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PREFACE

This paper is an outgrowth of discussions at meetings of The Stockholm Cosmology
Group, an informal gathering of people interested in charge-symmetrical and par-
ticularly the Alfvén-Klein metagalactic theory at which the author has been a regular
guest. It is not supposed to be a penetrating analysis of the metagalactic theory but
rather to illustrate some of the selected difficulties which the theory faces. Although
many fruitful ideas were aired at the meetings, the paper is baged only on published

WOTKS .

Part 2 contains an attempt to alleviate one of the difficulties wihich at that time seemed
a very promising and interesting undertaking. The world being as is and not as we wish
it to be, it came to nought. The author is indebted to many people for interesting dis-
cussions and ideas and particularlv to Dr. Bertel Laurent and Dr. Bjorn Roos who

also critically read this manuscript.




A. PART I

INTRODUCTION

Cosmology occupies a somewhat unique position among the physical sciences in

the sense that it is not subject to experiment. Even the observations are limited

to observations at large distances and distant times and it is perhaps natural that
cosmology has been a playground for various theories since these are not easily
verifiable. After World War II, however, the refinement of observational tech-
niques and accumulation of astronomical data (particularly since the invention of
radio astronomy) shifted the emphasis in cosmology from 2ttempts to interpret

the meaning of Einstein’s equations to attempts to account for what we can actually
observe. A discovery, dated before the War, of the recession of distant galaxies,

as evidenced by their redshift, led to the general iicceptance of the idea of an ex-
panding universe. Also the general relativity admits homogeneous models of an
expanding universe: however, it is known that in following the expansion backward,
the Einstein’s equations lead to an inevitable singularity; a point of infinite cur-
vature. It remains then to interpret this singularity. If it exists, then either the
universe has its origin at this singularity, having been created, or we do not know
how to interpret it. If it is only 2 mathematical feature, then either Einstein’s equa-
tions hold no longer true in general, or at least nea~ the singularity, or there is

an unknown law of nature operating to prevent the siagularity (as for instance the C-
field in the steady state theory adding an extra term to Einstein’s equations), or our
description of the space-time manifold loses its meaning because of quantum effects.
Despite many years of effort, the problem is unsolved. It was to overcome this dif-
ficulty that new approaches to cocsmology were tried. One of these has been the idea
of Klein who. in order to derive the Eddington relatinas, proposed the thought that
the universe did not start from a singularity but from a real physically realizable
state and expanded due to some real natural causes. With the contributions of Alfvén,
the Alfvén-Klein metagalactic theo: y, as it became to e called, introduces no new
physical laws and assumptions except those that have been verified in the labhoratory;
these are extended to be ,alid everywhere: thus antimatier, whose presence is a2 con-
sequence of the charge symmetry principle verified in the laboratory on an elemen~
tary particle scale, is supposed to be present everywhere throughout the whole ex-
tent of the early metagalaxy. Another approach has been to avoid the question of sin-
gularity and study instead the following period, that of high density and temperature
of which our knowledge is meager. This is a starting point of the Omnés theory [ 3].
As always in physics, both theories have their fathers and forefathers. The Alfvén-
Klein theory goes back to the ideas of Charlier who attempted to explain the Olbert
paradox by postulating larger and larger sets of systems nested within each other,
ad infinitum. and the Alfvén-Klein theory i a description of one such system; the




Omnés theory is a medification of the Gamow theory, the modification being that

the early (hadron) stage contains equal amounts of matter and antimatter and the
theory is a description of a subsequent development. This paper deals only with
the theory of Alfvén and Klein, and especially with the problems it encountered,

the Omnés theory will be a subject of a future paper.
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ALFVEN-KLEIN COSMOLOGY

DESCRIPTION

The birth of the Alfvén-Klein metagalactic theory can be traced to ideas of Klein
appearirg in several articles since 1953 [ 17, and the theory appeared in its whole

for the first time in 1962 [2]. The theory is as follows:

The metagalaxy which contains all the visible universe (and perhaps more) consist-
ed in th~ initial stages of a large, extremely dilute cloud of protons, antiprotons,
electrons and positrons, all at a temperature near zero. The constituents have been
chosen on the basis of simplicity, these being ccnsidered as the most simple and
stable elementary particles. No radiation was present at this time, although some
primeval magnetic field was postulated to serve as a seed field for a mechanism to
separate matter {rom antimatter which came into action later. Under its own
gravitaiional attraction the metagalaxy began tc contract (in essentially a free fall
manner) and its increased density gave rise to increasing annihilation between mat-
ter and antimatter and thus to radiation. Although some radiation escaped from the
metagalaxy, enough of it remained to generate a radiation pressure which finally
came to be sufficiently high to halt the contraction and turn it into expansion. Thus
the cause behind the present expansion of the universe is given. Although most of
the content of the metagalaxy has been annikilated, sometimes during its history a
mechanism for separating matter from anctimatter came into being and the remaining
content was saved from further annihilation by being separated into distinct regions
interacting with each other only through their boundaries. Thus the present meta-
galaxy consists of matter and antimatt2r well separated, except perhaps in quasi-
stellar objects [4]. Observable features of the present universe (such as stars,
galaxies, etc) are supposed to have been born sometimes during its history, although
no detailed mechanism is provided. The metagalaxy itself is considered as one of a
large number of metagalaxies in accorsance with the ideas of Charlier [5]. Let us
then consider those features of the metagalaxy which have been subject to published

detailed studies: dynamics and separation.

