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Our universe is a sorry little affair
unless it has in it something
for every age to investigate,

Seneca

INTRODUCTION

Are thiere cosmologically sigsificant amounts of antimatter, even whole
galaxies of antimatter, elsewhere in the universe? Some would argue that the
conservative answer to this question is no. However, the truly conservative
answer to this question at this point in time is that we do not know. We
cannot tell from present observations that a galaxy in the Hercules cluster of
galaxies, for example, is made of matter rather than antimatter. An
alternative cosmology to the present orthodox matter-centric viewpoint can be
constructed, based on the modern gauge theory paradigm. This viable
alternative can bz tested by observation and has potential advantages over the
orthodox picture in explaining presently existing astrophysical data.

Although one cannot expound an entire cosmology in one short presentation, 1
will try to give you some basic ideas and highlights of such a cosmology in

which matter and antimatter play an equal role in the universe.

UNIFIED GAUGE FIELD THEORIES

We first review the basic theoretical concepts. We begin with a powerful
formulation of localized quantized field theory developed by Schwinger,!,2.
This formulation starts by considering states described by sets of commuting

operators ¢ on spacelike space-time surface o and infinitesimal changes in the
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transformation function < gy oy I §p 95 > and the unitary oparators Uy, which
describe the evolution of the system from a, 0 oy

6<c; a]IQ;; o> = <r,l2 UZIGU'{%M; 0p> (1)
where
sU3y = U3y oWy, (2)
and &4, is an infinitesimal Hermitiar operator (we setfi = ¢ = 7).
The operator Wy, has the general form

g
W = [ dx) LX) (3)
%2
where the Lagrangian density L[x] is a function of the quantum fields
¢(a)(x) and their derivatives ¢£3)(x). If the parameters of the system
are unchanged, the variation can be defined in terms of generating operators

at the endpoints
- G]d _ )
6“12 = BIUQ( x)L[x] = G(c]) - G(oz) (4)

The action integral is unchanged by infinitesimal variations inside the

region bounded by oy and Ty This then leads to the equations of motion for
the fields

aL/a¢(a) = au(aL/a¢(3)) 5 aun“(a) (5)



with the generating functions given by

6la) = fdo [n"(¥012) 4 Laxi, (6)

The resulting unitary transformation operators are, in infinitesimal form

~3
—

U=1- 16 (
U =1 4 g

The various fields describing the forces of nature can be represented by
the symmetries they possess in terms of the transformations of the quantum
systems they produce which leave the Lagrangian invariant. The generators can
be related to generalized charges. For example, in the case of QED,
conservation of charge can be derived from the symmetry with respect to the
phase transformation (called, for historical reasons, a global gauge

transformation)

sl = _jeq(®)y(a)gy (8)

where q(a) = 21,0 represents the sign of the charged field ¢(a)‘

The generator is then

G &x

it

-1£dcun"(a)q(a)¢(a)ax (9)
Qo) sr
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where Q(o) is the total charge
= [do ¥
Q{o) $d°uj (10)

with
P ~1eu“(a)q(a)¢(a7 (11)

be/ng the current,
The symmetry
Wy, = Q(dl) - Q(cz) =0 (12)

expresses the conservation of charge. The symmetry group of these QED gauge

transformations is the one-parameter unitary group U{1).

The electromagnetic field Au (x) is introduced by requiring invariance
under Jocal phase (gauge) transformations A(x) and requiring that the

derivatives of the charged fields transform in the same way as the fields

themselves
o > ¢e'ik(x) (13)
oTs q)Tew‘(x)
This leads to the introduction of the gauge covariant derivative
Du¢ K 1eAu (14)

T ool 435
Du¢ S ¢,u+ 1eAu




and the gauge transformation law for the electromagnetic field

1 4
Ay A, - éaux(x) (15)
More complex gauge fields can be constructed from generators which
preserve the form of the Lagrangian under more complex symmetry groups
involving larger numbers of parameters, i.e., group spaces of higher

dimension. These generators Ta(i)b obey Lie algebras, {.e.,
T e o ayed = Cy g T (16)
(i)b* (J)c ijk '(k)e

where Cyjk are the structure constants which define the Lie algehra. An
example of importance to the unjfied field theory of electromagnetic and weak
intersctions, is the gauge group SU(2), the unitary group whose fundamental
representation consists of two-dimensional (traceless) matrices of determinant
+ 1. For this group, the generators can be represented by the familiar Pauli

spin matrices Ty = oi/?, so that
with €45k being the totally antisymmetric unit tensor of rank three.
The unitary transformations are then given by

U= itk (18)



where the vector symbols and dot product refer to the abstract three parameter
group space. This group of transformations is locally isomorphic to the group
of rotations in three dimensional space.

