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Abstract. In this talk we demonstrate the possibility of generation oflinear polarization of the electromagnetic field (EMF)
due to the quantum effects of the EMF in in matter–antimatterannihilation for anisotropic space of the I type according
to Bianchi. It has been established that matter–antimatterannihilation generate linear polarization effects of the EMF in
anisotropic Bianchi I type space caused by external gravitational waves. We also ask whether the Universe can be a patchwork
consisting of distinct regions of matter and antimatter. Wedemonstrate that, after recombination, it is impossible toavoid
annihilation near regional boundaries. We study the dynamics of this process to estimate two of its signatures: a contribution
to the cosmic diffuseγ-ray (CDG) background and a distortion of the cosmic microwave background (CMB) too.
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INTRODUCTION

Neither the notion of a universe containing islands of antimatter, nor the exploration of its observable consequences
are new. Indeed, the literature includes diametrically opposed views as to the viability of such models. The purpose
of this paper is to present a class of models (arguably, the most general) for which the observable universe consists of
comparable numbers of domains containing either matter or antimatter. These models are parameterized by the typical
domain size today,d0 [1, 2]. Direct searches for annihilation radiation show that d0 > 20 Mpc, and future searches for
antimatter among cosmic rays may increase this lower bound by an order of magnitude [1].

We have found constraints on a matter–antimatter universe arising from phenomena taking place at cosmological
distances. The potentially observable signals are identified as a distortion of the CMB radiation, and the production
of a relic flux of the CDG [1]. It was computed these signals with conservative assumptions and considerations based
on empirical evidence, but with as little theoretical prejudice as possible. We find that matter–antimatter encountersat
domain boundaries are unavoidable from recombination to the onset of structure formation. The flow of matter into
antimatter (and vice versa) is diffusive at largey and hydrodynamic at lowy [1]. Furthermore, energy deposition by
the annihilation debris plays a crucial role, increasing the annihilation rate by up to two orders of magnitude relative
to what it would have been if this effect had been neglected.

Part of the energy released by annihilations at cosmological distances ends up as microwave photons that would
appear as a non-thermal correction to the cosmic backgroundspectrum. However, it was found that measurements of
the CMB spectrum do not lead to a competitive constraint on theB = 0 universe [1].

High-energy photons produced by matter-antimatter annihilations at cosmological distances (most of which survive
to the current epoch) are redshifted to current energies of order 1 MeV, thereby contributing to the diffuseγ-ray
spectrum. It follows that the detection ofZ > 1 antinuclei among cosmic rays would shatter our current understanding
of cosmology, or reveal something unforeseen in the realm ofastrophysical objects [1].

An explicit cosmological model is also necessary to estimate the observable signals produced by annihilation.
Evidence of extended matter-antimatter annihilation emission (at 511 keV) from the Galactic Center [3] and of Galactic
nucleosynthesis processes [3] has been found. Furthermore, polarization of high energy photons (>400 keV) emitted
from a strong source like the Cygnus X-1 has been clearly measured [4]. We also refer to cosmic diffuse photons by
conventional names according to the current photon energy:the night sky, the CDG and the CBM refer to visible,∼ 1
MeV and microwave photons, respectively. We look for relicγ-rays from matter-antimatter annihilationin in the CDG
spectrum near 1 MeV too.

1 This work was supported in part by the R. M. Santilli Foundation and the Austrian Academy of Sciences.



There are two events took place at roughly the same time in cosmic history: the transition from charged plasma
to neutral atoms (recombination) and the decoupling of radiation and ordinary matter (last scattering). For our
fiducial cosmological parameters, these events occurred ata temperature∼ 0.25 eV and at a redshiftyR ≃ 1100
(we usey ≡ 1+ z = 1/R(t) as a redshift parameter, and the conventionalz). The transition to transparency was not
instantaneous, but evolved during an intervalyR ±100 whose half-width is∼15 Mpc in comoving (current) distance
units. Thus, features at recombination of comoving size smaller than 15 Mpc cannot be discerned in the CMB.