THE DYNAMICS OF THE METAGALAXY

There are at present two main investigations of the dynamical behavior of the meta-

galaxy, both originating at the Stockholm school: Laurent and Stderholm {81, there-
after called L-S, and Hellsten (unpublished). Of some interest is also a hydrodynam-
ical study of large masses by Matsuda and Kato [7].

The Laurent-Sdderholm calculation (s a general relativistic treatment of a subsequent
history of a large matter-antimatter cloud with a sharp boundary and & {inite mass




which contains no radiation in its initial stages. The energy-momentum teneor in

the gravitational equations contains pressure-free matter and radiation given by

matter T =e¢eU U
[ B v

— 2 o, 4
diation S =2 /g I X ) C] d
radiation w g p(p.x) Pppv (pré()dp

and the transport of radiation is described by a transport equation which, when

specialized to the local rest frame for ease of interpretat.on, reads
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The meaning of the symbols is as follows*

po(p.x) number of photons per phase space volume d3xd3p with a four-momentum

[o]
U matter four-velocity
€ matter density in a local rest frame ©
i (x) frequency distribution such that u{" f(x)dx =1
5 (p)) step function d-fined as e(pi) = 0if xz 0
tifx=0
1ifx>0
o annihilation rate divided by matter density
g scattering cross section divided by matter density.

The meaning of the radiation trausport equation is that the amount of radiation ener-
gy of a certain frequency pn and direction p formed per phase space volume is due
to annihilation and independent of direction (first term on the right-hand side) and
scattered radiation reradiated isowropically (second term). Numerical calculations

are nuwde for - ange of the parameter k/ko 0.5 < k/k0 < 4) where k is given as
k ‘} c E
a

where 2 is a scattering cross section divided a proton mass and ¢ an annihilation

vite divided by a proton mass. The term kn is a particular value of k which is used
s standard and is given by
=
<
1,\” " -0
) (70

where




d2
_.I_€
%% ~"C%9m
p

2

) :ﬁ"_"'._d_e
0 3 m

=)

with de and mp meaning the classical electron radius and the mass of a proton.

The standard Bo is then the Thompson cross section divided by the proton mass

and the standard o, is the annihilation rate at the velocity of light likewise divided
by the proton mass. The meaning of k is then the square root of the ratio of scatter-
ing to annihilation cross sections and the parameter k/k0 is therefore a measure of
scattering to annihilation as they differ from the values accepted as standard and
described by ko . Thus for instance, under the 2ssumption of unchanged scattering
crcss section (i.e. p = Eo), the decreasing k/ko ratio means increasing annihilation

and vice versa. The actual mass of the metagalaxy in grams is obtained from

o ,a53 | gB
m=8.710™ /L= M (g)

oo

Note that both \/_aﬁ— (embedded in the ratio k/ko) and \/;E and M0 (appearing in the
scaling formula for mass but not in the differential equations) can be chocen freely.
However, calculations set a limit on Mo since past a certain value of Mo (for each
k,/ko) a gravitational collapse occurs. Having thus arrived at the possible range of
M0 . we can then chose at will either the value \/EE and so arrive at the total mass
m of the metagalaxy in grams or chose the total mass m and so establish \/;9_.
However, since now both 2 and \/Q_B- are known, we have uniquely established
the values of ¢ and B which, as has been said, are measures of annihilation and
scattering. These in turn are limited by consideration of reasonableness since ob-
viously, not all annihilation rates or scattering croes sections are possible. We can
thus give certain criteria, as done later in this work, which annihilation rates and
scattering cross sections are possible in order that the model metagalaxy might
liken the presently observed universe. Having this in mind, let us consider the re-
sults of Laurent and Séderholm. The most important ones for this review are as
follows:

a) The maximum outward (expansion) velocity increases with increased initial mass
of the metagalaxy but reaches what seems to be an upper limit of 0.4 c.

b) Using the value of annihilation and scattering accepted as standard ({.e. o =& p
B=8 thf maximum value of the initial mass that escapes gravitational collapse
is 2.18 10”3 g. However, a large part of the mass has been annihilated and only
0.52 103 g remains at the point of maximum outward velocity. Moreover, a sig-
nificant part of the remaining mass is radiation, estimated by the authors to be
about a half.
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The results are summarized in Table I and also indicated in Figures 1-5 by "L-S".

For reference, it should be noted that the presently estimated matter content of

the metagalaxy is about 1054

g and that quasistellar objects have been reported ¢
with a redshift of z~ 3 representing an expansion velocity of .88 c, if the red- j
shift is interpreted as a Doppler effect. The calculation has been made under the
assumption of a constant k/k0 throughout the motion of the metagalaxy. It might
be argued thit due to the chemical development (recombination of protons and
electrons into hydrogen, a similar formation of antihydrogen and the resulting
annihilation of hydrogen-antihydrogen, for instance) or perbaps due to the forma-
tion of local irregularities, such as stars or galaxies, the parameter k/k0 would

not be a constant but be a function of time and perhaps position.

Table 1
Initial mass giving
i maximum expan- Maxi .
sion velocity - !mum expansion

Remaining mass velocity

k/k 10108 M =7 v/e

0.5 -0.75 not given A5

1.0 -0.65 30 .38

2.0 -1.0 not given '

4.0 -1.13 not given

MO is the designation for mass ns used in the formula for mass scaling




1. LIMITATION ON MASS

The value of the annihilation cross section for the values of k/ko as used by L-S
implies an annihilation rate of

vo, ~10 1% em3 sec!