The demand for local gauge invariance under SU(2) transformations, as in

the case of QED, requires the introduction of a new gauge field By, and
coupling constant g (instead of e} such that

Ds = (8- 1gT.Hu)¢ (19)

with the new fields transforming as

- -1 -1
mu) +u(1‘.r§u)u - gla {20)

1
g
In the electroweak theory of Glashow, Weinberg and Salam (GWS)3-5 the
gauge group is the product SU(2) x U(1), where the SU(2) group, by analogy
with spin, is called the weak isospin group and the U(1) group, by analogy
with electromagnetism U{1)gy has a generator Y called "weak hypercharge". In
the quantum gauge theory of strong interactions, QCD (quantum
chromodynamics), the generalized charges are referred to as colors. In GWS,
the four transformation parameters result in the four gauge bosons y (phaton),
WE, 79 the heavy bosons which carry the weak charged and neutral currents.
For an SU(n) theory, there are n2-1 free parameters. In QCD or color SU{3)
there are 32-1 = 8 gluons which carry the force. 1In the simplest grand
unified theory5, viz. SU(5), there are a total of 24 gauge bosons, y, W¢, 29,
the 8 gluons and 12 new superheavy bosons, X*/¥, Y1/3 of all three colors
together with their antiparticles. It is these bosons vhich are responsible

for the "leptoquark" force which can transform quarks into leptons and vice



versa, violating buryon number and producing an excess of matter {or

antimatter) out of the primordial thermil radiation,
SPONTANEOUS SYMMETRY BREAKING

Of course, in our world of "low temperature" physics much of the symmetry
of the unified theories is badly broken, leaving only SU(3); and U{1)gy

This is reflected in the large masses of all of the gauge bosons except y
and the gluons (which are massless) and the corresponding weakness of the weak
and leptoquark interactions. The hroken symmetries are incorporated into the
theory by keeping the full symmetry in the Lagrangian but allowing the gauge
bosons to obtain their masses "spontaneously" as the result of introducing new
scalar (or "Higgs") fields which have a non-zero vacuum expectation value.
One big advantage of the Higgs mechanism is that it allows the construction of
a theory which is renormalizable, i.e., for which the calculations of
observables give finite results.

The way the Higgs mechanism works is as follows. Consider for example, a

real scalar field whose contribution to the Lagrangian takes the form
Lo = 5 (3 9)(a%) - V() (21)
s 2 ' b

where the potential term is an even function V{¢) = V(-¢). Consider, e.g., a
potential of the form

V(o) = 5 PP+ e (22)
where X > 0 so that the energy is bounded from below. In the case u2 < 0,

V() has minima at



2.1
> = & (.Q'.A..)‘-/g z vV

which gives, by definition, the vacuum expectation value for ¢, The

Lagrangian (21) gives the equation of motion
aua“¢ + 3V/3 = 0

For small excitations of the field near v, i.e., ¢ =V + &¢
[a o + (a8V/24%) 268 = 0

which is the Klein-Gordon equation for a beson of mass

2 1
n® = -9~¥'=' 2% = v (21) l2
3

If $ couples to fermions with a coupling of the Yukawa form
LY = fopy

the Higgs field ¢ gives fermions masses of order fv. Thus, without
explicitly introducing masses into the Lagrangian, the Higas mechanism
produces masses in the theory which are proportional to v.

me ~ fv

My ~ hv, h = (zxfﬁiis the Higgs self-coupling constant

mg ~ gv, g is the gauge field coupling constant

(23)

(25)

(26)

(27)

(28)



For a more detailed discussion of this mechanism of spontaneous symmetry
breaking, see, e.g., references (7, 8).

So far we have spoken of vacuum expectation vatues 44> of the scalar
fields {n a zero-temperature theory with the symmetries of the Lagrangian
broken by the Higgs mechanism, The cosmological implications come in when we
consider what happens as T increases to temperatures T * <g> . In this case
some, or ail, of the symmetry in the theory may buv restoredd, 10, {,e., pry o+
0 for T > T, (some critical temperature) and the corresponding masses go to
zero., A direct analogy can be made here with the theory of superconductivity,
where the Cooper pairs play the role of Higgs particles and the photon
acquires an effective mass for T < T, which disappears at T » T. (the
Meiscner effect). In the finite temperature case, the Higgs fields have a
therma! distribution of excitations and the vacuum expectation value {s
replaced by the operator Gibbs average. In the simple case of equation (22)

the resulting potential acquires an effective quadratic term
"Ugff(T) o "[12 + OTZ (291\
and critical temperature T, = lulo‘l/2 where ugee = 0 in the case ¢ > 0. In
general, o is a function of the coupling constants of the model.
BARYON PRODUCTION IN THE EARLY UNIVERSE
We now have most of the conceptual machinery in place for a discussion of

the evaiition of the early universe. To set the stage, we also require an

idea of some of the time and temperature scales involved.
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At the temperatures of interest here, if the dynamics of the universe is
dominated by the em* gy density of the thermal radiation, the temperature of
the universe T « t‘l/z, where t is the age of the universe. (The exception is
when the expansion is dominated by the energy density of the Higgs field.
That case will be discussed later.) More preciselyl}, the expansion rate

(k = 1)
R

2 1/2,-1

where the Planck mass, My = G™1/2 = 1.2 x 1019 GaVv and N is the number of
helicity states of all particle species in the thermal radiation.