Cohen A.G.et al. [1] concluded that matter-antimatter annihilation has a negligible effect on the CMB temperature
Tγ(y), which remains as it is in a conventional universe. However,the annihilation debris produce and maintain
virtually total ionization, as shown in [1]. Therefore the annihilating fluid consists of photons, protons, antiprotons,
electrons and positrons2. The proton and electron number densities coincide, exceptin the narrow annihilation zone.

The generation of the photons in matter-antimatter annihilation proces and the polarization of the EMF also take
place in the external anisotropic gravitational field [5, 6,7, 8]. Here we consider the generation of the polarization
of the EMF in matter-antimatter annihilation proces under idealized supposition that the medium is transparent and
there is only the CMB radiation before matter-antimatter annihilation. The result of the paper is the assertion that the
quantum effects of the EMF in the external gravitational field in the space of theI type according to Bianchi give
contribution to the degree of polarization of the EMF in the quadrupole harmonics too. According to the results of the
papers [5, 6, 8], the moment of time when the quantum effects of photons switch on in matter-antimatter annihilation
proces can correspond to the arising of the anisotropy on thebackground of the initially isotropic matter and antimatter.

POLARIZATION OF PHOTONS IN MATTER–ANTIMATTER ANNIHILATIO N

Formalism of the EMF polarisation

A useful way to characterise the polarisation properties ofthe EMF is to use the Stokes parameters formalism [6].
For a nearly monochromatic plane electro-magnetic wave propagating in thez direction,

Ex = ax(t)cos[ω0t −θx(t)] , Ey = ay(t)cos[ω0t −θy(t)] , (1)

the Stokes parameters are defined by:

I ≡ 〈a2
x〉+ 〈a2

y〉, Q ≡ 〈a2
x〉− 〈a2

y〉, U ≡ 〈2axay cos(θx −θy)〉, V ≡ 〈2axay sin(θx −θy)〉, (2)

where the brackets〈〉 represent time averages. The parameterI is simply the average intensity of the radiation. The
polarisation properties are described by the remaining parameters:Q andU describe linear polarisation, whileV
describes circular polarisation. Unpolarised radiation (or natural light) is characterised by havingQ = U = V = 0.
The EMF polarisation is produced through the photon quantumeffects (see below) which cannot generate circular
polarisation. Then, we can writeV = 0 always for.
The Stokes parametersQ andU are not scalar quantities. If we rotate the reference frame by an angleφ around the
direction of observation,Q andU transform as:

Q′ = Qcos(2φ)+U sin(2φ), U ′ =−Qsin(2φ)+U cos(2φ). (3)

We can define apolarisation vector P having:

|P|=
(
Q2+U2)1/2

, α =
1
2

tan−1
(

U
Q

)
. (4)

Although P is a good way to visualise polarisation, it is not properly a vector, since it remains identical after a
rotation byπ aroundz, thus defining an orientation but not a direction. Mathematically, Q andU can be thought
as the components of the second-rank symmetric trace-free tensor:

Pab =
1
2

(
Q −U sinθ

−U sinθ −Qsin2 θ

)
, (5)

where the trigonometric functions come from having adopteda spherical coordinate system.

2 We neglect the helium contamination (∼7% by number) and those of larger primordial nuclei.



Formalism of the EMF radiation in anisotropic space of the I type according to Bianchi
model

Let us consider Maxwell equations for the free the EMF. In themetrics

ds2 = dt2−
3

∑
i=1

A2
i (t)

(
dxi)2

, (6)

they can be written as

∇µF µν = 0 , ∇µ(∗F)µν = 0 , (7)

where Fµν is electro-magnetic-field tensor and(∗F)µν is adjoint magnitude, defined by the relation(∗F)αβ =
1√−g [αβ γη ]Fγη , and[α,β ,γ,η ] is completely antisymmetric tensor [0123]=1.
The solutions of these equations can be represented in the form of electric- and magnetic-field vectors [5]

E(t,x) =

∫
d3keikx

[
E

θ (t,k)eθ (t,k)+E
ϕ(t,k)eϕ (t,k)