As has been realized for a long time, this is the annihilation rate in the limit of
high temperature. Since the metagalaxy has a temperature which is probably smal-
ler than 102 K, all interactions take place through S waves and due to the attrac-
tive influence of the Coulomb field between protons and antiprotons, the annihilation
cross section follows rather a 1/v2 than the 1/v behavior as has been used. (See for
instance, Landau and Lifshitz: Quantum Mechanics, 2nd ed., p. 549, Pergamon
Press). Further, at such a low temperatu. e most of the protons and electrons con-
bine into hydrogen (see sec. 2) with similar formation of antihydrogen and the anni-
hilation cross section for hydrogen-antihydrogen is even higher [ 8]. Puget [ 3, ref.

cit. ] gives the value for the p;_) annihilation cross section as

(where ) is the deBroglie wavelength) which gives an annihilation rate of
Vo, = 1071 172 o3 gec™?

The annihilation rate is now dependent on temperature as T_é but the k/k0 ratio is

affected only as Ti/ 4 The HH annihilation cross section is reported in ref. 8 as
_ 7 ,c0.64 2
Ua—i.OG 10 (v) mr,

leading to an annihilation rate of

Vo, = 10710 ¢m? sec?
Further, the scattering cross section for high energy (180 MeV) photons and 100 MeV
electron-positron pairs (which constitute the main source of the metagalactic opacity)
is a fraction (~ 1/40) of the Thompson cross section. Taking these values into account,
we arrive at a more realistic scattering to annihilation ratio as

k/k =~ 1073

Since this ratio i8 8o much smaller than the one previously used as standard, the
calculations of L-S have been extended to encompass a wider range of the parameter
k/k0 as 20 > k/k 07 0.01. The purpose of the calculations was to arrive at possible
1imits of the k/ko values, to investigate the range of expansion velocity for different
initial masses M _ and particularly to establish the maximum mass the modsl allows




for various rates of annihilation and scattering or conversely, given the mass

(as for instance, the presently observed mass of 1054 g) to give the criteria for

1__4

|
annihilation and scatiering rates so that the model may agree with observations. |

The following conclusions can be drawn:

a)

d)

If we accept the value of k/k0 = 0.001 as the more realistic ratio, we are clear- |
ly in a region of a radiation catastrophe. The annihilation rate is now so large |
that most of the mass gets annihilated and the rest collapses into the Schwarz-~ |
schild radius. Indeed, the limit of existence when the metagalaxy halts just out- |
side the Schwarzschild radius but achieves no appreciable outward velocity occurs

at k/ko = 3.0 for one particular mass of M0 =0.019. All other mayses considered

collapse at this k/ko.

At large value of k/ko, the annihilation decreases rapidly providing less radia-

tion to generate pressure with the result that the maximum initial mass Mo able

to escape gravitational collapse gets rapidly smaller (Fig 5).

Since the temperature range of the metagalaxy is probably not larger than 100° K,

the temperature dependence of the annihilation rate as T % is immaterial for the

/4

results hecause k/k0 is increwsed only as T1 which is too small to displace
k/'ko out of the region of gravitational collapse.

If we specify that the observed mass of the universe (1054 g) is to be attained,

we can uniquely determine the annihilation rate and scattering cross section as
illustrated in IYig 1, or if we specify the scattering cross section, we can deter-
mine the maximum mass the metagalaxy can attain, as done in Fig 2. Since the
scattering cross section is probably smaller than the Thompson cross section,

the observed muss cannot be attained.

Omne can see that the difficulty encountered is not only the large annihilation which
prevails but also the insufficient opacity of the metagalaxy, that is, a large por-
tion of the radiation escapes without providing the necessary pressure. We can
think of deceriasing the annihilation rate by separating matter from antimatter into
separate cells which would reiet only through their boundaries; to increase the
opacity is 2 more difficult task. We will probably have to abandon the radiation
pressure as< leading to the expansion of the metagalaxy and provide pressure by
other means, perhaps by having a magnetic field act on the electrons and thus pro-
vidde 1 sart of magnetic pressure. Whether this is possible, remains to be worked

ot




2. EXPANSION VELOCITY

Since the theory attempts to provide an explanation of the recession velocity as be-
ing caused by radiation pressure, it is worthwhile to investigate what is in fact the
maximum velocity permissible by the model, and secondly, what is the cause of

the apparent limit of 0.4 ¢ as reported by L-S. Since a force in a tensor notatior. is

(p) =B
a AS&B P

m
il

8

- P

& FaPs 5,
(p)

=A s:;
9]

F,=AT s
all o
directions

(p) denoting plane waves crossing an area A of a small sphere from all directions,
we have to investigate whether the Si’ component of the radiation tenscr used in the
L-S work attains a zero value in a frame moving at some particular velocity, and

f so, what is such a velocity. The tensor is
2 o .4
S =2 , X ] 6 d
= 2[00 pp, 6698 @) dP
or in a local Lorentz frame
3
- dp
Sw = PPy p°

For more details the reader should consult the original work by L-S. Note that the

phase space density is Lorentz invariant in the sense that

1 1)
o xy=p # . &)
the primes indicating comporents trainsformed by Lorentz transformation. Thus we
shall calculate the tensor

So' :j‘pv (_ﬁ. v)d3pl
1 1 IB" P

and see whether it can attain the value zero. Now the density is given as
=2 2
p=N&(p"™-P") 6 (p,)

where P represents a photon momentum of a particular frequency and 8 (pi) fen
step function described earlier. Taking the x axis as the direction of propagation and
transforming the density, the radiation tensor in a moving {rame assumes the form
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! - - — 2 7
S? =N "p'cos®6 _p' {_(__)_cose+2\ +sin29}-P2]9(cose+v)]
) 1-v 1-v
-2 —
p' singédéded|p'|
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d3