The critical temperature for symmetry breaking at the electroweak 1level,
i.e., SU(2} X U(1)y » U({l)py is usually considered to be of order 6;1/2u 300
GeV, but as one can see from equation (29), T. depends on the specific
parameters of the theory. In fact, it is possiblel? that T, >> Ggl/z as we
will discuss Tater. The characteristic temperature scale for grand
unification is given hy the energy scale at which the coupling constants for
the electroweak gauge groups and strong gauge group become comparableld. This
is given from reijormalizatior group theoryl" to be of order ~ 1015 Gev, above
which for the SU(5) theory only one coupling constant, associated with this

simple gauge group, exists.

4
X

Tower 1imitl% on «, gives a Tower 1imit on my, viz my > 101* GeV, consistent

The proton lifetime against leptoquark decay Tp =My The experimental
with the value obtained from considering the energy (temperature) dependence
of this coupling constants given by renormalization group theory. Thus, it is
at this temperature level, T ~ m,, that baryon generation processes will be of

importance.
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A scenario for baryon production through the decay of these superheavy
gauge and Higgs bosons has been given by Weinhergll., He considered the decay
of these "X-bosons” into two channels X » ql and X » 33 with branching ratios
r and 1-r respectively, together with the antiparticle decays X » ql and X »
qq with branching ratios r and 1-r,

The three conditions for production of a baryon excess in the early
universe are (1) baryon (quark) nonconservation, (2) nonconservation of C
(charge conjugation) and CP (C x parity) and (3) thermal disequiiibrium. ¥e
have secen that grand unification supplies condition (1). The expansion of the
universe supplies condition (3). The need for condition (2) can ¢learly be
seen in the Weinberg scenario. The baryon number generated in the X and X
decays 1s

sBa g Ui -4 er) -3 742 (1) = (rP) (31)

If CP is conserved, r = * and no baryon excess is generated. It should

also be noted that the sign of the CP violation determines the sign of r - P

and therefore the sign of AB. Thus, whether a baryon excess or an antibaryon

excess is created by this process depends on the sign of the CP vioiation

parameter,
The rates for jeptoquark interactions and X-boson decay are given by

i TSTN (32)
T £ eomgn e
I (Tz; My

and

uxmi N
Ty = ==5=—3—1/p (33)
(T mx)
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where a, 7 g§/4n » These rates are to be compared with the Hubble expansion
rate Ty given by equation (30). For rp > 1y the X-bosons decay. If that
condition is met when T < my, inverse decay is blocked by the Boltzmann factor

e"m"/T and the X-bosons decay freely. The result is a baryon-to-photon ratio

g Ny

n E-ﬁ-—uO.ZBW—AB (34)
Y

where Ny/N is ~ 1072 to ~ 107! and AB is given by equation (31).

From astrophysical observations, one obtains 10'10 N n 2 1078,
Nanopoulos and Weinberg!® conclude that the decays of the superheavy scalar
bosons are most relevant for cosmological baryon production. They estimate
that 107 ¢ £ a8 £ 1070 . The parameter e, is a parameter characterizing the

strength of CP violation, which Nanopoulos and Weinberg consider to be in thz

range ~ 10%% to 1, the sign being undetermined. A1l in all, these authors

estimate 1077 2 lnli 10"3 immediately after the era of baryon production.
(Numeyous other authors have also worked on the problem of estimating n .

Their work cannot be reviewed here for lack of space.)
CP VIOLATION AND COSMOLOGICAL IMPLICATIONS

It follows from the discussions of the previous section that the sign of
the baryon number excess, which determines whether matter or antimatter is
created, depends on the sign of the CP violation parameter. In the scenarios
usually considered, CP violation of one sign only is put into the model
explicitly in the Lagrangian via complex Yukawa couplings between the fermions
and scalar fields, i.e., Ly of the form in equation (27) with f complex, or in

complex self couplings of the scalar fields, i.e., A complex in the potential
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term %ﬁ A%, However, it is also possible fer the CP violation to arise from
the mechanism of spontaneous symmetry breaking. Such a mechanism has been
proposed to explain the smallness of the CP violation implied by the small
electric dipole moment of the neutronl?. Furthermore, if CP is broken
spontaneously, the amount of CP violation is finite and calculable, whereas
the presently popular baryon production scenarios invoke a "hard" Cp
violation, leading to infinite renormalizations of the CP parameter which thus
become incalculable undetermined free parameters. With spontaneous CP
violation the Lagrangian is CP invariant (f and A real), but the scalar fields
themselves takg on complex vacuum expectation values which produce the CP
vioTation, In this second case, the CP violation is not put in by hand ad
hoc. We start out with a completely CP symmetric theory with the symmetry of
the Lagrangian reflected in the state of the universe at the highest
temperatures. This being the case, owing to the finite age of the universe
t,, regions separated by distances greater than ~ ct, are not, and never were
during the course of the expansion, in causal contact. Thus, if spontaneous
symmetry breaking of CP occurred at a time tgp, 1t would have occurred
independently and with random signs in regions separated by distancrs larger
than ~ ctop.  Wo will call these "seed domains" and consider how they arise
and scenarios ¥or their subsequent growth and evolution. This domain
structure is not unlike the domain structure generated when a piece of
ferromagnetic material cools without the presence of an external magnetic
field. In that case, each of the domains contain atoms having their magnetic
moments aligned in a given direction. On the average, there will be no
preferred direction on a global scale. Analogously, one may expect that
spontaneous symmetry breaking processes in the early big-bang will most likely