]
,

H(t,x) =

∫
d3keikx

[
H

θ (t,k)eθ (t,k)+H
ϕ(t,k)eϕ (t,k)

]
,

where

eθ = cosθt cosϕt
e1

A1
+ cosθt sinϕt

e2

A2
− sinθt

e3

A3
, eϕ =−sinϕt

e1

A1
+ cosϕt

e2

A2

are the orthogonal vectors forming together with

ek = sinθt cosϕt
e1

A1
+ sinθt sinϕt

e2

A2
+ cosθt

e3

A3

the tetrad unit basis in the momentum space. The anglesθt andϕt are related with the spherical coordinates in the
momentum space introduced via the relation

(k1,k2,k3) = k (sinθ cosϕ , sinθ sinϕ , cosθ ) ,

using the formula

(sinθt cosϕt , sinθt sinϕt , cosθt) = µ−1
(

sinθ cosϕ
A1

,
sinθ sinϕ

A2
,

cosθ
A3

)
,

where

µ2 =
sin2 θ cos2 ϕ

A2
1

+
sin2 θ sin2 ϕ

A2
2

+
cos2 θ

A2
3

.

The componentsE θ , E ϕ , H ϑ , H ϕ can also be written as follows [6]:

E
θ (t,k) =

1√
2(2π)3/2(−g)1/4

µ
b1/2

(y++ y−) , E
ϕ (t,k) =

1√
2(2π)3/2(−g)1/4

µ
b1/2k

d
dt
(y+− y−) , (8)

H
θ (t,k) =

1√
2(2π)3/2(−g)1/4

µ
b1/2

(y+− y−) , H
ϕ (t,k) =− 1√

2(2π)3/2(−g)1/4

µ
b1/2k

d
dt
(y++ y−) ,

where

b =
1√−g

(
A2

2cos2 ϕ +A2
1sin2 ϕ

)
,

and the functionsy± = yr satisfy the equation

ÿr − ḃ
b

ẏr +
[
k2µ2+ rk∆

]
yr = 0 , ∆ = b

d
dt
(a/b) ; a =

cosθ sin2ϕ
2
√−g

(
A2

2−A2
1

)
. (9)



Quantum generation of photons in matter–antimatter annihilation

Assuming that at the time momenttin on the background of the initially homogeneous and isotropic gravitational
field in the Universe with Friedman metrics there arises the homogeneous anisotropic perturbation in accordance with
matter-antimatter annihilation so that as a consequence the metrics can be represented as in Eq. (6). Let us assume
also that att < tin the state of the EMF can be described with the density matrix with non-zero occupation number of
the photons in the moden0(ν0) corresponding to the black-body radiation. The latter is strictly constant att < tin and
constant in the zeroth in respect to the anisotropy parameters approximation att > tin:

∂
∂ t

n0(ν0) = 0.

The frequencyν0 is considered to be independent of time and equal to the radiation frequency in the current epoch.
With the frequency at any time momentt it is related as follows

ν0A(t0) = ν(t)A(t), (10)

whereA(t) is the scale factor in the Friedman model att < tin andA3 = (A1A2A3) at t > tin.
The external gravitational field of the anisotropic Universe brings about the increase of the photon number [6, 8].

The particle number in the mode at the time momentt > tin satisfies the relation [6]

n(t,ν0,θ ,ϕ) = n0(ν0)+ n1(t,ν0,θ ,ϕ)+ nq (t,ν0,θ ,ϕ) . (11)

Here

n1 (t,ν0,θ ,ϕ) = n0(ν0)δ (t,ν0,θ ,ϕ) , (12)

where |δ | ≪ 1 is the correction, describing the anisotropic distribution over momenta which arises due to the
anisotropic expansion of the photons already existing to the time momenttin. As to the quantity

nq (t,ν0,θ ,ϕ) = 2

(

∑
r−±1

|β r (t,ν0,θ ,ϕ) |2
)
(2n0(ν0)+1), (13)

it is the additional number of photons which arose due to their generation by matter-antimatter annihilation in the
non-stationary gravitational field.β r is the coefficient of the Bogoliubov transformation at the transition to the time-
independent operators of the generation-annihilation of photons bringing to the diagonal form the instantaneous
Hamiltonian of the quantised the EMF at the time momentt on the operators of the generation-annihilation, in terms
of which the Hamiltonian has the diagonal form at the initialtime momenttin ; |β r(t,ν0,θ ,ϕ)|2 is the density of the
probability of the generation of a photon with a certain frequencyν0, direction of the wave vectorθ ,ϕ , and the spin
projectionr on the direction of the wave vector.