- —_2 —_
p' - p' “singdeded |p!|
p; - p'cosg+p'y

21, 2t =2t 2.
Py T Pq p Ssin
Calling now o
JERNCE EL R
1-v"
and writing the argument of the delta function as
- P . ])
(p-3) (P*+3)

and integrating 2 and the E one obtains

P P2 .
, (T)cosB (1) sinBd8
N A A
| B 2PA

2) . cosBsingdsd

)
NPT -v
NPT (- )4

(1+vcos8

Changing the variables by cos 8 - x and establishing the integration limits from the

& step function. one obtains the integral

x (x 0

. 4

-v (1 vx)
which then, under the assumption that momentum density may be zero in a moving
frame. shoul! equal zero. A straighbtforward caleulation shows that indeed the momen-
tum density and therefore radiation pressure ceases when

o

3

c™0.45¢

We thus ~ce that the maximum expansion velocity of the metagalaxy, as described by
the radition tensor used in 1.-8 work is slightly above 0.4 ¢ and the apparent limit as
reported b the athors finds its explanation. Although the above velocity has been
devived under the assumption that the source emitting radiation is at rest, calculations
show that the maximum outward velocity is achieved immediately after turning and the
assumption s thus not without support. This limit is compatible with the largest ob-
served redshift of the galaxies, the theory seems to imply, however, that objects

with [arger redshifts, as for instance the quasistellar gources, own their large red-

shitt te other causes than therr veloeity,
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3. SEPARATION OF MATTER AND ANTIMATTER

Aside from considerations of dynamics a more realistic determination of the an-
nihilation rate has also a bearing on matter-antimatter separation. Since it has
been thcught at one time that a decreased annihilation rate would enable the meta-
galaxy to attain a mass compatible with the observed mass (see sec. 2), the sepa-
ration of matter and antimatter into cells of opposite kind, where annihilation would
take piace only at the boundaries, would accomplish such a purpose. The previous
section shows, however, that the observed mass is gifficult to attain; nevertheless
it is of interest to consider what effect the new annihilation rate as described by
lrc/k0 = 10_3 would have on the separation process. The electrolysis mechanism as

described by Alfvén [ 9] would separate regions with radius

where t is the life time of protons and B the magnetic field. Taking

N, = 1073 protons-cm” >

B = 10-5 gauss

the radius of separated cells would be

R~ 5.5 1015 cm

1

Since, however, the annihilation rate of 10-1 cm.3 - sec_1 would imply the mean

free path of protons to be, at T = 10° K

v 18
= m——— = 40" cm
No(vca)

A
the much larger mean free path would cause an immediate mixing of the regions.
A magnetic field is therefore requir.d to prevent it. Since a charged particle enter-
ing a magnetic field is reflected approximately when

Br- £ /2 mka

2e

this is easily accomplished. With the same values for B and T as above, the thick-
ness of the annihilation zone would he

r~ 2 105 cm

Thus we see that a magnetic field is not only necessary to separate matter {-om
antimatter but also to keep them separated. However, as Alfvén pointed out, since
the mechanism is not able to separate even a mass of nme star, we need therefore
another mechaniam to enable individual cells of matter or antimatter to merge into
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larger units. Since the magnetic field apparently plays a central role in the theory,
additional questions arise such as how did the magnetic field arise, what is its
topology. how did such a topology arise and how does coalescence take place?

These are unsolved questions.




13

4. UNIVERSAL BLACK BODY RADIATION

The observational tests for cosmologies are rare, mainly because various cos-
mologies predict features which are out of our observational means. However, at
times, a fortuitous prediction of a cosmology can be put to a test. One of these is
the prediction of the Gamow theory that there should exist relics from earlier
times detectable today. The relics are photons which marked the end of thermal
equilibrium in an expanding universe. At this time, at T =3 1030 K, electrons

and protons combined to form atoms and because of a large difference between
scattering cross sections of photons and free electrons and photons and neutral
atoms, the photons effectively ceased to react with matter. Since they originated

in a thermal equilitrium, their spectrum should have a marked black body charac-
ter. Their effective temperature, however, decreased due to the expansion of the
uaniverse (since their number in a comoving volume remains constant) but their
spectrum nevertheless kept the black body character. Such spectrum has been
detected following to a high degree the Planck distribution and represents a chal-
lenge to any cosmology to explain it. The metagalaxy in the Alfvén-Klein version
never attained thermal equilibrium and any equilibrium spectrum is therefore with-
out explanation. * That is not to say that such a spectrum cannot be accomodated within
the theory but only to illustrate that despite the number of years the theory has been
in existence, much work remains to be done. After all, the birth of modern physics
came about with the invention of the experimertal method and the only reason for
existence of any theory of physics, as distinct from philosophy, is to account for

observations.

* (. Klein has recently calculated a temperature which is near the temper.ture of
the black body background radfation, assuming an adiabatic expansion of the
metagalaxy. . d
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EXPERIMENTAIL EVIDENCE

The evidence on which we base our knowledge of the extraterrestial world is al-
most exclusively derived from radiation of different wavelengths which reaches
our telescopes. However, when we try to search for antimatter in the universe,
this evidence is ambiguous since matter and antimatter cannot be distiquished
spectroscopically. Thus hydrogen and antihydrogen, for instance, have exactly
the same spectrum. We could infer the presence of antimatter by means of some
effect, as for instance the splitting of spectral lines in a magnetic field but an in-
dependent way of determining the direction of the magnetic field would have to be
known. Thus we are limited in our search for antimatter to look for other effects.
such as the direct evidence of cosmic rays or some indirect evidence, as the

Faraday rotation, among others.

