OR generated by various pregalact ic 
sources , expressed in units  of 10-s and compared to the CBR densi ty 

CBR 

Pregalactic 
stars 

Black holes in 
galactic nuclei 

Halo black 
holes 

Bound 
structures 

Explosion 
scenario 

Decaying 
particles 

Sciama's  
scenario 

[ o* ] [l+z*] -1 [ ..: ] 4 
0 . 01 10 0 . 004 

[ Oacc J [ l+z*] -1 [�] 

1CF4 10 0 . 1 

[ 
M l [ ,;; l [Og l [ Tg r3/2 0 • 6  1osr.ie D.i D.i 104K 

0 .0 1 
[�\] [

300
:
m/

J T:Zc r 
30 

[o��H
1o
:
pc
r 

The background produced in the "bound structures" scenario is associated 

with the cooling of gravitationally bound objects, the radiation density 

depending on the density of the cooling gas Oc, the redshift of cooling zc, 

and the velocity dispersion V in the final bound structure (the parameters 

being normalized to the values appropriate for galaxies ). In the "explosion 

scenario" ,  we assume that stellar explosions produce shells of radius d. In 

the "decaying particles" scenario, the particles are assumed to have an 

initial density Oxi and to decay at a redshift zd, with a fraction Bx of 

their rest mass going into photons. The " Sciama scenario" is the special 

case in which the particles decay on the timescale T d required to ionize the 

interstellar and intergalactic medium30 l. 

We now focus in more detail on the "pregalactic stars" scenario. One 

reason for invoking this is that the most recent cosmological 

nucleosynthesis arguments39) indicate that the baryonic density parameter 

must lie in the range 0.04 to 0.06 for a Hubble parameter of 50, whereas 

the density associated with visible galaxies is only 0.01. This indicates that 

a large fraction of the baryons must be dark. It is possible that the dark 

baryons are in a hot intergalactic medium13l but, more likely, they have 



267 

been processed into dark remnants through a first generation of 

"Population III" stars. In this case, their density could at least suffice to 

explain the dark matter in galactic halos, although one would still need 

non-baryonic dark matter to explain the critical density required by the 

inflationary picture. A variety of arguments40) show that the Population III 

objects must be either the black hole remnants of "Very Massive Objects" 

(VMOs) larger than 100 MG which collapse during their oxygen-burning 

phase or "brown dwarfs" which are too small to burn hydrogen at all . 

The most striking signature of the VMO scenario would be the 

background radiation generated during the stars' hydrogen burning phase. 

This can be predicted rather precisely since all VMOs have a surface 

temperature Ts of about 105K and generate radiation with efficiency 

e:=0.004. (Both quantities are almost independent of the VMO mass41 ) , )  We 

assume that the VMOs have a density parameter 0*=0.02h-2=0. lh50-2, 

corresponding to the sort of density required to explain the dark mass in 

galactic halos, and that they produce black-body radiation with temperature 

Ts• If the radiation is affected only by cosmological redshift, it should then 

have a peak wavelength and density 

-s -2
(1+z*] - 1 (o*hso2] 

lO h 100 0 . 1  ( 3 )  

at the present epoch, where z* is the redshift at which the VMOs burn 

their nuclear fuel. We can place an upper limit on z* by noting that the 

main-sequence time of a VMO is tMs=2x106y ( independent of mass) , so that 

z* cannot exceed the redshift when the age of the Universe is tMs• This 

implies z*<240h-2/3 and hence >-peak < 15µ and OR > 5x10-7h-2• We can 

place a lower limit on z* from UV-IR background light limits. As discussed 

by McDowell1 9, these imply a constraint on the density of VMOs burning at 

any redshift z*. If one requires °*=O. lh50-2, this places a lower limit on 

z*, mainly because one needs the radiation density to be redshifted into 

the near-IR band, where the background light limits are weaker. In the 

absence of neutral hydrogen absorption, one requires z*>30 and this 

implies >.peak > 1µ and OR < 3x10-sh-2• The peak of the VMO background 

must then lie somewhere on the heavy line in Figure ( 1) and the spectrum 

must lie within the region to the right of the broken line. This could soon 

be detectable unless z* is so large (> 100 ) that the VMO light is pushed to 

10µ, where it would be hidden by inteiplanetary dust emiss ion . 
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4. REPROCESSING OF PREGALACTIC RADIATION BY COSMIC DUST 

If the pregalactic radiation is absorbed by dust, the energy densities 

indicated in Table ( 1 )  still apply but it will be shifted into the far-IR or 

submillimetre bands. In BCHl we adopted a rather simplistic analysis, in 

which the dust cross-section for photons of wavelength :>. is assumed to be 

( 4 )  

where rd is the grain radius. Thus one has a geometric cross-section for 

>-«rd but od falls as :>.-<X for >-»rd• This implies that pregalactic grains 

with density parameter nd would absorb photons with >-<rd for 

[ nd J -2/3 [ rd ] 2/3 [ P · d ] 2/3 
l+zd > 10 1i'i=s- -- � h-2/3n1/3 10 0 . 1/J 3g/cm ( 5 )  

where n is the total density parameter and Pid is the internal grain 

density. Here we have normalized nd to the sort of value appropriate for 

galaxies;  the pregalactic value is presumably less than this. Even if there 

is no pregalactic dust, the dust within galaxies themselves could still 

reprocess any pregalactic radiation providing eqn ( 5 )  with nd=10-s is 

satisfied and providing galaxies cover the sky. The latter condition 

requires that the redshift of galaxy formation ZG satisfy 

[ Ra ] 2/3 [nGB l -2/3 
11  -- -- n1/3h-1/3 lOkpc 0 . 01 ( 6 ) 

where RG is a typical galactic radius and nGB is the density parameter 

associated with the baryons in galaxies. We have normalized % and �B to 

the sort of values appropriate for galaxies like our own, although dwarf 

galaxies might have a somewhat larger covering factor. 

If either pregalactic or galactic dust does reprocess the pregalactic 

radiation, then the BCHl analysis implies that it should currently peak at 

:>. = 
[nRh2] -1/s [�J 1/s [ l+zd] 1/s 

peak 700µ 10-6 0 . 1/J 10 (o:= l )  ( 7 ) 

where we have normalized the radiation density nR to the sort of value 

anticipated in Table ( 1 ) .  The crucial point is that the wavelength is very 
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insensitive to the various parameters appearing in eqn ( 7 ) because the 

exponents are so small. (The exponents would be even smaller for o:=2.) The 

fact the Nagoya-Berkeley experiment29) appeared to find a submillimetre 

excess peaking at almost exactly the wavelength predicted was, of course, 

very exciting and prompted us to embark on a much more detailed attempt 

to fit the data. The Nagoya-Berkeley excess has now been disproved but 

the need for a more careful analysis remains since there must be 

reprocessed pregalactic light at some level. 

In the more sophisticated analysis of Bond et al.23) (BCH2 ) ,  we 

characterize the dust by a function ActP•) ,  related to the grain radius rd 
and grain absorption cross-section ad by 

( 8 )  

and allow for the fact that the exponent o: in eqn (4) could itself be 

wavelength-dependent. Act is a useful parameter because it is constant over 

the wavelength domain in which o:=l. The grain model is then specified by 

three parameters rather than two: an "effective" grain radius rs for the 

source radiation (rs=rct for a geometrical cross-section), the value of Act at 

100µ ( denoted as Act100) , and the value of o: in the far-IR. We also 

introduce a more realistic model for the source luminosity history Ls(z) ,  

allowing for both "burst" and "continuous" models. In the latter, Ls(z)  is  

assumed to evolve as ( l+z)P between a turn-on redshift z1 and a turn-off 

redshift z0• We assume that the dust density Od(z )  is created at some 

redshift Zd and remains constant thereafter. 

With these assumptions, the dust temperature evolves according to 

Tct( z )  
= [ l +  [�J"'[r8Act100J -1 [nRs( z ) J ] l/ ( 4+0:) 

Tc( z )  l+z 100µ Oc ( z )  ( 9 )  

where ORS and Oc are the source radiation and CBR density at redshift z. 

For rs=rd and o:=l ,  this would correspond to the >.peak of eqn (7)  but the 

parameter ORS must be interpreted carefully. If the UV opacity up to the 

epoch corresponding to redshift z is small, T uv(zl <l, then ORS is just 

associated with the integral of Ls over time until then. (This was 

essentially the case considered in BCHl. )  However, if Tuv<z )» l  and P<4, 

then the energy density at any point comes only from the region within 

one UV optical depth of that point. In this case, ORS is roughly the 
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radiation density generated over a cosmological time at redshift z divided 

by T uv(z) .  In particular, this includes the case in which the sources are 

completely shrouded in local dust clouds (cf, IRAS galaxies). If Tuv» l  and 

P>4, then the emission from the turn-on redshift z1 dominates and one 

effectively has a "burst" with nRs(z)  being the radiation density at z1 
divided by T uv(z1 ) and multiplied by exp[T uv(z)-T uv(z1 ) ] ,  

In BCH2 we consider 14 different models (corresponding to different 

values of ex, nd, nR, z11 z0 and P) and the resulting spectra are shown in 

Figure (2 ) .  Also shown are the current and ultimate FIRAS limits, the 275µ 

Nagoya-Berkeley limit, and the limit of Gush et al. (GHW). We can apply 

the BCH2 analysis to the VMO scenario in particular by noting that eqn (3 )  

implies that each value of nR corresponds to a specific value of  z*. Figure 

(2 )  then shows that the VMO-plus-dust scenario is viable in all models 

except 1, 5 and 6. For example, if rd=0.01/.J, z*=lOO and z1 =9, then one is 

below the constraints for nd=10-6 but above them for nd=10-s,  If the COBE 

results do eventually eliminate the VMO-plus-dust scenario, it should be 

stressed that one would not necessarily expect dust reprocessing anyway. 

There may no pre galactic dust at all and protogalactic dust would only 

suffice if the conditions specified by eqns ( 5 )  and (6 ) were satisfied. 

Although galaxies might be expected to cover the sky at redshifts 

exceeding 4 in the CDM picture42 ) , the analysis of Fall et a1,43 ) indicates 

that the dust-to-gas ratio in primordial galaxies may only be in the range 

1/20 to 1/4 that of the Milky Way for 2<z<3, which makes condition ( 5 ) 

difficult to satisfy, Therefore, if COBE does eliminate the far-IR backround 

predicted, the VMO light could still reside in the near-IR. 

6. ANISOTROPIES 

One of the important implications of the above discussion is that the 

mere detection of a far-IR or submillimetre background will not identify its 

astrophysical source, since the expected spectrum depends only weakly on 

the epoch and mode of radiation production. However, crucial information 

about the source could come from the detection of any anisotropies in the 

background. Indeed, since the peak of dust background is so close to that 

of the CBR, interesting constraints on dust models can already be inferred 

from CBR anisotropy limits. 

In BCHl we argued that the dust emission can be regarded as coming 

from a "shell" of thickness -1h-1Gpc at a distance 6h-1Gpc. We then 
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calculated the anisotropies on the assumption that the dust clumps in the 

same way as galaxies, with a statistical fluctuation in the number of 

galaxies within each beam. If the galaxy correlation function44l has the 

form E.:g(x)=(x/x0)-Y with Y=l.8 for x<x0, then one just has Poisson 

fluctuations for beam sizes a exceeding the angular scale 60 associated with 

the correlation scale Xo but the fluctuations are enhanced for a<e0• One can 

infer that the rms intensity fluctuations have the form19> 

( [AiJ 2) 1/2 
[ [�] 1/2 [e:J -1 

[�] 1/2 [
e
:l ( 1 -Y) /2 ( 10 )  

Here ct  i s  the horizon size and Xo i s  the correlation length at the epoch of 

dominant emission. This would be about 5h-1 ( 1+z)-1Mpc if there were no 

evolution of the clustering pattern, corresponding to e0=1 ' ,  so eqn ( 10)  
gives fluctuations of a few percent on arcmin scales. The distinctive 

feature of the dust anisotropies is that they are wavelength-dependent and 

much larger than the primary anisotropies at small angular scales (where 

the latter are expected to be erased). 

In BCH2, we confirm that the concept of an emission shell is a good one 

but we have refined the anisotropy estimates by allowing for fluctuations 

in the temperature of the emission shell as well its optical depth. (The 

temperature fluctuations are just associated with spatial fluctuations in the 

luminosity of the sources.)  We have also extended the analysis to the high 

optical depth case, so as to include, for example, the situation with IRAS 

galaxies where the dust and sources are highly clumped. Our analysis 

includes both the linear regime, appropriate when the density fluctuations 

are small, and the "shot noise" regime, appropriate after galaxies form. 

Some of the results of our analysis are summarized in Figure ( 3) , 

where we compare the predicted anisotropies at 13001.1 with the current 

limits from the IRAM experiment of Kreysa & Chini45) , the OVRO experiment 

of Readhead et al. 46) and the VLA experiment of Hogan & Partridge47l . 

Figure ( 3 )  represents the ability of each experiment to probe the 

submillimetre anisotropy as a filter in multipole space. (Note that the 1-pole 

probes an angular scale of 3438/l arcmin. ) When one multiplies this by the 

angular power spectrum CIJ>'l of the background and integrates over dlnl, 

one obtains the rms anisotropy for the experiment. The overall 

normalization is the rms energy density fluctuation °I = < (AI/I)2>112 , which 

is straightforwardly related to the rms temperature fluctuation (AT/T lrms· 
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FIGURE ( 3 ) .  This shows the ability of various experiments to probe the 
anisotropies predicted in some of the dust scenarios discussed in the text. 

The figure shows the fluctuations associated with model 7 and also the 

primary fluctuations in the CDM scenario (cdm-sr indicates the "standard 

recombination" case). "P02" is the Poisson fluctuation model in which the 

galaxies are placed randomly; "Cl" is the l;-r-1 •9 continuous clustering 

model, with the amplitude appropriate for observed galaxies; "cdm-d" 

assumes the usual CDM linear fluctuation spectrum with biasing and linear 

growth. One can also consider a hybrid of the last two cases in which one 

has both Poisson and continuous clustering contributions. The figure 

confirms that the dust fluctuations peak on a smaller scale (i=103 to 106) 

than the primordial density fluctuations. The optimal filter scale would be 

around 1"  but the resolution achievable with submillimetre telescopes is 

generally above 10". One can also infer from the figure which experiments 

place the most interesting constraints on each dust scenario. 

As a specific example, consider a COM-like scenario w;tn galaxies and 

o:=l.5 dust forming at zG=5 and the burst of radio.lion having energy 

0Rh2=10-6• The Kreysa & Chini experiment45 l at 1300µ uses a beam with 

efwhm=ll" and ethrow=30" and gives a constraint (.6T/Tlrms<2.6x10-4• This 

implies that the number density of the sources must satisfy 

nG*>0.06(h- 1Mpc)-3 and their correlation length must be Xo<4h-1 Mpc. If one 

took the background at 1300µ to have the maximum density compatible with 

the COBE constraints, then one would need nG*>l ! h- 1Mpc )-3 and 

r0<0.7h- 1Mpc. Future anisotropy experiments will be able to strengthen 

these limit on nG* and r0, thus providing a very promising probe of the 

formation of protogalaxies at high redshift. 
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Abstract 

A difference between the excitation temperature of CN and the temperature of 
the Cosmic Background Radiation as determined by recent space interferometers is 
established. Several possible origins for this difference are explored, none of which 
seem to explain the difference. 
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1 Introduction 

The CN molecule has provided one of the most accurate measures of the temperature of the 
the Cosmic Background Radiation to date(Crane et al.1l ; Kaiser and Wright2l ) .  However, 
two recent measurements both using Michelson interferometers in space( Mather et al.3) ; 
Gush et al.4l ) ,  have determined an accurate temperature for the CBR which is about 85 mK 
below the temperature determined from CN. At first sight , this difference might be expected 
if there were other processes beside the CBR which are exciting the CN rotational levels 
used to determine the CBR temperature. We show here that the available evidence does not 
support this contention and suggest further observations of translucent clouds which might 
shed new light on this subject. 

The following discussion is a summary of results which are being prepared for publica­
tion(Palazzi, Mandolesi, and Crane5l) and the interested reader is referred to this paper for 

a more detailed discussion. 

2 Data 

We have used the ESO CAT and associated Coude spectrometer to observe 10 new sight 
lines in order to determine the CN excitation temperature, and have collected data from the 
literature to compile a total of 27 sight lines with measured T ,xc( CN) of reasonable precision. 
This data set is drawn from sight lines with enough variety of conditions so that we may 
hope to understand all the various parameters which might effect T cxc( CN). For as many as 
possible of these sight lines, we have collected data on the H2 and HI column densities, the 
Cal and Call column densities, as well as other related data. These data are collected in 
the tables where Table 1 presents the data for the new sight lines, Table 2 presents the data 
from the literature, and Table 3 presents the ancilliary data relevant to the discussion. 

Figure 1 shows the excitation temperature of CN for the stars listed in Tables 1 and 2. 
Most remarkable about this is the fact that all but one of these values lie above the space 
interferometer value of 2. 735±0.030 K. In assigning the error to the space interferometer 
result, we have tried to represent the statistical uncertainty in the results and not the residual 
systematic errors. The weighted average of the excitation temperatures given in Figure 1 is 
2.820±0.020 K. This does not include the value for ( Oph since this value being considerable 
more accurate than the others would unduly weight the average. Including ( Oph gives 

Tcxc(CN)= 2.805±0.020 K. 
The result that the weighted average of Tcxc( CN) is close to the va.lue for ( Oph is to 

be expected since the few sight lines that have been well studied ha.ve been chosen to have 
relatively small column densities and hence sma.11 local excitation of CN. 

Thus it is pretty clearly established that the excitation temperature of CN is about 85±30 
mK above the space interferometer value for the CBR temperature. 



Table 1 · Data From New Sight Lines 

Star W >. R(O) (rnA) 

HD73882 34.83 ± 1.93 
HD147933 6.11 ± 0.48 
HD147933a 6.85 ± 0.43 
HD148184 3.45 ± 0.31 
HD148379 1.83 ± 0.47 
HD149404 7.73 ± 0.43 
HD150136 1.93 ± 0.54 
HD152236 6.09 ± 0.32 
HD169454 25.10 ± 0.70 
HD170740 13.60 ± 0.43 

3 Discussion 

W; R(l) (rnJt) W >. P(l) (rnJt) b (Km s-1) 

17.31 ± 0.55 10.23 ± 0.42 1.06 ± 0.09 
2.08 ± 0.67 1.05 ± 0.59 0.84 ± 0.22 
2.12 ± 0.67 1.38 ± 0.66 0.84 ± 0.22 
1.03 ± 0.47 0.46 ± 0.47 1.24 ± 0.42 
0.61 ± 0.67 0.46 ± 0.66 1.48 ± 0.45 
2.48 ± 0.60 1 .34 ± 0.59 0.67 ± 0.30 
0.92 ± 0.59 0.15 ± 0.54 1.16 ± 1.00 
2.09 ± 0.60 0.74 ± 0.59 0.65 ± 0.40 
15.50 ± 0.88 10.85 ± 0.83 0.64 ± 0.17 
6.68 ± 0.61 3.82 ± 0.60 0.84 ± 0.20 
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Toxc (K) 

2.75 ± 0.23 
2.94 ± 0.48 
2.86 ± 0.43 
2.78 ± 0.61 
3.17 ± 1.73 
2.77 ± 0.33 
3.29 ± 1.58 
2.80 ± 0.43 
2.84 ± 0.18 
3.49 ± 0.22 

There are several possible mechanisms which might cause the CN excitation temperature 
to be above the CBR temperature. We discuss these below. It is important to note that 
for most of these mechanisms, CN emission at 2.64mm is predicted and observations of this 
emission can be used to verify that indeed the CN is out of thermal equilibrium with the 
ambient radiation field. 

The most effective mechanism for excitation of the CN rotational levels is electron colli­

sions. If this were the case, then any excess excitation might be expected to correlate with 
the electron density in the individual clouds. However, the electron density is a difficult 

parameter to determine. We have used the Cal/Call ratio to determine n" and then at­
tempted to correlate this value with the observed CN excitation temperature. We find no 
correlation. We conclude that the determinations of n, are too uncertain to provide a key 
to any possible excess CN excitation. 

We have also looked at the effect of collisions with HI and H2 • We again find no effect. 
In fact, we are not able to find a correlation of the the CN excitation temperature with any 

of the parameters givens in Table 3. In particular, we do not find a correlation of T,xc(CN) 
with the linewidth parameter, b, used to determine the saturation correction to the observed 
equivalent widths. This is important since it one major source of possible systematic error 

in the optical observations. 
We note that for the sight lines toward ( Oph(Crane et al.1l), and HD154368(Pala.zzi 

et a/.13l) ,  there are sensitive observations at 2.64 mm which can be used to determine the 

extent to which the CN molecules are excited above the ambient radiation field. For the case 

of HD154368, where T,xc(CN) = 2.87 ± 0.08 K. and we predict a millimeter line of 75mK 

if TcBR = 2.735 K, we find a millimeter line of only 35mK. This is a particular convincing 

case since it clearly indicates that either there is something amiss with the CN observations 
or that T GBR is different from 2. 735K. 
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' ' 

Star W,1 R(O) (mA) W.1 R(l) (mA) W.1 P(l) (mA) b (Km s-1) Tm (K) Ref 

HD21483 44.05 ± 0.28 23.04 ± 0.20 13.79 ± 0.17 1.29 ± 0.03 2.81 ± 0.03 6,7 
HD23180 4.69 ± 0.10 1.39 ± 0.06 0.69 ± 0.06 1.30 ± 0.4 2.78 ± 0.07 8 
HD24398 8.99 ± 0.02 2.89 ± 0.02 1.30 ± 0.02 1.25 ± 0.02 2.79 ± 0.03 2 
HD26571 21 ± 3 11 ± 4 8 ± 3  0.70 3.22 ± 0.96 9 
HD29647 62 ± 3 46 ± 3 31 ± 3 1.40 ± 0.2 2.90 ± 0.08 10 
HD62542 26.45 ± 0.50 18.35 ± 0.40 11.60 ± 0.40 0.79 ± 0.1 3.30 ± 0.20 11  
HD80077 .. . . . . . . . . .. 2.90 ± 0.20 7 
HD147343 18.2 ± 3.4 9.7 ± 2.7 � 6.0 ± 2.3 0.80 ± 0.2 � 3.52 ± 0.91 12 
HD147701 24.3 ± 2.1 14.l ± 1.8 7.5 ± 1.5 0.80 ± 0.2 3.13 ± 0.42 12 
HD147889 36.7 ± 1.5 20.0 ± 1.4 10.2 ± 1.0 1.40 ± 0.3 3.19 ± 0.18 12 
HD149757 7.75 ± 0.04 2.45 ± 0.02 1.25 ± 0.02 0.88 ± 0.2 2.796 ± 0.013 1 
HD154368 24.62 ± 0.13 15.12 ± 0.11 9.74 ± 0.09 0.65 ± 0.01 2.87 ± 0.08 13 
HD206267 22: 8: ... ... 3.19: 11 
HD207198 15: 4: ... ... 2.70: 11 
HD210121 ... . . . .. . 1.0 2.80 ± 0.20 7 
HD210839 7: 3: ... ... 3.54: 11  
TY CrA 21.00 ± 2.75 13.00 ± 2.75 8.0 ± 4.5 0.60 ± 0.3 3.10 ± 1.05 14 

5 10  15 20 25 

Figure 1 :  Plot of the CN temperatures from Tables 1 and 2. The full line indicates the space 
interferometer results. The dashed line is the weighted average mentioned in the text. 
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There is one possible mechanism that could account for the difference between the CN 
excitation temperature and the space interferometer results for TcBR, and not produce a 
visible emission at 2.64 mm. This is cool dust in the clouds being observed. This would act 
like a uniform local gray body radiation field and would essentially be an addition to the 
CBR radiation field in the clouds being observed. If we model the dust radiation as a black 
body at temperature T du•t with a dilution factor 'I and try to match the excess CN excitation 
temperature at both 1.32 and 2.64 mm, we do not find a dilution factor that matches at 
both wavelengths for any reasonable value of Tdu•t· Thus we can rule out this mechanism 

for the sight lines where we have observations at both 2.64 and 1 .32 mm. 
Future observations which might clarify the difference between the space interferometer 

results and the CN result would include optical spectra of increased precision along selected 
sight lines, and millimeter observations of emission at 2.64 mm. 
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Star E(B - V) Dist W; Cal 
(pc) (mA) 

HD21483 0.58 
HD23180 0.30 239 1.46 ± 0.46 
HD24398 0.32 394 0.86 ± 0.29 
HD26571 0.77 140 s 3 
HD29647 1.04 140 s 5 
HD62542 0.33 400 s 0.6 
HD80077 1.52 3000 
HD147343 0.64 167 8.4 ± 2.3 
HD147701 0.73 220 s 4.0 ± 1 .7  
llD147889 1.09 206 5.8 ± 1.5 
HD149757 0.33 138 1.6 ± 0.4 
HD 154368 0.82 800 
HD206267 0.51 800 S 3 
HD207198 0.61 1017 15 
HD210121 0.32 210 2.0 ± 1.0 
llD210839 0.56 800 9.2 
TY CrA 0.48 S 6 
HD73882 0.66 398 
HD l47933,a 0.46 170 4.5 ± 0 6 
HD148184 0.44 134 4.0 ± 4.0 
HD148379 0.74 1400 
IID149404 0.68 1400 8.45 
HD150136 0.49 
HD 152236 0.68 1900 0.2: 
llD 169454 1 . 14 1700 0.8: 
HD 170740 0.46 

Table III 
Ancilliary data 

W; Call H W; Call K 
(mA) (mA) 

145.0 90.0 
82.0 58.0 
55.0 36.0 
90.0 

280.0 150.0 
43.2 23.5 

97.8 s 55 
s 44.0 s 35.0 

46.0 36.0 
35.0 21.0 

236.0 159.0 
277.0 186.0 

215 149 
27.0 

46 39 
51 27 

470 280 

300 220 
370 230 
690 360 
75 41 

bcaII 
(Km s-1) 

2.63 
2.14 
3.0 
15.0 
5.2 

4.5 
4.5 
4.5 

7.03 

8.4 
10.0 

7.2 2 5 

1.6 

TKin log N(HI) 
(K) (cm- 2) 

25 
25 20.90 
30 20.81 
25 19.65 
10 20.16 
55 
25 
40 2 1 .43 
40 2 1 .50 
40 21.46 
30 20.72 
25 
40 21.15 
40 2 1 . 15 
20 
40 2 1 . 1 1  
25 
25 
45 21.54 
45 21.15 
25 
25 2 1 .40 
25 
25 21.74 
15 2 19 95 
25 

logN(H2) 
(cm-2) 

20.81' 
20.61 
20.67 

20.81' 
21.54 

20.98' 
21.40' 
20.78 
20.90 
21.37 
20.64 

21.28' 
20.91 
21.01 

20.98' 
20.78 

21 .10· 
20.94' 
20.57 
20.63 
20.41' 
20.89' 

20.67' 
21 .16' 
20.81' 

n, 

(cm-3) 

0.03 
0.04 

0.098 
0.002 
0.074 

0.14 
0.14 

0.075 
0.17 

O.o2 
0.09 

0.065 
0.026 

0.19 
0.77 

I\.) 
CD 0 
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At present , the cosmic microwave background radiation 

C CMB) is our only direct probe of physics between redshift of 

about z "' 5-103 . Observat ions of the CMB by COBE have con -

firmed its Planck spectrum with the temperature 2. 735±0. 02 
C Mather et al , 1990) . The CMB spectrum in the homogeneous and 

isotropic Universe does not change during expansion .  The 

distortion of the CMB from the Planck spectrum may necessarily 

arise because of the production of energetic quanta in the 

process of recombination , which leads to its retarding and the 

distortions both in the Wein and Rayleigh-Jeans regions . 

We reanalysed the recombinational dynamics from point of view 

of the nonequil ibrium kinetics after the papers of Peebles 

C 1968) , Ze 1 dov i ch , Kurt and Sunyaev C 1969) , Jones and Wyse 

C 1985) and Krol ik ( 1989 , 1990) . The result of Matsumoto et al . 

C 1988) stimulated of us to do i t .  Earl ier , Burdyuzha et al . 

C 1991 ) have shown that the radiation in l ines of Balmer series 

does not lead to distortion of the rel ic  radiation in the 

submi l l imeter region within "' 10-2 . Here , we argue that the 

CMB distortion in h l ine takes place in the region A. "' 
100-150 µ. This is caused by the deviation of a population of 

the ground state of H from a the equil ibr ium populat ion which 

can be calculated due to the Saha formula. Below, we outl ine 

briefly our calculat ions C see the original paper for detail ) .  

The kinetic  equation for the degree of ionizat ion a aC U is 

as fol lows : 



= C l  - aC t) - �C t) a2C t )  ) x 
M 

[F1 C t )  + l r mC t )  C FmC t )  - F1 C t )  ) ] 
m=2 

For rm C M � m � 2) , we have: 

M 
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( 1 ) 

l C Km1 C t )  - Kmm, C t ) )  rm ' C t )  + FmC t ) rmC t )  = Km1 C t )  C 2) 
m' =2 

Here,  Em is the ionizat ion energy of the m l evel : 

M 
�C t) = l �m C t )  

m=l 

3 , 31 10-22NC U 

C TC t ) )
3/2 

Here NCt )  is the density of number of particles :  

m-1 M 
Km' m C t )  = - l Km' m C t )  - l Km' m C t )  

m ' =l m ' =m+l 

( 4) 

( 5) 
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Km'mC t) is the relaxational matrix.  { m' #. 1 , 2  
Km ' mC t )  = m' < m 

m' > m 

( 6) 

Ai;�is the probabil ity of the two-quantum decay of the second 

level 

emm' is the coefficient of escape. 

( 7) 

ThH optical depth Tmm' is determined by the fol lowing formula 

Amm' rrc 2 c NC t )  gm' 
Tmm' cu wmm' ( wmm' ) HcO [ gm 

°mc u -°m , c u  ] 

( 8) 
Here gm is the statistical weight of m - level 



°mcu = tsmCuc:x.2cu + rmcu [1 - aCU - iJCU a2cu ] 

M 
a1 cu = ts1 Ct )a2cu + (1 - }: rmcu) [1 -aCU-/SCUa2cu] 

m=2 
°m is the degree of population of m-level of H ,  

NCt) = N0C 1  + 2) 3 

TC t ) = T0C 1  + 2) 

HC t )  = H C l  + 2)3/2 0 
3 2 = 2C t )  = [ z H0t ] -2/3 - 1 
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Here � , b and � = h 100 km/sec Mpc are the H-number 

density, temperature and Hubble parameter today. The initial 

condit ion on the degree of ionization is 

aC t0) = aeqc t0) 
2 1 - aeqC t )  - /J(t )aeqCt ) = 0 

aeqcu = 1/2/SCU [n13co+1 - 1 ] 

3H 2 0 
Per = sm;-

( 9) 
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Here ft is the density of baryons , 11\l is the H-mass , G is 

the gravitational constant . 