break baryon symmetry in localized regions of the universe but will preserve
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the overall global matter-antimatter symmetry of the initial state. Thus,
present ideas of unified gauge theories with spontaneous CP symmetry breaking
can lead naturaily to an overall baryon-symmetric cosmology!®. Senjanovic and
Stecker!® have considered mechanisms of spontaneous soft CP violation within
the context of the specific grand unified theories involving the SU(5) and
SO(10) gauge groups. They discuss two distinct classes of models, viz., those
with only one source of CP violation independent of temperature for SU(5) and
those in which the CP violation at the super-heavy mass scale for SO(10) has
nothing to do with the observed GP violation at "low temperatures" in the K°
KO system. They conclude that independently of the particular model, the
domain picture of the universe emerges naturally in theories of soft CP
violation.

In the minimal SU(5) model with only one Higgs multiplet, CP violation
has to be put in "by hand" in the Lagrangian in the form of complex Yukawa
couplings, since the vacuum expectation value of the Yiggs field can &lways be
redefined to be real by means of a gauge transformation. Choosing such a hard
CP violation, yields a baryon-photon ratio which is unacceptably small
compared to that determined by astrophysical observation20,2l, It is
therefore necessary for consistency to increase the number of 5-dimensional
Higgs multiplets. Increasing this number to three results in a realistic
grand unified theory based on SU(5) wiich allows for soft CP vioiation at high
temperatures. Two of the Higgs fields acquire vacuum expectation values with
a relative phase which cannot be transfarmed away, since they carry the same
U(1) quantum number. Senjanovic and Stecker consider a Higgs sector with
three 5-dimensional multiplets with the following pattern of symmetry breaking

at the electroweak level (T < 300 GeV):
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g> = R <¢1> = ’ <¢?> ® (35)

io
2 0®
It can be shown that at T >> 300 GeV the symmetry will still be broken,

T OO0
< OOD0O

<CoSDOoOOoo

with <x> = 0 but with <¢;> and <¢,> nonvanishing. This follows from having
the coefficient wape of the quadratic terms in the Lagrangian for V(4;,) and
V(gp) of the form given by equation (i8) with ¢ < 0 at T ~ 300 GeV. Then,
noting that o = o (T) is a siowly varying function of 1, owing to the
Togarithmic temperature dependence of the coupling "constants" (obtained from
renormalization group theory), it has been found that in some cases!2 g¢(T)
becomes positive for T, > my,

Thus, spontaneous soft CP breaking at the electroweak level can pe
effective even at the grand unification temperatures when baryons are
produced.

The Higgs potential as a function of & can, in general, be written as

V(o) = A+ B cos 0+ C cos 20 (36)

where A, B, and C are independent of 0. Obviously, for an appropriate range
of parameters, the mimimum of the Higgs potential 1ies at 6, # 0 with cos 9, =

-B/4C, so that we always have two solutions, 0 and 04

The value of r-P is proportional to sin 8. Now since 8 = t g, (the

solution of the minimization of the potential), one obtains from equation (31)

ng/ny « * sin 8, (37)
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The renormalization group analysis suggests the possibility (intuitively
expected) that at even higher temperatures T > m, « 1015 GeV, the symmetry was
unbroken. Then as the temperatu - decreased below the mass scale of the
superheavy gauge bosons, we expect that separate domains were generated with
0o and -0, phases (by the analogy with ferromagnetic systems.) Therefore from
equation (37) it is obvious that one is bound to expect domains with matter
and antimatter excesses in the universe. Thus, a realistic theory of soft CP
violation leads to the domain picture with matter and antimatter being
randomly distributed throughout the universe. Senjanovic and Stecker also
consider the development of domains at T ~ my in a recently suggested mode122,

based on SO(10) grand unified theory (see ref. 19).

NOMAIN GROWTH AND HORIZON GROWTH

The above discussion suggests that the initial domains were formed at a
time when the temperature of the universe was comparable to the masses of the
superheavy gauge or Higgs bosons invoived in the symmetry breaking. The
initial domains could then have acted as nuclei for triggering growth to much
larger sized regions.

One particularly promising mect-+nism for domain growth to an
astronomically relevant scale has been suggested by Sato quite recently?3.
This mechanism depends on the fact thiat the expansion of the universe can be
drastically altered from the standard radiation-dominated relationship if the
energy density of the Higgs field is iarger than that of the thermal

radiation.