1. COSMIC RAYS

Cosmic ravs are high energy particles, from protons to heavier nuclei, that arrive
from outer space. If then there is a universe containing (perhaps equal) amounts of
antimatter, such antimatter should make itself evident in that some portion of cosmic
ravs should c¢onsist of antinuclei. Since a secondary production of antiprotons (by

3 1077 {107

, the presence of a heavier

collisions of cosmic rays with interstellar gas) is estimated as —p/p'.a 10~
and a secondary production of alpha particles as 10—13
nucleus in cosmic rays would be a direct and most conclusive evidence for the pre-
sence of antimatter in the metagalaxy. None have been detected. The upper limit of
relative amount of antinucle! in primary cosmic rays has been reported as low as

D m"l 117, Sinee, however, there is no agreement as to where the cosmic rays
oviginate, whether thev are of Tocal, galactic or extragalactic origin. the boundary
ot the region of matter frem which the (mattery cosmie rays come from, cannot be
established. 1t has been said that the steepening of the cosmic ray spectrum between
m“ eV - o' eV o(as [_:-‘y withy 2.2 indicates a presence of an extragalnctic
component; since, howcever, such high energy cosmic rays can he obhserved only by
means of air showers ond the charge cannot be distinquished. a possible evidence
tor regions outside ouc own galaxv is, even in this view, not available. OQur imme-
diate acghborhood i obviouslv made of matter; how far this region extends would

e with our present knowledge of the origin of cosmic rays, a mere speculation.
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FARADAY ROTATION

The interaction of an electromagnetic wave with a magnetic field B and leptons leads

to a rotation of polarization planes by an angle given as

AB = "(Ne-NE) B|| ds

|
J

where the integral is taken along the line of sight between the observer and the source
and (Ne- Nz) is a difference between densities of negative and positive leptons. It
is thus a measureof an excess of electrons over positrons or the average value of the

magnetic field component parallel to the wave vector. Thus for a regular distribution

The observation of radio sources show, however, quite a large value of the rotation
measure and a dependence on redshift {12,13]. The rotation can originate either at
the source, or in the intergalactic medium or in our own galaxy. The knowledge of
the electromagnetic properties of these regions should be therefore available. In the
absence of such knowledge it can be argued that separate cells of matter and anti-
matter contain magnetic field of opposite sense or statistics can be pressed into ser-
vice to show that due to the small variance of the rotation measure as a function of
redshift tends to show mixed matter and antimatter at z > 1.85 {14] or the same
statistics can show that scatter of the data attributable solely to antimatter regions
shows no matter-antimatter symmetry for z < 2 {13]. Thus the observational evi-

dence for the presence of antimatter is either lacking, or at best, ambiguous.




PART 1II

INTRODUCTION

This work has its origin in the investigations pertaining to the Alfvén-Klein meta-
galactic theory "2,9”. Since the dynamical studies [ 6 showed a need for greater
understanding of annihilation and recombination rates, effort has been undertaken

to clarify them. When it became apparent that formation of hydrogen and antihvdrogen
atoms plays a large part in such processes, it became necessary to study the inter-
action of these atoms. The first trial calculation showed that there may be a repul-
sive potential between them. At about the same time, an argument has been advanc-
ed " 23" that indeed due to the repulsive nature of the electron-positron overlap
charge, a potential barrier ought to exist. Somewhat later, calculations by pertur-
bation method confirmed this [ 15]. This had a profound importance for the meta-
ealactic theory, since the annihilation rate would markedly decrease and, as was
thought at that time, alleviate one of the major problems of the theory. Since the

first calculatien lacked in accuracy and the degree of accuracy in the variational
method chosen depends on an adequate description of the wave function in the
Schradinger equation, the wave function has been enlarged to include a set of twenty
functions consisting of 1s and 2p Slater orbitals. It soon became apparent, however,
that while the potential barrier still existed, it decreased steadily with each enlarged
input set of functions. The question now presented itself whether the potential barrier
would prevail for an arbitrarily large set. Since the computor program was limited

to an input of twenty functions, a new program was writfen extending the input to as
high as 5f hvdrogen states, limited essentially only by the computor capability. While
the new program was in the check-out stage, a revised article by Junker and Bards-
lev was published in the Physical Review Letters {227 showing that for an input of
more than sixtyv-four functions, the potential barrier has disappeared. Since the ope-
ratton of the now program was expensive and the question was considered to be settled,
further work on the subject was discontinued. Recently, i private communication from
Kaolo=. Wolniewicz and Schrader, the scientists responsible for the most accurate
caleulation ot the hvdrogen molecule ever done, verified that by using a method supe-

vior in ccecuracy to both of the author and of Junker and Bardsley, the potential bar-

ricr between hodrogen and antihvdrogen atoms does not exist. However, few other
crobleme s gmium chemi-try have been of such a fundamental importance (a repul-
~tve potentiad woulbd enable matter and antimatter in atomic form to coexist at low tem-
peratiive, feadmg to far reaching consequences) while at the same time depended or

o -abtle etteets requiring an extreme accuracy in computations.
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ANNIHILATION RATES

Since annihilation and scattering within the metagalaxy have a strong influence upon
its dynamical behavior [ 6], it is worthwhile to clarify what happens in the meta-
galaxy on the atomic and elementary particle scales. It is the purpose of this section
to give an estimate of such processes and in what degree they influence the total an-

nihilation rate and the optical depth. These processes as as follows:
e+e 2y direct annihilation
ete — Ps annihilation from a bound state (positronium)

p+n— Ix) 7%+ ) T+ (z)m™  reaction giving rise to 5-6 pions on the

average which react as
To—- 2y

++V

BTy
T - utv
Wy,

e +yu+ye

3
!

