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The observational data seem to indicate that the visible matter in our universe is concentrated
inside a sphere with radius corresponding to red shift z~ 5. A model which explains this
phenomenon is presented. The cosmological evolution of the baryon island and the observational

consequences of this hypothesis are discussed.

1.INTRODUCTION

In cosmology the dependence of any actually observ-
able large-scale property of the universe on the red shift z is
usually interpreted either as a selection effect of the observa-
tions or as an evolutionary effect associated with the direc-
tion of the development of the whole universe. The best-
known example is the absence of quasars at large z (Ref. 1).
However, recent astronomical data appear to suggest the
genuine absence of visible matter at large spatial distances
exceeding 2~ 5.

Thus, despite careful searches?? for small-scale anisot-
ropy AT /T in the background relic radiation, this anisotro-
py has not yet been detected. This is hard to explain in the
framework of the standard cosmological model, in which
the anisotropy AT /T is closely connected with matter fluc-
tuations at large z. As we shall see below, the absence of
small-scale anisotropy can be explained in the framework of
the assumption that ordinary matter is absent at large dis-
tances. Of course, the interpretation of these data is ambigu-
ous, and more-sensitive observations are necessary. How-
ever, if the above tendency continues in the near future, and
with a higher level of accuracy of the measurements, it will
be possible to assert that at large distances ordinary matter
in the form of protons, nuclei of heavier elements, and elec-
trons has an appreciably smaller density than in the part of
the universe nearer to us. In other words, it can be conjec-
tured that our universe is a baryon island? in a sea of some
kind of invisible matter (or, perhaps, even in a vacuum).

Such baryon (and antibaryon) islands can arise in a
theory with spontaneous violation of C- (and CP-) invar-
iance, a necessary condition being that the process of sponta-
neous violation occur during the inflationary stage not long
before the end of this stage.® The latter condition ensures
that the island is sufficiently large but, nevertheless, has its
‘“‘shore” inside the present-day horizon.

As a result of processes that we shall consider in detail
in Sec. 2, in the stage under consideration regions (bubbles)
arise inside which there is a small excess of baryons over
antibaryons (or vice versa) and outside which the universe is
completely charge-symmetric. In the expansion and cooling
of the universe the baryons and antibaryons in the symmet-
ric regions annihilate each other almost completely; the resi-
due turns out to be negligibly small.

According to standard estimates in the framework of a
charge-symmetric model, the relation N, = N3 =3-10~"
N, is valid for the densities of baryons, antibaryons, and
electromagnetic radiation.’” In the proposed scheme the ex-
cess of baryons (and, correspondingly, of electrons) inside a
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bubble does not vanish and is equal to N, ~4:107'°N,,. Asa
result, separate baryon (or antibaryon) islands arise on a
background of charge-symmetric matter. The distance
between the individual islands, and their sizes, depend
strongly on the parameters of the model. In a favorable case
we may expect that our island has its shore within the visibi-
lity horizon; the existence of other islands within the visibi-
lity horizon is also possible.

If the island model under consideration is valid, the rel-
ic radiation reaching us today originates from regions out-
side the island, where baryons are absent, and, therefore,
fluctuations of the temperature of the radiation are not con-
nected with variations in the observable density of baryons,
as is the case in the standard theory of the formation of the
large-scale structure of the universe. Because of the absence
of baryons in the space between the islands, the relic radi-
ation there is decoupled from matter not at z = 103, asin the
usual homogeneous model, but at z = 107, when the optical
depth with respect to Thompson scattering of the relic radi-
ation by the “quenched” electron-positron pairs that have
remained after the annihilation” (N,- =N, =107° N,)
gradually becomes small (7 <1).

Anasymmetric (noncentral) position of the observer in
our island could lead to large-scale asymmetry of the relic
radiation. The observed small asymmetry of the relic radi-
ation imposes a substantial restriction on the position of the
observer in the island. The main possibility of experimental
confirmation involves making observations of objects near
the boundary of the island, and, possibly, detecting other,
more distant islands (although the latter is unlikely).

The arrangement of the material of the article is as fol-
lows. In Sec. 2 we construct a model of spontaneous C-
(CP-) violation with the properties we need. In Secs. 3 and 4
we discuss possible astronomical observations for a test of
the island model.

2.MODEL OF SPONTANEOUS C- (CP-) VIOLATION
A. General scenario

In its basic features the scenario under consideration is
as follows. The C- (and CP-) violation is connected with the
complex condensate of a scalar field . The transition from
the symmetric phase with expectation value (¢ ) =0toa C-
and CP-odd phase with (@ ) #0 (with Im(p ) %£0) occurs
dynamically as a consequence of the interaction of the field ¢
with the inflaton field ® responsible for the inflation, when
the condensate (P (¢)) slowly slides to its equilibrium value
®,. We shall assume that this interaction has the form
Ao |@ |2 (P — ®,)?, where @, < D,. Obviously, the transition
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to the CP-odd phase is more probable when & ~ ®,.