To see how the energy density of the Higgs fields affects the Einstein
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equations, note that the Higgs fields define the vacuum state of the

universe, Thus, given the Einstein equations

1
Ry = 3 RO,y = BT, (38)

with the total energy-momentum tensor divided into a radiation part and a

o h v »
vacuum part, i.e., Tvv = Tuv * Tuv. The radiation part

r ,
TW = (pr+ er)uuuv- Prdyy (39)

and the vacuum part

SV
<0|Tuv|0> 5 Tpu = (pv+ev)uuuv- P9,y (40)

The first term in equation (40) must vanish in order to preserve the

Lorentz invarfance of the vacuum for all coordinate systems regardless of

relative motion. Thus,
p,t e, =0 - (41)
Equation (38) thus becomes (using equation (41))

-1 = grT"
Ryy-YoRg = 8T+ Breyg | (42)

which is of the form

Ry 15 ng= 8uTw+ Aguv (43)



18

so that we may fdentify2h
A= Buev. (44)

This is the form of Einstein's equations with non-zero "cosmolngical

constant", except A is now a temperature dependent parameter.

In the early, high temperature universe, using the Robertson-Walker

metric, equation (43) becomes

2 A, 8
3

(R =R+ « P16 (e ve)) (45)

v
for ep>>ey With gp « T4, equation (45) yields the standard result T = t“llz,

i.e., equation (29). However, when e>>ep tho result is

1

R, (§_n§Q)2 2 (46)

< DA

For temperatures not near the critical temperatures for symmetry breaking
ey(T) = const, and it follows from equation (46) that the universe expands
exponentially. This rapid expansion is a result of the large negative
pressure of the vacuum.25-27, The result is an exponential stretching of the
domains of CP coherence23 from their initial size ~ cty, provided a first
order (discontinuous) phase transition is involved. In the Sato scenario, the
universe then supercools below T, to a T,y whereupon the transition becomes
second order (continuous) or possibly driven,(cf. Reference 28) whereupon a
rapid universal phase transition releases an energy density €y The universe

then reheats to temperatures where X-particles are produced, which
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subsequently decay to give baryon and antibaryon asymmetries on a macroscopic
scale. These exponentially stretched domains of baryon and antibaryon excess
may evolve2d further leading to the formation of matter and antimatter
galaxies in separate regions of the universe30,3l, The scenario for the
evolution of a baryon symmetric cosmology based on grand unification is shown

in Figure 1.

OTHER THEORETICAL CONSIDERATIONS

The symmetiy breaking mechanisms which we have been discussing can lead
to the formation of various topological structures such as monopoles, strings
and domain walls, which could affect the dynamics and isotropy of the
universe. The problem of monopole formation has received the most attention
since, for simple grand unification scenarios, the production of these
particles would result in the universe having a mass density many orders of
magnitude higher than astronomical observations allow32, Some suggestions for
solving the monopole problem involve the exponential stretching process
discussed in the last section?? and multiple phase transition (symmetry
breaking) scenarios33, The breaking of discrete symmetries can lead to domain
wall formation, and it has been argued that such walls, if formed, must
disappear at an early stage in order to be consistent with the observed
homogeneity of the universe3*. Clearly, the exponential stretching mechanism
which has been invoked to solve the monopole problem could also alleviate the
wall problem while providing a mechanism for domain growth. Vilenkin3S has
considered the dynamics of walls and strings and discussed several mechanisms
for wall disappearance, one of which again involves multiple symmetry

breaking33. He has also found that domain walls do not reflect 1ight but do

T T AL i
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repel nonrelativisti¢ particles, Such a repulsion might play & role in
keeping matter and antimatter apart at some stage in the early universe.
There 1s also the possibility that some models may provide a continuous

solution set for the vacuum expectation value CP parameter 8, so that CP in

this case is not a "discrete" symmetryl®,

The alternative of postulating intrinsic hard CP breaking, unvarying over
all time and all space in the universe, leaves us in a rather bleak position
from the epistomnlogical point of view. For then our invokation of the whole
apparatus of grand unified theory has only resulted in our replacing one
parameter ( n = nB/nY ) by another, viz., ¢, equally mysterious if not more

SO,

GALAXY FORMATION

Various workers have tried to trace the growth of the regions of matter
and antimatter by coalescence and Leidenfrost effects up to the era marking
the decoupling of the matter and antimatter from the blackbody radiation
fie1d29, These studies have shown that baryon symmetric cosmology can lead
more readily to galaxy formation than can the standard totally asymmetric

cosmology30, 31,

At a time of the order of 108-107 years after the big-bang, the cosmic
plasma was cool enough to combine into neutral atoms. Starting at this point

in the evolution of the universe, the questions of large scale structure and

galaxy formation arise. Models of galaxy formation from "primordial
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turbulence" have always been attractive as a way of accounting for galaxy
formation as well as for observed parameters such as the angular momenta and
spatial distribution of galaxies. However, in that work, turbulence was
introduced in ad hoc manner and, furthermore, such turbulence would be
strongly damped out in the cosmic plasma because of the very high viscosity of
the blackbody radiation field which remains coupled to the plasma until the

neutralization {"recombination") epoch.