which in turn disintegrate as

w
3

®
3

e+y +u
Ve

Since the life time of pions is small on the scale of metagalactic history, we shall
consider only the final products

p+ p— 4y + 2e + 2e + neutrinos

p+te—-H

p+re—-H

H+H-Pn+e+e annihilation froin a bound state of protonium
— Pn+ Ps and positronium or a free ee pair

The energy of the final product is:
photons: E = meczsa 0.51 MeV from direct ee annihilation

Eavm 180 MeV for photons from pp reaction although the
energy spectrum spaus from several tens to
several hundreds of MeV, 180 MeV being the

average energy

ee pairs: E = 100 MeV for pairs from ps annthilation with an energy
spectrum similar to that of 180 MeV photons

peutrinos: E~ 800 MeV for all neutrinos from pp reaction, that is,
about half of the available energy
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DIRECT ANNIHILATION

The cross section for the ee reaction, in the region of intermediate energies when
the plane wave approximation is acceptable, is given by Dirac [16] as

—-Sq 2
OQC v [¢)

where ry is a classical electron radius and v the relative velocity. At the low ener-
gies pertinent in the metagalaxy the plane wave approximation is no longer valid and

the effect of the Coulomb field has to be accounted for by a correction factor [17]

2
“{E (I‘—'«O)l _ 2
’2 k(i-e_2”/k)

t

[y
14

where and L are wave functions of a particle in a Coulomb field, respectively

L=
afree pnl;ticle and k is a wave number. We thus get for the ee direct annihilation
cross section
2rk

Tee vk (1- e-z‘”’/k) |
The cross section for direct annihilation of protons and antiprotons is governed by
strong interactions, in addition to the Coulomb field. Since no satisfactory theory |
extending over the energy range of interest exists, the same plane wave approxima-
tion and the same correction factor due to the influence of the Coulomb field has been
used, this time, however, to extend existing experimehtal curve to low energies for |

which the experimental data are not available. Thus the pB annihilation cross section

has heen simuliated by the formula |

C 2 27

o= \=qnr, ————s——
pp v o k“_e—z'n/k)

and the constint A has been determined from pp scattering experiments at low ener-
gies 187 This procedure may be somewhat questionable; however, what is needed
i~ onlv an estinmte and therefore deemed satisfactory. Comparison with expression
deriverd by Puget * 3, cit. ] shows that these two expressions differ only by a factor of

three

Wik o
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ANNIHILATION FROM BOUND STATES OF PROTONIUM AND POSITRONTUM

A proton and an electron may recombine upon encounter. Likewise for an electron
and a positron or proton and an antiproton. Since at the low densities prevailing
within tne metagalaxy, the annihilation from bound states proceeds much faster than
encounters with particles tending to break up such a bound state, we may safely as-
sume that once a particle and an antiparticle recombine, they will also annihilate.
Hence the annihilation cross section for particles and antiparticles is equal to the
recombination cross section. Although the total recombination cross section has

been accurately given by Seton [19] as

6 1
=% (%)% a4ca(2) A (0.4288 + 0.5 4n X + 0.469 1 F)

ORr
where
_hRe
A =T

with R, ¢ meaning Rydberg and fine structurc constants and a the Bohr radius,

we have used the Kramer’s formula instead as being sufficiently accurate at low ener-~

gies, i.e.
K__ore® 1, Eionization
R 3 @_ m c3 " kT I':kinetic

Recombination rates have been calculated for protonium, positronium and hydrogen

and the results are illustrated in Fig 6.

ANNIHILATION OF HYDROGEN AND ANTIHYDROGEN

Anticipating results of the following section, let us state that the potential between

hydrogen and antihydrogen is attractive, at least at small separation.

Ag the hydrogen and antihydrogen atoms approach each other the binding energy of

the electron and the positron successively decreases due to their mutal interactions.
At the same time, the interaction energy (zero at R - o) of the HH system increases
and at a zertain internuclear distance R, say R o’ becomes equal to the binding energy
of the original system (at R - o) while concurrently the binding energy of the electron
and positron goes to zero. The electron and the positron therefore escape from the
system. If the pair escapes as positronium (binding energy 6.8 eV), the critical Rc
occurs earlier, at the interaction energy of 20.4 eV. If in addition, the kinetic energy
of the nucleons is less than 20.4 eV, protonium will be formed and annihilation will
take place from a bound state of protonium. The arnihilation cross section is then
nRz, where R is the maximum impact parameter which gives the closest point of ap-
proach equal to the critical internuclear distance Rc' The classical trajectory, an ap-
proximation used in this work, is of course dependent upon the kinetic energy and the
HH potential. The annihilation rate, as illustrated in Fig 6, is therefore of the same
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order of magnitude as annihilation rates of pE and ee (positronium). The argument
is due to Morgan and Hughes "8. The products of annihilation give rise in turn to

the following processes:

a) pair production by collision of high energy photons with charged particles with

cross secticn

2E

R 2,28 Y _ 106

c»tyﬂro( ) in 2" g9 )
mec

h) Compton heating of electrons, with a cross section

2
2 mc 2E
e t’
0-:17(—————2) € (En 2'+%)
417mec b m.c

¢) bremsstrahlung of a wide energy range

«y photoionization of the newly~formed hydrogen which, however, does not effect
the annihilation rate since the annihilation rate of hydrogen-antihydrogen, respec-
tivelv positronium are comparable in magnitude. We can thus conclude in general
that annihilation within the metagalaxy is the predominant process with a cross

"M 40715 ¢m? and all other processes are almost negligeble with a

-25 2
cm .