The scenario under consideration can also be realized
with another form of interaction between ¢ and ¢, though
perhaps not so naturally. In the process of the evolution,
when @ is close to ¢, in the universe separate regions with
(@ ) #0, in which the C- (CP-) symmetry is spontaneously
broken, are formed on the background of the CP-even part of
the universe with (@ ) = 0. At the time of formation the size
of these C- (CP-) odd bubbles is equal to d, = m, ', where
m,, is the mass of the field @. In order that our observable
universe, with a size corresponding to z= 5, grow from such
a bubble, a period of exponential expansion (inflation) last-
ing approximately 70H ~!is necessary, where H is the Hub-
ble constant at that time. After the end of the inflation sec-
ondary heating occurs and a high-temperature plasma of
elementary particles is formed. The state of the matter out-
side and inside the bubble at this time is approximately the
same, the sole difference being that outside the bubble the
interactions of particles and antiparticles are fully symmet-
ric, while inside the bubble there is a certain (small) asym-
metry. The further evolution of the model will be considered
in Sec. 3.

B. Spontaneous violation of charge invariance; basic
teatures of the model

A model of spontaneous violation of C- (CP-) invar-
iance was first proposed in Ref. 8. As is usual in spontaneous
symmetry breaking, the Lagrangian is symmetric while the
ground state (vacuum) is not. The vacuum in such a theory
is degenerate, i.e., there exist several vacuum states, related
to each other by symmetry transformations. In the simplest
model, however, the phase transition from the symmetric to
the asymmetric phase that occurs as the temperature de-
creases’ is a second-order phase transition, occurring with-
out supercooling and without the formation of bubbles of the
new phase in the old phase. Here the asymmetric phase is
formed practically simultaneously over the entire space and
a domain structure arises, in accordance with the sign of the
amplitude of the C- (CP-) violation (Im(p)>0 or
Im(p ) <0). In summary, regions with an excess of baryons
or antibaryons, bordering on each other and separated by
domain walls with high energy density, arise in the universe.

In order to obtain individual baryon or antibaryon is-
lands that are sufficiently remote from each other it is neces-
sary to construct a theory in which the state with (¢ ) = 0Ois
metastable and the transition to the C- (CP-) odd vacuum
with (@ ) #0 is a first-order phase transition. This can be
achieved if the potential of the field ¢ has the form

1 o A 2
v(g)=m’|g|* +— m (¢'Te’ )+—2|<p|‘1n(l%lz—), (2.1)
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FIG. 1. Effective potential of the field ¢ in one-dimensional projection on

the plane (v, Reg) and (v, Img). The case when the potential reaches its
minimum value at Reg = 0 and Img #0 is depicted.
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where 7 is a constant of the problem, the masses characteriz-
ing the field satisfy the inequality m? > m32 > 0, the constant
A is positive (see Fig. 1), and ¢ * is the complex conjugate of
the field. The logarithmic dependence on ¢, as is well known,
arises when one-loop radiative corrections to the self-inter-
action A |@ |* are taken into account.'®

The probability of tunneling of the field ¢ from the state
@ = 0toadeeper minimum of the potential (|@o|> = n*/e'/?
for m>€An?) in the quasiclassical approximation is deter-
mined by the factor exp(-C /A), where C= 1. To be precise,
for the model under consideration we have

C=8x%{31n [An2(m,2—m.?)~1]}. (2.2)

Since, typically, A € 1, the probability of a phase transition to
a C- (CP-) odd phase is negligible. However, if the field ¢
interacts with the field ¢ (the inflaton field) responsible for
the inflation, it is not difficult to construct a model in which
the probability of spontaneous violation of C (CP) is large,
specifically in the final stage of the inflation.

C.Theinflaton—the generator of nuclei of the CP-odd phase

We shall assume that the inflation scenario of Ref. 11
obtains, according to which exponential expansion occurs
when, and on account of the fact that, ® is far from its equi-
librium value ®,, the rate of change of ®(¢) being small in
comparison with the rate H of expansion of the universe. The
form of the potential energy V(®) is depicted schematically
inFig. 2. As ® approaches &, the potential becomes steeper,
& begins to change more rapidly, and the law of the expan-
sion changes from an exponential to a power law. Oscilla-
tions of @ about the equilibrium value ¥, lead to the creation
of particles and to (secondary) heating of the universe.'? In
the standard scenario the baryon asymmetry of the universe
arises at this time. The time dependence of ®(¢) is depicted
qualitatively in Fig. 3.