Let us generalise the relations (11) – (13) to the case when the matter of interest is the particle number in the mode,
which polarisation vector is oriented along a certain direction in the coordinate frame connected with the wave vector
of the photon. Then by analogy to Eq. (4) we can introduce the symbolic vector [6]

n(t,ν0,θ ,ϕ) =
1
2

c3

hν3(t)




I (t,ν0,θ ,ϕ)+Q(t,ν0,θ ,ϕ)
I (t,ν0,θ ,ϕ)−Q(t,ν0,θ ,ϕ)

U (t,ν0,θ ,ϕ)



 , (14)

whereI,Q,U are the Stokes parameters of the EM radiation. By analogy with Eq. (11),n can be represented as

n(t,ν0,θ ,ϕ) = n0(ν0)+n1(t,ν0,θ ,ϕ)+nq (t,ν0,θ ,ϕ) , n0(ν0) = n0(ν0)




1
1
0


 , (15)

which corresponds to the isotropic nonpolarised radiation. In the case when there is no scattering of the photons on
the electrons of the cosmic plasma,n1 can be represented as [6]

n1 (t,ν0,θ ,ϕ) = n0(ν0)(α(t,ν0)a(θ ,ϕ)+ ᾱ(t,ν0)ā(θ ,ϕ)) , (16)

a =




1
1
0



(

cos2 θ − 1
3

)
, ā=

1
2




1
1
0


(1− cos2 θ

)
cos2ϕ .



This corresponds to the start of the dependence on angles, i.e. anisotropy, in the distribution of the photons over
momenta. The coefficientsα andᾱ characterise the degree of the quadrupole anisotropy of theCMB radiation.

The quantitynq describes the contribution of the quantum effects in matter-antimatter annihilation process. In the
linear with respect to the anisotropy parameters approximation of the metrics (6) it can be represented in the form:

nq (t,ν0,θ ,ϕ) =
2nα(ν0)+1

2
c3

hν3(t)




Qann(t,ν0,θ ,ϕ)
−Qann(t,ν0,θ ,ϕ)
2Uann(t,ν0,θ ,ϕ)


 . (17)

The quantitiesIann, Qann, Uann are the annihilation Stokes parameters (ASP), evaluated for the case when the initial
state of the EMF at the time of the matter-antimatter annihilationtin was only the CMB radiation.

POLARIZATION OF PHOTONS DUE TO THE QUANTUM EFFECTS IN
MATTER–ANTIMATTER UNIVERSE

In general (i.e. not in the linear approximation) the Stokesparameters are related with the polarisation density matrix
of the quantum effects of the EMF in matter–antimatter Universe, introduced in [5] as a new characteristics of the
latter, as usually (see [6]):

Jab =
1
2

(
Iann+Qann Uann− iV ann

Uann+ iV ann Iann−Qann

)
, (18)

where

Jab ann = Jab ann
+ + Jab ann

− , Jab ann
± (t,k) =

1
2

hk
µ(t,θ ,ϕ)

〈0tin |Nt

[
Ê

a(t,x,k), Ê b(t,x,k)
]
|0tin〉.

HereÊ a(t,x,k) are the components of the spectral component of the vector ofelectric field (8), multiplied by exp(ikx).
The calculations, carried out in [6], have shown thatJab ann = 0, i.e. according to the common interpretation [7], the

generating photons do not have an admixture of the circular polarisation.
The symmetric part of the polarisation tensor could be expressed via spectral components of the averages of the

operator of energy-momentum tensor

T ann
µν (t) =

∫
dϕdθ sinθ

∫
dK0 (t,k,θ ,ϕ) T̃ ann

µν (t,k,θ ,ϕ) , K0 (t,k,θ ,ϕ) = ckµ (t,θ ,ϕ) ,

as follows

Jab
+ = Gab

µν T̃ ann
µν .