<ection of 10

cross sectien which is smaller than 10

THE HYDROGEN-ANTIHYDROGEN POTENTIAL

Problems amenable to exact solutions using quantum mechanical approach are two-
particle problems. A system, like the hydrogen-antihydrogen system containing an
clectron, a positron, a proton and an antiproton can he solved only approximately.
The approximation in solving the Schridinger equation describing such a system,

that s

v 22
N R S L % X1 u (X
I I T IR S L A B

'

)= EY (X %))

with Xi and xj meaning the coordinates of nucleons and electrons, consists in arrest-
ing the motion of the nuclei and considering only the motion of the electrons. The
Coulomb interaction of all four particles is, however, included. The Schrodinger equa-
tion reduces then to
CEE .

T THT; ’.'j + V(Xi'xj“ u (Xi,xj) - E (Xi)u(xi,xj)
where the wave tunetion u (Xi, xj) is now a function different from the function
L (Xi_ ‘j" The Born-Oppenheimer approximation, as this method is called, consists

in using the energy of the electron motion E ()(i) as the potential energy for the motion

of the nuclei according to the equation
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[-i A Z_MI vi2+E(Xi)}v(Xi)=Ev(Xi)

The product of the wave functions u (Xi, xi) and v (Xi) should be a reasonable.
approximation to the four-particle wave function y (Xi xj) as it indeed is. The error
in this approximation is about 0.0148 eV in the equilibrium energy of the hydrogen
molecule. We see that the feasibility of the method rests essentially on the much
greater mass of the nuclei. In addition to the above approximation, no regard has
been paid in this work to such small effects as the spin-orbit coupling, coupling with

nuclear moments and relativistic corrections.
Since there are two fixed cente s in the problem (nuclei), a suitable coordinate frame
must be chosen. Such a fram« is the prolate spheroid coordinate system, given by
E=%R (r, +71p)
n= % h ‘ra - rb)
3=9

with the meaning of various terms illustrated in the following figure:

The designation A, B+, 1+, 2" denote in the same order an antiproton, a proton,
a positron and an electron. R is the internuclear distance (held fixed) and the angle
¢ 18 an angle in the plane perpendicular to the axis connecting the two nuclei.

The Hamiitonian for the electronic wave function is

- -3gl.3zo2. 4 A 4 4 4
H= Qvi %Vz riad +

1
T2a T1b fzp Ti2 R
The expectation value of the first two terms describes the electron kinetic energy,
of the next four terms their potential energy, the next term the interelectronic inter-
action energy, and the last term the internuclear interaction energy. It differs from
a Hamiltonian for a hydrogen molecule only in signs due to the different charges of

the particles.




THE WAVE FUNCTION

Since the system is composed of an atom and an antiatom, the wave function has to
encompass both centers, subject only to symmetry along the axis connecting the two
nuclei. No other symmetry has been put in although there is a symmetry upon simul-
taneous exchange of coordinates and charge. We therefore use as a wave function for

the system a linear combination of products of two wave functions as

us g cij c}i(i) @j (2) = k CK fbK

<1

where the functions ¢ are wave functions for a hydrogen or an antihydrogen atom.
The ¢ are unknown coefficients to be determined. Thus, for instance, for the 1s

state. the wave function als is

. Q_ée_ar
)

These are also es lled Slater orbitals. Since we have two fixed centers, the product

then refers either to one center or both. For instance,

T C1 llr‘)A (1S)A + C2 “S)A (ZP)B+

where the subseripts mean the nucleonic centers and the expression in parentheses
are basic functions corresponding to quantum numbers (1s. 2p, et¢). The symmetry
atong the line connecting the nuclei (the z axis) then places certain restrictions on the
products. In this work, 1s and 2p states have been used giving a linear combination

of twenty terms.

METHOD OF SOLUTION

Since the wave function is not exact. that is
. ., . * I3
ot Fyy dV A0
the energy B must he minimized by
. A . - )
b v(t-1Fyy dv 0

where the variation 6 means -(— with respect to the coefficients to achieve a
i

mimmutn valae ol the energy. This leads to the eigenvalue problem

(F-FS ¢ 0
where Vs the matrix of the Hamiltonian, i.e.

er W HE
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and S is called the overlap matrix given as

Transformation methods are available for diagonalization. The eigenvector C for
the lowest eigenvalue of the energy are then the coefficients Ck we wished to deter-
mine. The method gives energy eigenvalues which are upper bounds to the true
values. Further improvement is attained by a numerical variation of the screening
constants ¢ appearing in each orbital. This, except for the calculation of the matrix
elements, is the most time-consuming part of the problem. Since the atomic states

contain each its own screening constant, these have to be varied separately.

MATRIX ELEMENTS

The use of Slater orbitals, which have been chosen for the ease of interpretation of
the physical behaviour of the HH system, leads, however, to integrals which are
not always straightforward. Consider the matrix element

, 1 1 1 2 2
(1s), 2p) g |r12| (2p,) g 2p,)p)

where the subscripts denote nucleons and the superscripts the leptons. In spheroidal

coordinates, it reads

3\v+ 5 3/2
1 oy Ro 4™ 1 .
T I ("2') ‘g de ‘fi du1 dpz (times)

(09}
» 1
; exp [-% (aiki+azx2+az)\1-02ui)] (>\1- By E (times)

. 2 .2 2,2 2

The interelectronic distance ;,-1— has to be expanded in Neuman series, or
12

w T

Z

o - |
Zy S5 LenYz @2ren (-

('r+v);.