Let the interaction between the fields ¢ and ® have the
form

Lint=}~®|(Pl2((D_(D1)21 (2.3)

where ®, < P, and A4 > 0. This interaction gives rise to an
effective, time-dependent mass of the field ¢:

my* (8) =he [@ () —O, ]2

We shall assume that the parameters are chosen in such a
way that m} + m? (t) > m} >0 when (1 — ®/®,) 2 0(1),
but m2 > m?. Then the state ¢ = 0 will be classically stable
against small disturbances almost all the time, and only for
® ~ ®, will there be a period of instability. Quantum fluctu-
ations of the field ¢ grow at this time, and if they are able to
exceed a certain critical value @, (see Fig. 1) by the time

V(#)

4 ) ?

n

FIG. 2. Effective potential of the inflaton field; ®, is the value of ¢ at
which V(®) is a minimum.
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FIG. 3. Time dependence of the inflaton field.

when the condition m} + mZ, (#) > m3 is again fulfilled and
the condition ¢ = 0 again becomes stable, the disturbances
that have grown will no longer return to ¢ = 0 but will grow
to @ = + ip,. As a result, superposed on the charge-sym-
metric world there arise spatial regions in which C- (CP-)
invariance is violated. The average size d of the C- (CP-) odd
bubbles and the distance / between them depends strongly on
the parameters of the model, and, in particular, on the dura-
tion of the period of instability.

The equation of motion of the inflaton is modified on
account of the interaction (2.3):

D+3HO+Us' (O)+ho|p|?(O—D,)=0 . (2.4)

Here a dot denotes a time derivative and a prime denotes a
derivative with respect to the field ®. This modification will
be of little importance if 14, |@ |? is small in comparison with
U4 . However, the analogous term can have an important
effect on the evolution of the field . The equation of motion
satisfied by the values of ¢ inside the C-odd bubble has the
form

i,s_iqumL?,H(p+Llﬂ+x¢[q>(t)—cp.]2=o, (2.5)
a dy

where a is a scale factor and Ag is the Laplacian of the field
@. It is not difficult to analyze the solutions of this equation
qualitatively for the long-wavelength modes of ¢, when we
can neglect the term containing A@. The result is that ¢
tends to an equilibrium value with possible oscillations
about the equilibrium position. We note the possibility of a
parametric resonance associated with oscillations of ®(¢).

D. Density inhomogeneities in anisland universe

Aninteresting feature of the model under consideration
is the fact that variations in the distribution of the visible
(baryonic) matter are not connected with temperature fluc-
tuations of the relic radiation, which presently reaches us
from a region in which baryons are absent. This makes it
possible to have rather large baryon-density fluctuations,
unrestricted by the magnitude of AT /T, at the time of re-
combination. Moreover, for the generation of significant in-
homogeneities dp, there exists in the model a natural mech-
anism associated with spatial fluctuations of the amplitude
of the C- (CP-) violation. As we know, the latter amplitude
is proportional to the imaginary part of the condensate
{@(x, t)). It is obvious that in this case isothermal density
perturbations arise, in which N, /N, varies from point to
point while N, remains constant (N is the particle-number
density).

It is well known'? that quantum fluctuations of the sca-
lar field grow strongly as a consequence of inflation. There

1519 Sov. Phys. JETP 67 (8), August 1988

then arises an almost flat (to within logarithmic terms) fluc-
tuation spectrum with amplitude ~ 1004 '/? (for the Ag*
theory). Usually it is assumed that these fluctuations of the
scalar field generate the observable density inhomogeneities;
therefore, in order to obtain §p/p ~ 10~ * it is assumed that A
is unnaturally small: A = 10~ '2. In our case fluctuations of ¢
lead to fluctuations in the magnitude of the baryon asymme-
try but not in the total density of matter, which consists
principally of nonbaryonic matter. Hence there is no need
for such a small value of A.

In the model under consideration there is one further
mechanism for generating density perturbations with a spec-
trum possessing a sharply pronounced maximum in the re-
gion of large wavelengths. In order to clarify how such inho-
mogeneities arise, we shall consider the following simplified
model. Suppose that the initial fluctuation of the field ¢,
from which a CP-odd vacuum condensate + i@, later devel-
ops, has the form depicted in Fig. 4. We recall that ¢, and L.
are the critical values of the field ¢ and fluctuation wave-
length at which the state near ¢ = 0 becomes unstable. The
potential energy of the field @, when g is far from the equilib-
rium position @,, can be written approximately in the form

1 A [0)
v(p)= —ml|ol|* +. - fp L
() 5 M lo] 5 [@:]"In et

(2.6)

Here we consider “‘sliding” along the purely imaginary di-
rection in the complex plane of @, and, therefore, we can
regard @ in this expression as real. It is not difficult to see
that the quantity ¢, is connected with the parameters of the
potential (2.6) by the relation

m,®

¥ T 2 2a/my) 27
(for Ap*>m?).