We took into account only 5 lower levels C M = 5) . The calcula­

t ions show the degree of populat ions 5ft for m � 2 coincides 

up to accuracy of � 10-2 with equil ibrium populations 

However , for the ground state the degree of population is 

distinguished from the equil ibrium one. The optical depth of 

thie Uni verse in al l H-1 ines besides the � is small in the 

process of recombination C for instance , TH < 102 ) and , there-a 
fore,  the radiation in these l ines is also smal l in comparison 

with the Planck radiation .  The optical depth in the h l ine 

is very large 1d' < -rt. a< 1& C but in other l ines of L-ser ies 

it is sti l l  smal l ) . Therefore only the radiation in � l ine 

can be compared with the Planck spectrum 

At early stage of recombination the degree of ionizat ion is 

practical ly equal to the equil ibrium degree of ionization 

C Saha-Bol tzman) : 

eq 
a1 - � 1 
C11 
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Thus , the radiation from early stage of recombination comes to 

us with the Planck spectrum. During the recombinat ion , since a 

deviates from aeq we have 

and the Planck spectrum is distorted in the submil l imetre 

region. Fig. 1 shows the dependence of the degree of ioniza-

tion on the redshift . Fig.  2 demonstrates the calculated 

distortion of temperature of the CMB. 
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fi9. 1 .  The dependence of the degree of ionization on red 
shift . The dasshed l ines correspond to equil ibrium recom­
bination .  1 is the model with parameters h=l , q=0. 5 , Qb =0. 1 
OR=4 . 3 10-5 ; 2 is the model with Krol i k ' s  parameters h = 0 . 5 ,  
q = 0. 5 ,  Ob = 0. 09 , QR = 0 

2, 13 

2,5 � ·--+--+-----+---+---C-------j-.., 2,5 

200 fio foO f'IO 100 

fig. 2. The distortion of temperature of the CMB from eguil ib­
�ium _ tem2era�ure for Qb=0. 03 C l ) , Qb=0 . 1 C 2) ,  Ob=0. 3  C 3J 
lf h-0 . 75 ,  q-0 . 5 
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Theoretical prediction for the background light due to galaxies is estimated with 

spectrophotometric evolutionary models on the basis of evolution scenarios and a cos­
mogony. Recent improvements of such models are described. New stellar libraries in the 
near-infrared ( JHK) allow extension of the synthetic spectral Atlas of galaxies down to 
lOµm. From analyses in the far-UV and visible, observed colors and counts of faint galax­
ies are fitted by modelling a standard luminosity evolution and a low value of 00("' 0.1) 
while, in a 00=1 Universe, models only fit data with a standard luminosity evolution 
and a number density evolution "' ( I + z)l .8: such a modelling is simulating a merging 
process. Another solution would be a tidally triggered star formation rate in a model 
in which galaxies form by hierarchical clustering of a dominant dark matter component. 
From evolution of M/L ratio, these models allow to link observed luminosity functions 

with mass distributions predicted from galaxy formation models and then to significantly 
connect evolution to formation models. Nevertheless these two models are not sufficient 

to fit some observational data such as the Hubble diagrams and faint galaxy counts in the 

near-infrared, the bright galaxy counts in visible and the Extragalactic Background Light 
(EBL) . So new evolution scenarios are needed implying other constraints for cosmological 

parameters. 

1. Introduction 

The large samples of high-redshift galaxies and the deepest surveys give more and 
more constraints on galaxy evolution. The unresolved galaxy contribution to the diffuse 
light, predicted by models, can be significantly compared to the EBL observations. The 
stake is important: early evolution of galaxies makes up the keystone of cosmology : a 
link between the observable Universe and predictions from initial fluctuations. For the 
first time, a large variety of distant galaxies marks out with light or matter the way to 
the primeval phases. Individual sources or galaxy populations discovered through narrow 
pencil beams at distances up to now never reached, explore deep into the structures and 
likely test evolution. Distant galaxies turn up as stellar populations with typical spec­
tral, dynamical and chemical signatures. However their appearance is depending on the 
geometry of the Universe and a model of galaxy evolution is needed to deconvolve the 
respective effects of evolution and cosmology. Such a model based on the physical pro­
cesses driving birth and evolution of stars or triggering emission of gaseous components, 

has to simultaneously interpret signatures of intervening, absorbing and diffusing matter. 
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Significant results are essentially depending on three conditions : i) input data have to be 
mostly observational, ii) evolution scenarios fit various observational samples at z=O on a 
large wavelength range (far-UV to IR) iii) when it is possible, details of data processing 
are taken into account in modelling. Several models have been built. Mostly they have 
similar basic principles and essentially differ from their input data. We shortly review 
some of them and their recent improvements. Then we show that at the present time 
the most convincing interpretation of the large redshift samples corresponds to luminos­
ity and number density evolution which could be a phenomenological simulation of the 
merging process. An excellent compilation of the present status of EBL measurements 
is given by Mattila, this conference. These observational results are compared to theo­
retical predictions for the background light due to galaxies. We propose some empirical 
fit with a spectral distribution of bursts; so our conclusion is a perspective of a better 
understanding of galaxy evolution with new scenarios simultaneously fitting observations 
from the far-UV to the infrared. 

2. Standard Scenarios and Improvements 

Historically these models were built in two phases. The first models of evolving stellar 
populations were simultaneously proposed by (I and (2 • Respectively based on isomass 
tracks and isochrones following evolution of stars in the Hertzsprung-Russell diagram, 
they interpreted blue galaxies with bursts of massive stars. These photometric models 
were improved with nebular emission lines (S and with far-UV colors and metallicity 
effects (4:.  Some recent models are still photometric, most of them take into account a 
simplified chemical evolution (5 and (6 . 

A second generation of models appeared when atlases of spectra replaced stellar 
colors as input data (7 and(8 , down to the far-UV from the JUE atlases (9 and ( lo .  
From then, several improvements were taken into account: 
i) Standard scenarios of evolution have been proposed. Table 1 gathers star formation 
laws and time scales for eigth spectral types from bursts and elliptical galaxies to spirals 
and irregulars. The initial mass function m:i: has a slope x=0.25 for stars less massive 
than lM0, 1.35 between lM0 and 2M0, and 1.7 for m 2 2 M0 . ii) Recent improved 
stellar tracks have been published by ( u .  Time duration phases may increase by a factor 3 
compared to the Yale tracks, due to the overshooting of convective cores. Mass loss rates 
and opacities given by the most recent determinations (l2 . Maeder's models essentially fit 
massive stars, typically M;:>l.5 M0 (Maeder, private communication).  Low mass stars are 
from (13. These new tracks were introduced in our models by 1988 and the integration 
time step was refined down to 105 yr for calculating burst models. Most of recent results 
on ages of radiogalaxies (!4 and faint counts ( 15 are based on these new input data. 
Tracks from (ll were recently introduced in Bruzual's model <16 and a more refined 
integration is carried out from a large ("' 150) number of interpolated isochrones as 
used by (2 • Another model ( !7 based its calculations in the far-UV from "so-called 
template" galaxies, observed with the ANS or JUE satellites. So their calculations of 
evolution in the far-UV are not explicit. This could explain why this model needs the 
help of a cosmological constant to fit faint count observations ( lB in a low density universe 
(19• Detailed models with recent data of massive stars were proposed by l20 and (". 
Some models are extended in the near-infrared by using stellar photometry or consistent 
black-body emission of stellar effective temperatures (5 and (" 
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iii) An extinction correction is proposed assuming stellar emitters mixed with gas. The 
optical depth through a spiral disk depends on inclination, gas content and metallicity 
(GRV). 
iv) A nebular component (continuum plus lines) is calculated by estimating the number 
of Lyman continuum photons from stellar models l23 andl24 and the current radiation 
field. 
v) The metallicity effect can be taken into account in stellar evolutionary tracks. It cor­
responds to an increase of age with metallicity due to an increase of opacities. As a 
consequence, at a given age, the giant/dwarf number ratio is lower in metal-rich galax­
ies since giants take more time to reach the giant branch phase <25. 1'1or other effects 
of increasing metallicity (lowering effective temperature and blanketing effect), l5 gave 
rough estimates. Most uncertain are the evolutionary parameters of the Asymptotic Gi­
ant Branch (AGB) and post-AGB phases. If luminosities and effective temperatures can 
be derived from observations l26 , the phase duration can vary from 106 to 108 yrs 
according to models (see e.g. (27). 

3. Extension to the near-infrared 

To extend spectrophotometric models to the near-infrared, two complementary li­
braries of stellar spectra have been observed and compiled: 
i) Our far-UV and visible stellar library has been linked to the near-IR with observational 
infrared colors in the JHK bands. The caracteristics of this library are a wavelength range 
from 200.il. to lOµm and a resolution Ll.A =to.ii. below lµm. An extension of our Atlas of 
synthetic spectra of galaxies l28, based on scenarios of evolution for 8 morphological types 
(table 1) ,  intends to reproduce colors of the Hubble Sequence: an example is shown on 
Figure l .  These spectra are used to calculate cosmological and evolutionary corrections 
(respectively k- and e- corrections) needed to predict apparent magnitudes and colors of 
distant galaxies according to: 

m,(z) = M,(O) + (m - M).01(z) + k,(z) + e,(z) c,(z) = c,(o) + k>,o(z) + e,.,(z) 
with M,(O) and C,(O) respectively intrinsic magnitude and color at the present 

epoch. The important point is that colors and Hubble diagrams at high z are not 
well fitted by models (2',  whatever the cosmological parameters of a Friedman-Lemaiitre 
model. All the spectral UV to IR stellar data are observational, they cannot be the origin 
of the discrepancy between observations and model predictions in the near-infrared and 
so evolution scenarios for the Hubble sequence or basic cosmological rnodels have to be 
revised. 
ii) To study in more details the stellar populations of nearby and distant galaxies, 
Rocca -Volmerange and Maillard observed a new library of high resolution stellar spectra 
(°"40 dwarfs, giants and supergiants) with the Fourier Transform Spectrograph (FTS) 
at C.F.H.T. by 1989, 1990 through a large filter covering the H and K bands and with 
a high spectral resolution (2-3 .ii.) showing typical signatures of CO and H20 bands, 
Brackett lines and many others. Data have been processed; an example of such spectra 
is given on figure 2 (29• 
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Fig. I: Examples of synthetic spectra of galaxies ext.ended from the far-UV {200A) to 
the IR (::o!Oµm) calculated with an updated version of our model {Rocca-Volrnerange 
and Gros, 1991). 
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Fig. 2: High resolution spectra of the stellar library observed with the FTS instru­
ment at C.F.H.T. through an H+K filter. Signatures of CO bands and H 20 bands o.re 
strongly varying with temperatures (Lan�on et al, 199 1 ) .  
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4. Evidences of galaxy evolution 

From the pionneer works of (3o , these last ten years confirmed a star formation evo­
lution for distant galaxies providing vital clues to the process of luminosity evolution. 
Related to a starburst phenomenon, it has been firstly analysed in the optical from ex­
tremely blue colors <2 and recently in the far-IR from the IRAS satellite <31 . In these last 
cases, an extreme evolution of the ultra.luminous starbursts is associated to a dynamical 
interaction (32 • At a lower level, the star formation activity in cluster galaxies has been 
related to dynamical processes to explain the morphological segregation (33 and the 
discovery of A stars in elliptical galaxies (34 . 

The recent deepest surveys of faint counts of galaxies ( ls and (35 strongly constrain 
scenarios of galaxy evolution and/or cosmological parameters. Evolution models fit num­
ber counts, redshift or color distributions on a large dynamic range down to B "" 27 <15 . 
As number counts are strongly depending on the size of the covolume element, they give 
constraints on cosmological parameters: standard evolution models reproduce the data in 
a low density Universe while, by adding a number density evolution, data are compatible 
with models in a flo =1 Universe (H and (36• However a large-scale structure survey 
of bright galaxies (the APM survey by <37) gives results in number counts, correlation 
functions, and other large scale properties in disagreement with the current models of 
galaxies. In particular, the evolution of galaxy number density between m = 14 and 19 
is higher than predicted by models. Similar conclusions were given by (38 followed by 
(39 who suggested a new population of blue galaxies vanished at the present time; 
we prefer another solution which would be new evolution scenarios, relaxing our initial 
hypotheses <22 . 

Other signatures of galaxy evolution are given from the optical and infrared coun­
terparts of powerful radiosources. The two most distant radiogalaxies: 0902+34 at z = 
3.395 «0 and 4C41.17 at z = 3.8 (4l show signatures of stellar populations. Their typical 
features are: i) a large gap ( up to a factor 10) of the observed flux from the far-UV 
plateau to the visible (rest frame) ii) the alignement of the radio and far-UV axes in 
most cases iii) an enormous Lyman-a (1215A) line with an equivalent width of roughly 
lOOOA, implying a considerable star formation rate, about 1% of the total mass (!4 iv) 
different morphologies according to the wavelength range v) a narrow relation in the K-z 
Hubble diagram. 

According to different authors, estimated ages spread from "" 0.3Gyr to about 1.5 
Gyr (40 , (42 and (43• In fact, arguments leading to a unique solution are not sound 
<14 first because stellar evolutionary data of respectively supergiants, asymptotic giant 
branch stars and giants are not well established. Second, present status of observational 
data show that current star formation erases most of spectral features which could give 
a significant age (figure 3). Third, the infra-red emission associated to the radio jet (H 
and possibly a dust contribution of these distant radiogalaxies could partly mask the 
stellar emission to be dated. Relative to the number density evolution, there is some 
evidence that radiogalaxies with 1 < z < 3.8 are objects undergoing a rapid merging 
of the available clumps, as suggested by (45 .  The 16 3C radiogalaxies carefully imaged 
with sub-arcsecond seeing at the Canada-France-Hawaii Telescope all show a number of 
clumps, from 2 to 5, «6 . (47 used a deep survey of distant galaxies to estimate the relative 
frequency of close pairs at faint magnitudes (B ::; 22) relative to that for nearby bright 
galaxies. A statistically sigilificant excess of faint pairs is consistent with an increase in 
the frequency of interactions f = (1 + z)4·0±2.5 .  
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5. Star Formation in merging-driven evolution models 

Among models of galaxy formation, more or less dissipative collapses (48 of clumpy 
turbulent protogalaxies with anisotropic stellar velocity (49 reproduce disks and spheroi'ds. 
On the other hand, dynamical friction acting on two or more building blocks could result 
in a merging process forming a condensed galaxy (so . Many observations favor, with a 
more or less high degree, a merging scenario. Fundamentally, a merging process is dy­
namical depending on the mass distribution of intervening blocks. For high masses of 
interacting components, a starburst strongly emits in the far-IR and/or in the far-UV. 
However such extreme cases are rare and the essential question is: what star formation 
rate (SFR) is induced by the bulk of interactions predicted by galaxy formation models? 
Likely it depends on intrisic and relative dynamical properties of components (mass, ve­
locity, .. ) but we ignore on what way. Moreover the classical modelling (1 + z)" increases 
the confusion because it is not clear if luminosity or number density are in fact multiplied 
by this factor. 

According to the simultaneous approach of distant radiogalaxies and faint galaxy 
counts, (H and (36 proposed an unifying model in which all galaxies form from the 
merging of building blocks for which the spectral evolution is computed. The following 
scenario is suggested: the collapse and cooling of gas in the potential wells of dark-matter 
haloes lead to fragmentation into a number of clumps, say N o= 10 with a characteristic 
mass of an order of magnitude below the total baryonic mass. These clumps are the 
gas reservoir for star formation. The general rule for field galaxies would be that star 
formation begins at relatively high redshift in these clumps (zJor=lO to 5, derived from 
the colour distribution of faint galaxies as well as from the radiogalaxies). The clumps 
also "slowly" merge according to an 'average' (l+z)'1 law. Star formation continues in the 
merged objects from the residual gas. These objects would essentially be those observed 
in faint galaxy counts. Dynamical friction could be the process regulating merging and 
number evolution. In a small fraction of the massive, high-redshift objects, the merging 
of the available clumps could be more rapid, simply as a Poisson fluctuation. Since the 
clumps would then still be gas-rich, the star formation would be stronger, and the large 
amount of gas could also feed some central compact object and initiate the radiogalaxy 
phenomenon. The small number of high-redshift, active objects could be found from 
a search of radio sources, but would have no significant effect on faint galaxy counts. 
Finally, the subsequent growth of these objects is impeded by the large cooling time of 
very massive haloes (see e.g. (Sl ). This scenario is compatible with most observations 
of radiogalaxies and faint galaxy counts and it has the essential property to save flo=l 
because the pure luminosity evolution models only fits the data in a low 110 Universe 
incompatible with inflation. The number density evolution varies as (1 + z)l .8 and the 
luminosity evolution roughly follows our standard scenarios. 

Another solution is a model in which galaxies form by hierarchical clustering of a 
dynamically dominant dark matter component and in which the rate of star formation is 
controlled by the frequency of tidal interactions with neighbouring galaxies. This has been 
proposed by (52 . Owe to the mass-luminosity ratio M/L as a fruitful output of evolution 
models, luminosities, colours, surface brightnesses and circular velocities of nearby bright 
galaxies as well as distributions of redshifts, colours and numbers of distant faint galaxies 
are analysed with our spectrophotometric model (53.  Several constraints for the scenarios 
of galaxy evolution result from this complete study which will be extended to other galaxy 
formation models. Figure 4 shows the relation of mass-luminosity used in this model by 
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Fig. 3:Fit of the spectral energy distribution of 0902+34 in the U'BVRIJK bands 

at z=3.395. The spectra of two 0 . 1  Gyr and 2.5 Gyr are superimposed. Most of the 
evolution signs in the old burst are cancelled by the current ones. 
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Fig. 4: Distribution of baryonic masses (a) compared to the corresponding luminos­

ity functions (b) computed for bright galaxies and low-surface-brightness dwarf galaxies. 
The galaxy formatio� model and refinement,s of our evolution model are described in 

Lacey et al, 1991. 
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adding a dwarf population. Early winds induced by supernovae explain their low surface 
brightnesses and the reason why this population is not detected at the present time (Silk, 
this conference) . 

These last solutions are compatible with the recent observations of bright galaxies 
<37 only at a low level. Moreover, the blue (B) and red (K) number distributions are not 
fitted with the same models (35 • As a confirmation, we show in <22, that the JHK Hubble 
diagrams are not so well fitted that the corresponding blue diagrams. At evidence, new 
populations or new basic hypotheses of evolution scenarios have to be proposed. And 
only a significant confrontation of the blue and red will be avalaible to find the solution. 

6. Extragalactic Background Light 

Several authors proposed predictions of the EBL due to the galaxy contribution 
<7 and ( l7 .  In fact they are only avalaible if models are in good agreement with observa­
tional galaxy counts, evaluated by the surface density of galaxies per magnitude bin and 
steradian N(m,,). We proposed interpretations of these counts in (15 and <36. Then the 
EBL is calculated by: 

J,,/J,,0 = J 10°·•m' N(m,.)dm,, 

where the fluxes are normalised to a reference flux of an AO star. Evolution of galax­
ies follows a standard luminosity evolution in various cosmologies (00=0.l and 1 ) and 
various redshifts of formation (z10,.=2 or 30). All these curves are an order of mag­
nitude lower than the observational values or upper limits in the UV, optical and IR (Figure 5). Similar conclusions were derived from Bruzual models and Yoshii and Taka­
hara results. The important point is that merging models with number density evolution 
gives roughly similar fits since we assume that the total comoving mass density is 
conserved. Moreover Figure 5 presents a strong near-IR emission due to a current star­
burst extincted with various EB-v=O., 0.1 and 0.5, added to the global galaxy emission. 
the SEO of the burst corresponds to a (l+z)>. shift with l+z=lO and fits satisfyingly 
the observations <54 and (55 . This population could be a solution for the EBL to be 
included in the new scenarios of galaxy evolution. 

To summarize, spectrophotometric models are the tools needed to constrain scenarios 
of galaxy evolution. Fitted on nearby galaxies, they are used to separate the respective 
contribution of evolution and cosmology in the various samples of distant galaxies. Their 
avalaibility are however depending on significant stellar input data (tracks, effective tem­
peratures, .. ) . Since the stellar energy distribution is produced by different stars in the red 
and in the blue, a simultaneous analysis in the two wavelength ranges is needed: one way 
is to extend the synthetic spectra of galaxies to the infrared. Two stellar libraries were 
built in this intention and a comparison with observational data is at present in progress 
on the basis of new scenarios, more specifically by relaxing some basic assumptions of 
calculations of faint galaxy counts. 
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TABLE I 

(3) (4) (5) 
age B - V  "average" type 
Gyr 
17.4 0.88 red envelope 
13.2 0.97 UV-cold E/SO 
13.2 0.92 UV-hot E/SO 
12.5 0.74 Sa 
12.5 0.66 Sb 
12.5 0.51 Sc 
12.5 0.45 Sd 
12.5 0.35 Im 

10-9.----,�������--,������������� 
6 Martin and Bowyer 89 0 Toller 83 
* Dube el al. 79 
o DIRBE (SEP) 
• Matsumoto et al. 88 

(isotropic comp.) 

°t 1 0-1 1  
s (.) 
;!:: 
.s 10- 12 

10  
>. in µm 

Fig. 5: Predictions of the glohal emission of galaxies with evnh1tion (foll line) and 
without evolution (dotted line) are far below observations. The contribution of a synthet.ic 
burst formed at z=9 with various extinction factor would fit the near- infrared recent 
data from DIRBE or Matsumoto et al, 1988. 
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ABSTRACT 

SOME COMMENTS ON GALAXY FORMATION 

Simon D.M. White 
Institute of Astronomy, Cambridge 

Hierarchical clustering is the only paradigm for the growth of structure in the Universe 
that has so far offered any clear explanation for the characteristic sizes, masses, and 
angular momenta of galaxies. After a brief review, I describe why predictions of the 
galaxy luminosity function from this theory tend to produce too many faint objects. I 
then discuss possible origins for the dichotomy between spheroidal and disk components 
in galaxies, and I argue that the existence of large, centrifugally supported disks requires 
isolated spiral galaxies to be surrounded by extended, massive dark halos. Simple models 
for the formation of such disks are severely constrained by a variety of observational data. 



304 

1 Introduction 

There is still relatively little understanding of the origin and evolution of structure in 

the Universe, and a number of quite different possibilities have been proposed. In these 

comments I will focus on the recent development of structure and in particular on the 

processes which gave rise to the observed population of galaxies. In the 1970's there were 

two widely accepted schools of thought about galaxy formation. One held that damping 

processes just before recombination eliminated all small scale structure in the primordial 

plasma; the first structures to form were then the size of clusters or superclusters of 

galaxies, and galaxies themselves were the result of the fragmentation of sheet-like shocks, 

or "pancakes" , formed as these larger structures collapsed. The second school held that 

.small scale fluctuations were able to survive until late times, when they gave rise to the first 

nonlinear objects to form in the Universe; these small lumps then clustered hierarchically 

and merged, first to form galaxies, then to form clusters. 

In the 19SO's the neutrino-dominated (or Hot Dark Matter) universe was an example 

of the first type of model, while the Cold Dark Matter universe developed from the second 

train of thought. The strong point of the pancake theory was its natural explanation for 

the growing impression that galaxies are distributed along coherent sheets and filaments 

surrounding apparently empty voids. It was less successful as a theory of galaxy formation 

because the characteristic fragmentation scale of the cold gas layer in a pancake is too 

small for the fragments to be identified with galaxies (Sunyaev and Zel'dovich 1972). For 

hierarchical clustering theories the problem is the opposite. The scale of galaxies can be 

identified as the largest on which the gaseous component of a protogalactic cloud can cool 

(Rees and Ostriker 1977; Silk 1977). As larger objects build up, stars form with ever 

increasing efficiency until this cooling barrier is reached. Thus most stars are formed in 

galaxies near the limiting luminosity. However, the large scale coherence of the galaxy 

distribution is much harder to understand, since there is no obvious organising process on 

such scales. The Cold Dark Matter model attempts to avoid this problem by compressing 

the hierarchy so that objects on a wide range of scales form simultaneously. Opinion is 

divided on how well it succeeds. 

Several other hypotheses for the formation of galaxies and larger structures have 

been proposed since 1980. The explosion model suggests that galaxies might form within 

shocks caused by the injection of large amounts of energy into the intergalactic medium, 
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either by supernovae in young galaxies, or by superconducting cosmic strings ( Ostriker and 

Cowie 1981; Ostriker, Thompson, and Witten 1986). The strong upper limit on Compton 

distortions of the microwave background provided by COBE, makes it very unlikely that 

processes of this kind could be responsible for the large scale coherent features seen in 

the galaxy distribution (Levin, Freese and Spergel 1991). As in the pancake model, it 

is also difficult to understand why shock fragmentation would give rise to objects with 

the characteristic mass of galaxies. Cosmic strings offer an alternative to hierarchical 

clustering. In the original model individual string loops acted as seeds onto which galaxies 

could accrete (Vilenkin 1981). However, detailed numerical simulations have shown that 

the evolution of a string network produces too few massive loops for this to work (Bennett 

and Bouchet 1988). More recent attempts to generate structure from cosmic strings focus 

on the wakes created by long strings, and do not yet address galaxy formation in any detail. 

Another possibility for seeding galaxy formation is cosmic texture (Turok 1989); this relic 

of an early phase transition may escape many of the difficulties associated with strings 

.and lead to a galaxy formation picture which is rather similar to hierarchical clustering. 

In a CDM-dominated universe textures generate present-day structure similar to that in a 

standard CDM model; however, the first objects form much earlier (Gooding et al. 1991). 

In the rest of this article I address several questions related to galaxy formation in 

a hierarchical clustering model. I begin by giving an argument, originally due to White 

and Rees (1978), which shows how a galaxy luminosity function can be estimated for 

such a model. The result has the right characteristic luminosity but predicts more faint 

galaxies than are seen. This problem carries over into most more modern attempts to 

calculate luminosity functions directly. I then discuss how the disk/halo dichotomy can 

be understood in the context of hierarchical clustering, and I show that observed galaxy 

disks must be embedded in massive halos if their angular momentum is to be attributed to 

tidal effects during galaxy formation (Fall and Efstathiou 1980). Finally, I review a simple 

theory for the formation of disks, and I stress possible tests based on the properties of the 

gaseous halos it predicts around spiral galaxies. 

2 Luminosity Functions 

The simplest hierarchical clustering theories suppose that structure grew from initial 

conditions with no characteristic scale. The density fluctuation field at early times, 

c(x) = p(x)/ (p) - 1, must then be scale-free, and its Fourier power spectrum must be 
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a power law, l8kl2 ex lkl". As clustering proceeds, structures of larger and larger mass 

collapse. In a flat universe this nonlinear evolution should be self-similar as long as all 

dissipative effects are neglected; the characteristic mass, density, velocity dispersion, and 

temperatnre of nonlinear lumps then scale with redshift as: 

Thus for 1 > n > -3, the range of relevance, typical objects were lower mass, denser, 

and cooler at earlier times. Note that these scalings apply to the typical objects present 

at different times, not to the different objects present at any given time. At any given 

time objects of differing mass are expected to have similar mean densities. Their velocity 

dispersions are then related to their mass through the virial theorem, giving T ex m213 
independent of n. These points are discussed by Press and Schechter (1974) and White 

and Rees (1978). The first paper also derives a simple formula for the mass distribution 

at any given time, which turns out to give quite a good fit to the results of numerical 

simulations (Efstathiou et al. 1988). 

The simple scaling of equation (1) breaks down as soon as dissipative effects are 

included. Most of the gas in present day groups and clusters of galaxies is unable to cool 

in a Hubble time. However, because the radiative cooling time of a gas decreases with 

density and increases with temperature, equations (1) imply that before some modest 

redshift, Zen all the gas in typical objects was able to cool rapidly, and thus was available 

·to make stars. The gas mass of a typical object at the critical redshift , Fmc(Zcr ) , can then 

be identified with the characteristic stellar mass of a bright galaxy (F here is the fraction 

of the mass in the form of gas; F � 0.1 in present day clusters). Few objects of higher 

mass will be able to make stars, because at z > Zcr such objects did not exist, while at 

z < Zcr their gas is unable to cool. For reasonable parameters, this argument does indeed 

imply a characteristic mass similar to that of observed bright galaxies (White and Rees 

1978). 

In this model all the mass at early times is expected to be in small objects with high 

density and low temperature. Thus, if short cooling and dynamical times were all that 

was required to turn gas into stars, no gas would survive the first stages of the hierarchy, 

all stars would be born in small "galaxies", and the argument of the last paragraph would 

have no bearing on the galaxy luminosity function. To avoid this situation one must 
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suppose that star formation is inefficient at early times, a natural "explanation" being 

energy injection from supernovae which can eject the rest of the gas from a protogalaxy 

once a small fraction, £, has turned into stars (Larson 1974). Energetic considerations 

suggest € ex: V2 as a natural scaling for this efficiency, an assumption which allows the 

faint-end slope of the galaxy luminosity function to be calculated as follows. At redshift 

z > Zcr most of the material in the universe is in objects of mass m � me( z ), which 

therefore have abundance (i.e. number per comoving volume per unit mass interval), 

n(m) dm � (p)/m dm/m, (2) 

where (p) is the present mean density. The stellar mass formed in these objects is 

£Fm ex: V2m ex: m(7-n)/6, where I have used the scaling of equation (1) .  If the galaxies 

so formed survive without merging to the present day, they will have a luminosity 

approximately proportional to this stellar mass. One can thus use L ex:  m(7-n)/5 to convert 

equation (2) to a "no merger" luminosity function, 

n(L)dL � £C1 3-n)/(7-nld£, (3) 

which will cut off exponentially above the luminosity, L, = E(Vc(Zcr)2) F mc(Zcr)/(M/L). 

The power law index here varies between -2 for n = 1 and -1.6 for n = -3 and so is 

substantially more negative than the values -1 to -1.3 usually quoted for the observed 

galaxy luminosity function ( e.g. Efstathiou, Ellis and Peterson 1988; but compare Bothun, 

Impey and Malin 1991). 