The specific form of the componentsGab
µν has been evaluated in [9]. Also in [9, 6] is given the explicitform of the

spectral components̃T ann
µν . So the APC can be presented as follows [6] :

(Iann,Qann,Uann,V ann) =
hk3

V ∑
r=±1

(2sr,ur,rτr ,0) , (19)

where the functionssr, ur, τr satisfy the set of the equations [6]




ṡr = W

2 ur + rW
2 τr,

u̇r =W (2sr +1)−
(
rW +2cK0

)
τr,

τ̇r = rW (2sr +1)+
(
rW +2cK0

)
ur,

(20)

(ur)2+(τr)2 = 4sr (sr +1)

with the initial valuessr(tin) = ur(tin) = τr(tin) = 0. The quantitiesW andW in the metrics, linear in respect to the
anisotropy parameters of metrics (6) are as follows:

W =
(
1− cos2 θ

)
∆H +

∆H
2

(
1+ cos2 θ

)
cos2ϕ , W = −cosθ sin2ϕ∆H, (21)



where

∆H = H − 1
2
(H1+H2) , ∆H = H1−H2, H3 = (H1H2H3), Hi = Ȧi/Ai

(the parameters∆A, ∆A, A could be introduced similarly).
The set of the equations (20) plays the part of the transfer equations for ASP. Let us analyse the expressions (19),

solving (20) via expansion of the functions in a power seriesin respect to small parameterh̃ which is introduced as

∆H → h̃∆H, ∆H → h̃∆H, ∆A → h̃∆A, ∆A → h̃∆A.

In doing so,

sr = ∑
n=0

h̃nsr
n , ur = ∑

n=0

h̃nur
n , τr = ∑

n=0

h̃nτr
n . (22)

The expansions ofW andW are given with (21). Further we shall keep in the expansion (22) only linear terms in
respect tõh. In the zeroth approximation in respect toh̃ it follows from (20), (21), taking into the account the initial
values, that

sr
0 = ur

0 = τr
0 = 0.

This means that there are no photon quantum effects in isotropic case. In the linear approximation the set of the
equations forsr

1, ur
1, τr

1 is

ṡr
1 = 0, u̇r

1 =W −2ντr
1, τ̇r

1 = rW +2νur
1

(in the zeroth approximation in respect toh̃ K0(t,k,θ ,ϕ) = k0/A(t) ≡ ν(t)). Solving this set, one can obtain the
expressions for ASP in the linear approximation:

(Iann, Qann, Uann) =
2hν3

c3

t∫

tin

(
0,W (t ′),W (t ′)

)
cos
(
2(Ω(t)−Ω(t ′))

)
dt ′, Ω(t) =

∫
dtν(t). (23)

Such a distribution of the ASP quantum effects in the anisotropic gravitational field is unusual from the viewpoint of
the classical electrodynamics [10]. The reason is the structure of the vacuum energy-momentum tensor of the EMF
in the external gravitational field.Zeldovich andStarobinsky [11] have remarked that quantum effects of the material
field in the external anisotropic gravitational field bring about the breaking of the condition of the energy dominance
of the energy-momentum tensor (EMT) of these fields.) This fact shows itself in different dependence of the EMT
components on the anisotropy parameters of the metrics (6),namely:

T 0
0 ∼ h̃2, T ik ∼ h̃, i,k = 1,2,3.

The fact that EMT does not satisfy the condition of the energydominance means that it contains both the contribution
from the really generated particles and the contribution ofthe EMF in matter-antimatter annihilation process. It is
impossible to divide the energy-momentum tensor into the aforementioned contributions as it has been indicated in
[6].