During the inflation period the motion of ¢ toward the
equilibrium position can be assumed to be slow because of
the large force of “Hubble friction” (the term 3H¢ in the
classical equation of motion). For a qualitative analysis of
the phenomenon we shall neglect the expansion of the uni-
verse and assume that g satisfies the equation of motion

¢t+v, =0 (2.8)
with the initial condition ¢ (¢t = 0) = @.f (r), where f (7) is
the function describing the shape of the initial fluctuation of
@, depicted in Fig. 4. Here r is regarded as a parameter, and
f (r) is not necessarily spherically symmetric. For simplicity
we shall assume that ¢ (¢# = 0) = 0. As long as the value of ¢
is still far from the equilibrium position ¢, but already far
from @, as well, the solution of Eq. (2.8) has the form

G=1"[0(r)—t] . (2.9)

r

FIG. 4. Schematic shape of an initial fluctuation of the field ¢. The length
of the dashed line is equal to L ..
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For @ close to @, the solution has an oscillatory character:

@=@, {1+A4 sin m.[{—t,(r)—A"¢: ']}, (2.10)

where @, is the value of @ corresponding to the crossover
from the regime (2.9) to the regime (2.10), and 4 is the
amplitude of the oscillations.

The quantity £,(7) can be related to the initial field dis-
tribution @(¢ = 0, r). Using for this the formula (2.9), al-
though this is not completely rigorous, we find

t(r)=2"@:fo(r).

Now, by means of the expression (2.7), it is not difficult to
show that the characteristic size of the spatial fluctuations of
the amplitude of the C-(CP-) violation is equal to

(2.11)

my

1o 72) st ),

m,

(2.12)

where /, is the present-day size of our baryon island and 6fis
the variation of the function f (7). In the usual models
m,<m,, and, e.g., for m; = 1073m, and §f=0.1 we obtain
I, =102, =108 yr.

In a realistic situation, if the parameter m, is large in
comparison with the Hubble constant at the time of forma-
tion of the baryon asymmetry, the spatial and temporal os-
cillations of @ will vanish upon time averaging. However, if
at this time m,~H, then a periodic (or almost periodic)
distribution of baryons, with characteristic size /, (2.12),
can arise in the universe.

E. Evolution of the boundary of the island

In accordance with the proposed model, the universe as
a whole consists of separate baryon or antibaryon islands—
mini-universes, immersed in invisible C- (CP-) symmetric
matter. During the period of formation of the baryons the
size was determined by the size of the region in which C-
(CP-) invariance was spontaneously violated, i.e., a conden-
sate (@ ) #0 arose. Outside, there is no field condensate and
the state @ is metastable. The difference in the energy densi-
ties of the true ({@ ) = + ip,) and spurious ({p ) =0) va-
cua is equal in order of magnitude to p, =A@, and the
thickness of the transitional region is ccm ™' (where m is a
characteristic mass parameter). By assumption, p,, €p.o, in
the period of baryosynthesis.

After the formation of baryons ceases with decrease of
the temperature, the boundary of the baryon island expands,
together with the universe, in accordance with the Fried-
mann lawa « ¢ /2 or a « £ 2/, while the walls of the bubble of
the true vacuum move in the spurious vacuum with almost
the speed of light (if we neglect the possible interaction of the
field ¢ with the primary plasma). Therefore, the size of the
C- (CP-) odd bubble becomes greater than the size of the
baryon island.

By the time p,,, is falling sufficiently strongly, so that
P becomes of order p,, , the law of expansion of the uni-
verse outside a C- (CP-) odd bubble should become expo-
nential, since, by assumption (or, more precisely, according
to astronomical observations), the vacuum energy inside the
bubble is equal to zero while that outside the bubble is equal
to p,, - As a result, the energy density of all forms of matter
except @ outside the bubble practically vanishes. Therefore,
the relic radiation in our mini-universe should also vanish.

1520 Sov. Phys. JETP 67 (8), August 1988

There are several ways of tackling this contradiction.
First, it is possible to suppose that the same (at present,
unknown) mechanism that annihilates the cosmological
constant in our world also annihilates it beyond the limits of
our world. Then the laws of expansion outside and inside the
bubble should not differ appreciably.

The second possibility is that the region with (¢ ) =0
expands exponentially with p,,. =A@ §, and the relic radi-
ation reaches us from the walls of the bubble which process
the energy of the spurious vacuum into energy of particles.
In this case the plasma that is formed should have time to
thermalize, in order that the arriving radiation have a
Planck spectrum.

Finally, the third possibility is that the difference of the
energies of the field @ inside and outside the bubble is dissi-
pated as a result of a mechanism of the type considered in
Ref. 14. This mechanism can be realized if in the effective
mass of the field ¢ we take into account an additional term of
the form

6m*=aT*+bR, (2.13)

where T is the temperature and R is the curvature scalar.
Here the square of the mass of ¢ for small values of the field
can be negative (when T and R become sufficiently small),
and a second-order phase transition to a true vacuum occurs
throughout space.