The problem here is that it seems very easy a priori for small objects to cool and 

make stars at early times in a hierarchically clustering universe; thus it is unclear why 

only a rather small fraction of stars are in such objects today. There are a variety of ways 

to embellish the above "no merging" model in order to reduce the predicted number of 

faint galaxies. The most obvious is to allow galaxy merging which will clearly reduce the 

number of objects surviving from early times. However, detailed modelling suggests that 

the effect is not strong enough to eliminate the difficulty (White and Frenk 1991). Another 

possibility is to argue that most of the small objects have large (M/L), and correspond 

to a population not usually included in determinations of the galaxy luminosity function 

(Lacey and Silk 1991). Alternatively one might imagine that early radiative input might 

heat the pregalactic gas sufficiently that it would be unable to clump into the small halos 
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expected at early times (Kaiser, in preparation). Yet another escape might be to argue 

that although gas cools effectively at early times, little star formation occurs because there 

is not enough available time; the gas might be then be reheated at a later stage of the 

hierarchy without making stars. All these possibilities need more detailed investigation 

before they can be accepted or refuted. 

3 Disks and bulges 

One of the most striking properties of galaxies is the coexistence of disk and spheroidal 

components with quite different morphology, kinematics, and stellar and gas content. This 

·dichotomy suggests very different formation paths for the two kinds of structure. In normal 

galaxies we observe ongoing star formation only in disks, and so, following Toomre (1976), 

one might suppose that star formation only ever occurs in disks. Bulges and ellipticals 

would then need to be made from progenitor disks. This idea is controversial because 

observed bulges have older stellar populations and shorter dynamical times than observed 

disks, so it seems more natural to assume bulges form first. However, many investigators 

have shown that mergers of stellar disks, and indeed the violent collapse and eqilibration 

of almost any irregular distribution of stars, leads to objects with structure very like that 

of elliptical galaxies. Furthermore, many kinematic and photometric irregularities have 

been found in ellipticals, and seem to indicate recent merger activity. Much debate on 

this topic can be found in Wielen ( 1990) and I will not address it further here, except to 

note that the central objects in some cluster cooling flows ( e.g. NGC 1275 in Perseus) do 

.seem to offer a counterexample where significant star formation is observed without a disk 

(Fabian, Nulsen and Canizares 1991). 

One clear conclusion from N-body simulations of galaxy formation is that bulge-like 

systems are formed whenever star formation is complete before an object reaches dynamical 

equilibrium. Mergers of pre-existing galaxies provide one example of this, but so, plausibly, 

might the early stages of hierarchical clustering, for densities are then sufficiently high 

that cooling times for protogalaxies are much shorter than their collapse times. This idea 

accords well with the observed high densities of bulges and ellipticals. Disks, in contrast, 

must come to dynamical equilibrium before they turn into stars, because their thinness 

and their highly ordered kinematics require dissipative processes during formation which 

are not available to a stellar system. Furthermore, their dynamical context cannot have 

been violently disturbed by further accretion after their stars formed, for they would not 



309 

then have been able to remain thin. Thus in hierarchical clustering, the most plausible 

situation would seem to be for bulges and ellipticals to form early when cooling and star 

formation times were short, and for disks to form late from lower density gas that had 

to settle into centrifugal equilibrium before it could make stars. Late formation of stars 

in disks is suggested by the star formation history of the Solar Neighbourhood, and by 

observed star formation rates in spirals. As I now discuss, late formation of the disks 

themselves may be required by their large angular momentum. 

4 Disk angular momentum 

Within hierarchical clustering models, galactic angular momentum can be explained 

by Hoyle's (1949) tidal torque mechanism; gravitational forces from neighbouring lumps act 

on the quadrupole moment of an irregular protogalaxy and spin it up. N-body simulations 

demonstrate that this mechanisms works, and induces a spin which has little systematic 

dependence either on clump mass or on power spectrum index, n. If spin is characterised 

by the dimensionless parameter, 

(4) 

where J, E, and M are the angular momentum, binding energy, and mass of a virialised 

clump (defined as a centrally concentrated region with mean overdensity (8) � 200), then 

the median value of >. is about 0.05 and the 103 and 903 points of the distribution are 

about a factor of two larger and smaller ( e.g Efstathiou et al. 1988). 

If we model a galactic disk by an exponential disk of mass, Md, scale length, r0 , and 

constant rotation velocity, Vroh then its angular momentum is J = 2Mdro Vrot· Let us 

assume that the disk material was part of a protogalactic perturbation with mass, kMd, 

and angular momentum, k J .  We can then use equation (4) to express the binding energy 

·of the protogalaxy in terms of the properties of the disk, of >., and of k. This leads to an 

estimate for the collapse time of the protogalaxy, derived as the value for a uniform sphere 

of the same mass and binding energy: 

This is likely to be an underestimate of the value for a nonuniform protogalaxy. For large, 

late-type, spirals, ro � 3h-1kpc, Vrot � 200 km/s, and the second factor in equation 

(5) must exceed 0.18 (so that the mass density of the nondisk component is everywhere 
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positive). I n  a flat universe, the redshift of protogalactic collapse must therefore be 

bounded above by ( ro ) -2/3 ( Vrot ) 213 
4/3 2 1 + z, < 22 

3h-lkpc 200km/s 
k >. · (5) 

For >. = 0.05, we require k > 9 to get collapse by the present, and k > 15 to get collapse 

by z = 1. These factors are the amount by which the total mass of the initial protogalaxy 

must exceed the maximum disk mass allowed by the observed rotation velocity. Thus the 

origin of the angular momenta of spirals can only be explained by Hoyle's mechanism if 

protogalaxies, at collapse, contained at least an order of magnitude more mass than is 

currently found in the visible region of galaxies. Note that if the protodisk lost any of 

its angular momentum to halo material while settling into centrifugal equilibrium, then 

the above reasoning yields an underestimate of k. This argument in favour of extended 

massive dark halos was first clearly presented by Fall and Efstathiou (1980). 

5 Model for disk formation 

If disks indeed form slowly by dissipative settling within a quasi-equilibrium dark 

halo, it is natural to try and model the process as the cooling of a hot atmosphere within a 

.steady potential well, a situation closely analogous to standard models for cooling flows in 

galaxy clusters. In the hierarchical models of section 2, this corresponds to epochs when 

the cooling times of protogalaxies are longer than their collapse times, but are not much 

longer than the age of the universe. As noted above, it is important to include feedback 

effects in such models in order to inhibit the efficiency of cooling and star formation at early 

times. A detailed discussion of such galaxy formation models in a CDM universe can be 

found in White and Frenk (1991}, and I give a simplified version, requiring no assumptions 

about the nature of the dark matter and applied specifically to disks, in White (1991}. 

These models assume that infalling material is a mixture of gas and dark matter, and 

that the gaseous component is shocked to the virial temperature. For small galaxies or 

for large gas fractions the shocked material cools again immediately, and disk formation 

is a competition between cosmological infall and feedback from massive stai·s. For large 

galaxies or for small gas fraction, only the central regions of the shocked gas atmosphere 

can cool; disk mass is then controlled by the competition between cooling and feedback. 

For gas fractions of about 103 (similar to those seen in rich clusters), such models can 
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reproduce the observed relation between disk mass and circular velocity, as well as giving 

angular momenta of approximately the correct size. 

If cooling regulates disk growth these models suggest Md ex t112 , whereas infall 

regulated growth would give Md ex t. These dependences agree well with the observation 

that star formation rates in our own and in other spirals seem to be at most weakly 

declining functions of time (e.g. Kennicutt 1990) but they sit less comfortably with the 

observed infall rate into our own disk which appears to be an order of magnitude less than 

HoMd (van Woerden et al. 1983). Continuing accretion models also suggest that large 

galaxies like the Milky Way should have hot gaseous halos containing a similar gas fraction 

to that seen in galaxy clusters. There is little evidence for such a halo and it is difficult to 

see how it can be reconciled with the relatively small observed diffuse background in soft 

X-rays, or with the observed pressure of the local interstellar medium. Standard numbers 

for both these quantities imply that gas at the expected temperature of 0.15 ke V cannot 

have a local density exceeding about 1 % of that inferred for halo dark matter. This may 

not eliminate the possibility that 10% of the mass within the cooling radius (� 150 kpc) 

is gaseous, since feedback effects, which the model requires anyway, may well rearrange 

material throughout the halo. They will certainly produce a complex, multiphase structure 

in the gas. Nevertheless, such complications weaken the model because they make its 

.predictions much harder to calculate. It is perhaps worth noting that gaseous halos, in 

the form of Mgll absorbing clouds, are observed around star-forming galaxies at modest 

redshift, and that in these cases, at least, material seems to have been mixed to radii well 

outside the star-forming regions (Bergeron 1987). 

A cooling flow model seems a direct generalisation from the observed situation in 

galaxy clusters, but it is by no means required within the overall framework of hierarchical 

clustering. The simulations of Katz and Gunn (1991) show that gas can settle into a 

disk during, or immediately after, protogalactic collapse, provided that evolution is well 

synchronised throughout the system and is not too irregular. The major requirement for 

obtaining a realistic result is that star formation be delayed until after equilibration. In the 

contrary case when a galaxy forms by infall over an extended period, the infalling material 

may be sufficiently lumpy that it is never shocked to the virial temperature of the halo. 

Galaxy halos would then appear empty because all their associated gas had remained cold. 

In a flat universe this requires the gas fraction in protogalaxies (i.e. the ratio of observed 
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stars and gas to total halo mass) to  be  much less than in  galaxy clusters. Lumpy infall 

is also constrained by the requirement that stellar disks should not be unduly thickened 

by gravitational jostling. This may be a serious problem for any hierarchical clustering 

model, and a sufficient suppression of merging may require an open universe (Toth and 

Ostriker 1991). The problem could perhaps be circumvented if it could be shown that 

most accreted lumps are disrupted before they can shake up the disk. An open universe 

may also required by the most obvious explanation for empty halos: that residual gas was 

blown away by a wind during an initial bright formation phase. In a flat universe most of 

the mass of a galaxy /halo system has been added since z = 1. However, at such epochs 

events sufficiently spectacular to blow away � 10% of the halo mass can be observationally 

excluded. Thus for n = 1, the contrast between gas rich cluster halos and apparently 

"empty" galaxy halos remains puzzling. This is an area where ROSAT may make a major 

contribution to our understanding of galaxy formation. 
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STAR FORMATION DRIVEN BY GALAXY INTERACTIONS: 
A MODEL FOR THE EVOLUTION OF THE GALAXY 

LUMINOSITY FUNCTION AND NUMBER COUNTS 

Cedric G. Lacey 
Department of Physics, Oxford University, Keble Road, Oxford, UK 

ABSTRACT. A model is presented for the evolution of the galaxy luminosity function, based 
on the CDM model for galaxy formation, together with the assumption that the star formation 
rate in galaxies is controlled by the frequency of interactions with other galaxies. The model 
also includes the effects of gas cooling, and star formation feedback driving mass loss from 
galaxies. The predictions of the model are compared with observational data on the present 
galaxy luminosity function, number counts, colour distributions and redshift distributions. 
The agreement is generally good, but problems remain in matching the colour distributions 
and the faint-end slope of the present luminosity function. 
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1. Introduction 

In current models for galaxy formation, most of the mass in the universe is assumed to be 

in some collisionless dark form, typically some type of weakly interacting elementary particle, 

while baryons are just a trace component. Given the initial spectrum of density fluctuations, 

the evolution of the dark matter component can be calculated using only gravitational physics, 

which is in principle straightforward using N-body techniques. Thus one can predict the 

distribution and dynamics of halos of dark matter. However, most of our information about 

the universe comes from studying the properties of that fraction of the baryons which have 

become luminous by forming stars. Predicting the properties of this luminous component is 

more complicated. (1)  It involves the dissipative dynamics of gaseous baryons, including shock 

heating, radiative cooling, and energy injection from stars. (2) It involves star formation, for 

which no predictive theory currently exists. In fact, it is not even clear whether the rate of 

conversion of gas into stars is controlled ma.inly by dynamical processes causing compression 

of the gas, or whether some sort of balance between energy injection by young stars and 

radiative cooling of the gas is more important. One can directly estimate the effects of 

dissipation in the gas under various assumptions, but to compute star formation rates, it is 

necessary to take a more phenomenological approach, and try various models. I will describe 

here an example of such a model for the evolution of the luminous components of galaxies, 

based on work done in collaboration with Joe Silk, Bruno Guiderdoni, and Brigitte Rocca­

Volmerange (Lacey & Silk 1991, Lacey et al. 1991). While our aim is to describe the evolution 

of the galaxy luminosity function, such models also have implications for studies of large-scale 

structure, since the comparison of theory and observations in this area depends on the relation 

assumed between the distributions of mass and of light on large scales, which are controlled 

by the efficiency of star formation in various galactic environments. 

2. ll'ormulation of the Model 

We assume that n = 1, Ho = 50km s-1 Mpc-1 ,  and that the initial spectrum of density 

fluctuations has the form predicted by the Cold Dark Matter {COM) model, normalized so 

that the r.m.s. density fluctuation in a 16 Mpc sphere is 0.5. Starting from this, one could 

compute the distribution of dark matter halos in mass and formation redshift using N-body 

simulations, but to make the model more tractable, we instead use an approximate analytical 

method, based on studying peaks in the initial density fluctuation field 6 = 6p/ p. Adapting 

the results of Bardeen et al. {1986), we obtain an approximate expression for the comoving 

number density of peaks as a function both of the peak mass Mg and overdensity bg , and of 

the overdensity bgr of the surroundings on a mass scale Mgr > Mg , where Mgr/Mg is taken 

to be constant: 

In this equation, dnpk/dMg and P(6g, bgr) can be calculated in terms of the COM power 
spectrum. We identify Mg with the mass of a galaxy halo, and M9r with that of the sur-
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rounding galaxy group. Each overdense peak i s  assumed to collapse dissipationlessly to form 
a dark halo, with the collapse redshift and final density of the halo after virialization being 
calculated assuming a spherical "top hat" collapse: 

1 + Zf,g = Cg/Der 

where Der = 1.69, and o is the linear theory extrapolation of the overdensity to the present 
day. Similar expressions apply for the collapse of the group. We will assume throughout that 
Mgr/Mg = 8. 

When the galaxy halo collapses, the gas in it is assumed to be shock heated to the 
virial temperature of the halo. If the gas can radiatively cool before the surrounding group 
collapses, i. e. if 

where t f,g and t /,gr are the collapse times of the galaxy halo and group, and teool is the cooling 
time calculated assuming a primordial composition, then the gas is assumed to condense into 
a dense baryonic core at the centre of the halo. Otherwise, the gas is assumed be reheated 
and dispersed by the collapse of the group. Once a baryonic core has formed in this way, 
it is assumed to survive any subsequent merging of the surrounding halos. Thus, we have 
no merging of the luminous parts of galaxies. The half-mass radius of the baryonic core is 

assumed to be a constant fraction fdiu of the virialized "top hat" radius of the halo in which 
it forms. If the baryons contract in radius until they are centrifugally supported, then one 
expects a dissipative collapse factor fdi•• � Aapin � 0.1, where Aapin is the dimensionless spin 
parameter, whose value is estimated assunring that the angular momentum of galaxies results 
from tidal torques (Fall 1983). 

The most distinctive feature of our model is our assumption that the star formation rate 
in the baryonic cores is controlled by the frequency of interactions with neighbouring galaxies. 
The main motivation for considering such a model is the observational evidence that star 
formation rates are enhanced in interacting galaxies, as indicated by U BV colours (Larson 
& Tinsley 1978) and by ratios of far infrared and Ha luminosities to optical luminosities 
(Lonsdale et al. 1984, Kennicutt et al. 1987). The star formation presently occuring in these 
strongly interacting systems is only � 10% of the total, but we will assume in our model 
that all star formation is associated with galaxy interactions in some way. The physical 
mechanism driving the star formation would be tidal interactions, either acting directly to 
cause compression of the interstellar medium in galaxies, or indirectly, by inducing spiral 
density waves in galactic disks, which then continue to induce star formation even after the 
immediate effects of a tidal encounter are over. Secondary motivations for this picture are: 

(1) The observed morphology-density relation for galaxies (Dressler 1980, Postman & Geller 
1984 ), showing that the fraction of elliptical and SO galaxies relative to spirals increases 

with the density of the local environment. This could be explained if more frequent galaxy 
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encounters promoted more rapid conversion of gas into stars. (2) The problem of biasing: 

the amount of mass which is associated with luminous galaxies (where this includes the dark 

halos of these galaxies) is inferred observationally to be n RJ 0.1 - 0.2. To reconcile this with 

having n = 1 globally, it is necessary for the luminous galaxies to have a distribution which 

is biased relative to the mass. 

Since the details of the tidal forcing of star formation are undoubtedly quite complicated, 

we use a very simple parametrization which we hope captures the main effects. We assume 

that the timescale for star formation r. is simply proportional to the encounter time within 

the galaxy group, which is calculated assuming that the group contains N9r identical galaxies 

of mass M9, and that each galaxy interacts with the geometrical cross-section of the halo: 

T• 
= 

_2_td,gr (Tgr) 2 
A .  Ngr r9 (71") (3)3/2 1 ( M ) '/3 ( c ) 2 1 

= Z 5 HoA. M:r c:r c;t2 
where r9, r9r and td,gr are the radii and dynamical times for the galaxy and group halos, 

calculated using the spherical collapse model. The proportionality coefficient A. is treated 

as an adjustable parameter. The star formation rate in a galaxy is then assumed to be given 

by 'll(t) = Mg,gaa(t)/r. 

where the gas mass Mg,g•• evolves due to star formation and the recycling of gas by dying 

stars, giving a roughly exponential decay of the star formation rate with time. The initial gas 

mass is simply Mb = fbMg , where the baryon fraction fb � 0.03 - 0.1 according to primordial 

nucleosynthesis (Kawano et al. 1988). Since we are assuming that all star formation is induced 

by galaxy interactions within the group, star formation begins only when the group containing 

the galaxy has collapsed, which happens at redshift 

This condition results in a form of natural biasing, since only some fraction of galaxy halos 

will have begun star formation by the present day, and these will preferentially be in regions 

which are overdense on larger scales, where the group collapse condition is statistically more 

likely to be satisfied. We emphasize that, although star formation is assumed to be driven 

by interactions, the model assumes no merging of the luminous components of galaxies. 

The final effect we include is feedback from star formation: energy injection by super­

novae will heat the gas, and if the escape velocity from the galaxy is low enough, can drive a 

galactic wind which removes muclt of the gas from the galaxy, as suggested by Larson (1974) 

and Dekel & Silk (1986). Since the escape velocity is proportional to the velocity dispersion 

v9 of the halo, we parametrize the mass loss by assuming that the fraction J. of the baryons 

converted into stars before mass loss occurs varies as 

J. = f•cr(v9/Vcr;1)'"' 

= 1 

(v9 < Vcrit) 

( Vg > Vcrit) 
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Star formation is  assumed to proceed normally until the fraction J. is  reached, after which 
the remaining gas is lost essentially instantaneously. Following Dekel & Silk, we assume 
Vcr;t = lOOkm s-1. The parameters f•cr;t and / are treated as adjustable. 

The star formation rate in a galaxy is thus described by four parameters (Mb, z., r., J.),  
which can be related to the three parameters (M9 , li9 , li9r) describing peaks in the initial lin­
ear fluctuation field, for which one can compute the differential number density. We compute 
the luminosity and spectral evolution of each galaxy using the stellar population synthesis 
program of Guiderdoni & Rocca-Volmerange (1987), which allows us to calculate galaxy mag­
nitudes and colours for various pass bands, including the effects of evolution and k-corrections. 
We assume throughout that the initial mass function of the stars has the same form as inferred 
for the solar neighbourhood by Scale (1986). Guiderdoni & Rocca-Volmerange's models in­
clude a "standard" amount of internal extinction, uniformly distributed over the galaxy, and 
amounting to Av � 0.3mag for typical spirals. As discussed below, we found it necessary to 
include an additional extinction of Av = 1 mag for 0 and B stars only, in order to match 
observed galaxy colours. We justify this on the basis that young stars are more likely to be 
found in regions of dense gas, where the extinction is larger. 

3. Results of the Models 

After comparing the predictions of our models with the observational data, we have 

chosen the following set of parameters for our standard model: fb = 0.06, A. = 8, fd; .. = 0.05, 

/ = 1 ,  f• ,cr = 1 .  There follow the results of this comparison. 

Figure 1 shows the prediction for the present day luminosity function (LF) of galaxies, 
together with the Schechter function fit to the observed field galaxy LF obtained by Efstathiou 
et al. (1988) by fitting to data over the absolute magnitude range -18 � MB � -23. The 
model is seen to give a good fit for bright galaxies (MB � - 19): the natural bias inherent 
in our star formation model produces the correct number density at the "knee" of the LF 
(MB � MB• � -21), while the cooling condition produces the cutoff at the bright end. 
For fainter galaxies (MB ;;:::: -19), the situation is less clear. The models predict that the 
LF increases towards fainter magnitudes as dn/dLB oc L81.6· This is less steep than the 
halo mass function in this range, for which dn/dM oc M-2 , because of mass loss, which sets 
in at Mb � 1010 M0, corresponding to MB ;;:::: -18. The field galaxy LF in this range is 
not well determined observationally, mainly because of the low surface brightness of most 
faint galaxies. The predicted faint-end LF agrees roughly in •hape with that found for dwarf 
galaxies in the Virgo Cluster by Sandage et al. (1985), but Binggeli et al. (1990) find that 
the observed LF for dwarf galaxies in the field is flatter than this, closer to the extrapolation 
of Efstathiou et al. 's Schechter function fit. This would be in conflict with the models. It 
is possible that the number of dwarf galaxies is still being under-estimated, because of the 
difficulty of detecting low surface brightness objects. We could make the model LF flatter at 
the faint end, by increasing the amount of mass loss assumed, but this would then make the 
predicted number counts at B ;;:::: 24 too low. 
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Figure 1 .  Present luminosity function. Solid histogram shows the predicted number density 

of galaxies per unit absolute magnitude. Solid curve shows the Schechter function fit to the 

observed field galaxy LF from Efstathiou et al. (1988). Dotted curve shows the Virgo Cluster 

dwarf galaxy LF from Sandage et al. (1985), normalized to fit the model at Mn = -17. 

Figure 2 shows the predicted relation between mean surface brightness within the half­

light radius and absolute magnitude, for present-day galaxies, compared to the observed 

relation for Virgo Cluster ellipticals. It is seen that the fit is fairly good for Mn ;::: -21, 

but breaks down for the brightest galaxies, where the model predictions are too high. It is 

possible that this could be explained by the formation of bright ellipticals by mergers, an 

effect not included in our models, but which might tend to make galaxies more distended. 

Figure 3 shows the predicted colour distribution in an apparent magnitude limited sample 

at 19 < B < 21, both with and without the extra extinction on OB stars, compared to 

photographic data from Jones et al. (1990). The galaxies in this sample are mostly at fairly 

modest redshift ( z � 0.2). We see that the model with no extra extinction predicts far 

too many blue galaxies, which results from the large number of galaxies which turn on star 

formation at low redshifts, z. ;S 1, due to our assumption that star formation begins only after 

group collapse. On the other hand, the model with the extra extinction provides a reasonable 

fit to the colour distribution, and continues to do so to somewhat fa.inter magnitudes, B ;S 23. 

There remains the problem that reddest galaxies nearby are all ellipticals, which are red 

because their stellar populations are old, while in our model, many bright galaxies are red 

because of extinction. The extra extinction has been included in all the plots shown here, 

but only has a large effect on the colour distributions. 

Figure 4 shows the prediction for the galaxy number counts in the B-band, compared to 
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Figure 2 .  Mean surface brightness within half-light radius versus absolute magnitude. Sym­
bols show predicted relations for three different colour ranges. Solid curve shows observed 
relation for Virgo Cluster ellipticals from Binggeli et al. (1984). 

the observational data. The model is seen to give a good fit over the whole range 15 ;S B ;S 27. 

At B ;S 24, the counts are dominated by the galaxies with v9 > Vcrit, which do not lose any 
mass. At B i(;  24, the counts are dominated by the mass-losing dwarf galaxies with v9 < Vcrit, 
which begin forming stars at z. � 1 - 2, form stars on a timescale r. � 0.1 - 1 Gyr, and then 
have their star formation terminated by mass loss, after which they rapidly fade. 

Figure 5 shows the predicted redshift distributions compared with observations for galax­
ies in apparent magnitude ranges (a) 20 < B < 22.5, with data from Broadhurst et al. (1988) 

and Colless et al. (1990), and (b) 23 < B < 24, with data from Cowie et al. (1991). In 
(a) , the observational magnitudes used were isophotal, and it is necessary to allow for this 
in comparing with the models. We computed isophotal corrections in the models using the 
predicted half-light radii of the galaxies, together with either exponential or r114-law surface 
brightness profiles, depending on whether r. > 1 Gyr or r. < 1 Gyr. The isophotal correc­
tions suppress the high redshift tail in N(z) which is predicted otherwise. The agreement is 
then fairly good, except for an excess in the model distribution at z � 0.1 compared to the 
data. This excess is due to the population of dwarf galaxies with v9 < Vcrit, most of which 
formed their stars at z � 1, and have since faded after losing their remaining gas. However, 
the observational sample is � 30% incomplete, and would be biased against galaxies lacking 
strong emission lines associated with active star formation, because of the way redshifts were 

estimated. Thus, the galaxies in this excess might have been missed. In (b ), the observational 
sample is very small, only 21 galaxies. The agreement with the models here is reasonable. 
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22.5. Solid curve: model. Histogram: observational data. (b) 23 < Bi <  24. Solid curve: 
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4. Conclusions 

(1) Our model for the evolution of the galaxy luminosity function based on star formation 
induced by galaxy interactions gives good agreement with the present-day luminosity function 
for bright galaxies, but may have a problem in predicting too many faint galaxies. The model 
provides a natural biasing mechanism: most dark halos have not yet formed luminous galaxies 
because the surrounding group has not yet collapsed. 
(2) The model gives reasonable agreement with the observed number counts. The faint 
(B :<; 24) counts are predicted to be dominated by dwarf galaxies (Mb � 109 - 1010 M0, 
v9 "" 50 - 100 km s-1 ), undergoing their initial burst of star formation at z � 1. 

(3) Our model can fit the observed colour distributions at bright magnitudes ( B ;S 23), but 
only if we include extra extinction for young (OB) stars. 
(4) The model fits the observed redshift distributions at B ;S 24, with the possible exception 
of an excess in the predicted distribution at z � 0.1. 

Acknowledgements I thank my collaborators in all of this work, Joe Silk, Brigitte Rocca­
Volmerange and Bruno Guiderdoni. 
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Abstract. 
The number of galaxies counted in the APM survey as a function of magnitude suggests 

that there has been extremely strong evolution in the galaxy luminosity function since 
z � 0.1. The slope of the number counts between magnitudes bJ = 16 and bJ = 20 is close 
to Euclidean so there are at least 50% more galaxies at bJ � 20 than predicted by simple 
models of galaxy evolution. 

The angular autocorrelation function of galaxies, w99( 11), shows more large-scale clus­
tering than expected from the standard CDM model. The differences between w9q(11) mea­
sured for galaxies in different magnitude ranges are consistent with the predict10ns from 
Limbers equation. Several tests show that these w99(11) measurements are not significantly 
affected by systematic errors in the galaxy selection for the survey. 

Catalogues of rich galaxy clusters selected from the survey show that the amplitude 
of the cluster autocorrelation function, w,,( 11), depends strongly on the algorithm used to 
identify the clusters. Using a careful choice of selection algorithm an unbiased catalogue 
can be obtained, for which Wee( 11) is relatively stable. A redshift survey of the richest 
200 clusters in this catalogue shows that the amplitude of the three dimensional clustering 
corresponds to r0 � 13h-1 Mpc, consistent with the amplitude of wcc(11). 

,,..,"7 
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1. 'rHE APM GALAXY SURVEY 
The construction of the APM Galaxy Survey is described in detail by Maddox et 

al. (l,2), and only a brief summary is given here. The original survey is based on 185 UKST 

J survey plates centred with declination 6 < -20° and galactic latitude b ;S -40°. We have 

recently extended the survey to include 84 extra plates near the celestial equator, covering 

the south galactic cap up to 6 = +2.5°. The Automatic Plate Measuring (APM) system 

in Cambridge (3) was used to digitise and measure the magnitude, position and shape for 

typically 200,000 images on each plate. The complete survey contains about 5 x 107 images 

with bJ ;S 22. 
To ensure a uniform magnitude litnit across each field, the magnitudes were corrected 

for the effects of vignetting and differential desensitisation on each plate. Then the magni­

tude zero point for each plate was adjusted to match the neighbouring plates and so make 

the magnitudes uniform across the whole survey area. Finally the overall magnitude zero 

point and linearity were detertnined from CCD photometry of 339 calibrating galaxies, ob­

served at the South African Astronotnical Observatory, and the Mt. Str01nlo Observatory. 

After applying these corrections, the survey contains 2 x 107 images to a uniform magnitude 

litnit of bJ = 21.5. 
The surface brightness profiles and shape parameters of the images were used to auto­

matically distinguish between galaxies, stars and overlapping images. Visual inspection of 

over 4000 images on the Schtnidt plates and 4-meter plates has shown that, over the magni­

tude range 16 ;S bJ ;S 20, the galaxy catalogue is � 953 complete with � 53 contatninating 
non-galaxy images. For images fainter than bJ � 20.5, the classification reliability decreases 

rapidly, so to ensure an acceptably uniform galaxy sample, we use only galaxies brighter 
than bJ = 20.5. This leads to a catalogue of about 3 X 106 galaxies with bJ :'::'. 20.5, as 

shown in Fig. la. 
The galaxies brighter than bJ = 16.5 have all been visually inspected on the plates and 

analysed separately to form the APM Bright Galaxy Survey (4) .  This catalogue is the basis 

of the Stromlo/ APM redshift survey <5>, and also the APM Compact Group survey (6). 
Detailed results from these surveys will be discussed elsewhere. 