In the baryon symmetric cosmology scenario, this viscous dissipation is
constantly fought by continuing radiation pressure from annihilation on the
boundaries of matter and antimatter regions, which regenerates the
turbulence. Radiation pressure from the annihilation, being directad
g2nerally away from the boundary regions, can drive mass fluid motions uf the
domains as well as causing further coalescence until the domains reach the

size of galaxy clusters.

At the recombination epoch, two important changes were causcd in the
cosmic fluid motions. The viscosity dropped drastically and the turbulent
fluid motions became supersonic. These changes occurred because the sound
speed dropped sharply from its value in the cosmic plasma of 3-}/2¢c (because
the momentum was transferred by radiation) to the thermal velocity of the
neutral gas. Thus, whereas the cosmic plasma behaved as a viscous
incompressible fluid, both "small-scale" turbulence and density fluctuations
could start to build up in the decoupled atomic fluid and later contract to
form galaxies. In this scenario annihilation pressure can provide a
continuous source of generating turbulence. This model for galaxy formation

gives reasonable values for rotational velocities of galaxies and domain sizes
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(of galaxy cluster or supercluster size) for the present epoch.
THE COSMIC y-RAY BACKGROUND RADIATION

One of the most significant consequences of globally baryon symmetric
big-bang cosmology 1ies in the prediction of ar observable cosmic background
of y~-radiation from the decay of 1 O-mesons produced in nucleon-antinucleon
annihilations throughout the history of the universe. This is also perhaps at
present the most encouraqing aspect of this cosmology, since it satisfactorily
explains the observed energy spectrum of the cosmic background y-radiation as
no other proposed mechanism does (with the possible exception of hypothetical

point sources).

For high redshifts z, when pair production and Compton scattering become
important, it becomes necessary to solve a cosmological photon transport
equation in order to determine the y-ray background spectrum. For a

differential photon energy spectrum, we find this equation to be of the form

y-g., + g -- = 21 +.[-m%y——-l—n]é[4\(e)I-£b(a)de"B(8|e’)I(B".)') (47)

» o, (T(y))
~g% an.y Svitiyn -——»-7?~-~ Gpled]
e

where I=I{e,y) is the annihilation y-ray flux, andy = 1 + z,e = EY/mecz.
The parameter v = (ncc/Ho)(urea), Ho is the Hubble constant, r, is the
classical electron radius and o, the annihilation cross section, and Gple) is

the source annihilation y-ray function. The function A(e) is proportional to
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the total cross section for absorption and scattering of y-rays by pair
production and Compton interactions. The scattering function Blele”) is
proportional to the probability that a y-ray of energy &” will Compton scatter
to energy e, The upper 1imit is

o ouel(l = 2e), & <)
b(s) =&/ 11 5 Ze) ¢ <, (48)

The tunction I5(E,,y = 1) obtained by numerical solution of equation (47)
corresponds to the present-day (z=0) y-ray background spectrum predicted from
these calculations to arise from matter-antimatter annihilations in the

universe.

Figure 2 shows the abservational data o1 the y-ray background spectrum,
The dashed 1ine marked X s an extranolation of the X~ray background
component., The theoretical curve marked "annihilation" is the calculated
annihilation spectrum36, The excellent agreement between theory and data is
apparent. This striking evidence has heen a prime motivation for studying
BSDC. Other recent attempts to account for the y-ray background radiation
spectra by diffuse processes give spectra which are, in one way or another,
inconsistent with the observations, generally by being too flat at the higher

energies.

It is possible that the y-ray background is made up of a superposition of
point sources (see the paper of Fabian, these proceedings). However, since
only one extragalactic sotrce has been seen at energies above ~1 MeV, this
remains a conjecture. Such a hypothesis must be tested by determining the

spectral characteristics of extragalactic sources and comparing them in detai)



24

with the characteristics of the backaround spectrum. It presently appears,
e.g9., that Seyfert galaxies may have a characteristic spactrum which cuts off
above a few MeV, so that they could not account for the flux observed at

higher energies.
ANTIMATTER IN THE COSMIC RADIATION

Two groups have now reported the detection of antiprotons in the cosmic
radiationd?,38, Their results indicate a tantalizingly curious flux level,
The level reported is a factor of ~ 4 to ~ 10 (energy dependent) higher than
calculations of secondary production in interstellar cosmic-ray collisions
predict, This is shown in Figure 3, after Szebelski et al,3? (but with an
erroneous calculation removed). Such calculations are, of course, dependent
on the mean path length A(g/cmz) of matter traversed by the cosmic-rays.
Measurements of the fluxes of secondary nuclei and positrons from wt decay
produced by the same mechanism, give a value for the path length of
Ax5g cm'2 (see Figure 4). The p flux reported, if of secondary origin,
would, of course, require a value for A a factor of ~ 4 to ~ 10 higher.