It is possible to consider another variant, in which spon-
taneous CP-violation remains even after a second-order
phase transition to (¢ ) = + i@,. Then the region outside
the large C- (CP-) odd bubble in which our mini-universe is
situated will have a cellular structure, in which regions with
@ = + ip, are mixed with regions with ¢ = — ip, and are
separated by domain walls. The characteristic size of such
regions will not be large, and therefore their presence will
not lead to appreciable anisotropy. However, in this case the
energy contained in the walls turns out to be too large, '® if we
do not assume an unnaturally small value for the character-
istic mass scale of the field g, i.e., m,<0.1 MeV.

In the light of the above, the most natural model seems
to be one with dynamical cancellation of the A-term, al-
though a concrete example of such a model has not yet been
found. In its favor, however, is the fantastic accuracy of the
cancellation of the A-term in comparison with the theoreti-
cal expectation. The construction of such a model will make
it possible to solve at the same time the domain-wall problem
that faces us.

In any case, for this picture of the formation of an island
universe to be viable one of the above mechanisms (or some
other mechanism) of annihilation of domain walls must
operate.

3.DYNAMICAL EVOLUTION OF THE MODEL

Weshall consider the dynamical evolution of the matter
of the universe outside and inside a baryon island. We set the
quantity Q=p/p., equal to unity. For simplicity we shall
assume that the island has the shape of a sphere and that the
density of the excess of baryons is uniform everywhere with-
in the island. The dimensions of the island are such that
today they are comparable to the distance to the horizon. In
the past the dimensions of the island were much greater than
the distance to the horizon, and initially, in the first approxi-
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mation, we shall neglect all boundary effects, assuming that
the matter inside and outside evolves independently. We
shall consider boundary effects later.

The dynamics of the expansion of matter outside and
inside the island becomes different after the annihilation of
baryon-antibaryon pairs has occurred and the excess of bar-
yons remaining inside the island has become nonrelativistic.
We denote this time by #,. In order of magnitude, 7,~10~°
sec, and the temperature T}, at this time corresponds to the
baryon mass m,. The total density of all forms of matter at
this time, both inside and outside the island, is equal to’

00=3/32nGt/’, 3.1)

where G is the gravitational constant. After this time we
divide all matter into three categories: baryons with mass m,
(together with an equal number of electrons), invisible mat-
ter consisting of light weakly interacting particles (conven-
tionally called neutrinos) with m, <m,, and photons. For
the estimates we set m, ~ 10 eV. At the time 7, we denote the
distribution of the density between the components as fol-
lows:

ps=apo, Pv=Apo, py=Bp,, at+A+B=1. (3.2)

For order-of-magnitude estimates we can set A ~B~ 4 and
a=N,/2N,~=2-10"'° inside the island and equal to zero
outside it; here N, =A4p,/m,. The neutrino component re-
mains relativistic up to the time ¢, when the temperature T
corresponds to m,. In order of magnitude,
t,~(my/m,)%t, = 10" sec [for a more accurate expres-
sion, see (3.4)].

The solution of the equations of gravitation for the mix-.
ture of baryons without pressure (p = 0) and the relativistic
component (p = p/3) can be written in the form

(L T2 ()]

where the time ¢ is the proper time of a comoving observer
and a is the scale factor. It is assumed that
(a/6)(t/ty) 1/2 1. For our model the solution is applicable
in the interval z,<t<t,. The solution (3.3) is applicable
both inside the island, where a#0, and outside it, where
a = 0. The rates of change of a outside and inside the island
are slightly different, and, therefore, the same temperature
T,, corresponding to m,, is reached at slightly different
times

t‘=to(mb/mv)2[1——§i(%)].

After the time ¢, (which is different outside and inside the
island!) the neutrino component becomes nonrelativistic
(p, = 0). In the subsequent evolution the gravitation of the
photons can be neglected. The solution of the equations of
gravitation for # > ¢, can be written in the form

omy )
34Am

-{t_ta(’;_i)z[1—%—§ff(1 24- "x)]}u.s (3.5)

As before, inside the island @ = 2:107'%, and outside the
island a = 0. The nonrelativistic density component p. in-
side the island consists of baryons and neutrinos, while that

3.3)

3.4)

a =[6xGAp, (m./ms) ]"'( 1+
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outside the island consists only of neutrinos. For t>¢, we
have for the difference in the densities of the nonrelativistic
components inside and outside the island and for the corre-
sponding differences of the Hubble constant (as before, we
assume that the boundary zone of the island, where the mo-
tion is perturbed, is small)

Ap. 2 (m,) "

oo~ T oc——(ZA 1), (3.6)
AH 1 Ap. -
HY 2 <o S

For the difference of the energy densities of the photons in-
side and outside the island, up to times when the size of the
island is still much greater than the distance to the horizon
but > t,, we have

Apy 4 omy 4

(3.8)

where (2, is the ratio of the present-day baryon-energy den-
sity to the critical baryon-energy density.