The distribution of galactic dust in the area of the APM survey can be deduced from 

the lOOµm thermal etnission measured by IRAS satellite (7). A greyscale map of the inferred 

extinction in the area of the APM survey is shown in Fig. lb. At low galactic latitude, 

towards the edges of our survey, there is a clear anticorrelation between dust etnission and 
galaxy density. Several large patches of dust lead to regions where we detect a low density 

of galaxies. At high galactic latitudes, b ;S -50°, and 6 ;S -15° there is very little dust 

etnission, and the variations in extinction are less than 0.05 magnitudes. In this area we can 

be confident that the apparent structure accurately reflects the true galaxy distribution. 
2. NUMBER COUNTS AND EVOLUTION AT LOW REDSHIFT 
£.1 M ea•urement• 

The number of galaxies as a function of magnitude has been the primary observational 

test for galaxy evolution since deep 4-metre plates showed that the number of galaxies at 

B :<:: 22 is larger than predicted by non-evolving models (s.9). However the measurement 
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Figure 1. (a) The distribution of galaxy density in the APM survey shown in an equal area 
projection centred on the south galactic pole. The map shows � 3 X 106 galaxies with the greyscale 
proportional to the galaxy density. 
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Figure 1. {b) A map of the galactic extinction inferred from the lOOµm emission measured 
by the IRAS satellite (7). The extinction at the pole is 0.05 magnitudes (corresponding to black 
in the map) and at the edge of the survey it is 0.2 magnitudes (corresponding to white).  Over the 
area used for our clustering measurements, the variations in extinction are ;S 0.05 magnitudes. 
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of galaxy counts, especially at bright magnitudes, has been plagued by large uncertainties 

from the effects of galaxy clustering in the small area of the surveys, and also from limited 
photometric calibration. Given these difficulties, most work has concentrated on the slope of 

the counts, which is independent of the normalisation. However the slope is not a sensitive 
test of evolution; in fact, by normalising to the highest values of the counts at � 18th 

magnitude it is possible to argue (lo) that evolution is not significant until bJ � 23. 
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Figure 2. Differential galaxy counts per square degree per magnitude (i.e. count in 0.1 mag 
bins x lO, or count in 0.5 mag bins xl .98). All counts have been multiplied by dex[-0.45(b, - 16)] 
to provide an expanded ordinate. The thin and thick solid lines show our results with linear 
and quadratic calibrations, with correction for incompleteness. The thick dotted line shows our 
results with quadratic calibration before correction for incompleteness. The thick dashed line 
shows the Tyson <12l faint CCD counts. The various data points are as indicated on the fig­
ure (s,9,to,n,t3,14•15.is,t7,ts,t9) The thin smooth line shows the no-evolution model of Ellis (lO) 
normalised to our counts at b� ::::.:::: 17, and we also plot two evolution models <24•25) . 

' 

The large solid angle and good calibration of the APM survey provides a reliable fair 
sample of galaxies even as bright as bJ = 16, so we do not have to rely on the count slope to 
see galaxy evolution. We counted the average galaxy surface density in the APM survey in 

0.1 magnitude bins ( l l )  as shown in Fig. 2. Note that we have plotted log N - 0.45(bJ - 16), 
so that the faint counts appear approximately flat. This plot is clearly preferable to a 

simple plot showing logN, since this would span some 6 orders of magnitude, and make 
503 discrepancies difficult to see. These counts indicate evolution that is much more 
dramatic than previously thought; at bJ � 19 we observe 603 more galaxies than predicted 

by normal galaxy evolution models. 
In Fig. 2 we have also shown the counts from several other studies (s-l•). At bright 

magnitudes, 16 < bJ < 17, we see that our counts are close to the mean of the other results. 
In contrast to the large scatter seen in other surveys, the uncertainty in the APM count is 
small enough that the normalisation is well determined at this bright magnitude. Between 
17 < b1 < 19 our counts are slightly lower than the mean of the other results. The best 
independent measurement at magnitudes 17 < b1 < 20 is that from the 100 square degree 
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region of Reydon-Dumbleton et al. <14); this is � 15% higher than our result . Their area is 

part of our survey, and our counts for this region agree very well with their results. Fainter 

than bJ = 19 our counts are also consistent with the mean of other work. The differences 

between our measurements and earlier work are consistent with sampling fluctuations and 

small zero-point uncertainties. 
£.£ Evolution at low redJhift 

The no-evolution model of Ellis <20), renormalised to match our count at bJ "" 17 

is also plotted on Fig. 2. The observed number counts show a remarkably steep slope, 

leading to an excess of 60% over the model at bJ = 19. At this magnitude, galaxies have a 

mean redshift of only z "" 0.1 corresponding to a look-back time of only 1 .8 Gyr {assuming 

h = 0.5, n = 1 ). The observed excess galaxy count rises to 100% at bJ = 20.5. 
Though our counts agree with the mean of previous work, the excess of 0.3dex in the 

number of galaxies at bJ = 20.5 has not been clearly detected before. This surprising fact 

is due to several factors which have contributed to obscuring the count excess. The models 

were previously normalised at bJ � 18, which accounts for 0.12dex of the excess; the lower 

counts of Jarvis & Tyson (l7) and Peterson et al. (S) were preferentially used, rather than 

the mean of all measurements at bJ = 20.5, accounting for another O.ldex. Thus it has been 

generally argued that the count excess at 20.5 is < O.ldex, consistent with mild-evolution 

models. The remaining discrepancies have been further obscured by plotting the counts 

with a highly compressed ordinate. 
It is apparent from our counts that dramatic galaxy evolution is occurring at low 

redshift. However, the faint galaxy redshift surveys of Broadhurst et al. <21), Koo (22) and 

Colless et al. <23) show that the redshift distribution to 22nd magnitude is the same as 
for a no-evolution model, despite the number count excess. Broadhurst et al. showed that 

simple models of luminosity evolution made to match the number counts at bJ � 21 preclict 

a substantial number of galaxies with z > 0.5. This is inconsistent with their observed 

redshift distribution, and they suggest that the overall evolution of the galaxy luminosity 

function must look more like pure density evolution than pure luminosity evolution. 

In Fig. 2 we plot two theoretical models <24•25) which match the observed redshift 

distribution and, if normalised at bJ "" 18, also match the faint galaxy counts. When 

normalised to match our counts at bJ "" 17 both fail to match the counts at bJ ;:::: 19 by a 

wide margin. 

2.9 Di•cuaJion 
Given the dramatic evolution required to explain our counts at face value, we have 

investigated possible errors which might eliminate the need for such a raclical suggestion. We 

consider errors in the completeness and linearity of our counts and in the local normalisation 

of the models. 
We estimated the incompleteness of our counts as a function of magnitude using visual 

checks and fits to the classifier histograms as described by Maddox et al. (l) .  The resulting 

incompleteness estimates are � 5% at bJ ;S 20.0, 10% at bJ = 20.0 and 58% at bJ = 20.9. 

The thin dotted line in Fig. 2 shows our measured number counts, with no corrections 

for incompleteness. The uncertainties in this correction brighter than bJ = 20.5 are much 
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smaller than the count excess, so the correction does not weaken the evidence for rapid 
evolution. 

Our CCD photometry provides an estimate of the mean calibration curve needed to 
correct for small non-linearities in the raw APM magnitudes and give standard bJ. Possible 
errors in this calibration curve can change the form of the galaxy counts by at most 5-10%, 
which is much too small to explain the count excess. To be consistent with no evolution at 
bJ = 20, our calibration at bright magnitudes would need to be wrong by � 0.5 magnitudes 
which is clearly inconsistent with our CCD data (n) and would have been obvious in our 
comparisons with other photometry. 

The last possibility is that our local neighbourhood is underdense by about 50% out 
to � 150h-1Mpc, which would mean that we have underestimated the local normalisation. 
The galaxy distribution in the sparse-sampled redshift survey of APM galaxies (s) with 
bJ ;S 17 shows that a local underdensity can account for at most a 10% reduction in the 
number counts at bJ "" 17. Also the angular correlation function measured from the whole 
APM survey (26) implies that the rms variation in galaxy density in a 150h-1 Mpc cube is 
only "" 7%. Both arguments suggest that it is very unlikely that the local normalisation is 
more than 10% underdense. 

Thus we believe that our number counts are correct and that our survey constitutes 
a fair sample of the Universe. In the most conservative interpretation of our data, we 
could argue that our bright counts are low by 10% due to a local underdensity, and by a 
further 10% due to non-linearities in the photometric calibration. Even then our counts at 
bJ = 20 would show an excess of "" 60% over non-evolving models, and "" 30% over the 
best evolutionary models. This indicates that current models of galaxy evolution require 
fundamental revision. 
3. THE TWO-POINT GALAXY CORRELATION FUNCTION 
S.1 Measurements and error estimates 

The projected galaxy two-point correlation function, w99(11), is a convenient statistic 
to quantify clustering in a galaxy survey. For the APM survey, we restricted our analysis to 
the central area where galactic obscuration is negligible, and so the measurements should 
represent the true galaxy clustering. We selected galaxies in six disjoint half magnitude slices 
and used the counts in cells to estimate the correlation function, w99(11) = d$'.'){,<,\ - 1, 

where N; is the count of galaxies in cell i and the angle brackets denote averages'ov�r pairs 
of cells at separation II. We chose this estimate after testing the ability of several estimators 
to reproduce w99(11) from Soneira-Peebles simulations <21l .  The simulations showed that 
our chosen estimator and the Fourier transform of the power spectrum give similar results, 
reproducing the input correlation function with a relatively small variance. In contrast, 
normalising (N;N;) by the global mean N2, rather than (N;) (N;) leads to rather unstable 
estimates with a large variance. 

The resulting measurements for the six slices are shown in Fig. 3a. Each slice has 
the same general shape: on small scales w99(11) is well represented by a power law; at 
intermediate scales the measurements drop smoothly towards zero, falling well below the 
extrapolation of the power law; the measurements are consistent with zero on larger scales. 
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For brighter galaxies w99(8) has a higher amplitude, and does not fall below the power law 

until larger separations, as expected from Limbers equation. 
For 1° ;S 8 ;S 7° the faintest two slices show small distortions at low amplitudes; these 

are due to the small residual errors in the plate matching and field correction. We have 

analysed a detailed model for the propagation of errors in the construction of the survey (2), 
and calculated the expected effect on w99(11). We estimated that the w99(11) measurements 

would be affected at the � 2 x io-3 level, consistent with the effects seen. We have 

approximately corrected these small errors by subtracting the estimated error correlation 

function from each slice. The resulting estimates with a further small correction to allow 

for the integral contraints are shown in Fig. 3b. 

(b) 

0.01 

0. 1  1 0 0.1  1 0 

Figure 3. (a) The raw w99(8) measurements for 6 magnitude slices of the APM Survey. 
The solid line shows the error correlation function normalised to 1. 7 X 10-3 at 8 = 0. (b) The 6 
measurements after subtracting the expected contribution from residual errors, and approximately 
correcting for integral contraints. 

Our error analyses are based mainly on internal consistency checks, so we used our CCD 
photometry as an external check to test for errors on large-scales. We found no evidence for 

sigmficant gradients, but the error limit from this test is less stringent than from our internal 

error estimates, even though we have photometry for over 300 galaxies. More recently we 

have made a preliminary comparison between our data and CCD photometry of � 16000 

galaxies from the KOSST survey <28l. We find no evidence for large-scale gradients between 

the surveys. 
9.2 Scaling and comparison to other work. 

To quantitatively test Limbers equation we calculated the angle and amplitude scale 

factors which should scale w99(11) for each slice to the depth of the Lick catalogue <29l . After 

applying these scale factors there is good agreement between the different measurements, as 

shown in Fig. 4a. The mean of these scaled measurement is plotted in Fig. 4b, which also 

shows the Groth and Peebles (3o) measurements from the Lick map. It can be seen that the 

two estimates are consistent for scales Ii Lick ;S 2°. For larger angles, the Lick measurement 

is slightly lower than ours. Although highly sigmficant compared to the uncertainty in our 

measurements, the discrepancy is only � 2u in terms of the Lick error estimates. The 
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difference is probably caused by the difficulty in distinguishing between true large-scale 

structure and artificial gradients in the Lick map. 
Recently two other measurements of w99( 11) from relatively large area surveys have been 

published: first from the EDSGC (3i) and second from the new Palomar sky survey <32). 
Preliminary w(ll) measurements from a 500 square degree area of the EDSGC showed a 

break at rather a small angle, but a more recent analysis of 1500 square degrees shows large­

scale clustering consistent with our measurements. The difference between their results and 

our measurement is consistent with the effects of sampling fluctuations in the smaller area. 

The Picard results are based on two disjoint areas each covering about 200 square degrees 

of sky. The northern area is consistent with our measurements, but the southern area shows 

a much higher amplitude between 0. 7° and 10°. The IRAS 100µm sky map shows that the 

southern area is partially obscured by a patch of galactic dust, which produces a significant 

gradient across the area and leads to an artificially high w 99 { 11) at large angles. Therefore 

we believe that these new measurements are consistent with our estimates. 

(b) 

0.01 

scaled to Lick 

0.1 

Figure 4. (a) Our 6 measurements of w99(8) after scaling to the Lick depth. (b) The solid 
points show the mean of the 6 scaled measurements. The diamonds show the GP77 measurements 
from the Lick map. The various lines show linear predictions for models as labeled in the figure. 

Linear theory predictions (33) for a selection of cosmological models are plotted in Fig. 

4b. It can be seen that the standard 11 = 1, h = 0.5, b = 2 CDM model <34) predicts 

too little large-scale clustering. The CDM model with an initial power spectrum of slope 

n = 0, and the isocurvature baryon model with initial slope n = -1 both predict too much 

large-scale clustering. Models which are consistent with our measured w99 (11) include: the 

low density CDM model with l1h = 0.2, n = 1 and a non-zero cosmological constant to 

give a fiat geometry; the CDM model with 11 = 1 and n = 0.5. Also models with a biassing 

factor that varies as a function of scale can be made to fit the data. 
4. GALAXY CLUSTER CATALOGUES 

We have selected many catalogues of galaxy clusters from the basic galaxy survey. Our 

cluster selection procedures involve two steps: first the identification of potential cluster 

sites; and second, the estimation of the cluster parameters for each position. We tried three 

methods for finding the candidate cluster sites: selecting percolated groups of galaxies; 
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selecting peaks in the smoothed galaxy density map; and stepping over a rectangular grid 

of positions. To ensure that the final cluster catalogues are complete, we selected many 

more candidate cluster sites than the final number of clusters: typically � 10000 sites were 

tested to produce a catalogue of � 500 clusters. In practice, there is little difference between 

the large-scale structure in the catalogues based different candidate lists. We decided to 

use the centres from the percolation method because it does not bias against the selection 

of close pairs of clusters. The initial groups were selected to have at least 20 galaxies linked 

with a percolation radius of 0. 7 times the mean galaxy separation. Although large-scale 

structure in the catalogues is not strongly dependent on this first step in the selection, the 

next step of selecting clusters by richness and distance, can lead to very different catalogues. 

To estimate each cluster distance and richness we used an iterative routine which 

essentially mimics A bell's procedure (as). A first estimate of the cluster distance is used 

to define a circle with metric radius r A, and all galaxies within this circle are sorted on 

magnitude. Then we count down the list of galaxies until there are 10 galaxies more than 

the expected field galaxy count. The magnitude of this galaxy is used to give a new estimate 

of the distance to the cluster, and hence a new counting radius. These steps are repeated 

until the distance estimate is consistent with the radius used; typically 4-6 iterations are 

required for this to converge. If the candidate centre does not correspond to a rich cluster, 

the iterations do not converge; the radius tends to decrease until there are less than ten 

galaxies within the circle. At each iteration we estimate the richness, R, by counting the 

number of galaxies with magnitudes in the range [ma, ma + 2] and subtracting the expected 

field galaxy count within the circle. The value at the final iteration is taken as the best 

richness estimate. 

Several modifications can be made to the algorithm described above and we made 

catalogues using combinations of the following options: fixing the centre to the initial 

estimate, or allowing it to be updated after each iteration; estimating the distance using 

m10, or m20, or m., where x = R/4; estimating the richness by counting galaxies in 

[ma, ma + 2] or [m10 - 0.5, mio + 1.5] or [m, - 0.5, m, + 1.5] or [m, - 0.5, m, + l.]; using 

various radii and radial weighting schemes in counting the galaxies; for close pairs of clusters 

either assigning galaxies to only one cluster, or to both; using a fixed global normalisation 

to estimate the background field counts or using a normalisation defined locally for each 

cluster. 

We found that the large-scale distribution of clusters in all the catalogues follows the 

same general features seen in the galaxy map (Fig. 1 ), but that the relative contrast of 

the features is different in different catalogues. The differences are shown quantitatively by 

the amplitude of the cluster-cluster correlation function, Wee( 11), as plotted in Fig. 5a. The 

catalogues with multi-counted galaxies and a global background estimate have an amplitude 

about four times higher than the single-counted local background catalogues. 

The large differences in clustering amplitude arise because some selection procedures 

give catalogues which contain spurious angular clustering not related to the true spatial 

clustering (a6). The apparent richness of a cluster can be enhanced by the galaxies from 

another cluster that is nearby on the sky, even if the pair of clusters are not spatially 
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correlated. Such richness enhancements can bias a catalogue to include more apparently 

close pairs of clusters than would be seen in a catalogue with a truly uniform richness 

selection. These spurious close pairs increase the amplitude of Wee(8), giving a biased 

estimate of the clustering. Since the number of clusters in a catalogue increases very rapidly 

towards poorer clusters, even relatively small projection biases can produce a large effect 

on the apparent clustering in a catalogue. 

1 0  � -·········· ........... . 
I 

'"""''''�:::.�.:.�>·. 
0. 1 '>global multi-count 

·········.2:-::-:�:::·· ... * 

:��'.::�:�::��! �\, 
0.D1 0.1 1 0  

(a) 

0.1 8 

(b) 

10  
Figure 5. (a) The wcc(B) measurements for several different APM cluster catalogues as 

labelled. (b) wcc(8) for the more stable, less biased APM cluster catalogues. Also plotted is woc(8) 
for the relevant area of the Southern Abell catalogue C37l .  

In order to reduce such biases, we gave more weight to galaxies near the centre of each 

cluster, where the contrast relative to the background is highest. We weighted the counts 

according to W oc T A/(2T + TA) for galaxies with T < TA and W = 0 for r > r A, and used 
r A = 0. 75h-1 Mpc, half the standard Abell radius. With this scheme, the changes in Wee( 8) 
caused by multi-counting or single counting galaxies, or using a globally or locally defined 

background estimate, are much reduced, as shown in Fig. 5b. Of these catalogues the single 

counted, local background catalogue is least biased by projection effects, and so has one of 

the lowest amplitudes for Wee( 8). 
Also plotted in Fig 5b is Wee( 8) for the Abell clusters in our area (37). The higher 

amplitude at large angles suggests that the Aell catalogue may be biassed by projection 

effects, and this interpretation is confirmed by the highly anisotropic clustering in redshift 

space <36). The projection bias introduces spurious cluster pairs with very large redshift 

separation but small angular separation, thus distorting the apparent clustering in redshift 

space. With no corrections this bias leads to a high amplitude, To = 25h-1Mpc and very 

anisotropic clustering c3s). However applying a correction (36) makes the clustering more 

isotropic, and leads to a smaller amplitude r0 = 14h-1Mpc. 
We have recently completed a redshift survey of the richest 243 clusters from our best 

catalogue. The spatial correlation function is nearly isotropic in redshift space, with a 

slight distortion along the redshift direction consistent with the redshift error estimates. 

We conclude that the clustering we measure in our catalogue represents the true spatial 

clustering of clusters. The measured amplitude corresponds to To = 13h-1 Mpc, roughly in 
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line with the prediction of the standard CDM model (3•). 
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Is Standard CDM Compatible With All Available Data? 
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Abstract 

I summarize briefly some current problems in the confrontation of the Cold Dark Matter 

theory with observations. A more detailed discussion was presented by Frenk1. 

1. The Standard Model 

The Cold Dark Matter (CDM) model of the evolution of structure in the Universe has 

had considerable success in the last decade, but has had its share of controversy as well. 

New challenges to this "standard model" seem to arise every year, and in the newspapers 

one frequently reads announcements of the "death of CDM". But the theory has more than 

once arisen from the grave as observations contradicting its predictions have been shown to 
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be incorrect . Is the present situation any different? 

Let us define •imple CDM as the basic model resulting from an inflationary early Uni­

verse, i.e. scale invariant initial fluctuations, zero curvature k=O, and 11 = 1. In this case the 

coherence length scale of structure is proportional to H02 • CDM pundits have always used 

h = .5, (or less) because larger values lead to hopelessly inadequate large scale structure. 

From the earliest prehistory2, it was recognized that a model in which galaxies traced the 

mass distribution was incompatible with 11 = 1 ,  and the concept of bias with its infamous 

parameter b was introduced3 as a fudge to reconcile the low 11 inferred from the dynamics of 

groups and clusters with the mandates of inflation. Much of our ignorance of the details of 

galaxy formation is thus absorbed within b. In the simplest case, known as the linear bias 

model, one imagines that b is constant with scale, in which case it is convenient to define 

b in terms of the ratio of the rm• galaxy and matter fluctuations on a scale of sh-1 Mpc, 

b = u9.1(8)/up(8). 

The dynamics of small systems works best for relatively large b = 2.5, but such a low 

amplitude of matter fluctuations leads to large scale velocity fields that seem far too small to 

match observations4• The velocity field observations suggest b < 1.6, which would be more 

compatible with the abundance of large clusters, as well as the relatively weak segregation of 

galaxies as a function of luminosity or depth of potential well. 

It is important to recall why the b = 1, mass traces light model is incompatible with the 

observations2• First, in such a model, the pair velocity dispersion would be 1000 km/s, com­

pared to an observed pair dispersion of 300 km/ s. This gross discrepancy could be somewhat 

reduced by velocity bias (i.e. the galaxies move more slowly than the dark matter because 

of the effects of dynamical friction and dissipation5), but recent tests do not show the effects 

of velocity bias in clusters to be extraordinarily large. A second point is that the evolution 

of the CDM spectrum is not self-similar; the slope of the matter correlations steepens with 

time. In fact, if galaxies trace the mass, then a simultaneous match of the observed amplitude 

and slope of {(r) occurs for !lh = .25, or Ho = 25 km/s/Mpc in an 11 = 1  Universe2 • In the 

extreme velocity bias model5, the galaxies are taken to be slightly anti biased, b = .8. But for 
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h = .5, the slope of the matter correlations is 'Y = 2.2, considerably above the value observed 

for galaxies 'Y = 1.8. For this to be true, the efficiency of galaxy formation must decrease 

substantially in dense regions, which is the opposite of the expectation of the high peaks 

model. Since we do not understand galaxy formation in any detail, we cannot immediately 

reject such a model, but it is pushing credibility. Low b models predict large amplitude CMB 

fluctuations, so a definitive test should be possible very soon. 

On larger scales, the cluster-cluster correlation function as reported by Bahcall and 

Soneira6 is completely incompatible with CDM models for any bias value. In the past several 

years, the Abell cluster list used for this analysis has come under increasing attack, primarily 

for excessive projection contamination. Now a new catalog of clusters extracted from the 

APM catalog in a fashion that greatly reduces projection contamination has resulted in a 

cluster correlation function fully consistent with the CDM predictions 7• Another example of 

CDM being resurrected from the grave. 

The only serious (in my opinion) challenge to the simple CDM model comes from the 

large scale clustering of galaxies, and the reports of excess power on large scales. There are 

several anecdotal discussions of great walls, periodic structure, etc, but the only quantitative 

and significant discrepancies are based on the angular correlation functions derived from the 

APM catalog8• All the other pieces of evidence, such as 100 Mpc walls and seemingly periodic 

structure are perhaps telling us the same story: the CDM spectrum does not seem to have 

sufficient large scale power. 

Although the additional power needed on scales on large scales is not large, it is not easy 

to modify the standard CDM theory because it is so constrained. The simplest mechanism 

for generating the needed large scale power is to set the Hubble constant Ho < 30 km/s/Mpc. 

Barring this, one needs an extreme astrophysical biasing such as a modulation of the effi­

ciency of galaxy formation on scales of 50 Mpc (via changes in the IGM caused by QSO'?) 

Alternatively, perhaps we need additional physics, such as a deviation from scale invariant 

initial conditions, or nonzero vacuum energy density ( A  -f O), or a feature in the initial power 

spectrum generated by some physical process such as a decaying 17 ke V neutrino9• 



342 

In summary, the past decade has witnessed amazing progress in our understanding of 

large scale structure in the Universe. The simplest model consistent with inflation has led 

to the development of a standard model of structure, simple CDM. This theory qualitatively 

explains virtually all aspects of the observed large scale Universe, but detailed quantitative 

tests are hampered by our poor understanding of galaxy formation and the degree to which 

galaxies should trace the underlying mass distribution. Simple, constant amplitude bias 

models are apparently too simple. Can more sophisticated, but plausible, models of bias 

explain the excess power on large scales, or is it time to insist on new physics? To break the 

present impasse, a new type of observational constraint in needed. Perhaps this will come 

from positive detection of the small scale microwave background fluctuations. Low b models 

are just barely consistent with current limits, so further improvements in the experiments 

should finally detect the long sought imprints of the nascent cosmic structures. 
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Abstract. Hierarchical matter correlation functions can be used to calculate the 
global clustering properties in a non-linear universe. Thus, the mass distribution 
function of astrophysical objects of any kind can be derived from a unique univer­
sal function. The comparison with the observed luminosity functions provides some 
information about the behaviour of the ratio (M/L) for the galaxies as well as for 
the groups or the clusters. Tree-Hierarchical Models for the matter correlation func­
tions also permit to �alculate the "light" two and three-body correlation functions. 
The galaxy, group and cluster correlation luminosity dependences are presented. The 
resulting bias for the bright galaxies is found to be about 2.7. The three-point correla­
tion function is found to have the observed tree-shape with a normalization parameter 
Q � 1.  
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1. THE EXPECTED MATTER CORRELATION FUNCTIONS. 

The matter distribution in the present universe can be assumed to be essentially 
determined by the gravitational dynamics in an expanding universe. The distribution 
is then governed by 

- the initial conditions, that reduce to a power spectrum in case of purely Gaussian 
fluctuations; 

- the dynamics, for which the equations are known. 

The resolution of this problem gives in principle the complete hierarchy of the 
matter correlations. The comparison with the observations, however, remains compli­
cated due to the biases that inevitably spoil the galaxy distributions: Galaxies exist 
where large amount of matter have been gathered, and so mark a very particular 
subset of the matter points. 

Attempts have been made to determine the kind of biases that can be reasonnal!ly 
expected, assuming only that galaxies (or clusters ... ) trace the large matter conden­
sations in the present non-linear universe (Bemardeau and Schaeffer 199lb) . 

Unfortunately, no complete solution for the dynamics are known, and only global 
scaling properties can be derived both by observations and theory. Peebles (1980) 
proposed a self-similar solution, for which the time dependence is known and which 
implies some particular scaling rules between the correlation functions: 

(1 )  
where EN(V) is the mean value of the N-point correlation functions in a volume (V), 
the coefficients SN being independent of the size of the volume. Such a self similar 
behaviour can be seen as a possible late-time asymptotic solution for the dynamics, 
whether the initial conditions are self-similar or not. 

The relations (1) then imply some scaling, actually observed, in the galaxy dis­
tribution and particularly for the void probability function. More precisely, the mea­
surements of the three-point galaxy correlation functions give 

(2) 

with Q "" 1 and with a two point galaxy correlation function given by 

6 (r) "" (�) -'Y ,  -y = 1 .8, ro "" 5h-1 Mpc, (3) 

the Hubble constant being Ho = lOOh km/s/Mpc. 

Similar scaling properties, as (3) for the power law behaviour of the two-point 
correlation function and (1) for the scaling relations between the higher orders, will 
naturaly be assumed for the matter correlations. 
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2. WHERE IS THE DARK MATTER ? 

The only hypothesis ( 1) for the matter correlations implies the existence of a uni­

versal mass multiplicity function (Balian and Schaeffer 1989, Bernardeau and Scha­
effer 1991a) H(X) : Whatever the kind of objects you consider, as soon as their size 
is smaller than the correlation length, you have 

M(L)ef>(L)dL = XH(X)dX (4) 

with 

X =  M(L) 

PoVE2 (V) (5) 

where r/>(L)dL is their luminosity function, M(L) their total mass, p0 the mass density 
of the universe and E2 (V) the mean value of the matter two-body correlation function 
in the volume V of the object. The scaling parameter X measures the overclustering 
inside an object of size R, and is close to its velocity dispersion u: 

b2 ( u ) 2 ( R ) -r-2 
x = 1.B n 250 km/s 10 h-1  kpc 

So, once a scale has been specified, X is proportional to the mass and H(X) turns 
out to be a mass multiplicity function. 

Numerical simulations suggest that H(X) has a Schechter like form (fig. 1) with 
a power law behaviour at the faint end characterized by a parameter w "" 0.4 (Bouchet 
et al. 1991) 

H(X)dX ex xw-2dX . (7) 

The comparison with known astrophysical objects involves the knowledge of their 
total extension and their total mass. For galaxies, it means that their dark haloes 
must explicitely be taken into account. A very useful and reasonnable assumption 
is to suppose that X is independent of the radius at which it is determined, which 
occurs when the density of the object varies as r-'Y from its center. The relation X(L) 
is then directly given by the observations. Thus, for the faint galaxies we obtain, 

X(L) - L'", µ ""  0.25, 

from velocity dispersion measurements. 

(8) 

The fulfilement of the relation ( 4) then involves the determination of the total 
mass of the objects or equivalently their total extension. One obtains, 

(9.a) 

with 
f = a + 2 - µw ,  (9.b) 
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Figure 1 .  The universal mass multiplicity function H(X). X measures the 
overclustering inside an object, X ex M/ R3--r, and is propotionnal to the mass of 
the object once the scale has been fixed. The comparison with observed luminosity 
functions, according to ( 4) , leads to the determination of the total (M / L) ratio. 
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Figure 2. The (M/ L) ratio for the galaxies. It has been normalized so that 
J M(L)¢(L)dL/ J L¢(L)dL = (M/ L)universe· It appears to be a decreasing function 
of L and its value for the bright galaxies is found to be (M/L) . "=' t {M/Lluniverse· 
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where a is the index of a Schechter like luminosity function. a ""'- 1 .1 ,  w ""'- 0.4 implies 

f ""'- 0.8 , (9.c) 

with a weak w dependence. 