(After this paper was given, a new determination of the P flux was recently
reported (Buffington,Jazugl.,Ap.J,in press ) at low gnergies where the flux
from cecondary production is expected to be orders of magnitude lower than the
measured value (see Figure 3)). This inconsistency may point to a primary
extragalactic origin for the cosmic-ray antiprotons. Based on studies of
galactic y-rays, it is now generally believed that the bulk of the cosmic
radiation is of galactic origin“0 except at the highest energies“!,%2, Since
the y-ray background observations require that matter and antimatter regions

be separated on at least a galactic scale, a small extragalactic cosmic-ray
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flux containing p's would be consistent with a baryon symmetric domain
cosmology (BSDC). An extragalactic cosmic-ray component with a flux lex/1ga1
ZENg ~ 105 « 10~ is expected from leakage out of normal galaxies, based on
rough energetic arguments“3, These arguments also give an estimated flux from
active galaxies"3 gpq ~ 1073, If we assume that half of this flux is from
antimatter sources, one gets a crude estimate for a BSDC primary p/p flux
ratio in the cosmic rays p/p~ 5 X 107", This {s interestingly quite close to
the measured 12vels38,39, Presenc upper 1imits on the a/a ratiohh are
risistent with the p/p 1imit with the possible exception of a measurement in
the 4.33 Gev/c range of &/a 2 1 X 107, (Buffington, et al., Ap, J., in press
} find &/a ¢ 2,2 X 1075 {in the energy range 130-370
MeV/nucleon.) However, this latter upper 1imit is consistent with
ala = ENg/2 F { ~5% 10"¢ -~ 5 X 10”5}, Note that we can only argue that

&/a = p/p for cosmic ray production in normal galaxies, since we are comparing

extragalactic fluxes with fluxes produced by processes in our own galaxy. It

fs conceivable that cosmic ray a's produced in the cores of active galaxies

are broken up by collisions with matter or photons. Thus, the

observed p's could come from active antimatter galaxies without

accompanying a's, but with the expected Q/a ~ 107° from normal galaxies. In
this case, future cosmic ray experiments may soon see a's. Another possible
cause for a lack of a's would arise if the p's are from an early "bright
phase" of cosmic ray acceleration associated with galaxy formation. It is
possibYe for primordial helium to be photodisintegrated in the BSDC. This
mechanism has been suggested to account for the recent observations of low He
ahbundances in less evolved galaxies*S and may in itself be an argument for
BSDC. Thus galaxies, in their "bright phase", may have had very 1ittle helium

to accelerate.
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At present there are only upper limits on the fraction of antinuclei in
the cosmic rays, coensistent with the extragalactic primary hypothesis
discussed above. Of course, a convincing detection of such antinuclei (Z»1)
would strongly support BSDC, since they would not be readily produced in
collision processes. In this regard, it is interesting to note that one
reported cosmic-ray event, first interpreted to be a monopole, may have been a

heavy antinucleush® 47,

"LELL" STRUCTURE QF THE UNIVERSE

Not only do galaxies form clusters, but also these clusters of galaxies
are no. uniformly distributed; they cluster into superclusters. Between the
superclusters are large voids--regions with a very low (possibly zero) space
density of galaxies“8-50, The existence of these holes, which is difficult to
understand in the context of standard big-bang cosmology, is the kind of
structure which can arise from a BSDC. The cosmic background y-radiation
originating from supercluster boundary annihilations should exhibit angular
fluctuations which can best be studied with a high-resolution detector such as
the 100 MeV spark chamber detector proposed for a future satellite "Gamma Ray

Observatory".

The astronomical observations of the non-uniform "cell structure”
distribution of galaxies also gains credence with the evidence of
nonuniformity, which comes from studies of the origin and propagation of
ultrahigh energy cosmic rays (UHCR). The lifetime of UHCRs should be cut

short by their interaction with the background radiation. The result should
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be a high-energy cutoff in their energy spectrum which is not in accord with
observation as shown in Figure 5. Various hypothecis have been proposed to
account for the lack of a cutoff and detailed calculations have been made,
After careful consideration of all the evidence it appears that the
explanat-on lies in a true nonuniformity of the sources of these particles
with the observed UHCRs coming mainly from within the local supercluster of
which our galaxy is a member®*! %2, The obvious inference is that immediately
beyond the region of the local supercluster there is a dearth of UHCR

sources. Making the logical assumption that UHCRs are produced in galaxies or
radio sources, we would then infer a real dearth of galaxies between the

superclusters, supporting the domain structure viewpoint.
FUTURE TESTS USING HIGH ENERGY COSMIC RAY NEUTRINOS

Since a neutrino is not its own antiparticie, it is possible to determine
whether a given source of cosmic-ray neutrinos is made of matter or
antimatter, Several suggestions have been made recently for using high-energy
neutrino astronomy to louvk for antimatter elsewhere in the universe51-53,
These suggestions are all based on the fact that cosmic ray pp and py
interactions favor the secondary production of «*'s over #~'s, whereas for pp
and pv interactions the situation is reversed. The subsequent decay of the
pions results in equal amounts of vu's and Gu's of almost equal energies.
However, n* decay leads to ve Production, whereas n~ decay leads
to Ge production. A production mechanism of particular importance in this
context bhecause of its Targe inherent charge asymmetry involves the
photoproduction of charged pions by ultrahigh energy cosmic rays interacting

with the universal 3K blackbody background radiation. The most significant
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re:actions are

p+y+n+n+ (49)

Py +i+u

which occur in the astrophysical context principally through the A resonance

channels because of the steepness of the ultrahigh energy cosmic ray spectrum.