We shall make a few remarks concerning effects at the
edge of the island. During the period ¢, < ¢ < ¢, the edge of the
island expands more rapidly than the surrounding matter;
see (3.3). The relative velocity of the edge and the surround-
ing matter is of the order of the speed of light. This leads to
the result that an excess of mass is formed at the edge of the
island. In this case neutrinos pass freely through the matter,
and hydrodynamic forces act on the photons and baryons.
The excess mass at the edge is built up principally at t=~¢,,
when a change in the equation of state occurs. With neglect
of nonlinear effects, the relative mass excess AM /M at the
edge of the island is equal to the ratio p, /p, of the baryon
density to the density of hidden mass (an estimate is easily
obtained by considering the properties of the expansion, as
t— w0, of a sphere with the critical density and p = 0). This
conclusion is valid not only in the light-neutrino model un-
der consideration, but also when the particles of hidden mass
have a rest mass much greater than the rest mass of the bar-
yons.

It is probable that boundary effects reduce the value of
AM /M somewhat, and therefore, in order of magnitude, we
take

AM/M =102 (3.9)

In the narrow boundary spherical layer we have
Ap/p=1, and the behavior of the matter requires separate
study. It is clear that the conditions of the formation of the
structure here will be different from those inside (and out-
side) the island. We note that the picture we have painted of
the structure of the boundary region depends on our as-
sumption of a sharp boundary to the averaged baryon-den-
sity distribution in the island. For a smooth distribution of
baryons the picture will be different. If in the initial condi-
tions, at t = ¢#,, the density is everywhere equal to the critical
density, the excess of mass in the baryon island means that in
the future the expansion will give way to compression.

4. OBSERVATIONAL VERIFICATION

Evidently, an observational test should involve exhibit-
ing the boundary of our island, determining our position
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relative to the center of the island, investigating the matter
beyond the boundary, and attempting to detect other is-
lands.

A.Observations of the anisotropy of the relic radiation

We shall consider systematically various effects that
lead to anisotropy of the relic radiation. We shall assume
that the position of the observer is not at the center of the
island. Let the distance to the farthest edge correspond to
red shift z. and the distance to the nearest edge correspond
to red shift z... We shall begin with effects that are not con-
nected with the presence of an excess of mass on the bound-
ary of the island. The rates of expansion inside and outside
the island are slightly different (see the preceding section).
Therefore, when a ray of relic radiation coming toward the
observer from the horizon that lies in the direction of the
farthest edge of the island has already entered the island,
while a ray coming from the opposite direction is still outside
it, their reddening will be somewhat different. This will cre-
ate large-scale anisotropy. From formula (3.5) it is possible
to obtain an expression for the difference in the temperatures
of the relic radiation in the directions of the farthest and
nearest edges of the island (¢, is the present time):

3
AT/T = — %—t—} a( r—:;i) 24-"—1) [ (z.+1) "— (z..+1)"].

(4.1)

This formula is applicable for f.>t#,=10" sec (i.e.,
z. £10°).

If for the estimate we take z. = 8 and z.. = 3, then
AT/T=3-10"8,

In view of the nonstationary character of the island, a
much greater anisotropy AT /T 'is induced by the presence of
the gravitational effect of the mass excess AM on the edge of
the island in the model under consideration.

For values of z. and z.. of the order of a few units, when
the Newtonian-potential approximation is applicable, we
obtain the following formula:

AT _ 1AM y[ae .
N o (z. 41" (zaH1)"

T 2 M

~ (z.—2..)/200. (4.2)

It should be emphasized that the principal harmonic of
AT /Tis the dipolar harmonic. Therefore, the restriction on
Z. — Z.. that follow from the observations is z. — z.. <0.2.
We note also that the estimates given for AT /T are model-
sensitive to the degree of nonsphericity of the island and to
the distribution of the averaged baryon density inside the
island.

For the anisotropy of the relic radiation we shall make a
further estimate, connected with the possibility of scattering
of the radiation by the intergalactic plasma. Suppose that
inside the baryon island there is a plasma constituting a frac-
tion 2, of the total density of matter. Then the optical depth
with respect to scattering out to an island boundary corre-
sponding to red shift z is equal to (see, e.g., Ref. 7)

H,
1=0.03(%) Q[ (1+2)%—1], (4.3)

where H,, is the present-day value of the Hubble constant in
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km sec ™! Mpc~'. For 7« 1, because of scattering by plasma
mainly at the edge of the island (where the rays were to be
found in the past, at high density) the intensity of the rays
coming directly toward the observer from beyond the limits
of the island is weakened by a factor of 1 — 7.