As a result ( ¥) is a decreasing function of the luminosity (fig. 2) . Moreover, 
assuming that the total mass of the universe is concentrated in the galaxies and in 
their dark haloes one obtains, 

( �) • 

""'- � (�) universe ' (10) 

where ( ¥) • is the ratio for the bright galaxies: The major part of the mass of the 
universe is in the faint galaxies. 

and 

Similar results can be obtained for clusters and groups: 

(M) � 200 - 3000h L Abell clusters 
- ' 

(M) ""' 300 - 4000h . L T.G. groups 

3. THE "LIGHT" CORRELATIONS. 

(11.a) 

(11.b) 

H(X) gives the expected mass fluctuations within a unique given volume. Similar 
calculations can be made with two volumes at a given distance r away (Bernardeau 
and Schaeffer 1991) assuming a Tree-Hierarchical model for the matter distribution: 
The N-point matter correlation functions EN (r1 ,  .•. , r N) are then given by the product 
of N - 1 two-body correlation functions, times a normalization parameter, 

EN (r1, ... , rN) = L Q�) L IT  6 (r;, r;) ,  
(a) t. N- 1  

(12) 

where (a) is a particular tree topology connecting the N-1 points without making 
any loop (to be in accordance with the scaling properties of EN) ;  Q�) is a parameter 
associated with the order of the correlation and the topology involved; t., is a partic­
ular labelling of the given topology (a) and the last product is made over the N - 1 
links between the N points with two-body correlation functions. The form (12) for 
the matter correlations is inspired by the known behaviour of the three-body galaxy 
correlation function (2). The resulting joint mass distribution function takes the form 

Applied to the galaxy distribution it means that 
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Figure 3a. The clustering strength of the galaxies. The full line is the model 
prediction. The data are the preliminary results obtained from the APM redshift survey. 
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Figure 3b. The bias parameter b(X) (eq. 12) as a function of the overclustering 
X inside the object. The full line is the model prediction. The representing point of the 
galaxies corresponds to the observed mean value of b(X(L)) according to the Limber 
equation, whereas the Abell cluster representing points have been placed according to 
the measurement of their scaling parameter X and to the measure of the enhancement 
factor between galaxy and cluster correlations. The group bias factor is expected to be 
comparable to the one of the galaxies. 
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-The galaxy-galaxy two-body correlation is proportional to the matter two-body 
correlation function with the same distance dependence. 

- The correlation is completely factorized as a function of the distance and two 
biasing functions b(X). 

- The bias is an intrinsic property depending only on the internal overclustering 
of the object: Luminosity segregation (fig. 3) and comparison of galaxies with clusters 
(fig. 4) can be derived. 

- The asymptotic behaviours of the bias as a function of the luminosity are then 
b(L) ex L for L � L. and b(L) ex L�o.i for L < L • .  

The resulting observable bias, b ,  calculated as  the mean value of b(X(L)) obtained 
when one mimics the measurement of the real space galaxy correlation length in 2-D 
catalogues with the Limber equation, is b ""  2.7. 

We have also calculated the shape of the three-point correlation function as a 
check to the credibility of such calculations. We find that the three-point galaxy 
correlation function take the desired form (2) with a normalization parameter Q close 
to 1, whatever the nature of the object (galaxies or clusters) or the detailed parameters 
involved for the matter distribution. This result is at variance with what is obtained 
in a gaussian field in the frame of the peak formalism, for which the three-point galaxy 
correlation function also contains an unobserved loop of three two-body correlation 
functions as stressed by Bonometto (1988). 

4. THE REDSHIFT DEPENDENCE 

All the universal functions that have been calculated, H(X) and b(X) are inde­
pendent of time. The only dependence is in the strength of the two-body correlation 
function. This dependence is in principle known from the self similar behaviour of 
the correlation length, 

= r0 (z) = ro * (1 + z) - ' 

where r0 (z) is the comoving correlation length. 

Thus such calculations allow to explore recent evolution in the clustering prop­
erties of the universe. Number densities of specified objects, such as X-ray emitting 
clusters, can be predicted (Scheaffer's contributed paper) . The evolution of the galaxy 
correlation strength could in principle be calculated. 

CONCLUSION 

Such models provide a consistent description of the highly non-linear clustering 
properties of the universe. The theoretical major results obtained are the following 

- the dark matter is mainly in the faint galaxies; 

- the expected bias is about 2.7; 

- the three-point parameter Q is close to 1 for galaxies but is not necessarily 
equal to the corresponding value of Q for the matter distribution. 

- the redshift evolution is known. 
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GREAT ATTRACTOR MODELLING AND GALAXY f'ORMATION 
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The Great Attractor CGA) is analysed and model led for Gaussian 
perturbation theories of the structure formation. We ar�ue 
that the cold dark matter C CDMJ standard model cannot provide 
for GA phenomenon if the latter is a statistical ly representa­
tive feature in the Universe. The hybr id dark matter models 
and anisotropy of the rel ic background radiation are discussed 
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CONFRONTATION 
The largest ratings among the up-to-date cosmological ob­

servations are those due to the rel ic background anisotropies 

and GA phenomenon. The reason is that both exper iments provide 

the direct probes of the primordial C postrecombination) cosmo­

logical perturbat ions which brought about the large scale 

structure appearance we observe today in the form of distribu­

tion of galaxies and their velocities. More of this , these two 

experiments confront each other . If AT/I' Ce > 1°J upper l imits 

we have now force us to lower down the perturbat ion ampl itudes 

then GA existence evidences for sufficiently high power of the 

perturbations on scales , l � 40 h-1Mpc. The first topic C AT/I') 

is happily promoted by COBE, RELlC and other exper iments. The 

second one C GA) needs modell ing to be stat istical ly meaningful . 

For the Gaussian perturbation theor ies the gap between these 

confronting requirements is less than a factor of two. However 

since we deal with a single GA object , not to speak that half 

of its volume is not yet measured , a lot depends on the inter­

pretation of observational data. One needs model l ing today to 

relate GA with the statistical ly standard objects ar ising in 

given theory. We understand that being more than observations , 

our models can be corrected in future with new data coming. 

The GA definition introduced below leaves practical ly no room 

for any theoretical speculations on the possibil ity to change 

the postrecombination primordial spectrum, and gives a great 

optimism for its detection and testing by AT/I' observations . 
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REASONS 

The conservat ive approach is mainly based on two points1 ? 
C i) Let us measure bulk velocity of the matter within 

some sphere around, say, V CR.rH = 60 h -lMpc) � 330 knvs , and 

compare it with the r . m. s . velocity for a given model , say for 

CDM V CR.rH = 60 h-1Mpc) = 220 b-1knvs. Then the comparison 

will be O. K. for CDM: only � 1 . 5  b standard deviations . CHere 

h and b are the Hubble and biasing parameters) . 

C i i)  Let us compare the overdensity in the GA centre 

smoothed by a Gaussian filter , say , 6 C Rf = 14 h-1 Mpc) � 1 . 2  

which corresponds to 6 = 6p/p � 0. 7 extrapolated to z = O 

according to the l inear theory, with the r . m. s . perturbations 

Ce. g . , for CDM a0 C Rf = 14 h-1 Mpc) � 0. 34 b-l ) .  Then it is 

O. K. for CDM again: v = 6/a0 � 2b . 

However . both points are confused by the contrarguments.  

C i) Posi t ion effec t .  The Local Group C LG) is as far 

from GA as the GA-size. So , if we center the top-hat C THJ 

sphere on LG , we underestimate the effect . 

C i i )  Scale effec t .  If we center TH-sphere on GA then 

the parameter v C versus to RrH) will be negl igible for both, 

small and large � . So , it is the posit ion of the v-maximum 

that indicates the GA peak scale , while any calculations of v 

for smaller or larger scales underest imate the effect , as wel l .  

( According to Fig. 3 ,  the GA scale is found as 25 to 35 h-1Mpc) 

Thus , the quant itative descr iption requires model l ing. We will 

assume the fol lowing basics for it.  
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C •) GA defini t ion: GA is a large scale coherent flow 

field of galaxies with the characteristic correlation length 

larger than the averaging fi lter scale to be used for getting 

such potential velocity field C le� 40 h-1Mpc > Rf� 10 h-lMpc) . 

( **) Stat ist ical hypothesis: The real density peak to 

be developed to the GA is close to the mean density peak that 

can be der ived in the theory. As we know, in case of high peak 

C vmax > >  1 )  the latter has a spher ical ly symmetric profile 

6Cr) proport ional to the dynamical correlation function. 

Under these hypotheses the GA formation was modelled in 2) for 

the two-component postrecombination medium - dark WIMPs C Weak 

Interact ing Massive Particles) and primordial baryonic matter 

- with different primordial spectra and °tot= 1 .  

Below, we analyse the results. 

RESULTS 
They are rendered in three groups 

C i) Some basic parameters of the l inear initial peaks 

required to form GA, are pract ically independent of the model . 

Best fits to the observational data 3) are profiled between 

two l imit curves on Fig. 1 , 2. The corresponding v-functions for 

these l imits are given on Fig. 3.  Note, that the central over­

density in the l inear peaks is 6C0) = C l -2) ( l +z) -l while the 

non-l inear evolution results in 6n1 c ol > 3. If we average the 

actual overdensities on1 C Ol with the filter Rf= 1 4  h-1 Mpc , 

they wil l  come to 1 -1 . 6  h-1Mpc , in accordance with the POTENT. 
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C i i)  The real ization probabil ity for the GA peaks is 

dratical ly different in different models. This depends on many 

parameters the most important of which is the GA symmetry. Say 

as a single posit ive peak GA can form in CDM, HDM and hybrid 

models on the levels 6(0) � C 4-5)u0 • C 1 -2)u0 and C 2-4Ju0 
repect ively,  depending on h, b and other parameters. Note, that 

middle and low peaks can significantly deviate from sphericity. 

C i i i )  Central region of peaks with 6C0) > 1 . 5  C l +z) -l 

col lapses before z = 0, result ing in the galactic contraflows, 

shock waves and other observable phenomena. 

Summar izing , we see that the standard COM model is now found 

in a simi lar position which the HDM model had some years ago : 

COM C HDM) is good to form galaxies C GAs) while it is helpless 

for GAs Cgalaxies) origin. The way out is to have the spectrum 

with high enough power on both, GA and galaxy scales . 

HYBRIDS 
One of the possibil ities to design the postrecombination 

spectrum leaving the fundamental Harr ison-Zeldovich spectrum 

at postinflation, is granted by hybr id C hot+cold) dark matter 

models. The calculations show that about 30Y. of the total 

density in the form of neutrino-type particles adding to CDM , 

can ensure the necessary power enhancement on GA scales C see 

Fig. 4 ) 4) . There are some other possibilit ies open. 

CONCLUSIONS 
The main assumpt ion necessary to relate the GA phenomenon 
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with AT/'f predictions is that there exist many GAs within the 

contemporary horizon. Here, the symmetry of the local GA is an 

important test in itself :  if it deviates from sphericity, then 

we deal with a typical object in the Universe. For the latter 

case, one can easily der ive the model independent prediction 

AT/'f C e � 1°J � 10-5 which , in case of the Harrison-Zeldovich 

postinflationary spectrum, scales up to quadrupole C e � 90°) . 
Note, that our number C AT/I' � 10-5 for h = 0. 5) is a factor of 

two higher than that given by other authors because the model­

l ing we briefed gives a sertain advantage for the gain factor . 

The absence of galactic contraflows and of X-ray gas in the GA 

central region evidences for the smal l init ial overdensit ies ,  

6C o) < 1 . 5  C l +z) -l , and thus , for the broad distr ibution of 

the GA mass. 

The confrontation of the GA with AT/I' may result in the direct 

detection of the postrecombinat ion primordial density spectrum 
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ABSTRACT 

The large-scale distribution of the IRAS galaxies is compared with 
the mass density computed by the POTENT technique from the col­
lected data on peculiar velocities. Special care is taken properly to cal­
ibrate the considerable sampling bias remaining in the POTENT anal­
ysis due to the uneven sky and depth coverage of the velocity data. 
In the linear approximation it is possible to determine the combination 
f(f!)/b = 1 .2 ± 0.4 of the cosmological density parameter, fl, and the 
galaxy biasing parameter b, but not any one of them separately. This 
degeneracy is broken in a nonlinear comparison of the density and ve­
locity fields, which yields an initial lower bound n � 0.4 on the density 
parameter. 
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1. Introduction 

One of the most important goals of observational cosmology is to measure the de­
celeration of the universe, and to determine whether or not it is bound. In the past 
fifteen years or so, attention has shifted from the original program, to measure the de­
celeration directly over cosmological distances (Sandage 1961 ), to local determinations 
of the cosmological density parameter, fl. In these local investigations it is assumed 
that the presently observed structure grew by gravitational instability from an initially 
smooth universe. The dynamics of this growth, and in particular the mean density of 
the universe, can be determined by comparing the deviations of the expansion of the 
universe from a pure Hubble law-the so-called peculiar velocities-with the density 
inhomogeneities which have given rise to them.1 

In this paper we avoid the study of dynamics on a small scale, where intensive 
dynamics has resulted in "virialization" .  Detailed modeling, beyond the scope of this 
paper, is required in order to understand the complex processes of galaxy formation, as 
well as the interaction between galaxies on scales commensurate with the sizes of their 
halos. We concentrate instead on the large-scale structures, which preserve a memory 
of their initial conditions, and which are more directly amenable to an interpretation of 
the observational data. 

The analysis of the data, however, is by no means simple, and this paper addresses 
its many facets. §2 describes the density and velocity data, showing the basic agreement 
between these independent datasets. The theory is briefly summarized in §3, with special 
emphasis on the need for nonlinear dynamics, and recent developments in that area. 
The comparison of the density and velocity fields is presented in §4, giving first separate 
estimates of fl and the biasing parameter, b. A discussion follows in §5. 

2. Data 

An impetus for significant improvement in the measurement of density on large 
scales came with the discovery of about 20,000 galaxies in the Point Source Catalogue 
(PSC) of the Infrared Astronomical Satellite (IRAS). From the observational point of 
view, the IRAS galaxies are ideal tracers, since they are homogeneously detected over 
most of the sky, and their fluxes are unaffected by galactic extinction. A U. S. redshift 
survey has measured the IRAS density field over the last few years (Strauss et al. 1990; 
Yahil et al. 1991 ; Davis et al. 1991; Strauss et al. 1991; Fisher et al. 1991) . A parallel 
effort has been underway by a British-Canadian team (Efstathiou et al. 1990; Saunders 

1 In order to avoid confusion we will use the term "velocity" only for peculiar veloci­
ties, and will always refer to the total velocity of a galaxy as "redshift".  
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et al. 1990; Rowan-Robinson et al. 1990; Kaiser et al. 1991; Rowan-Robinson et al. 
1991; Saunders et al. 1991). 

The best measured velocity is the motion of the Local Group with respect to the 
cosmic microwave background. Unfortunately, the IRAS prediction of this velocity 
suffers both from the lack of information about structures at large distances (Vittorio 
& Juszkiewicz 1987; Juszkiewicz, Vittorio & Wyse 1990; Lahav, Kaiser, & Hoffmann 

1990), as well as from the need to smooth over small distances (Strauss et al. 1991 ) . In 
order to avoid these difficulties, we consider only velocities of nearby galaxies relative 
to the Local Group, which are obtained by comparing their observed redshifts with 

independent distance estimators (Aaronson et al. 1982, 1986, 1989; Lynden-Bell et al. 
1988; Dressler & Faber 1990; Willick 1991; only data included in the compilation by 
Burstein 1989 are used in this investigation). These relative velocities can be compared 
more reliably with the accelerations relative to the Local Group, as measured by IRAS, 
since neither are sensitive to the dipole moment of the unobserved structures at  large 
distances, which is the latter's most important contribution. 

The disadvantage of the velocities of nearby galaxies is the large uncertainty in 
each one, which becomes progressively worse with distance. It is therefore necessary 
to average over many galaxies in order to determine a reliable velocity field. This 

smoothing is now performed using a powerful new technique, called POTENT, which 
takes advantage of the irrotational nature of the velocity field (Bertschinger & Dekel 

1989; Dekel, Bertschinger & Faber 1990; Bertschinger, Dekel, Faber, Dressler & Burstein 
1990). Monte Carlo simulations have been used by these authors to assess the errors in 
the deduced density field. They remain typically twice as large as the IRAS errors. Since 
the two errors are independent and add in quadrature, the POTENT errors dominate 
80-90% of the total error. 

In spite of these large errors, there is striking similarity between the IRAS and 
POTENT estimates of density. Fig. 1 shows a comparison of the two density fields in 
the Supergalactic plane relative to their respective means, smoothed with a Gaussian of 

1200 km s-1(n = 1 is assumed for POTENT). The black boundary marks a POTENT 
confidence limit, such that the error in each POTENT density is estimated to be u6 < 
0.2, and the distance of the fourth nearest galaxy is R4 < 1500 km s-1• It is impressive 
how similar the density structures in the two panels in Fig. 1 are, within the POTENT 

confidence limit, and this is a good first indication that the gravitational instability 
picture is basically correct. 

Fig. 2 shows the POTENT densities (again assuming n = 1) versus the IRAS 

densit!es. The comparison i s  made at the points of a cubic grid of spacing 500 km s-1, 
which are within the above POTENT reliability boundary. As can already be seen in 
Fig. 1, the two densities are clearly correlated, so the slope of the regression line can be 
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Figure 1 :  Comparison of the mapped density fields in the Supergalactic 
plane: POTENT for n = 1 (top) and IRAS (bottom). Contours are 
separated by intervals of 0.1 in h, with positive contours marked by solid 
lines and negative contours by dotted lines. The thick line marks a 
POTENT confidence limit (see text), within which the two data sets 
may be compared. (The IRAS data are trustworthy in most of the 
plane.)  
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Figure 2: Direct comparison of POTENT vs. IRAS at the points of a 
cubic grid of spacing 500 km s-1 inside the same POTENT confidence 
limit shown in Fig. 1. The slope of the regression line, which is used to 
determine !1, is affected by biases in POTENT. 

363 

used to estimate !1 (§3). However, the regression is also seriously affected by the uneven 
sampling of the velocity data, and it is essential to calibrate it (§4). 

3. Theory 

The dynamics of gravitational instability is most easily studied in the linear domain, 
in which the density perturbations are still small compared with the mean density of 
the universe. In this regime, the velocity field, v, and relative density perturbation, 8, 
are related by a Poisson-like equation 

V' .  v = -/ (!1) 8 (1) 
where /(!1) � n°·6 is the logarithmic derivative of 8 with respect to the scale factor of 
the universe. 2 

The mass density perturbation, 8, can not be measured directly, and must be esti­
mated from the density of observed tracers, such as the IRAS galaxies, 81. If the galaxy 
density is proportional to the mass density, at least when smoothed over sufficiently 

2 Our investigation is independent of the extragalactic distance scale. We set H0 = 1 

and express all distances in km s-1. 
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large scales, then the two o's are equal. In general, galaxy formation may depend on 
local conditions and the observed density of galaxies may be a biased estimator of the 
underlying mass density. The physics of such a possible bias is not known, and it has 
been customary to assume that the bias takes the relatively simple linear form 

(2) 

where the biasing parameter, b, is an unknown constant. In this case, the relation 
between the observed velocity and density fields becomes 

f (f!) V' . v = - -b-81 (3) 

It is seen at once from Eq. (3) that in the linear approximation a regression of V' · v 
on 81, as in Fig. 2, only yields an estimate of the combination f(f!)/b. In order to 
obtain separate estimates of f! and b, it is necessary to study perturbations which have 
become nonlinear. Fortunately, the density perturbations are of order unity, even when 
smoothed considerably as in Fig. 1 ,  so nonlinear deviations from Eq. (3) are measurable. 

It is not simple to compute the nonlinear growth of gravitational instabilities of 
arbitrary geometry, and the problem is further complicated by the multivalued nature 
of the solutions. N-body codes are not useful, because they solve only initial-value 
problems. The computation needed here involves mixed boundary conditions in which 
positions or velocities are given at the present epoch, and the other boundary conditions 
follow from the requirement that the universe is smooth in the limit of high redshift. 

Nevertheless, well-defined nonlinear procedures have now been developed. In the 
linear regime the displacement of a particle from its original position is well represented 
as a separable product of a particle-dependent coefficient and the universal density 
growth function. Zel'dovich (1970) argued that this representation continued to be a 
good approximation well into the nonlinear domain. 

An application of the Zel'dovich approximation, tested and calibrated using N-body 
simulations, has recently been proposed by Nusser et al. (1991). They suggested to 
replace Eq. (1)  by 

8 = I II - f (f!)-1 :11 - 1 (4) 

where I is the unit matrix, 8v /or is the Jacobian matrix of v with respect to the current 
position r, and the double vertical lines denote the determinant. Eq. ( 4) is easily used to 
predict the mass density from the velocity field, and Eq. (1)  is recovered in the limit in 
which the elements of the Jacobian matrix are much smaller than unity. But it is much 
more difficult to invert Eq. (4), so a velocity field can be computed from a density field. 
Instead, Nusser et al. proposed to solve a Poisson-like equation with a local correction 
to the density 

'V .  v = 
J (f!) o 

1 + 0.186 (5) 
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Here we use the method of Nusser et al. For each n, the POTENT densities are 
derived from the smoothed velocity field using Eq. (4), and velocities are predicted from 
the IRAS densities by solving Eq. (5). Actually, it is necessary to modify the linear 
biasing model in voids, at least to avoid negative mass densities if b < 1 .  To overcome 
this difficulty we replace Eq. (2) for 8 < 0 by 

(8 < 0) (6) 

which reduces to Eq. (2) in the limit {j ->  0, but has the correct behavior as {j ->  -1.  

4. Results 

In spite of the smoothing used by POTENT, uneven sky and depth coverage con­
tinue to be problems and result in significant sampling bias (cf., Dekel et al. 1990). 
Consequently, the slope measured by a regression, such as in Fig. 2, may not give the 
correct value of f(Q)/b. We demonstrate this statistical bias, not to be confused with 
the dynamical bias in galaxy formation, by providing POTENT with a known velocity 
field-the velocities predicted by IRAS-but only at the positions for which there exist 
real data, and asking it to reproduce the density field from which they were derived. 
The velocities inputted into POTENT are the exact ones, so we are only measuring 
errors due to the uneven sampling, and not those due to the considerable additional 
errors resulting from the imperfect distance estimators used for the real data in Fig. 2. 

Fig. 3 shows the large scatter between the input IRAS density and the one estimated 
by POTENT. More importantly, a regression of the POTENT density on that of IRAS 
gives a slope which is  significantly different from the input f(Q)/b = 1 .  In  other words, 
even without any velocity noise, a naive interpretation of this slope, which fails to take 
into account the sampling bias, results in a wrong answer. The situation is, of course, 
worse when the velocity noise is included. 

To overcome this bias, we seek a quantitative measure of the values of Q and b which 
would best reproduce the observed, albeit biased, regression of the POTENT density 
on that of IRAS seen in Fig. 2. To this end, we characterize such a regression by two 
numbers: its slope, here called >., and the rms vertical (POTENT) scatter, S. Then, 
for each value of n and b, we compare the observed values of >. and S with the expected 
distribution, just as in a standard maximum-likelihood fit. 

The only difference is that the complexity of the POTENT analysis does not allow an 
analytical computation of the distribution function used in the maximum-likelihood fit. 
Instead, we evaluate it using Monte Carlo simulations. For each trial value of n and b we 
generate 100 simulations of the IRAS density field, using bootstrapping to simulate the 
IRAS noise. From each IRAS density field we predict velocities at the position of each 
POTENT galaxy, using Eqs. (2), (5) and (6). These velocities are further perturbed 
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Figure 3: Scatter and bias in the density computed by POTENT due to 
uneven sky and depth coverage. POTENT is provided with the velocities 
predicted by IRAS, but only at the positions for which there exist real 
data, and is asked to reproduce the input IRAS densities. Even though 
no observational errors in the velocities are included, the slope in this 
figure deviates significantly from unity, showing the statistical bias in 
the determination of J(!!)/b. 

by the error resulting from the uncertainty in the observed distance estimators, and the 

perturbed velocities are then inputted into POTENT which smoothes the velocity field, 
and uses Eq. (4) to predict a POTENT density, 8. 

Finally, we perform a linear regression of J(!!)8 on 81 to obtain estimates of .X and S. 

The dependent variable in the regression is chosen to be the product f(!!)8, instead of 8 
itself, so as to minimize the dependence of the POTENT value on !!. Strictly speaking, 
a maximum-likelihood fit requires that the data not depend on the parameters at all, 
and in the linear limit J(!!)8 is indeed independent of !!. In the nonlinear regime we are 
unable to provide a completely parameter-independent POTENT density, so we choose 
this product as the quantity least dependent on !!. The resulting frequency distribution 
of .X and S is well fit by a bi-variate Gaussian in .X and log S, and this Gaussian is used 
in the maximum-likelihood estimate of the n - b parameter space. 

Fig. 4 shows such distributions for four pairs of values of !! and b. The Monte Carlo 
points are shown by crosses, the smooth bi-variate Gaussian fit to them by the contours, 

and the observed point by a filled circle. In the bottom two panels, the observed point 
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Figure 4: Likelihood in the .X - S plane for four different choices of 
n and b. The crosses correspond to 100 Monte Carlo noise simulations. 
The contours describe the resulting Likelihood function, determined by 
fitting a bi-variate Gaussian to the 100 points in .X - log S. The heavy 
contour is likelihood unity and the contours are spaced by a factor e. 
The solid circles mark the observed point from Fig. 2. 
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falls reasonably within the Monte Carlo simulation, while in the top two panels it is 
well outside them. 

Fig. 5 is a plot of the likelihood values of n and J(G)/b. The points show the trial 
values used in the Monte Carlo simulations. The equi-likelihood contours, obtained by 
interpolation, mark the 50%, 75%, and 90% confidence limits of these parameters. (The 
maximum likelihood point is marked by a cross, but its exact value is not so important 
in view of the large area of parameter space covered by the confidence limits.) It is 
seen that the confidence limits are more tightly spaced in the vertical direction, so the 
degenerate combination f(G)/b = 1.2 ± 0.4 is the better determined quantity. Along 
the horizontal direction, the right side of Fig. 5 corresponds to larger values of b. The 
nonlinear effects are therefore smaller there, since a given IRAS density EIJ corresponds 
to a smaller mass density 6, and it is more difficult to obtain separate estimates of n 
and b. On the left side of the figure, on the other hand, the nonlinear effects become 
more significant, and we are able to place an initial lower limit n ;(; 0.4 on the density 
parameter. (The contours at the very top left part of the figure should be ignored 
because our nonlinear approximation breaks down there.) 
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Figure 5: Limits on l1 and /(!1)/b, at the 50%, 75% and 90% confi­
dence levels, obtained from a nonlinear comparison of the IRAS density 
structure and large-scale motions. The dashed line is the relation be­
tween the two parameters for b = 1. Low values of l1 are excluded by 
this fit. The contours at the top left part of the figure should be ignored, 
because our nonlinear scheme breaks down there. 

5. Discussion 

The independently derived IRAS and POTENT density fields show remarkable 
similarity. We are thus encouraged to correlate them in detail in order to determine 
n. From linear theory it is possible to determine the combination /(!1)/b = 1.2 ± 0.4, 
and this is the more secure parameter. A nonlinear analysis, however, has provided an 
initial separate bound l1 � 0.4 on the cosmological density parameter. 

The main limitation of the current data is the accuracy of the observed peculiar 
velocities. Great improvement in the velocity data is expected over the next few years, 
however, both from a significant increase in the number of galaxies observed, and from 
better distance indicators (e.g., Tonry, Ajhar & Luppino 1989). These will, of course, 
have to be matched by better density measurements, both by obtaining redshifts for 
the remaining IRAS galaxies, and from other all-sky galaxy surveys, such as the 2µm 
surveys now proposed in the U. S. and in Europe. 

The new velocity data should be able to test the basic underlying hypothesis of 
the gravitational origin of the large-scale velocities. A devil's advocate might argue 
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that Eq. (1)  can be mimicked by the continuity equation, V · v = -6, as long as 8 
varies on a timescale comparable to the age of the universe, even if due to causes other 
than gravity. There is no complete answer to this criticism, but it may be expected 
that such other sources of peculiar velocity will, in general, vary from one location to 
another, so the constant of proportionality "/(!!)" in the fake Eq. (1)  will be different 
for different perturbations, while the gravitational /(!!) is universal. In order to test for 
this universality, it is necess'l.ry to measure densities and velocities separately around 
several perturbations. We are not at that stage yet, as can be seen in Fig. 1, which 
shows that most of the comparison between the density and velocity fields is currently 
carried out around the single large-scale density enhancement known as the "Great 
Attractor" on the left sides of the maps. Velocity data are beginning to come in around 
the Perseus-Pisces region on the other side of the sky, however, and it should soon be 
possible to extend the POTENT confidence limit and begin to answer this objection. 

More accurate nonlinear dynamics is also needed in order to secure the separate 
estimates of f! and b. In this respect mention should be made of the generalizations 
to the Zel'dovich (1970) approximation recently proposed by Giavalisco et al. (1991) 
and Yahil (1991b), based on a variation of the action, as initially suggested by Peebles 
(1989, 1990). The new variational techniques promise to be the ultimate nonlinear 
computations, because they can be carried out to arbitrary accuracy in the nonlinear 
regime. 