\4
11Q7 () (times)

PV ) P ) PY () cony (0~ ¢)

where the summation in square brackets starts from p = 1, for v = 0 being
[ 1=27+ 1and the signs <, > mean larger or smaller c:fx1 or ‘2 . The integrals
thus lead to infinite series in most cases.
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\Well known methods for their solution are available. Defining new functions

1
.~ - 2.v/2
G moy = DO Py p™ (15 d
—oX, - B
v . N L4 v 1 2., mn .
W (m.onja, ) QAP (A e A, Ay (times)
1 1

2 w2, 2, v/2
(AT-D7 T O5-D7 T dx, dA,

most integrals can be written as & combination of such functions and these functions
have heen tabulated 217 . Since, however, calculations have to be performed for each
value of the internuclear distance R and various values of the screening constants

oy and r, (for states 1s and 2p) these functions have been programmaecd in double pre-
¢ision on a computor and checked against the published values. The integrals them-
selves have been given in ref. 21, both as formulas and also for few values of the
parimeter R and o . Further, the values of the integrals have been checked against
values ealeulated by using Gaussian type orhitals. Since infinite series are involved,
the major problem encountered was the accuracy in the computation of integrals

since small errcres in their values led to unexnectedly large errors in the energy

eigenvalues.

RESULTS AND COMMENTS

The results of the twenty function eomputation show a potential barrier at about

R 2.6 a.u. At the time when the computations have been completed, similar results
have bheen reported 217 . However, caleulation using 4, 8. 16 and 20 functions show
also o stendily decereasing height of the potential. Since the program has been written
to encompass calcuiations of 2 hvdrogen molecule by a change of a single command
andd such eateulations showed good agreement with published values. the behaviour of
the potential has been deemed essentially correct. The question to settle was whether
with o inereised number of input base functions the potential barrier would prevail.
Fhe option was either to inerease the input, or, since a variational calculation will
vield o vatue larger than the true value, to determine the lower bound of the energy.
Sinee the Tower hound ealeulation entiils determination of the matrix elements of a
stpiired Homiltonian and thus is notoriously difficult, the decision has been made to
mercase the input . Same time afterwards, 2 revised paper has been published by
Junker and Bardstev 227 and the program has been discontinued. A twenty-term
wote fimetion consisting of ts and 2p states cannot obviously describe the system
tterntelv. However, what is evident in this approximation is that the exchange charge
responsible tor the binding of the hvdrogen molecule playvs almost no role and the ef-

feets e mostiv electrogtatic . Addition of more functions with m # 0 describing higher
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states leads to a better description of correlation effects between the electron and

the positron; this is brought out more clearly in the wave function of Kolos, Wolnie-
wicz and Schrader which contains positron-electron inter-particle coordinates. If
positronium is formed between the nuclei or the leptons escape as free particles, the
wave function in such circumstances warrants a far better description that has been
done in this work. The hydrogen-antihydrogen potential problem may by thus perhaps
cited as a prime example of the importance of correlation effects. It would be of in-
terest to determine the exact behaviour of the HH system by extending calculations up
to the point when the potential becomes attractive and studying the corresponding

wave function, but since the primary interest in the HH potential was in determination
of the HH annihilation cross section, the disappearance of the barrier settled the ques-
tion. What at the outset appeared as an extremely exciting problem with far reaching con-
sequences not only for a certain cosmological theory but also for a general behaviour
of coexistence of matter and antimatter in atomic form, proved in the end to be a

battle of decimal places and fizzled out in an anticlimax.
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FIGURE CAFTIONS

Fig 1 Annihilation rates and scattering cross sections (multiplied by ¢) under

the condition that the observed mass 1054 is attained.

Fig 2 Attained mass for various cross sections which are multiples of the

Thompson scattering cross section
Fig 3 Percentage of initial mass annihilated

Fig 4 Maximum expansion velocity as a function of k/ko. Triangles indicate at
which value of R the contraction of the metagalaxy stops and is turned into

exnansion. R is a parameter in the scaling of the radius as

r=1.31028 ‘/;"% R (cm)

oo
Fig 5 Maximum initial mass parameter Mo at which a maximum expansion
velocity is attained- M0 is a parameter in the scaling equation for mass

- 53 [_ap
m=28.7 10 o f Mo(g)

oo

Fig 6 Annihilation and recombination rates. The fulldrawn lines indicate direct
annihilation, the dotted lines annihilation from a bound state. Hydrogen

formation is marked by H.

Fig 7 Hydrogen-antihydrogen potential. Numbers indicate the number of terms
used in the wave function, JB means results reported by Junker and Bards-
ley [22] and KWS results by Kolos, Wolniewicz and Schrader (private com-
munication).

Fig 8-9 Behaviour of coefficients of some terms in the 20-term wave function to
illustrate exchange and hybrid effects. The letters designate the nuclear
centers (proton and antiproton), the small letters for the atom in 1g state
and ihe napital letters for the atom in 2p state, and the signs signify the
charge on the leptons. Thus for instance (b'A+) describes a term of the
wave function with the electron in 18 state located on center b (antiproton)
and the positron in 2p state located on center a (proton), that is, an exchange
term. Note the emergence of the positronium terms, especially in the is
state.

Fig 10 Behaviour of the screening constants 0y for 18 state and o, for the 2p
state.
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