On the other hand, the scattering leads to the result that
there begins to propagate in the direction toward the observ-
er a fraction 7 of the rays that traveled originally, on the
boundary of the island, in other directions. Of these, about
half come from the region inside the island, and have lower
temperature, while the other half come from regions outside
the island. As a result, a crude estimate of the radiation tem-
perature, as measured from the Rayleigh-Jeans region of the
spectrum, is given by the expression

T T T T
T=(1-—T)T,+?Tz+-2—T,=(1-—-—2—)T1+?Tz, (4.4)

where T, and T, are the temperatures of the photons outside
and inside the island, respectively. Hence, for the anisotropy
associated with the scattering we obtain

Te—Tee
2

AT, /T~

(AT/T) mas. (4.5)

Here 7. and 7.. are the optical depths in the directions of the
furthest and nearest edge of the island, respectively, and
(AT /T)pmax = 1/48p, /p, = 0.01 [see (3.8) ]. Substituting
the expression (4.3) into (4.5), we obtain (for H, =75
km sec™! Mpc™!),

AT, /T=10"*Q,[ (z.41) % (z..+1)*]. (4.6)

In the case z. >z.., in the direction of the furthest
boundary of the island a broad (of angular size @ = 27 sr)
spot with a slightly lowered temperature will be observed.
The spherical harmonics (dipolar, quadrupolar, etc.) of
such a spot should be correlated in direction and have com-
parable amplitudes. Their absence (apart from terms of or-
der AT/T <10~ %) leads (for z. >z..) to a bound on the
quantity of plasma in the island:

O <z %=0.1(2./4) ™, (4.7)

We turn to the small-scale relic-radiation anisotropy
AT /Tassociated with the presence of a density perturbation
6p/p. In our model, as already noted, there are at least two
possible ways in which large-scale structure inside the island
can be formed.

The first possibility presupposes a scenario analogous
to the standard model of a homogeneous universe. In this
case, in the early stages, there were adiabatic perturbations
6p/p of the matter everywhere—both inside and outside the
island. In this case, §p/p outside the island will lead to fluc-
tuations AT /T on account of the Sachs/Wolfe effect.'® The
Silk effect'” and Syunyanev-Zel’dovich effect'® are absent
here over all the angular scales accessible to observation,
since the universe is transparent out to z~ 107 instead of the
value z= 10? in the standard model. The large transparency
leads to a logarithmic growth of AT /T over small angular
scales (tens of minutes) on account of the Sachs—Wolfe ef-
fect, but the absence of other effects (which have the same
order of magnitude in the standard theory) leads to the re-
sult that, as a whole, this anisotropy will remain of the same
order of magnitude as in the standard theory.
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According to the second possibility of structure forma-
tion, we can assume that the fluctuations §p/p outside the
island are arbitrarily small and the structure inside the is-
land is formed as a result of large spatial variations of baryon
charge. In this case the small-scale anisotropy of the fluctu-
ations AT /T of the relic radiation can turn out to be very
small, since the anisotropy comes from outside the island,
where there are practically no appreciable fluctuations 8p/p.

B. Background annihilation radiation

The appearance of additional background radiation in
the island model is connected with processes following the
annihilation of electron-positron pairs. In fact, the universe
beyond the boundary of the baryonisland, at z > zy g =4, is
not entirely free of baryons and charged leptons. In the case
of a charge-symmetric universe, its volume is occupied by
the particle pairs (the electron-positron e* and nucleon-
antinucleon NN plasma) that have remained, in small quan-
tities, from the epoch of annihilation, which occurred at red
shifts

{ 2-10°, e*,
Zann =

— 4.8
4-10%, NN. (48

Calculation of the residual “quenched” concentration of
e*e™ and NN pairs in a charge-symmetric expanding uni-

verse at z < z,,, gives”'® a very small value
,10-!9, e:t,
= = _ 4.9
n=qny, q { 3.10_‘9, NN, ( )

wheren, = 20T*=400(1 + z)* cm ™ is the photon concen-
tration in the relic radiation and the ratiog = n/n,, isaquan-
tity that is conserved in the expansion of the universe. The
detection of such a negligible number of pairs of “‘quenched”
matter from its electromagnetic annihilation radiation, the
spectrum of which was analyzed in Ref. 19, is extremely
unlikely.