I thank my collaborators, E. Bertschinger, M. Davis, A. Dekel, J. Huchra, and M. 
Strauss, for many useful discussions. This research was supported in part by NASA 
grant NAG 51228. 
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1- Introduction 

The region of the electromagnetic spectrum which includes X and 
Gamma rays is exceedingly wide, over seven decades in photon energy 
from about a tenth of a KeV to tens of GeV. The lower limit is 
arbitrarly set by the interface with the EUV /XUV range, and the upper 
simply by the decrease in the number of photons meaningfully 
measurable in  space platforms. This is  roughly comparable to the 
energy gap between the optical region and the radio millimetric. As is 
well known, inside such a vast range photons have a different 
interaction physics, not only with the large scale matter and fields but 
also within the detectors,  thus requiring basically differen t  
astronomical techniques. In this sense, surely the most important 
energy boundary is that between photons which can realistically be 
focu ssed and those which cannot and never will .  Where the 
wavelenghts become smaller than the surface irregularities or, in the 
limiting case, smaller than the interatomic distances in solids,  each 
photon must be detected singularly in the presence of its full 
background, without the possibility of increasing the signal against the 
noise, as with focussing. 
Operationally, for the purposes of the present work, we shall call X­
rays "anything which can be focussed", i.e. photons with hu :s; 10 K e V .  
The rest can b e  treated a s  "gamma-rays" ,  albeit with different intrinsic 
detection techniques. 
On the subject of the diffuse sky emission at X-ray wavelengths, one 
can refer to the nice paper by De Zotti for a description of the 
observational and theoretical current wisdom(s), as well as for some 
future prospects. On the other hand, the work now in progress on this 
topic is mostly coming from the ongoing ROSAT mission, and what is so 
far available is very well presented somewhere else in this volume. 
As for the "near future" X-ray astronomy missions, i .e .  those the 
launch date of which will not approach the end of millennium, it is not 
obvious to see which one potentially has the combination of 
throughput, angular resolution and low-background to seriously 
compete with ROSAT, if  this mission performs as planned. The list 
includes the Japanese ASTRO D, surely the first, to be launched in mid 
'93, then, nominally, the Italian-Dutch SAX (December '93 , but very 
likely to slip further), the Soviet Spectrum X-y ( nominal ly  3 1  
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December, 1 994), and, sometime later, NASA'S XTE, of the "new" 
Explorer series. These are all missions dedicated to the strong sources, 
in some cases with emphasis on the spectral properties or on studing 
the time variability of the brighter ones. The important exception may 
be JetX, a collaboration European, English-led instrument on board 
Spectrum-X. Featuring a good-throughput optics with CCD focal plane 
detectors can probably go a significant step further in the studies of 
the intrinsic structure, and thus nature, of the CDXB. 
Further downstream, approaching the end of the millennium, NASA'S 
Advanced X-ray Astrophysics Facilities (AXAF) will be the third (after 
the Hubble Space Telescope and the Gamma-Ray Observatory, both 
currently in orbit) of the Great Observatories series. 
The capabilities of that mission towards the resolution (if any) of the 
CDXB problem will be considerable. 
In what follows, after an impromptu selenic aside, owing to obvious 
personal biases a brief description will be given of Europe's best 
chances for advanced X-ray observations of the CDXB : the EPIC 
i nstrument aboard XMM, ESA's  science programme second 
"cornerstone" . Moving then to ground so far not covered in this 
volume, we shall give more room to y - rays, if anything for three main 

reasons :  the existing wisdom on CDGB (from hundreds of keV to 
hundreds of Me V) is based on old data which need a hard, reassessing 
look; GRO has just gone in orbit and may give important answers, 
especially at the high-energy end; one of the few missions currently 
pipelined in ESA also has excellent potentials, at least at the low 
energy end. 

2- Selenic Aside 

Beauty being hard to resist, we can but refer the reader to the cover of 
Nature, 6310, 14 Feb.1991 ,  for a splendid ROSAT image of the Moon in 
X-rays. As in the idea behind the original 1 962 rocket flight which 
started X-ray astronomy, the moon is seen to shine bright at � 1 keV in 
its sunlit crescent. The terminator, as expected, is well defined, but not 
knife-edge sharp: could one speculate about the tips of the moon 
mountains, as in the 1 6 1 0  optical observations "permultae apparent 
lucidae cuspides intra tenebrosam Lunam partem"( Galilei, 1 6 1 0). 
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The dark part of the lunar disc is in itself not totally dark, but, above 
the (very low) instrument background, it appears to possess a faint 
emission which can probably be linked to the cosmic ray/lunar surface 
interactions. What matters most here, however, is that the lunar disc is 
clearly seen as an absorber of the CXDB, so that one is indeed sure, for 
example, that it originates beyond the moon. . . .  The ROSAT picture, of 
course, has also a significant scientific value: among else, a clear 
measurement of the low level of the lunar surface emission renders 
meaningful the calculation performed recently by Mereghetti et al 
( 1 990) on the possibility of astronomical measurements by lunar 
occultation. 
Already used in the past for bright sources, lunar occultation is 
essentially a timing technique, which can work for weak sources as 
well, given a high enough instrumental throughput. In the presence of 
reasonable background, for example, it can be shown that sources of -
1 count/sec can be positioned at the arcsecond level, provided, of 
course, that they be conveniently located in the sky. For a good 
throughput, yielding e.g. - 50 µCrab per count, there are - 5,000 one 
count sources in the sky, which is swept by the moon at a rate of - 550 
deg2 /year. Thus, in - 5 years, 250 sources could be positioned at the 
arcsec level, and basically for free:  20 minutes of observation per 
source is all that is needed (and possible). 
However, what really deserves more attention, and, possibly, detailed 
calculations, is the chance of using the lunar occultation technique for 
refinements of the CDXB measurements.  What kind of angular 
structure, if any, could be investigated? Would it improve the existing 
data on the absolute flux level? These are the kinds of questions, and 
no doubt many others, one may want to spend sometime on in 
optimizing the big X-ray astronomy missions of the future. 

3- X-Ray Astronomy in Europe; an EPIC future 

As is well known by now, EPIC stands for European Photon Imaging 
Camera, an instrument approved for XMM, the second cornerstone of 
ESA's science program, dedicated to X-ray astronomy. The mission, 
described in Peacock and Ellwood ( 1 988),  is still going through a 
definition phase for what concerns especially the delicate problem of 
the X-ray optics, the difficulty basically being that of combining 
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throughput with lightness. In any case, three separate mirror modules 
are present, for each of which one focal plane instrument is foreseen. 
EPIC represents the sum of such three focal instruments, for a total 
effective surface of about 3000 cm2, the detectors being mosaic of CCD 
chips. The development of the X-ray CCD chips, currently in progress, 
is aimed at maximising the mission science return: this mean both an 
extended energy range response and good energy resolution 
throughout such range. With the work currently in progress in 
England (University of Leicester/EEV), France (CEN Saclay/Thomson) 
and Germany (MPI Garching- Munich/MBB )  there are good hopes of 
achieving high sensitivity in the interval 0.1 to - 1 0  ke V (also the 
optics limit) with a spectral resolving power from about 10 to about 50 
over the same range. The high sensitivity of EPIC will allow detection 
of sources at - 1 0- 1 5  erg/cm2 sec (0.5-5 ke V interval, for comparison 
with Einstein) in a < 1 05 sec (deep) exposure. This will allow, of course, 
a direct measure of the faint end of the Log N-Log S for the 
extragalactic sources, deemed to be important contributors to the CDXB 
and now seen by ROSAT to flatten very significantly below a flux of - 5 
1 0- 1 4. One can go through the standard sensitivity/source confusion 
calculation : if there are e.g. 10 to 20 sources/square deg at the Einstein 
limit , if the Log N-Log S extrapolates reasonably, and the beam size of 
XMM+EPIC will be e.g. 30"x30", then the canonical confusion limit of 
-40 "beams"/source will be just reached by EPIC in the deep exposures 
mentioned above or for appropriately longer exposures for a flatter 
Log N Log S. In this case, something like 1 00 faint sources will be 
detected over the full experiment field of view, and about half of the 
CDXB will be directly imaged. However, the above conclusions not only 
are reached on the basis of assumptions on the Log N-Log S slope etc., 
but also do not take into consideration possible spectral differences 
between the various detectable source classes as well as with the 
CDXB. This is now also suggested by ROSAT, showing a steepening of 
the CDXB below 3 keV. However, the evidence suggesting this is 
limited by source statistics, energy resolution and energy bandpass. 
Addressing specifically the optimization of such parameters, EPIC 
should be the ideal tool for finally solving with observational data the 
CXDB. Finally it may be of general interest to publicize some of the 
characteristics of EPIC as an observatory. The data will be gathered in 
a central l ocation (the Observatory) for analysis by the Guest 
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Observers, supported by the P.I. team. Clearly, for the CDXB problem, 
it would be impractical to have many different GO's:  probably a crucial 
role will be played by the Survey Scientist Team. It is a team, yet to 
be selected by ESA, wich will have the duties of ensuring the 
completion of large scale science projects, in full interaction with the 
community at large. It seams important that such team plan ahead to 
devote a solid effort to the CDXB problem, and that ESA follow closely 
this aspect in selecting and setting up the Survey Scientist group. 

4- High-Energy y-Rays; the Need for New Data 

At the start of the GRO mission, it may be of interest to review, 
somewhat critically, the conventional wisdom on the CDGB for cosmic 
diffuse y-ray background, firstly in the energy range >100 MeV. 

Apart from the historic (-1 968) OSO III data, numbering a grand total 
of 63 1 photons, of which a small fraction was attributed to an 
extragalactic component, the burden of the proof rests with the 
equally historic SAS-2 mission ( 1 972-73). It was the first satellite to 
use a digitized wire spark chamber, as yet the instrument of choise for 
high energy y-ray astronomy, to wit EGRET now working on GRO. With 
an effective area of a few tens of cm2 over the range 30-300 MeV, it 
managed to collect a total of -8,000 photons during its 8 month 
mission, prematurely terminated (see Fichte! et al . 1 975 ,  for a 
completed description). In hindsight, one can say that it was an 
excellent mission, typical of the pioneering spirit of the early '70s, 
perhaps not by chance coming right after Uhuru. With a very well 
designed payload, and a low background orbit, it did achieve results 
which were not to be possible for its much lukier European follower, 
COS-B. 
Most importantly, the low background allowed the galactic emission to 
be smoothly followed from the bright equator to the high latitudes, 
where few hundred photons were collected over about 50% of the sky. 
As expected, such emission followed the cosec b l aw,  which 
characterizes the emission from the disk as seen from the equator. 
The possibility of detecting an "extra-disk" component was then tied to 
the analysis of such cosec b curves, which have to be averaged over 
different longitudes. 
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Such work, carefully performed by Fichte! et al. ( 1 978) indeed yielded 
a small flux component above that of the disk. This was basically 
assimilated to an isotropic, extragalactic flux, measured above 35 Me V 
and up to 1 00 MeV or so. Hopefully, GRO's EGRET will show that such 
conclusion, from the scanty SAS-2 data, was correct. However, a 
number of facts should be taken into account before rushing to 
conclusions :  
- even a t  high latitude, a significant galactic disk diffuse component is 

present from the 2 1 020 or more H atom along the line of sight. This 
fact was considered by the SAS-2 team, who noted, however, that 
the disk spectral shape is very different and that a window for 
extragalactic observations is open above 35 MeV, but closes for good 
around 1 20 MeV. Considering the very limited energy measurement 
capabilities of SAS-2, based exclusively on the observations on 
multiple electron scattering in the spark chamber, this fact 
certainly requires great caution. 

- at high latitudes, like everywhere else, the local, instrumental 
background is present and obviously appears as diffuse. This effect 
was very macroscopic in the case of COS-B, actually drawing a line 
at b-45° for the latitude value up to which one could follow the 
cosec low. As is known, COS-B was in a high background orbit and 
was, in general, less carefully designed than SAS-2 from the point of 
view of backgroud rejection. However, the amount of diffuse flux 
seen by SAS-2 is so minute (compared to the galactic flux) that one 
can only be worried of the accuracy with which the SAS-2 
backgroud correction needs to be applied 

- the isotropic nature of a diffuse flux is certainly a suggestion of its 
extragalactic nature. However, diffuse halo emission can also, to 
some extent, mimic an isotropic distribution. Significant diffuse 
emission from a galactic halo h as been recently reproposed by 
Dogie! and Ginzburg ( 1 989), both with a spectrum and an isotropy 
level similar to the rather coarse SAS-2 measurements. The 
problem is then shifted to the content and to the dimensions of the 
halo, which the SAS-2 data, taken at face value, would require as 
unrealistically large. 

In summary, while it is appropriate to commend here once again the 
painstaking accuracy of the SAS-2 data analysis, as well as the care 
and skill in the design of the instrument, one cannot exclude that one 
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or more of the effects mentioned above could have combined with the 
limited statistics to mask, at least in part, an extragalactic flux of 
cosmologic significance. What is rock solid, however, is that any truly 
CDGB cannot exceed the SAS-2 data points, and this, in itself, is a major 
resul t .  
As  for the rest of  the y-ray range, the existing diffuse results suffer 
from similar, if more severe, drawbacks. In the MeV range (actually 
from 1 00 keV to 10 MeV), the lack of an imaging detector so far as 
been very detrimental, both towards background rejection and 
isotropy measurements.  B ackground is particularly critical in this 
range where all the nuclear lines are to be found. 
Altogether, before any profound cosmological significance is attached 
to the existing 1 00 keV- 1 00 MeV data (a range as wide as that 
separating the optical from x-rays) it would be perhaps prudent to 
wait for GRO and in particular for its first year survey results. It is also 
appropriate to remember that the presence of the galactic disk 
component probably renders impossible any extragalactic diffuse 
maesurements above 1 00- 1 50 MeV. 

5- High-Energy : the Chances of GRO 

Is is certainly ackward to speak about the capabilities of a mission just 
off the launching pad: one can at least make sure that the audience is 
aware of the global GRO mission characteristics and then possibly try 
some predictions relative to the extragalactic work, mostly on the high 
energy side. 
The Gamma Ray Observatory was finally launched on April 5 , 1 991  
after many years of  delay due to  difficulties both in NASA's science 
program and in the S huttle Transportation System, including the 
Challanger tragedy. Thus the payload suffers from a somewhat 
outdated conception, as unavoidable for all great missions. Very few 
years before launch NASA management decided, quite correctly, that 
this was a mission of observatory caliber, not just a collection of P.1.­

driven instrumentation: with its 1 7  ton, bay-filling mass,  GRO is the 
heaviest civilian satellite ever flown. 
Table 1 shows the main capabilities of the GRO experiments, all now 
performing nominally, after the successful injection in the Shuttle type 
orbit . 
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As far as the problem of the CDGB is concerned , it is not easy to 
predict the possible impact of the GRO instruments as a whole, 
spanning, as they do, about 6 decades in y-ray energies and using 
widely different techniques and physical principles. A priori, one 
would expect the best results to come from the two imaging 
instruments, EGRET and COMPTEL. Quantitative predictions on the 
capabilities of the two instruments, covering the range above I MeV, 
have been made, for example, by Bignami and Mereghetti ( 1 989) on 
the basis of an extragalactic source Log N- Log S relation at X-ray 
energies, and of a statistical tranfer function from X-rays to y-ra y s .  
Briefly, this means that i f  EGRET and COMPTEL behave a s  planned, 
including the instrumental background, and, at the same time, the 
sources (mostly AGNs) also behave, GRO could yield a significant y-ray 

Log N-Log S for extragalactic sources. This means at least a few tens of 
objects, so as to be able to extract some global meaning from the 
measurement s .  
Potentially more interesting i s  the chance for a direct measure o f  the 
CDGB fluctuations, at least theoretically possible with EGRET. If the 
instrument has indeed the advertized 1 500 cm2 at 20 MeV (where the 
CDGB flux should be 1 .5 I Q-4 photon/cm2 sec sr), for an observation (or 
the sum of different observations) of I Q6 secs, about 2,000 bona fide 
CDGB photons should be collected in I Q-2 sr (6°x6°) of the sky. 
Following the definition of detectable fluctuation, figure 7 of Bignami 
and Mereghetti ( 1 989) gives the maximum detectable 5 cr fluctuations 

vs the recorded instrumental background. In the above example, for a 
S/N=l (number of background photons = 2,000) fluctuations should be 
measurable at the 1 0 - 1 5 %  level. A difficult but very important 
potential GRO result. 

6- A Difficult Energy Range; the Chances of INTEGRAL 

The y-ray energy range below I Me V is well known to be an especially 
difficult one for doing astronomy. It is the range in which no imaging 
instrument is available on GRO, and yet imaging is obviously needed 
for any CDGB reliable measurement. It is also the range where 
background produced by local nuclear processes is maximum, and 
masks any potentially important signature of nuclear processes of 
astrophysical origin. The available data on the CDGB around I MeV are 
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quite old (more than 20 years), and are, in all cases, severely limited 
by the local background in spite of the care with which the original 
measurements (to wit the Apollo program data) were taken. 
Unfortunately the currently active French SIGMA telescope (Paul et al. 
1 990) on board the Soviet Granat mission, albeit possessing imaging, is 
not well suited for CDGB measurements. While providing excellent new 
results on galactic sources, the sensitivity of SIGMA appears limited 
for extragalactic work. There are two fundamental lessons to be 
learned from SIGMA for the design of a new generation experiment : 
- the oarticle-induced background must always be much less than 

the sky photon background. This imposes strong requirements on 
the design of the experiment, the type of orbit etc., etc. 

- 1the point source sensitivity must be significantly better than l 0- 6  
photons /cm2 sec keV at 1 MeV or roughly 1 mcrab. Only with such 
a sensitivity can one hope to approach the sort of quantitative Log 
N-Log S work now possibly just within reach of EGRET above 100 
MeV. 

One of the candidate new "medium sized" missions of ESA does just all 
of the above. It is  called INTEGRAL (for INTErnational Gamma Ray 
Astrophysics Laboratory) and has recently been awarded a Phase A 
study by the Agency. It is a mission which couples fine imaging, with 
arcminute sorce location accuracy, to fine spectroscopy with a 
resolving power between several hundreds and 1 ,000. It is currently 
being studied in collaboration with NASA, for a prospective launch in 
the year 2,000. 
The mission is well described in the Assessment Study Report 
(Courvoisier et al 1 99 1 ), where it can be seen that great care has been 
placed in background suppression and maximum source sensitivity. A 
careful, MonteCarlo-backed, analysis shows that by far the main cause 
of "background" will be precisely the CDGB entering through the 
telescope aperture. This will be the limiting factor to the point source 
sensitivity, predicted to be about 1 00 times better than that of SIGMA. 
This should yield an extragalactic source number in the hundreds, if, 
indeed, AGN as a population continue to exist at 1 MeV. The low 
energy sky could thus be well matched to the higher energy GRO one, 
giving a good spectral leverage arm for a comparison between sources 
and actual CDGB spectra, which INTEGRAL could also take directly. 
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Table 1 :  SUMMARY OF GRO DETECTOR CHARACTERISTICS 

OSSE COMPTEL 

ENERGY RANGE 
(MeV) 0.10 10 10.0 1.0to 30.0 

ENERGY RESOLUTION 12.5% ot 02 lleV 8.8% ot 127 lleV 

(FWHM) 8.8 • 1.0 . 6.5 • 2.75 
4.0 • 5.0 . 8.3 • 4.43 . 

EFFECTIVE AREA 2013 ot G.2 lleV 25.8 ot 127 lleV 

(cm2 ) 1480 • 1.0 . 29.3 • 2.75 . 
569 • 5.0 . 29A " 4.43 . 

10 arc min square B.5 - mln 
POSITION LOCALIZATION error box (90% confidence 

(STRONG SOURCE) (special mode; ot 2.75 lleV • 20a 
0.1 x Ctob spectrum) oource) 

FIELD OF VIEW 3.8" x 11A0 - 84· 

MAXIMUM EFFECTIVE 
GEOMETRIC FACTOR 13 30 

(cm2 sr ) 

ESTIMATED SOURCE 
LINE (2·5) • 10 -s cm "2o "1 3 x 1o"5 to 3 x 10 _. 

SENSITIVITY 
cnr2 9-1 

(108 sec; off CONTINUUM 2 X 10·7 cm·2 s·1 keV -1 5 x 10·5 cm·2s •1 Galactic plane) (@ 1 lleV) 

EGRET 

20 to 3 x 104 

- 20%  
100 to 2000 lleV 

1200 ot 100 lleV 
1600 • 500 . 
1400 • 3000 . 

5 to 10 •c mln 
(1 a rlldluo; 0.2 x Crab opectrum) 

... o.& ar 

1050 
( - 500 11eV) 

5 x 10 .. cm ·Z. ·1 (> 100 MeV) 

1.5 x 10-Bcm·2 s·1 
(> 1000 MeV) 

BAT!':E 

LARGE AREA 

0.03 to 1.9 

32% ot 0.08 lleV 
27 . 0.09 . 
20 . 0.68 . 

1000 M. ot 0.03 lleV 
1800 . 0.1 . 
550 . 0.68 . 

1· (otrong burot) 

4 x sr 

15000 

6 x 1041 erg cm·2 
(10 sec - burst) 

SPECTROSCOPY 

0.015 · 110 

8.2% at 0.09 lleV 
72 . 0.68 . 
5.8 . 1.17 . 

100 ea. ot  0.3 lleV 
127 . 02 . 
5l! . 3 . 

--

4 11: sr 

SOOD 

0.4% equlvelent width 
(5 oec lnlegretlon) 

w CXl 
""" 



FUTURE OBSERVATIONS OF THE FAR ULTRAVIOLET BACKGROUND 
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Abstract 

Past experiments have revealed the existence of a component of extragalactic origin in the 
far ultraviolet background. This component is difficult to disentangle from contributions 
of galactic origin. It conveys information on the evolution of galaxies at small look-back 
time and perhaps more if contributions other than the integrated light of galaxies are 
identified. Future approaches with dedicated and low angular resolution instruments are 
reviewed. The possibility of direct galaxy counts with high angular resolution instruments 
is discussed. 
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1 .  Introduction 

In the 80s, a number of experiments have shown the complexity and the 
richness of the far ultraviolet (900-2000 A) background radiation1l . They re­
vealed a significant contribution arising from processes in the Galaxy and a 
residual likely to be of extragalactic origin. The most recent interpretation2l 
favour the view that the extragalactic component should be as low as 50 
photons cm-2s- 1A- 1ster -1 (hereafter CU) in the wavelength range 1400-
1700 A. It would be entirely explained by the contribution of galaxies as in­
dicated by a study of the small scale fluctuations of the background3l. The 
difference between this value and the 250 CU found by extrapolation of the to­
tal signal to zero neutral galactic hydrogen column should then be accounted 
for by two-photon emission from galactic ionized gas and light scattered by 
dust without HI gas. 

In addition to providing the opportunity of a thorough study of the in­
terstellar processes which are responsible for the emission of galactic origin, 
a further investigation of the far ultraviolet background is clearly needed to 
better understand the nature of the extragalactic component. Implications 
concern the evolution of galaxies at small look-back time and the possible 
existence of exotic sources4l, since there are solid reasons to think that the 
contribution from quasars and intergalactic medium is marginal5l. 

Up to now, most of the measurements of the diffuse far ultraviolet back­
ground radiation have been obtained by dedicated instrumentation with low 
angular resolution; all ultraviolet sources in the field of view of photometers 
or not resolved by imaging detectors contribute to the background. I will first 
discuss further possible approaches with this category of instruments. On the 
other hand, space telescopes are now becoming available which have good an­
gular resolution and are able to detect faint point sources. In addition to broad 
scientific objectives they offer the possibilities of ultraviolet source counts with 
subsequent evaluation of the background due to discrete sources. I will discuss 
this second approach which is something new for the ultraviolet spectral range. 

2. General features of dedicated instrumentation 

Because of the low surface brightness of the diffuse background in the 
ultraviolet, it is necessary to collect as many photons as possible. As the 
collecting area and the solid angle cannot be increased independently, this is 
obtained by keeping the £-number of the optical system as small as possible. 
Values as small as � 1 have been reached in the instruments FUVIS and 
FA UST which will be described later on. The grasp of photon requires also 
to minimize the number of optical surfaces and to use a detector with the 
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best quantum efficiency. With the f-number (and not the focal length or the 
aperture size) as the driver of the optical design, this category of instrument 
can be kept reasonably small with moderate requirements in terms of pointing 
and guidance. These characteristics explain the development of this category 
of experiments in the early ages of space astronomy6' 7) . A practical limit to the 
desire of a small instrument is set by the need to have a field of view sufficiently 
small to avoid bright stars. 

The requirement to avoid bright stars is not too difficult to satisfy in 
the far ultraviolet since the stellar radiation field arises from a small number 
of very luminous, galactic plane concentrated, early-type stars. This may be 
quantified by using the results of the TD-1 all sky survey8l or models of star 
counts which have been transported into the ultraviolet by Brosch9l . Anyway, 
because of the accuracy presently needed ( of the order of 10 CU to place 
interesting constraints on galaxy evolution) the possibility to eventually resolve 
a few residual stars is a significant advantage offered by imaging and long-slit 
spectroscopy over simple photometry. 

The far ultraviolet wavelength range is a remarkable window for studying 
diffuse background radiation because of the relative absence of contamination 
due to airglow and zodiacal light. A notable exception is the presence of the 
bright Lyman a 1216 A geocoronal emission which can be efficiently rejected 
(calcium fluoride window) for observations at longer wavelengths but makes the 
observations at shorter wavelengths a real pain. As mentioned above, a signif­
icant galactic contribution has however to be subtracted before reaching the 
extragalactic component. This situation calls for observing many directions in 
order to retrieve the extragalactic background offset from the variation pattern 
of the total signal by means of extrapolation or modelling. This is not a triv­
ial task since the extragalactic background may not appear perfectly isotropic 
because of extinction in the Galaxy and a fraction of the galactic background 
may look nearly isotropic. Additional information such as characteristic spec­
tral signatures or characteristic power spectrum of fluctuations are therefore 
of prime importance. 

3. An imaging experiment :FAUST 

The FA UST instrument has been described in its most recent version by 
Lampton, Deharveng and Bowyer10l and is shown in Figure 1. It is part of the 
A TLAS-1 Shuttle mission, presently scheduled for flight in 1992. It gives an an­
gular resolution of � 2 arcmin over a field of view of 8° (diameter) . The photon 
grasp is optimized by the following features: a f-number as low as 1 . 12 (there 
is however a 25 percent central obscuration) with only two mirrors as permit-
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ted by the unconventional Wynne configuration, an electronic pulse counting 
image detector11 •12l consisting of a sealed tube with a cesium iodide photo­
cathode deposited upon a microchannel plate and a wedge-and-strip charge 
collecting anode. The photon grasp is however lower than potentially possible 
because a filter was deposited onto the entrance calcium fluoride window for 
rejecting the geophysical OI 1356A emision line which is feared to be present 
under some cicumstances at Shuttle altitude flight. The net result is that a 
surface brightness of � 300 CU should be detectable in 20 minutes at a signal 
to noise ratio of 7 and at a 2 arcmin scale ( or much fainter at larger angular 
scale) . 

Figure 1 :  Optical layout of the FA UST camera 
(overall height is 120 cm; overall diameter is 60 cm) 

In addition to obvious capabilities for mapping the structure of the galactic 
background component at medium and large scale, this instrument is expected 
to measure the extragalactic background by two methods. The first is the dark 
cloud method of Mattila 13) consisting in a differential measurement of the back­
ground in the direction of a high latitude dark cloud and its surrounding area. 
The second is the analysis of the small scale fluctuations in search of the signa­
ture of an integrated contribution from normal galaxies. A first measurement 
was performed by Martin and Bowyer3l; a higher signal to noise ratio is now 
expected from much longer exposures and in-flight flat field determinations. 
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4. Spectroscopic projects 

A spectroscopic instrument has obvious advantages both to improve the 
separation of various components and to provide spectral information on the 
extragalactic residual itself. It is also motivated by physical study of hot gas 
emission and molecular hydrogen fluorescence which contribute to the galactic 
component of the background. The interest of spectroscopic investigation is 
exemplified by the results obtained with the UVX experiment flown on the 
Space Shuttle2•14•15l . In the following we will describe briefly three projects 
which aim at obtaining better spectral resolution than the UVX experiment 
(spectral resolution of 15 A) . 

4.1 FUVIS (Far Ultraviolet Imaging Spectrograph) 

This project, planned for flight on the Space Shuttle as part of the Spartan-
281 mission, was described by Carruthers et al. 16). One mode provides 5 
A resolution with a slit of 1.5' by 2.7°. In the present version, the detector is 
a microchannel-intensified electrographic camera and does not provide remote 
electronic readout capability. 

4.2 HUBE (Hopkins Ultraviolet B ackground Experiment) 

This project was described in detail by Kimble,Henry and Paresce17l. A 
spectral resolution of 5 A from 1230 to 1800 A is obtained by a spectrograph 
of the same type as the Berkeley UVX spectrograph (a Rowland spectrograph 
fed by an off-axis parabolic primary) .  With an f-number of 2 and an aperture 
of 20 cm, the entrance slit defines a solid angle of 2 .1 '  by 2.5°. 

Holographic 
toroidal 

diffraction 
grating 

>---------- 90.5cm --------�I 

Baffles Ccntrill mounting pl;i1c 

Figure 2: Optical layout of the HUDE spectrograph 
(from Kimble, Henry and Paresce17l ) 

Off axis 
Parabolic 
primary 
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An interesting feature of this project is to complement the spectrograph 
with an imaging capability, providing an angular resolution of � 2' over a 
field of view of 2° .5 and a broad bandpass from 1350 to 2000 A. Both the 
spectrograph and camera employ the same type of detectors, identical to that 
used in the FA UST instrument. This project has been proposed as a Scout­
class free-flyer in the Small Explorer program and as an attached payload on 
the Space Station. 

4.3 CUBE ( Cosmic Ultraviolet Background Experiment) 

This is a joint project from Space Sciences Laboratory, Berkeley and Lab­
oratoire Astronomie Spatiale, Marseille. Since it has not yet been described, 
we provide more details than for the previous instruments. This project has 
the two basic options of a high spectral resolution (1-2 A) and an exploration 
down to 900 A. 

The rationale for the high spectral resolution is twofold: (i) Simulations18l 
have shown that a complex spectrum with a large number of emission features is 
expected from hot gas emission, molecular hydrogen fluorescence and possible 
residual airglow. Following the detection of the brightest of these features 14•15)

, 
a correct separation of the components and an understanding of the relevant 
physical conditions require an improvement of the spectral resolution. (ii) The 
detection of an emission line over the continuum due to dust scattered light is 
not optimal when the spectral resolution is larger than the line width; with a 
resolution of 1-2 A, we approach the optimal conditions for the relevant galactic 
processes. 

The rationale for pushing the investigation down to 900 A is first to access 
important emission line such as OVI 1032,1037A which is known to trace high 
temperature regime. The interest, as far as the extragalactic component is 
concerned, is obvious: if consisting of the integrated light of relatively nearby 
galaxies, the extragalactic component should decrease when approaching the 
Lyman break at 912 A; the opposite would be expected from an exotic contri­
bution such as discussed by Sciama 4) .  

With the implementation of these two options we run immediately into a 
series of difficulties. The photon grasp is decreased for two reasons: the solid 
angle is first decreased because it is necessary to reduce the entrance slit size in 
order to accomodate more spectral elements in the same detector size (assuming 
the same total wavelength range). This situation which is typical of nebular 
spectroscopy should not be mistaken for the reduction in energy per spectral 
element affecting continuum sources in proportion of the gain in resolution. 
Second, the f-number has to be increased in order to keep the geometrical 
aberrations much smaller than the entrance slit image. In the wavelength range 
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shortward of 1150 A, this decrease of photon grasp which is of geometrical origin 
is further aggravated by the lower reflectivity of mirror or grating coatings. 
Another serious difficulty arises from the intense geocoronal Lyman a emission 
line (a few kiloRayleighs) which is scattered by the diffraction grating. As 
mentioned above, it can be rejected effectively only in the case of observations 
longward of Lyman a .  