There ic a significant and potentially useful way of distinguishing v,'s
from v,'s, namely through their interactions with electrons. fthe 3,'s have an
enhanced cross section through formation of weak intermediate vector bosons
such as the W™, via Ge + e + W, the Glashow resonance effectS*. For
electrons at rest in the observer's sys*em, the resonance occurs for cosmic

Ge's of energy Ew = Mﬁ/Zme = 6.3 X 103 TeV in the GWS mode].

If one entertains the possibility of higher mass intermediate vector

W

bosons55, B~ and resonance energies EB = M%/Zme > E" a feasible test for

cosmic antimatter may be at hand.

The cosmic and atmospheric fluxes for De's, based cosmic ray production
calculations®® are shown in Figure 6. Assuming that there is no significant
enhancement in the flux from production at high redshifts, the
integral ;e spectrum from yp interactions is expected to be roughly constant
at 10718 to 10-17 Ge‘s cem™2 sr=l up to an energy of ~ 2 X 107 TeV (2 X 1019
eV) above which it is expected to drop steeply. Figure 6 shows the estimated
upper limit (UL) and lower limit (LL). It is expected that the largest.

competing background flux of Ge's will be prompt Se's from the decay of
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atmospherically produced charined mesons. The estimated upper and lower limits
for this flux are also shown, and the position of the W resonance 1s
indicated by an arrow. It can be seen that a cosmic Ge signal may bhe heavily
contaminated by prompt atmospheric Ge's at the resonance energy E¥. The
cosmic flux is expected to dominate the higher energies so that the existence
of higher mass bosons B~ may be critical to any propcsed test for cosmic

antimatter using diffuse fluxes.

An acoustic deep underwater neutrino detector may provide the best hope
for taesting for cosmic antimatter by studying the diffuse background
neutrinos. The practical threshold for such devices appears to be in the
neighborhood of 103 - 10% TeV57, where the W™ resonance occurs. For higher
mass resonances B~, the relevant neutrino resonance energy B « Mg and the
effective detection volume Vogg = Mg. Considering that the incident flux is
expected to be roughly constant up to energies ~ 2 X 107 TeV, one gains much
in looking for higher mass Glashow resonances at higher energies. Acoustic
detectors of effective volume >> 10 km3 (1010 tons) may be economically
feasible and consequently event rates of ~ 102 - 10% yr~1 may be attained in
time.

The asymmetry in the production of charged pions in matter versus
antimatter sources is reflected in cosmic-ray pp and pp interactions as well
as py and py interactions, Through the principal decay mode, this asymmetry
is again reflected in a Vo - Ge asymmetry and thus in the characteristics of
events produced in deep underwater neutrino detectors. For v-sources, these
effects may be measurable at energies ~ 1-10 TeV with optical detectors. The

details of this possibility have been discussed by Learned and SteckerS!.

The possibility that py and py interactions in quasars and active
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galaxies would produce significant fluxes of Ge's , detectable through the W"
resonance, has been suggested by Berezinsky and Ginzburg®2 as a way of looking
for cosmic antimatter. Hopefully, this interesting suggestion will be
explored in more detail as our understanding uf the nature of cosmic ray

production in compact objects increases.

It should be kept in mind that any positive observational data supporting
the existence of large amounts of antimatter in the universe will be evidence
of the spontanenus nature of CP violation at high energies, in accord with our
earlier discussion. Indeed, as we have seen, various astrophvsical data such
as the cosmic y-ray background spectrum, cosmic-ray p flux measurements,
recent determinations of a low primordial He abundance“%,58, and galaxy
clustering, can be interpreted as favoring this point of view.. The reader is
referred to References 39 and 59 for a discussion of other aspects of BSDC. A

Tonger review is planned for the near future.
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FIGURE CAPTIONS

Framework for evolution of a baryon symmetric domain cosmology.
Datu on the cosmic y-ray background radiation from Apollo 15 and the
SAS-2 satellite. Also shown are upper 1imits obtained from high
altitude balloon experiments,

Measured cosmic ray antiproton/proton ratios and theoretical
predictions for secondary antiproton production in interstellar
cosmic ray collisions (after Szebelski et al., Ref., 39). The new,
low energy determination of Buffington, Schindler and Pennypacker,
Astrophysical Journal,in press), which is orders of magnitude above
the flux expected from secondary production, is also shown. All
data are consistent with a primary extragalactic p flux with p/p =

const. plus a secondary p component at higher energies.

Path Tengths implied by P, e* and secondary nucleus production (Ref.
39).
The ultrahigh energy cosmic ray spectrum (XE3) from extensive air

shower data together with the expected spectrum (solid curve) for a

uniform cosmic ray source distribution showing the expected high

energy cutoff (Ref. 42).

Cosmic and atmospheric Ge fluxes (see text).
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