We shall give an upper estimate for this radiation. We
shall assume that, despite the extreme rarefaction of the mat-
ter, all the “‘quenched"" matter is completely annihilated in
the epoch of red shift 2, ~z,0,,¢ ~4. The energy density #,
of the annihilation radiation that was formed at z, falls as
(1 4+ z) ~* during the subsequent expansion of the universe
(just as the relic-radiation energy ¥, =2.7kTn,
= #,0(1 +2)~*), and, when recalculated for the observa-
tion time z = 0, amounts to (for e* and NN pairs)

n(z,) _ En
(1+z,)* 0.74 141z,

[nqzann] ={0-* CV/CmJ,
(4.10)

&a=2mc’n

where &, = 0.25 eV/cm” is the energy density of the relic
radiation with temperature T, = 2.7 K, and 7 is a factor
taking account of the processing of pair mass into electro-
magnetic radiation (77,. ~1, 7yx = 0.3).

The energy of the annihilation photons, which at time
z, amounts to £,, ~0.5 MeV and &,z =200 MeV, falls, by
the time z = 0, by a factor of 1 + z, =5, so that the annihila-
tion radiation has energies in the region of 0.1 MeV and 40
MeV, respectively. The observed background radiation in
these regions of energy has energy densities & (0.1
MeV)=10"3 eV/cm?® and & (40 MeV) =107 eV/cm3,
which are much greater than the expected value (4.10). The
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observable background, in the indicated energy ranges, can
be explained by the annihilation of pairs if the concentration
of antiparticles outside the island is several orders greater
than (4.9). For example, if there is explicit as well as sponta-
neous CP-violation, a situation is possible in which our bar-
yon island is situated in a sea of antimatter, the concentra-
tion of which is only a few times lower than the
concentration of matter in the island. In this case the back-
ground radiation could be significant.

C.Observations of individual sources

It is evident that none of the evolution processes inside a
homogeneous island will give us any valuable information
about its size or about our position with respect to the center,
since information from different directions arrives at the ob-
server simultaneously, with preservation of the spherical
symmetry. Therefore, there is no hope of exhibiting any part
of the celestial distribution of the discrete sources that are
observable in different energy ranges if there is no certainty
that they are being detected out to the edge of the island.
From observations of extragalactic radio-sources and deter-
minations of large numbers of their red shifts (from optical
observations) it follows that a large part of the data corre-
sponds to z < 1. It is evident that the same also applies to
multiple observations in the infrared and x-ray regions.
Therefore, a direct search for objects with large red shifts in
different directions of the celestial sphere appears to be the
most promising. The limiting value of z will give the size of
the island, and the celestial distribution of the sources will
make it possible to obtain the position of the observer with
respect to the center. The most suitable objects may be qua-
sars, young galaxies, clusters of galaxies, and clouds of inter-
galactic gas.

On Fig. 5 we show the position of the observer with
respect to the center of the island and the event horizon, both
of which he can see. The point Ciis the center of the island, 7
is the radius of the island, the point O is the position of the
observer, /... and [, are the maximum and minimum met-
ric distances from the observer to the edge of the island, and
A is the displacement of the observer with respect to the
center of the island. The angle @ is measured from the direc-
tion of the most distant point on the edge.

We shall denote by / the present-day metric distance to
the edge of the island. In the Einstein-deSitter model,
I=2cH§' (1 —X"?), where X = (1 +2)~', z being the
red shift of an object situated at the point 4. From the trian-

FIG. 5. Schematic arrangement of the island boundary (&) and the hori-
zon (h).
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gle AOC we find the celestial distribution of the boundary
value of the red shift:

X={1-3[%cos @+ (1—x*sin* ¢) *]}%, (4.11)

where 2 is the ratio of the distance of the observer from the
center of the island to the radius of the island:

L1,
Amiu
1 ’

— X

1/,
A Xm'ax -
® = - — : 7,
e Z - 1;1u.\'

(4.12)
and S is the ratio of the radius of the island to the horizon
radius 4 = 2¢/H,:

rcH,
P = 2¢c

h '

1
= 7(2'—Xmax"‘Xmm) ~().6.

(4.13)

The red shift for objects situated at the center of the island is
described by the expression

Ne=(1+ze)"'=(1-=p)" (4.14)
Above it was shown that z. — z.. <0.2; this is a bound on
the eccentricity of our position in the island, and corre-
sponds to the bounds x» < 0.01 and z <0.01.

CONCLUSION

The estimates given show that the model of a baryon
island does not contradict the existing observations, al-
though it does impose stringent restrictions on the position
of the observer inside the island.

The authors are grateful to all colleagues in the sector of
relativistic astrophysics of the Space Research Institute of
the Academy of Sciences of the USSR for criticism and dis-
cussion. We are especially grateful to V. N. Lukash for valu-
able and constructive criticism, and for advising us to direct
our attention to the importance of boundary effects.
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DEnergetic quanta with energy E>m,c*/6~80 keV are scattered with
higher probability by photons of the relic radiation than by “‘quenched”
e*e™ pairs.'® For the energetic quanta the universe becomes transparent
(7,, < 1) at red shifts z<z,,, =2.5-10° (m,c*/E)*'4.
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