Trade-off design studies show that the extent of the spectral domain is a 
critical parameter; Lyman a appears also as a breaking point in the spectrum 
for technical reasons as well as for the scattered light problem. Attempts to 
use an echelle spectrometer18l have been shown unable to adequately solve 
this latter problem. A split into two parallel but distinct channels, one for 
the domain 1300-1900 A, one for the domain 900-1200 A emerges as the only 
reasonable approach. 

For the channel (1300-1900 A) the current Rowland spectrograph design 
can provide a resolution of 1.5 A with the f-number only increased to f/4 and 
a special holographic grating. Off the plane of symetry in a direction perpen­
dicular to the dispersion, the aberrations increase severely and limit the useful 
height of the slit. This leaves room for two wider slits at the edge of the main 
slit, providing a low resolution spectroscopy mode. At the entrance slit level, a 
calcium fluoride window rejects Lyman a and shorter wavelengths. The spec­
tral range allows to use a sealed detector identical (but with 70 mm diameter) 
to that installed on the FA UST instrument. The high resolution entrance slit 
defines a solid angle of 1.3' by 50', which is 20 times less than the Berkeley 
UVX spectrograph and 5 times less than the HUBE spectrograph. Neverthe­
less, an emission line of 500 photons cm-2s-1ster- 1  should be detected over 
a continuum of 200 CU in 1 hour at a signal to noise ratio of 4. 

The Lyman a scattered light is the crucial problem for the second channel. 
There are no known transmission filters over the 900-1200 A bandpass capable 
of rejecting the Lyman a line. The possibility of coatings for selectively reduc­
ing the reflectivity at Lyman a has been explored by Edelstein 19). However, 
as a Lyman a rejection of � 106 is required, only double dispersion spectrom­
eter can provide viable solution. Edelstein and Bowyer20l have investigated 
various configurations in the context of a rocket experiment. Their selected 
design consists of a Wadsworth grating fed by a grid collimator and followed 
by a Rowland spectrograph. It employs a detector of the same type as above 
but in a windowless version. Such a design which provides a 2.5 A resolution 
and fits well along the long wavelength channel can be adopted as the short 
wavelength channel. The short wavelength limit of this mode has been set to 
900 A because it is the current limit of the Extreme Ultraviolet domain and it 
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is understood that other instruments are being developed specifically for this 
entire wavelength range21l . If none of such instruments are available, nothing 
prevents the present short wavelength channel to be extended shortward by a 
few 100 A, especially for testing the signature of radiative neutrino decay4l. 

5. What high angular resolution instruments can do 

5.1 Galaxy counts 

We have seen that galaxy counts down to a magnitude of 18.5, obtained 
recently with the FOCA experiment at 2000 A22l, make a contribution of � 
25 CU to the ultraviolet background. Extrapolation (with arguments based on 
the redshift) indicate that these results may be challenging the contribution of 
� i'iO CU presently assigned to the integrated light of all galaxies2'3l. 

Counts at fainter magnitudes are expected to bring direct and therefore 
more solid constraints. They are first expected from the observations with the 
UIT {Ultraviolet Imaging TeleBcope) which was part of the ASTRO mission 
and was advertised23l with limiting magnitude deeper than the FOCA experi­
ment (essentially because of a broader bandpass) . A number of projects under 
study for deep survey at ultraviolet wavelengths24,25l would have capabilities in 
this domain, either directly (source counts) or indirectly (improvement in the 
determination of the ultraviolet colors of galaxies) .  It is finally interesting to 
note that constraints may come from parallel or archive observations with the 
Hubble Space TeleBcope despite the very small field of view. In order to illus­
trate this statement, we have calculated the total number of galaxies per Wide 
Field Camera frame as a function of ultraviolet magnitude which would result 
from an extrapolation of the trend observed on bright objects. A conservative 
extrapolation compatible with the total contribution of 50 CU would produce 
2 galaxies per frame brighter than muv = 20 and 4 brighter than muv = 21. 7. 
Constraints on the background due to galaxies should be obtainable with a 
reasonable number of frames; elaboration on several feasibility aspects (filter 
red leak,etc) and on whether it would be better to use the Faint Object Camera 
in spite of much smaller field of view is outside the scope of this paper. 

5.2 Long-term aspects 

A more speculative aspect may conclude this review. We have moved 
between two extremes: on the one hand dedicated instrumentation is able to 
detect the background and faint extended sources larger than a few arcmin, 
on the other hand the HST has faint limiting magnitude but is not limited by 
the sky background (in the ultraviolet) because of the very small solid angle. 
Between, there is nothing to fully exploit the fact that the sky is a factor of 
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40 darker in the ultraviolet than at any wavelength on the ground26l . An 
instrument with a resolution of a few arcsec and a reasonably small f-number 
(not that far from UIT but with an image photon counting detector) would 
fill this gap and would offer the capability of detecting a large variety of very 
low-surface-brightness objects at smaller scale (sub-arcmin) than possible with 
the current background experiments. 

In our context of the background study, such an instrument would perhaps 
give the opportunity to see the HI ( 1216 A) or Hell (304 A) Lyman a emission 
expected from few bright clumps27•28l in the intergalactic medium, even though 
the emission averaged over large field of view is marginal in the ultraviolet 
background radiation5l . 
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ABSTRACT 

F o l lowing an overview of the ob s ervat ions of the 0 . 1  - 10 keV 
x-ray diffuse background and t he i r  current interpret ation , fu­
t ure experiment s to obse rve the x-ray back ground with high 
spectral re solution are d i s cu s s e d . In the 1 9 9 0 s ,  we p lan to 
s urvey the x-ray diffuse background u s ing detectors with much 
higher spectral reso lution <� 5 eV) than previou s l y  obt ainable . 
The D i f fuse X-ray Spectrometer ( DXS ) experiment u s e s  a Bragg 
crystal spect romet e r  to obtain spectra over the 0 . 1  - 0 . 3  keV 
range on a Space Shutt l e  f l ight and the X-ray Background Survey 
Spectrometer ( XB SS ) , an attached payload on the Space Station, 
u s e s  s im i l ar det ectors over the 0 . 1  - 1 . 1  keV range . Another 
k in d  of detector is an x-ray quantum calorimeter that will ob­
s e rve the d i f f u s e  ba ckground in the 0 . 1  - 2 keV range on a 
sounding rocket f l ight next year ( 1 9 9 2 ) . The latt e r  detector i s  
a l s o  a candidate for a sma l l  Explorer s a t e l l i t e  l a t e r  in the 
1 9 90 s . 
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1 .  Introduction 

F i gure 1 ,  from the recent review article by McCammon 

and Sanders 1 ) , summarizes the observations of the x-ray back-

ground in the 0 . 1 - 1 0  keV range . At energies greater than 3 keV, 

the x-ray background i s  isotropic and genera l l y  bel ieved t o  be 

of ext ragalact ic origin, alt hough the source is not cert a i n . 

The integrated emi s s ion from active galact i c  nuc l e i  probably 

cont ribut e s  s ign i f icantly t o  it and perhaps accounts for all of 

it . A 40 keV thermal bremsst rahlung spect rum provides an excel-

lent fit to the observed data from 3 t o  50 keV 2 ) .  At energies 

l e s s  than 0 . 3  keV, the x-ray background is qu i t e  an i s ot ropic 

and generally anticorrelated (but not in deta i l )  with the ga-

r1 
> " 
_,. 1 00 '-.. i +  .... Cl) '-.. 

Cl) 

,.,"-
E c 
() '-.. 

> 1 0  " 
_,. 

. 1  1 1 0  
Photon Energy (keV) 

F i gure 1 .  Average ob se rved diffuse background int e n s i t y  vs . 
energy . The plotted point s are the a l l-sky averages (with cer­
tain non-typ ical regions excluded ) . The upper " e rror bar" is 
the average for I b I > 60 ° , whi l e  the lower " e rror bar" i s  for 
l b l  < 2 0 ° . Be-band points a s sume that the unobserved part of 

the sky also t racks the B band . The inten s i t i e s  are plotted for 
an a s sumed E- 1 power-law spectrum . The correct e f fect ive energy 
for each point is sens it ive t o  the assumed spect ral inde x :  The 
hori zontal e rror bars show the e f fect o f  a ±0 . 5  change . The 
heavy bars represent the best upper l imits that can be p l aced 
at each energy for the flux inc ident on the Galaxy from an ex­
tragalact ic or halo source . 
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lactic neutral hydrogen . The spect rum is con s i stent with that 

calculated by Raymond 3 )  for a m i l l ion degree thermal p l a sma . 

I t  is genera l l y  t hought t o  a r i s e  from a high t emp erature 

component o f  the interste llar gas in our Galaxy, and most o f  i t  

originates within a few hundred parsecs o f  t h e  Sun . l l Any halo 

or extraga lact ic x-rays in this energy range t o  reach the earth 

mu s t  s u r v i v e  ab s o rp t i o n  b y  s e ve r a l  opt i c a l  dept h s  o f  

int e r s t e l l a r  mat t e r  ( u n i t  opt ical depth . f o r  0 .  2 keV x-rays 

corresponds t o  NH � 1 02 0  cm-2 ) .  At intermediate energi e s ,  0 . 5  -

3 keV, it i s  not yet c l e a r  j u s t  how much o f  t he x-ray 

background i s  galact ic or extragalact ic . There are background 

features t hat are ident i f ied with galact ic objects ( such as the 

North Polar Spur or Er idanus fos s i l  supernova remnant s ) , but at 

high galact ic lat itudes the ma j ority o f  the intermediate energy 

background is probably extragalact i c . l l 

At energies less than 0 . 3  keV, it now seems l i ke ly that 

very little of the observed x-ray background originates outs ide 

the Galaxy . But in determining the upper l imit on the extraga­

lactic component , correct ions must be made for the opacity o f  

t h e  int erst e l lar gas along a l ine o f  s i ght out o f  t h e  Galaxy . 

In addition to the opacity correct ion inferred from the neut ral 

galact i c  hydrogen, account must also be taken o f  the opacity 

assoc iated with the ionized ga lactic hydrogen component , which 

has a scale height of - 1 kpc and a t ot a l  co lumn density aver­

aging - 1 x 1 0 2 0  c s c ( b )  cm-2 . 4 )  Even t oward the galact ic poles 

the opa c i t y  correct i on i s  large . The result ing ext raga lactic 

upper l imits are comparable t o  the maximum observed int ensity, 

about four t ime s more than a powe r-law extrapolat ion o f  t he 

ext raga lactic spect rum 1) ( s ee F i gure 1 ) , but a f t e r  galact ic 



398 

absorpt ion, the detected f lux of x-rays with an extragalact ic 

origin is at most 13% o f  the total observed flux ( in the direc­

t ion o f  the SMC ) with a best fit value o f  5 % . It should be pos­

s ible t o  improve this l imit by about a factor o f  7 u s ing the 

ROSAT x-ray teles cope to look for shadows of the extragalact ic 

flux cast by galactic clouds . 

In the 0 . 5  - 1 keV range, the present best upper l imit s 

to the extraga lact ic flux are 2 - 3  t imes more than the power-law 

extrapolation o f  the extragalact i c  spectrum . It should a l s o  be 

possible to improve these limits with high-re so lution observa­

t ions o f  dense clouds . If the galactic emi s s ion is therma l ,  9 9 %  

o f  the photons will b e  i n  l ines and i t  may b e  pos s ible t o  t o  

look between the l ines for a n  exce s s  continuum due to a n  extra­

galactic component if s u f fic iently high spectral resolution can 

be used . From 1 to 3 keV, the observed di f fuse flux i s  probably 

mos t ly extragalact i c ,  but it may be 2 5 - 3 0 %  higher than an ex­

t rapolat ion o f  the 3-10 keV spect rum . This exce s s  could have 

impl ications for mode l s  of AGN contribut ions to the d i f f u s e  

background i f  i t  i s  extragalact ic . 1 >  

The remainder o f  t h i s  talk describes several experi­

ments that our research group at Wi scon s in plans t o  fly in the 

next few years to obse rve the x-ray background with high spec­

t ra l  r e s o l ution . The s e  involve two fundament a l l y  d i f fe rent 

types o f  detector s :  Bragg crystal spectrometers and x-ray quan­

tum c a l o rime t e r s , but with e ither det ector we obt a i n  much 

h i gher spectral r e s o l u t i on (< 10 eV) than was p reviou s l y  

obtainable for the diffuse background .  

2 .  Bragg Crystal Spectrometers 
Bragg crystal spect romet ers are used to obtain spectra 
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of the diffuse x-ray background by the D i f fuse X-ray Spectre-

met e r  ( DXS ) exper iment on a one-week Space Shu t t l e  f l i ght and 

by the X-ray Background Survey Spectrometer ( XB S S )  on a year-

long Space Station mis s i on . Each spect rome t e r  ( s ee F i gure 2 )  

has a large-area cyl indrical ly-curved Bragg crystal pane l that 

reflects the entering x-rays into the detector, a posit ion-

10 LAYERS OF PbSt 
CURVED 

CRYSTAL PANEL 

250 A TOT AL THICK� 

f[)---1-� 
REFLECTING BRAGG CRYSTAL 

CROSS SECTJON 

THIN FILM WINDOW 

"'---- INCOMING X·RAY 
(SHOAT WAVELENGTH) 

INCOMt.IG X-RAY 
(LONG WAVELENGTH) 

�APERTURE SNOUT 

ELECTRON REJECTION 
MAGNETS 

DETECTOR ROTATION AXIS 

COUNTER ELECTRONICS 

F i gure 2 .  X-rays enter the DXS ( o r  XBS S )  detector through an 
entrance aperture at the upper right and are Bragg-ref lected by 
the curved " crystal " .  The proportional counter i s  posit ion sen­
s it ive ( re solut ion = 0 . 5  mm) in one dimens ion - the d i spers ion 
d i re c t i on of the c r ys t a l  pane l . B e c a u s e  t he p ropo r t i on a l  
counter h a s  a coll imator before i t ,  each posit ional e l ement o f  
t h e  count e r  " s e e s "  a d i f fe rent l imited segment of t h e  crystal 
panel . Due t o  the pan e l  curvature ,  d i f ferent counter e lement s 
" se e "  the crystal at diffe rent angles of incidence . By the na­
ture of Bragg reflect ion , nA=2dsinEl , different counter e lements 
t hu s  " s e e "  d i f fe rent wavelength x-rays that o r i g inated from 
d i f f e rent d i rect ions on the sky . Rot at ion o f  the spect romet e r  
i s  necessary t o  obtain a complete spect rum from one direct i on . 
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s e n s it ive c o l l imat ed p r oport ional count e r . The proport ional 

counters use 1 5° x 1 5° c o l l imators , 9 0  µg cm-2 Formvar windows 

and P - 1 0  gas ( 9 0 %  argon , 1 0 %  methane } at one atmosphe re . 

The DXS has t wo such spectromete rs ; e a ch u s e s  lead 

stea rate " crystal s "  t o  provide sensit ivity ( • 0 . 0 2 cm2 s r )  over 

the 0 . 1 4 8 - 0 . 2 9 5 keV ( 4 2 - 8 4  A l range . During four days of data 

collection, DXS obtains spectra from each of ten 1 5° x 1 5 °  sky 

e lement s with r e s o lu t i on AE • 5-10 eV . The DXS i s  built and 

t e s t e d ,  and currently undergoing sa fet y-mandated mod i f i cations . 

The launch data is currently in early 1 9 9 2 . 

The XBSS has four spect romete rs , two ident ical to those 

of DXS and two addit ional ones with TAP ( t ha l l ium acid phthal­

l at e )  c rystals to p rovide sensit ivity (• 0 . 0 0 5  cm2 sr) over the 

0 . 5 2 - 1 . 1  keV ( 1 1 - 2 4  A } range . During nine months of data col­

lect ion , XBSS obt a i n s  spectra from the whole sky in 1 5° x 1 5° 

res olut ion element s .  The spectral resolution of the TAP det ec­

tors i s  l imited by the coll imators t o  AE • 40 eV . XBSS is cur­

rently in a Phase A/B study . I t s  m i s s ion start dat e i s  cur­

rently " in the late 1 9 9 0 s  o r  early 2 1 st century . •  

3 .  X-ray Onantnm Ca J or i meters 

The x-ray quantum calorimeter is a device that measures 

the energy o f  a s ingle x-ray by measuring the temperature r i s e  

o f  a s i l i con s l ab attached t o  a n  x-ray absorber . I n  principle , 

t he measurement uncertainty can be made very sma l l ,  making the 

devi c e s  potent i a l l y  useful for high resolut ion non-dispers ive 

x-ray spectroscopy . 5 }  If there were no noise in the therma l i z a ­

t ion o f  t h e  x - r a y ,  resolut ion b e t t e r  than 1 eV would b e  po s s i ­

b l e  f o r  det ectors ope rating at 0 . 1  K .  Thus a thermal detector 

opera t i ng at cryogenic t empe ratures can o f fe r  the h i gh e f f i -
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c i ency o f  a s o l i d  state detector and reso lut ion comparable t o  

that o f  dispers ive spect rometers . 5 )  

O u r  r e s e arch group has b e e n  working with t h e  x-ray 

group at the NASA/Goddard Space Flight Center t o  develop x-ray 

quantum calorimet e r s  ( XQC) for space f l ight app l i cat i on s . We 

are current l y  constructing a sounding rocket payload that is 

des igned to obtain high resolut ion spect ra of the x-ray di f fuse 

background over the energy range 0 . 0 6-2 . 0  keV . We have recent ly 

obtained in the laboratory a resolution o f  7 . 1  eV for 5 . 9  keV 

x-rays . In order t o  obtain a reasonable number o f  count s from 

the d i f fu s e  background during a 2 0 0  s sounding rocket f l ight , 

we need an area - s o l i d  angle product of at least 1 cm2 s r .  We 

obtain t h i s  u s ing a 1 s r  f i e l d  o f  view and a det ector with an 

area o f  1 cm2 . But to keep the energy uncert a inty sma l l ,  the 

heat capa city of the detectors must be kept low and instead o f  

one large calorimet e r ,  w e  are using a n  array o f  2 5  calorimeters 

each 2 mm on a s ide . The detectors wi l l  be cooled during the 

f l ight by an on-board adiabatic demagni t i zat ion refr igerator to 

an operating temperature o f  0 .  0 7  K .  The XQC payload is cur­

rent ly being a s s emb led and a f l ight is p lanned for the spring 

o f  1 9 9 2 . Figure 3 is a Monte Carlo s imulation o f  the resu lts we 

expect with a 200 s sounding rocket f l ight . 

The XQC i s  a l s o  an obvi o u s  candida t e  f o r  a sma l l  

Explorer sat e l l it e ,  i f  such a n  opportunity i s  ava i lab le lat e r  

this decade . A 1 cm2 detector array as de scribed above , with a 

1 0° f i e l d  of view, could obtain a 5 0 0  s exposure of each of the 

1 0 0  square degree reso lution e lements on the ent i re sky in s i x  

months . Such a m i s s ion would replace t h e  XBSS miss ion , because 

it could return bet ter quality data sooner and cheape r .  
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F i gure 3 .  Monte Carlo s imulation o f  the spectrum e xpected from 
a 2 0 0  s sounding rocket flight . 
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THE DIFFUSE EXTREME ULTRAVIOLET BACKGROUND 

Stuart Bowyer and Jerry Edelstein 
Astronomy Department and Center for Extreme Ultraviolet Astrophysics, 

University of California, Berkeley, California 94720 USA 

ABSTRACT 
Observations of the diffuse extreme ultraviolet (EUV; }.A, 100--912 A) background are 

reviewed. This background is the most poorly known of any of the diffuse astronomical back­
grounds. Only upper limits to this flux exist. The best limits have been obtained with spec­
trometers with very crude resolution (-30 A), and these limits are one to three orders of magni­
tude larger than expected sources of cosmic flux. A variety of source mechanisms that will 
radiate in this bandpass have been postulated, and these are briefly discussed. One source 
which is certainly producing flux in this band is the hot phase of the interstellar medium. The 
detection of just a few lines from this source will add tremendously to our knowledge about 
this poorly understood material. A second mechanism which is known to emit radiation in this 
band is the inflowing interstellar medium which is resonantly excited by solar radiation. A 
third source of EUV line emission is atmospheric airglow emission, and the study of this emis­
sion will elucidate processes occurring in the upper atmosphere. Finally, a variety of more 
exotic processes have been suggested which may be producing emission in this band; a specu­
lative but highly exciting possibility is that dark matter associated with our Galaxy is producing 
radiation in this band. 

AfVJ 
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THE OBSERVATIONAL SITUATION 

The majority of the data on the diffuse background in the EUV has been obtained with 

broadband detectors. The diffuse EUV background was first detected in a Berkeley sounding 

rocket experiment (Cash, Malina, and Stern 1976). These measurements covering the 1 15-155 

A band were later confirmed by the data obtained with the Apollo-Soyuz EUV telescope, which 

petformed longer observations on many different regions of the sky in the same band (Stern 

and Bowyer 1979). Bloch et al. ( 1986) used a sounding rocket experiment to scan a portion of 

the sky in the 1 15-155 A band, and this instrument has been flown on a subsequent rocket 

flight (Juda 1988). These experiments are the only ones to have detected diffuse EUV back­

ground radiation; all other observations have only provided upper limits to this background. 

In addition to the 1 15-155 A band measurements obtained with the Apollo-Soyuz EUV 

telescope, data were also obtained with this instrument on the diffuse background in bands cov­

ering 170-600 A and 500-800 A .  Unfortunately, the intensity measured in these bands is dom­

inated by the bright, resonantly scattered solar lines of He II at 304 A and He I at 584 A, mak­

ing direct observations of interstellar lines impossible. Stern and Bowyer (1979) analyzed the 

Apollo-Soyuz observations in the antisolar direction, where the scattered 304 A geocoronal line 

intensity is greatly reduced, to obtain upper limits on the background in the 17CH500 A band. 

Paresce and Stern (1981) argued that the signal detected in this band is consistent with emis­

sion from a single line at 584 A. They employed a differencing technique to obtain a more 

stringent upper limit on this intensity. 

Holberg (1986) obtained data with 30 A resolution on the cosmic EUV and far UV back­

ground from 1,508,198 s of observations at high galactic latitude with the Voyager 2 ultraviolet 

spectrometer. The EUV part of this observation was dominated by the solar He I 584 A line 

that is resonantly scattered by neutral helium flowing through the solar system. Holberg 

removed this bright He I line from his spectra along with other sources of background to derive 

upper limits to interstellar emission between 520 and 1 100 A. 
Labov and Bowyer (1991) flew a grazing incidence spectrometer, sensitive from 80 to 650 

A with a resolution of 10 to 20 A, on a sounding rocket. The instrument may have detected 

emission from a 105·6 K interstellar medium (ISM), but the feature observed was close to the 

limiting sensitivity of the measurement and may be spurious. A conservative view would be to 

consider these results as upper limits to a true background at these wavelengths. 

A summary of the observational situation is provided in Figure 1 .  
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Figure 1 - Existing limits on the cosmic diffuse EUV background. 

POTENTIAL SOURCES OF DIFFUSE EUV EMISSION 
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We first briefly address the question of whether diffuse EUV emission will be observable 

even in principle because of the problem of absorption by the ISM. This is a potential concern 

since the Sun is commonly believed to be imbedded in a local cloud of -1-5 pc diameter with 

a density of NH-0.1 atoms cm-3. Using the effective cross-section for absorption at EUV 

wavelengths (Cruddace et al., 1974), one finds that one optical depth is reached at a wavelength 

of -450 A. A closer study reveals that in a number of view directions hot white dwarfs at dis­

tances >50 pc have been spectroscopically observed almost to the Lyman limit at 912 A (Hol­

berg, et al 1980; Green, Jelinsky, and Bowyer 1990). These objects are in directions toward 

the pole (HZ 43) and the plane (Gl91-B2B) of the Galaxy. Hence the local cloud will not 

prevent observations of astronomical phenomena in at least some view directions. The extent 

of these "open" regions is not known, but the limited information available suggests they may 

include substantial portions of the celestial sphere (see, for example, Frisch and York 1991). 

In the following we discuss a number of phenomena which are expected to produce 

diffuse EUV emission. 
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1. Emission from the Hot Phase of the Interstellar Medium 

It has been more than thirty years since it was first suggested that hot, million-degree gas 

exists within our Galaxy (Spitzer 1956), and more than twenty years since the soft X-ray back­

ground was first detected (Bowyer, Field, and Mack 1968). It is now generally believed that 

this diffuse soft X-ray background is produced by a high-temperature component of the ISM. 

However, evidence of the thermal nature of this emission is based not on observations of line 

emission, but in the indirect evidence that no plausible nonthermal mechanism has been sug­

gested which does not conflict with some component of the observational evidence. If the 

diffuse soft X-ray background is the product of emission from a hot gas, much of the radiated 

power will be in emission lines from highly ionized atoms radiating at EUV wavelengths (Kato 

1976; Shapiro and Moore 1 976; Raymond and Smith 1977; Stem, Wang, and Bowyer 1978; 

Mewe, Gronenschild, and van den Oord 1985). 

The line emission from the hot ISM is strongly dependent upon the temperature and emis­

sion measure of this material. Indeed, one of the strengths of these measurements is that they 

will provide crucial information on these parameters. Several temperatures have been sug­

gested for the hot phase of the ISM. Soft X-ray data suggest 106 K gas (McCammon et al 

1983). Absorption line data showing 0 VI (Jenkins 1978a; Jenkins 1978b) is often cited in 
combination with the soft X-ray data as further evidence for a 106 K gas, but the peak of the 

emission curve for 0 VI is at the substantially lower temperature of -105·5 K. It should be 

noted, however, that substantial 0 VI is present over the temperature range 105-106 K. High 

ionization absorption lines observed in stellar spectra taken with JUE indicate a temperature of 

1055 K (Savage 1987) as does the observation of emission lines at these wavelengths (Martin 

and Bowyer, 1989). There is also limited data suggesting gas at 1 OS K (Labov and Bowyer 

1991). 

2. Emission from the Local Cloud and the Local Cloud Interface 

It is generally believed from a variety of data that the Sun is surrounded by a low density 

cloud that extends - 1-5 pc around the Sun with N111 -0. l cm-3 and a temperature of -104 K 

(Frisch and York 1982; Bruhweiler and Kondo 1982; Lallement, Vidal-Madjar, and Ferlet 

1986). This "local fluff" is in tum surrounded by a hot (106 K) plasma "bubble" extending 

from 50 to 200 pc from the Sun (Cox and Reynolds, 1987). In the following, we estimate the 

emission both from the 104 K gas comprising the local fluff and from the interface material 

between this local fluff and the hot ISM. 

A. Emission from the 104 K Local Cloud 

From the results of Shapiro and Moore (1976), we find the strongest lines from a cosmic 

plasma at a temperature of 104 K are S II 877 A and C II 904 A. Folding the emission 
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parameters provided by Shapiro and Moore with a cloud of the size described above, we find 

the emitted flux from each of these lines is -1 photon cm-2s-1ster-1. 

B. Emission from the Local Cloud Inteiface 

The local fluff is subject to heating by the local EUV radiation field of stars and by ther­

mal conduction and EUV radiation from the surrounding hot ISM. This heating will create an 

ionization zone at the cloud's surface. Cheng and Bruhweiler ( 1990) derive an ionization 

model of the local cloud skin structure. They model the effects of an incident field from 

discrete stellar sources and from thermal bremsstrahlung-radiative recombination produced by 

the hot ISM. The flux is assumed to be constant and uniform over half of the sky. Using 

boundary conditions of N(H I) = 1018cm-2 for the local fluff and N(H I) = 0.06 cm-3 for the 

particle density at the Sun, they predict the ionic column densities through the local cloud skin. 

They note that the population of highly charged species is formed predominantly by collisional 

ionization. 

We fold the thin plasma emission line power predictions of Raymond and Smith (1977) 

together with the ion column estimates of Cheng and Bruhweiler to predict the intensity of the 

most powerful EUV cooling lines from the local cloud skin. The Raymond and Smith code 

was used to determine the primary cooling line species from a thin plasma at about 1Cl5 K. Of 

these lines, only C III was predicted directly by Cheng and Bruhweiler. To estimate the 

column of other strongly emitting cloud skin species, we scale the predicted column of their 

species that would co-exist in thermal equilibria. The average ionic concentration of each 

species about its temperature of highest abundance (Shapiro and Moore, 1976) and the relative 

cosmic abundance of atoms were used for this scaling. 

The resulting emission line intensities for the local cloud skin appear in Table I. Each 

intensity is shown unabsorbed, and with an absorption corresponding to a neutral column of 

N (H I) = 4.0 x 1017• The ability to observe the cloud skin emission will depend critically 

TABLE 1 

Species A. Intensity" Absorbed Intensity" 

N IV 765 122 28 
O IV 789 55 1 1  
N iii 686 52 1 8  
o m  834 50 7 
O IV 554 3 1  18 
N iii 764 3 1  7 

o m  703 29 9 

a Intensity in photons cm-2s-1ster-1 
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upon the neutral hydrogen column along the specific line of sight. A low column direction 

could allow EUV observations through the local cloud and the optically thin hot bubble to the 

next cloud in the line of sight. In this case, two cloud skins would be visible, and the predicted 

line intensity could increase by as much as a factor of 2. 

3. Upper Atmospheric Airglow 

Limited data exist in this bandpass; the only available data were obtained with a spectrom­

eter flown on the P-78 spacecraft (Bowyer et al. 1981). The only line detected in an upward 

direction at night was the 0 II 834 A line, which was observed at an intensity of -105 photons 

cm-1sec-1ster-2 (Chakrabarti, Kimble and Bowyer, 1984). Nonetheless, it is certain that a 

number of faint airglow lines will be present at some level at satellite altitudes. 

4. Diffuse Emission Producing Ionization Throughout the Galaxy 

There is now extensive evidence for a source of ionization in the Galaxy which is both 

widespread and has a very large (- 1 Kpc) scale height (see Reynolds, 1990 for a review). The 

primary evidence for this source of ionization is the detection of Hu emission (a product of the 

subsequent recombination) in every view direction searched. Additional support for this source 

of ionizing radiation and an estimate of the scale height of the source are provided by pulsar 

dispersion measures to pulsars at known distances. This scale height is much larger than that 

of early-type stars and supernovas, yet the energy input is roughly the same as that produced by 

these two classes of objects. It is generally agreed that no known sources of ionization can 

supply this energy with the smoothness and scale height observed. 

These results have led to some provocative suggestions for the source of this ionization 

(see the following section). Whatever one thinks of any of the particular suggestions for the 

source of this flux, a major point is that the flux is indeed present, and by necessity it falls at a 

wavelength below 912 A. Its intensity cannot be estimated without knowing whether the flux is 

continuous or is line emission. However, it is hard to conceive of a potential source mechan­

ism that does not result in a substantial flux at Earth. 

5. Emis.sion from Dark Matter in and Around Our Galaxy 

A speculative, but extraordinarily exciting, possible contributor to the cosmic EUV back­

ground is emission from the radiative decay of dark matter. The possibility that dark matter is 

undergoing radiative decay and is emitting in the EUV has been explored in substantial detail 

in a series of papers by Professor Denis Sciama, of the lntemazionale Superiore Di Studi A ven­

zate in Trieste, and his co-workers. Sciama assumes, for the sake of concreteness, that this 

matter is neutrinos; however, all that is required is that the dark matter be a weakly interacting 

particle which decays electromagnetically with the proper energy. Sciama has explained a 

complex set of diverse astronomical observations with the single hypothesis that this dark 
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matter decays with a lifetime of -1023 seconds (Salucci and Sciama, 1990; Sciama 1990a, 

1990b). The intensity of the line predicted by Sciama is -150 photons cm-2sec-1ster-1 at Earth. 

The predicted photon energy is -14 eV (Sciama, 1991). 

Evidence for this type of line has been searched for in other galaxies in JUE data taken on 

a quasi-stellar object which lies in a cluster of galaxies (Fabian, Naylor, and Sciama, preprint, 

1991), and with the Hopkins Ultraviolet Telescope (HUT), which observed a cluster of galaxies 

on the flight of ASTRO I (Davidsen et al., 1991). Jn both of these cases the line would have 

been sufficiently redshifted to move it into the bandpass observed. Neither data set showed 

evidence for this line. The HUT result was especially stringent and ruled out the existence of 

the line at the 99.9% confidence level. Sciama (private communication) points out, however, 

that a new result by Fabian et al (preprint, 1991) provides strong evidence for large amounts of 

H I in clusters of galaxies. This gas would have sufficient opacity to absorb the line and render 

it unobservable in these measurements. Hydrogen Lyman a emission would be a strong bypro­

duct of this interaction, and this might be observable. However, this emission is strongly 

absorbed by dust, and there is, in fact, some evidence for dust in clusters of galaxies. 

6. Radiation Scattered by Interstellar Dust 

Radiation scattered by interstellar dust may be present at some level, but it is impossible 

to make any qualitative predictions because both the radiation field that will be scattered and 

the scattering properties of dust at EUV wavelengths are unknown. It can be said with some 

certainty that emission from this process will be very low in intensity and will be highly local­

ized spatially. The primary contributors to the radiation field shortward of 912 A are 0 and B 

stars which are confined to the plane. Given the column densities in the direction of even the 

closest of these objects, there is no hope that this radiation will reach the Earth. It may be that, 

in special cases, chimneys will have been formed in the disc gas by supernovas. In these chim­

neys radiation from early stars could illuminate clouds high above the plane. After scattering, 

this radiation could be observed at Earth, in principle, but this radiation would have had to 
penetrate any neutral gas in our line of sight to these clouds. We believe this scenario to be 

unlikely. 

7. Solar Radiation Resonantly Scattered from the Inflowing Interstellar Medium 

The strongest line which will be observed in the EUV background is the He I 584 A line 

which is produced by solar radiation resonantly scattering from neutral helium in the ISM 

flowing through the solar system. This effect, first predicted by Blum and Fahr (1970), has 

been utilized by many workers to characterize the very local interstellar medium (Grzedzielski 

and Page, ed., 1990). 
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SUMMARY 

In Figure 2 we show the expected night sky diffuse line emission for the mechanisms dis­

cussed. Emission lines marked A are airglow and resonantly scattered solar radiation (Chakra­

barti et al 1984 ). Those lines marked C show the expected emission from evaporation of cool 

interstellar cloud material at the boundary with hotter gas. The feature at 900 A marked D is 

emission from decaying dark matter predicted by Sciama (1990a/b). Unmarked lines represent 

emission from hot interstellar gas at 106 K (Snowden et al. 1990). The upper limits obtained 

by Holberg (1986), and Labov and Bowyer (1991)  are shown by curves marked H, and LB. 

T =106 K, EM=0.005 cm·6 pc (Bloch) 
NH1 = 4 X 1 O17 cm·2 {Holberg et al. 1 980) 

.c-� 
�ffl LB ' § .- ,_ . _  

� c 
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. � l 
,, -� � 
� :J 

1 0' 

200 400 600 800 
Wavelength (angstroms) 

Figure 2 - Comparison of expected night sky diffuse line emission and existing upper limits. 
Emission lines marked A are airglow and resonantly scattered radiation (Chakrabarti et al. 
1984). Those marked C represent expected emission from evaporation from the local cloud 
boundary. The cross-hatched area marked D represents the possible location and intensity of a 
line due to the emission from decaying dark matter, as predicted by Sciama ( 1990a,b). Un­
marked lines represent emission from hot interstellar gas, as modeled by Bloch ( 1988). Sensi­
tivity measurements by Stem and Bowyer (1979), Holberg (1986), and Labov and Bowyer 
(1991) are shown by the curves marked SB, H, and LB. 
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ABSTRACT 

SUBMILLIMETER PROJECTS 

F. Pajot 
Institut d'Astrophysique Spatiale, Bat. 120, Universite Paris XI 

F-91405 Orsay Cedex, France 

The development of ground based and space submillimeter astronomy opens the way to new 
galactic, extragalactic and cosmological observations. Spectrophotometric instruments based on 
direct detection -together with heterodyne spectrometry- will play a key role in this exploration. 
The instrumental program for the CalTech Submillimeter Observatory includes a Fabry-Perot 
spectrophotometer : high sensitivity measurements using this large antenna will help to 
understand the physics of the extreme IRAS galaxies and their links with quasars. As a first 
step towards submillimeter space telescopes, the PRONAOS balloon program with the SPM 
instrument will make the first measurement of the positive part of the Sunyaev-Zel'dovich effect 
by clusters of galaxies. With additional observations of the negative part of the effect, the 
peculiar velocities of these clusters will become available, giving a first view of the large scale 
velocity field of the universe. This type of programs are essential to the success of the 
submillimeter space instruments such as SMMM (NASA-CNES) and FIRST (ESA). 
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INTRODUCTION 

Submillimeter astronomy is the field of many new instrumental programs : after a decade of 

ground based instruments, limited in their goals by the opacity of the atmosphere, space 

projects will allow the first complete coverage of the submillimeter range. Preparing these 

projects implies instrumental progress in the domains of focal instruments and light antennas. 

Balloon and airborne programs, or specific ground programs are the keys to these 

developments. However it should be noted that when high spatial resolution, or high sensitivity 

on unresolved sources, is needed, submillimeter ground based observations with large antennas 

or interferometers have better performances than will have the first space programs. Space 

projects are under preliminary studies : only one satellite with sharp scientific goals, COBE (the 

COsmic Background Explorer1l), is in operation. The new projects will benefit from the 

experience learned with infrared satellites (IRAS2l, and ISO). 

This paper deals with a set of representative submillimeter programs and their cosmological 

applications. The submillimeter Fabry-Perot spectrophotometer for the 10 m CalTech 

Submillimeter Observatory (CSO) is a typical example of a focal instrument development. The 

PRONAOS balloon program (PRogramme National d'AstrOnomie Submillimetrique3l, CNES 

andl CNRS, France) is the next step before space programs among which are the intermediate 

satellite SMMM (SubMilliMeter Mission, NASA/CNES4l), the ESA cornerstone project FIRST 

(Far InfraRed Space Telescope5l) and the long-term program LDR (Large Deployable 

Reflector6l, NASA). 

1 .  SUBMILLIMETER SPECTROPHOTOMETRY 

Spectrophotometric instruments are based on direct detection (bolometers, photoconductors) 

and their spectral resolving power covers from 3 to 10 (filters) up to 105 (interferometers). At 

low resolving power (wide band observations), the high sensitivity gives access to very weak 

continuum sources : 
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the interstellar dust (thermal emission) i n  molecular clouds, i n  galactic cirrus and i n  external 

galaxies. The distribution and the physical properties of the dust are thus investigated. 

- the Sunyaev-Zel'dovich effect towards the clusters of galaxies, the Cosmic Background 

Radiation (CMB, 2.73 K cosmological blackbody) spatial fluctuations are typical 

observations of prime interest for cosmology . 

At higher resolving power (for instance using a Fabry-Perot interferometer), a huge number of 

lines lying in the submillimeter range can be studied : 

fine structure transitions of interstellar atoms and ions (CII at 157 µm is one of the most 

efficient lines in the cooling of the neutral or low excitation hydrogen regions of the 

interstellar medium) 

- rotational transitions of interstellar molecules (CH, OH, H10, CO, 02 . . .  ) 
PAH bands (Polycyclic Aromatic Hydrocarbonates) 

In this domain, the spectrophotometry is complementary to the heterodyne spectrometry, the 

later reaching higher sensitivities for narrower lines (corresponding to resolving powers higher 

than 1()4) at long wavelength (typically 500 µm and up). 

2. HIGH REDSHIFT IR GALAXIES : SUBMILLIMETER SPEC1ROMETER FOR THE CSO 

The objectives of ground based submillimeter instrumental programs are : 

to obtain scientific data when the space projects are not yet in operation. The specificity of 

large antennas is used. 

- to develop the techniques needed by these space projects. When possible, a 3 steps approach 

(ground - balloon/plane - space) is followed. 

IRAS discovered a new class of galaxies which radiates more than 95% of their energy in the 

infrared. Most of them are starburst galaxies and the most luminous (> 1012 Le) are interacting 

systems. The intensity of the CII line is predicted to be 10% to 20% of the Ly a intensity and 

is one of the best tools to discover the still mostly unknown physics of these galaxies : this 

study will help in the determination of their possible relations with quasars. The submillimeter 
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Figure 1 : Aunospheric transmission from a ground based site (4.2 km elevation) 

Fabry-Perot spectrophotometer for the CSO is designed to attempt the first detection of the 

157 µm line of en in these extreme galaxies. This line will be observed for object with 

appropriate redshifts through the atmospheric windows (z=l .21  for 340 µm, z=l .8 for 

440 µm, z=2.8 for 600 µm - figure 1). 

This program is a collaboration between French (Institut d'Astrophysique Spatiale, 

Commissariat a l'Energie Atomique, Institut d�Astrophysique de Paris, Centre d'Etude Spatiale 

des Rayonnements, Laboratoire d'Astronomie Spatiale) and US laboratories (CalTech, NASA-

Goddard). This instrument is a precursor of similar instruments planned for the future 

submillimeter space observatories. We aim at a medium resolution (1500) spectrophotometer 

well suited to the expected width of the en line in these objects (more than 300 kms-1). A 

Fabry-Perot and a grating (to sort the modes of the Fabry-Perot) is placed in front of a 100 mK 
bolometer array (figure 2). The expected sensitivity is about 4 x 10-19  Wm-2 ( lcr, 1000 s 

integration time) and the beam is 10 to 15 arcsec (depending on the wavelength) using the 

10 m CSO antenna in Hawaii. This to be compared to the expected fluxes comprised between 
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Figure 2 : Optical principles of the Fabry-Perot spectrophotometer for the CSO 

2.5 x IQ-19 Wm-2 (at 600 µm) and 30 x IQ-19 Wm-2 (at 340 µm). First observations are 

planned during the 1982-1983 winter. 

3 .  THE SUNY AEV-ZEL'OOVICH EFFECT BY CLUSTERS OF GALAXIES : PRONAOS-SPM 

The CMB is distorted when passing through a cluster of galaxies : the hot electrons of the 

cluster interact with the CMB photon via Thomson scattering?). The negative part of the 

Sunyaev-Zeldovich effect has already been detected at 20 GHz8), PRONAOS-SPM will 

attempt to measure the positive part of the effect (at short wavelength). A complementary 

program, DiaBolo will attempt to measure the negative part of the effect (A.=2 mm) from the 

ground using the IRAM 30 m telescope. These observations will allow to determine the 
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peculiar velocity o f  the clusters. Figure 3 shows the cluster velocity effect o n  the Sunyaev­

Zeldovich effect. The knowledge of the large scale velocities of the galaxies is a key to 

fundamental parameters of cosmology (Q, q). In addition, this measurement will set limits on 

the small scale (8 arcmin) CMB anisotropy which are powerful constraints to the models of the 

early universe. 

PR ONA OS consists in a 2 meter carbon fiber telescope (segmented, active control) carried on a 

gondola pointing with a 5 arcsec rms accuracy. At the flight altitude (38 km), the residual 

pressure is only 3 mb. Two focal instruments will operate in turn : a multiband 

spectrophotometer (SPM) and a heterodyne spectrometer (SMH). With SPM, the beam ranges 

from 2 to 3.5 arcmin corresponding to wavelengths from 240 µm to 1200 µm in 4 bands. 

The first flight is scheduled in 1993 with SPM, optimized for the detection of the positive part 

of the Sunyaev-Zel'dovich effect (700- 1 200 µm band). The expected sensitivity is 

1 .6 JyHz- 1/2 or 410 µKHz- 1/2 for this band, which turns for the best candidates (clusters 
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Figure 3 : The 2 Sunyaev-Zel'dovich effects. T 0 is the electron temperature in the cluster, 
T the Thomson optical depth and vp the peculiar velocity of the cluster. 
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Abell85, A l 795, A2029, A2218, A2319, 0016+16 . . .  ) into a typical Sa detection time of  3 to 

4 hr. 

4 .  SUBMILLIMETER SPACE PROJECTS 

Space telescopes will give access for the first time to the full submillimeter spectral range. 

Systematic spectral exploration as well as mapping in lines hidden to observers on the ground 

by the atmosphere will bring exciting and original results : new molecules, physical 

characteristics of the interstellar medium, physics of extragalactic objects such as the galaxies 

studied with the CSO submillimeter spectrophotometer. In the far infrared range, 

spectrophotometers are considered to be the most sensitive instruments, but at longer 

wavelength (excluding the case of wideband photometry whose main goals are related to 

cosmology - see SPM-PRONAOS objectives) heterodyne spectrometry is the most promising. 

Sensitivity to point sources of a 4 m passively cooled telescope using 100 mK bolometers is 

at least an order of magnitude better than ISO in the far infrared range (200 µm), mainly limited 

by confusion due to galactic and extragalactic sources. 

SMMM is a 2.4 m or 3.7 m (depending on launcher) class telescope with passive cooling. In 

addition to a heterodyne spectrometer, it includes a Fabry-Perot spectrophotometer (FIRS) in a 

configuration equivalent to the CSO instrument. This instrument will cover two bands 

(100-185 µm and 170-3 10 µm) on adjacent fields with a mid range resolving power (10 000). 

Sensitivities with 100 mK bolometers are given in table 1. Priority is thus given to systematic 

spectral exploration. The time scale of the project is compatible with an launch date in the late 

nineties. 

FIRST features a 4.5 m class telescope with passive cooling carrying heterodyne 

instrumentation, a submillimeter spectrophotometer and a submillimeter photometer. The direct 

detection instruments of the model payload consist in a double Fabry-Perot spectrophotometer 

(high and low resolution) with a bidimentionnal detectors array giving access to high resolution 

spectro-imaging in a given line (85-125 µm and 1 30- 1 80 µm bands) with a high resolving 
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power (100 000), and a wide band photometer for the 100- 1800 µm range dedicated to 

cosmology (photometer sensitivity about 10 mJy Hz-1/2). FISRT schedule is directly 

dependant on its selection as Jrd or 4th cornerstone of the ESA Horiwn 2000 program. 

Table I : Sensitivities for point sources of the FIRS spectrophotometer on SMMM 

A. SMME (4.5 m2) NEFD SMILS (10 m2) NEFD 
<µm) (Jy Hz-112) (Jy Hz-112) 

100 92 42 

150 138 62 

180 166 75 

300 276 125 
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Abstract 

OASI - Infrared and Sub-mm Antarctic Observatory- is the first large tele­

scope permanently installed in Antarctica. It is located near the Italian Antarctica 

Base (Terra Nova Bay) at a latitude of 74.39 S and a longitude of 164.09 E. The 

OASI first light was received on December 1990 when the wobbling secondary 

mirror was mounted. The telescope can operate in the wavelengths range between 

3 mm and 350 µm covering the Southern Hemisphere from the Celestial Pole to a 

declination of about -20 degrees . 

.d.?1 
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1. Introduction 

The OASI is composed mainly by two telescopes. The main instrument (2.6 

m diameter) is devoted to investigate the Cosmic Be.ckground Radiation (CBR) 

small scale anisotropy while the secondary instrument (1.5 m diameter off- axis) is 

devoted to the CBR intermediate scale anisotropy. The main instrument has been 

installed during the 1989/90 Italian Antarctica expedition and became operative 

during the 1990/91 expedition. With the same instruments the galactic (for ex. 

T/ Car, Centaurus A etc.) and extragalactic (LMC, SMC etc.) diffuse cold dust 

emission can be investigated. 

2. The OASI telescope 

The main characteristics of the OAS! telescope are given in tab. I. The OAS! 

reflector is a Cassegrain telescope whose primary mirror is made of 

Aluminum alloy. The secondary mirror is mounted on a wobbling system in order 

to perform the beam switching in the sky. A relevant reduction in the induced 

vibrations on the structure is obtained by wobbling, in counter-phase, a second 

equal mass. The net sky modulation of the system is sinusoidal and the amplitude 

can be selected between few arcsecs and one degree. The tracking and pointing 

systems have an accuracy of about lOarcsec. 

3. The detectors 

The focal plane is equipped with Si-composite bolometric detectors. The 

operating temperature (0.35 K) is achieved by means ofa 3He/4He refrigerator [1] . 

The available optical bands are 850 µm, 1250 µm and 2070 µm with a bandwiths 

of respectively 80 µm, 350 µm and 400 µm. All the bands are well matched to the 

standard atmospheric windows. 



The 2 = channel has been calibrated by observing the Moon, Venus and Saturn. 

We obtain the following optical parameters: 

S2mm = (0.86± 0.08) X 10 -e V /K 

R2mm = (1.2± O.l) x 10 6 V/W 

NET = 23 mK/./Hz 

NEP = 1.7x 10 -14 W /./Hz 

The previous values were obtained by using an uncorrect optical match be­

tween the telescope and the cold optics. The final configuration of the photometer 

will enable us to improve the previous figure by more than a factor 3. 

In fig. 1 a tipical calibration scan of Venus is shown. 

Primary mirror diameter 

Focal length 

Focal ratio 

Secondary mirror diameter 

Equivalent focal length 

Equivalent focal ratio 

Cassegrain magnification 

Distance between mirrors 

Tab. I 

D=2600 = 

f=1300 = 

f/D=0.5 

d=410 mm 

F=10400 mm 

F/D=4 

8 

H=1018.7 = 

h=1597.1 mm 

1=578.4 mm 

423 

Secondary mirror - focal plane distance 

Primary mirror - focal plane distance 

Angular resolution 

Angular resolution 

First Airy disc diameter 

First Airy disc diameter 

Surface r.m.s. roughness 

Pointing accuracy 

6.4 arcmin (>. = 2 mm) 

3.2 arcmin (>. = 1.25 mm) 

19.5mm (>. = 2 mm) 

9.7 mm (>. = 1.25 mm) 

� 0.3µm 

1 arcmin 
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Abstract 
We present a status report of our project to search for dark objects in the 

Galactic Halo via gravitational microlensing of stars in the Large Magellanic Cloud. 
The search uses a combination of Schmidt photographic plates and CCD images and 
is sensitive to lensing by objects in the range l0-7 Mo to 10-1 Mo . An automated 
analysis software has been succesfully tested on CCD test images taken last year. 
Using these preliminary results, we calculate the number of microlensing events 
expected on plate and CCD programs. 

4?!'> 
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Introduction 
It is widely believed that the flat rotation curves observed for spiral galaxies like 

our own indicate that such galaxies are surronded by a "halo" of dark matterll. While 
the mass of the dark haloes should be as much as ten times that of the visible parts of 
galaxies, the composition of the haloes is not known. Candidates range from new 
weakly interacting elementary particles to dark astronomical objects like brown 
dwarfs or black holes. The elucidation of the nature of the halo inhabitants would 
have profound implications for cosmology and theories of galaxy formation. 

The mass of hydrogeneous compact halo objects could range from 10-7 to 1 0-1 
solar masses2l. As Pasczynski pointed out3l, objects in this range of mass could be 
detected by monitoring the brightness of individual stars in the Large Magellanic 
Cloud. An massive object D passing close enough to the line of sight to the observed 
star S induces a relativistic light deflection and magnification (fig. 1).  Only the 
magnification is measurable, and its amplitude is more than 0.3 magnitude if the 
impact parameter is less than the Einstein radius of the deflector, 

Ji'; =  4 GMD 
E C2 1 D= OD. DS 

OS 
Due to the perfect alignment required for a sizeable magnification, the 

microlensing phenomenon is sensitive to the relative motion of the observer, star and 
deflector. The result is an achromatic and symmetric light curve. For stars in the LMC, 
a deflector of mass M and relative speeds of order 200 km/s, the mean time r during 
which the magnification is greater than 0.3 magnitude is given by 

r - (70 days) � 
Since Ji;, is proportional to the deflector mass and the number of deflectors, for 

a given halo total mass, is inversely proportional to their mass, the probability that a 
given star is amplified by a given amount at any moment is independent of the 
deflector mass. For stars in the LMC, a halo with total mass 4 1011  M0and a 
microlensing threshold of 0.3 magnitude this probability is about 0.5 lo--0. And if one 

assumes that all deflectors have mass M, since r is proportional to-{111, the number of 
microlensing events expected is a fixed observation time is inversely proportional to 

{M. 
The selection criteria for microlensing events are light curve achromaticity and 

symmetry, and uniqueness of the event. 
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Observer 
figure 1: A microlensing event. 

Undeflected light coming from l ight source crosses deflector plane on dSo. The 
deflected light gives two images, dS1 and dS2 in deflector plane. The surface brightness is the 

dS1+dS2 same for all dS, the apparent amplification is then ----aso-· 

Two experiments 
Our group•) -0 has two experiments under way: the first, using photographic 

plates taken at ESO Schmidt telescope, will monitor more than one million stars with 
a time scale of the order of the day, and then will be sensitive to mean lensing 
durations between 1 and 30 days corresponding to deflector masses between lo-4 and 
10--1 Mo - Plates are taken in two colours, B and R, with one hour exposure time, and 
then digitized at the MAMA (Machine Automatique a Mesurer pour l'Astronomie, 
Observatoire de Paris). Each plate requires 8 hours and generates 2 gigabytes of 
information. 

The second, using a large CCD mosaic, will monitor more than 30,000 stars with 
a time scale of half an hour, and then will probe lensing durations between 1 hour 
and 3 days, corresponding to deflector masses between 10--7 and 10--3 �- The CCD 
camera is under construction in Saclay, and will have a total area of 76mm x 29mm 
consisting in an array of 2x8 Thomson CCD. Images are taken in two colours with 
10 mn exposure time, assuming a 40-cm telescope with wide filters. 

Data analysis 
The analysis has to be completely automated, given the huge quantity of data to 

process. An analysis software has then been developed. It works according to the 
following steps: 

a) Institut d'Astrophysique de Paris, Observatoires de Paris et Marseille, I.aboratoire d'Astronomie 
Spatiale de Marseille, Dl!parternent d'Astrophysique et de Physique des Partirules Elementaires du CEN 
Saclay, I.aboratoire de l'Accelerateur Llneaire. 
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• A reference file is created either from the "best" couple of image, or from a 
composite image. All stars found on other images will be mapped to the stars found 
on it, so it has to be of very good quality. 

• For each image, a pattern recognition algorithm finds a first order fit to the 
reference image, in a completely automatic way. This algorithm was succesfully used 
to map images from different telescopes. 

• A least squares fit is made on isolated stars to fit more accurately the two 
images. 

• For each star, the algorithm searches for a star at an equivalent position on the 
reference image. 

• A relative calibration then maps all brightnesses to the brightnesses measured 
on the reference image. The algorithm used is a generalization of the classical method 
for variable stars observation consisting in the observation of a stable neighbouring 
star. We make the assumption that the mean brightness of a large sample of 
neighbouring stars in a given range of brightness is constant. In a small area of an 
image, we then choose different subranges of brightness, and measure the mean 
brightness of these samples of stars on this image and on the reference image. We 
can interpolate the relative calibration curve from these points1. If we have an 
absolute calibration on the reference image, the result is an absolute calibration. 

• The final output is a light curve (luminosity vs time) per star and per colour. 

• The resolution in relative photometry is measured by the r.m.s. dispersion of 
the light curves, assuming that most stars are of constant brightness. 

Careful optimization allowed an execution time between O(n) and O(n Log n), 
where n is the number of stars. Most of the time is spent in the photometry routine, 
on which a lot of work is under way. The results shown below have been obtained 
using a very primary algorithm, which provides a relative precision good enough for 
our minimal needs. The whole set of data has been processed in 6 minutes CPU 
time2, extrapolating to 3 hours for a photographic plate. 

December, 1990 CCD test run 
To test the deasibility of the CCD program, our group observed the LMC with 

the 40-cm GPO refracting telescope at La Silla. A single 576 pixel x 405 pixel 
Thomson CCD chip was mouted on the telescope giving a field of 1 1 '  x 8'. The 
essential part of the observations consisted of 63 exposures in the middle of the bar 
of the LMC. The high chromatic aberration of the GPO forced us to use narrow filters 
O .. - 4520 A, M • 340 A, and I.. - 64soA, M - l l OA) and then long exposure time (30 
mn) to reach ma - 19. 

We found a relative precision shown in fig. 2 as a function of magnitude, 
ranging from 4 to 13%. 

A casual inspection of stars with large fluctuation in magnitude resulted is the 
discovery of three candidate cepheid variables, an eclipsing binary and some long-

1 In fact, to take into account the non-linearity of photographic plates, the algorithms maps both 
sky background and measured brightness, with a multi-dimensional interpolation. 

2 The computer used was an IBM 3090/6oo VF. 
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period variable stars (fig. 3 sqq). We note, however, that we found no light curves 
that resemble that expected for a microlensing event. 
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figure 2: Magnitude resolution for CCD images using the red and blue filters versus the 
CCD flux. A flux of 103 corresponds to about 17th magnitude. 

We have investigated several possible algorithms for identifying microlensing 
events from the characteristics of observed light curves. In order to be sensitive to 
microlensing by objects in our halo, an algorithm should have an inefficiency for the 
rejection of random fluctuations of the light curves of less than 1o-6. The inefficiency 
for rejection of variable stars will depend on their type and number. For cepheids, our 
measurement of their rate indicates that a rejection inefficiency of 10-3 is necessary. 
On the other hand, an algorithm should have a good efficiency for accepting real 
microlensing events. The efficiency must be estimated via a Monte Carlo simulation of 
the observation sequence and detector resolution. The efficiency will depend on the 
distribution of deflector masses and, to a lesser extent, on the halo model. 

In our present algorithm, we search for stars whose light curves exhibit, within 
any time window, a sufficiently large deviation from the mean of the measurements 
outside the window. The threshold for accepting a deviation is chosen so as to 
eliminate random fluctuations of light curves due to the system resolution. Each light 
curve is tested with window widths and positions varying over the total duration of 
the observing period. Each time a sufficiently large deviation is found, the light curve 
is fitted with Paczynski's theoretical light curve separately in the two colours. The 
event is accepted as a candidate microlensing event if the fit gives compatible 
amplifications and times (of maximum light) for the two colours. 

For our observing sequence of December, 1990, we have used the Monte Carlo 
to study the algorithm's efficiency to accept events of peak amplification of at least 0.3 
magnitude. The efficiency is zero for masses below M • 10-8 Mo where the mean 
lensing time is shorter than the exposure time. It increases with mass above this value 
reaching a value of 20% for deflector masses of M • 1 0-S Mo It falls to zero for 
M= 10-1 Mo where the mean lensing time is of order the total observation time (1 
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month). The number of events expected for the 1990 sequence is about 0.01 for 
deflector masses in the range 10-7 - 10-3 �· The number of events is nearly 
indepedent of deflector mass in this range because the rising efficiency is 
compensated by the falling total number of microlensing events. 

For the next observing season, we plan to use the CCD camera now under 
construction, multiplying by 16 the number of monitored stars. We also hope to 
increase the number of observing nights to 100. The number of microlensing events 
that can be expected with this program as a function of the assumed deflector mass is 
shown in Table 1 .  Since the number of expected events is of order one, we will be 
able to definitively test the hypothesis that the Halo is made of dark astronomical 
objects only is the star-finding and photometric algorithms are improved so as to 
increase the efficiency for observing microlensing events. 

It is hoped to replace the GPO with a 40-cm reflector, allowing wider band 
filters and shorter exposure times. The number of microlensing events expected is 
shown in Table 1 .  

The near future 
During the winter of 1990-1991, 28 pairs of Schmidt plates were taken at La Silla. 

Their digitization is under way at the MAMA. As a preliminary step, we have digitized 
two entire plates and five 4-cm2 zones on 10 pairs of plates. The first measurements 
give a precision of 0.14 magnitude for relative photometry on the 1000 brightest stars 
per cm2. Using this result, we can compute the expected number of events for the 
plate program. The figures are shown in table 1 for 1990-91 observations and for a 
proposed 1991-92 program. 
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Table 1. 
The expected number of observed microlensing events as a function of assumed 

deflector mass, M, for the Schmidt program (1990-91 alone and combined with proposed 
1991-92 observations), for the proposed 1991-92 CCD program, on GPO and on 40-cm 
reflector. The estimates are based on an isothermal halo model with a total mass of 4.0 101 1 
Mo between the galactic core and the LMC. For the 1991-92 Schmidt program we assume 100 
pairs of plates spread over 5 months, 1 06 stars per plate with a mean relative photometric 
resolution of 0.14 magnitude in red and blue. For the CCD program we assume 150 
consecutive nights from which we substract the weeks centered on the full moon and 20% 
randomly selected unusable nights. We assume 30,000 monitored stars with a mean resolution 
of 0 . 1  magnitude. 

M(Md Schmidt Schmidt GPO 40 cm 
1990-91 1990-92 1991-92 1991-92 

10--0 0.3 2.6 

10-l 1.0 4.8 

10-2 1.9 8.2 

10-3 2.2 10. 1.2 3.0 
10-4 1.5 7.5 2.2 5.7 

10-5 2.8 10. 

1o-6 2.3 11 .  

10-7 1.3 6.6 
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figure 3: A candidate Cepheid variable (top: blue filter, bottom: red filter). The abscissa 
is the day of the year 1990, the ordinate the measured CCD flux. 
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