Let us bringnq to the form analogous that ofn1, singling out explicitly the dependence on the anglesθ andϕ . To
this end we use (21) and (23), then

nq(t,ν0,θ ,ϕ) =
2n0(ν0)+1

2

(
βq(t,ν0)b(θ ,ϕ)+ β̄q(t,ν0)b̄(θ ,ϕ)

)
, (24)

here

βq(t) =

t∫

tin

∆H(t ′)cos
(
2(Ω(t)−Ω(t ′))

)
dt ′. (25)



The expression for̄βq can be obtained from (25), substituting∆H for ∆H. Vectorsb andb̄ are defined via the relations
(analogously as was defined in [12] by Basco and Polnarev):

b =




1
−1
0


(1− cos2 θ ) , b̄ =

1
2




(1+ cos2 θ )cos2ϕ
−(1+ cos2 θ )cos2ϕ

4cosθ sin2ϕ


 .

Assuming thatn0 ≫ 1 and substituting (16), (24) into (15), we obtain

n = n0+ n0
[
αa+βqb+ ᾱā+ β̄qb̄

]
. (26)

The quantitiesβq and β̄q are related with the degree of the linear polarisation of theEMF in matter-antimatter
annihilation. The relation (26) is similar to that derived in [12] under the solution the radiation transfer equation
taking into the account Thomson scattering of the photons onthe electrons of the cosmic plasma.

The quantities which undergo the measurement in the course of experiment are the Stokes parametersI,Q andU .
Let us evaluate, for example, the Stokes parameterQ in the Heckman-Schüking model [6]. According to Eqs. (14) and
(26) we have

Q(t,ν0,θ ,ϕ) =
2hν3

0

c3 n0(ν0)
(
1− cos2 θ

)
βq(t,ν0).

The dependence ofQ on the timet is determined with the quantityβq (25). Let us transform it to more clear form. To
this end let us temporarily change in the integral (25) the integration variableX as follows:

X = (1+ χ)−1/2, ∆H = ∆H0(1+ χ)3 = ∆H0/X6,

dt = − 1
H0

dχ
(1+ χ)5/2

=
2

H0
X2dX , ν(t) = ν0(1+ χ) = ν0X−2,

where∆H0, H0, ν0 are the current values of the corresponding parameters. By this change of variable the integral is
brought to the form

βq =
∆H0

H0

X∫

Xin

cosλ (X −X ′)

X ′4 dX ′, (27)

whereλ = 4ν0/H0 ≈ 1030 is a large parameter. Estimating (27) asymptotically inλ , we obtain

βq =
∆H0

H0

1

λ X4
in

sin(λ (X −Xin)) . (28)

Let us change in the last formula from the current variableX to the synchronous timet according to the relation
X = (3H0t/2)1/3. The timet is synchronous cosmological time, counted from the singularity. Let us divide it into two
summands as follows:

t = t0+ t ′, t ′ ≪ t0,

wheret0 =
2

3H0
is the time counted from the beginning of the expansion, corresponding to the current epoch, andt ′ is

the current time, for example, the period, during which the observations take place. Then

Q(t,ν0,θ ,ϕ) =
2hν3

0

c3 n0(ν0)(1− cos2 θ )
∆H0

H0

χin

λ
sin
(
2ν0t ′+λ (1−Xin)

)
.

Let us discuss the possibility of experimental measuring ofQ. The power of the polarised component of interest for
us of the EMF radiation, hitting the aerial of the radio-telescope, with the directivity diagramPn(θ ,ϕ) and the effective
area of the surfaceAeff per unit frequency band is defined as follows [13]:

W (t) =
1
2

Aeff

∣∣∣∣∣

∫ ∫

Ω

Q(t,ν0,θ ,ϕ)Pn(θ ,ϕ)dΩ

∣∣∣∣∣ . (29)



Separating the dependence on angle, we bring (29) to the form

W (t) =
2hν3

0

c3 n0(ν0)ΩQ
eff

∣∣∣∣∣βq(t,ν0)

∣∣∣∣∣ .

The quantityW (t) is the instantaneous power of the signal in the aerial. On theload of the aerial the voltage is induced,
the square of which is proportional to the instantaneous power, so that the current at the output of the detector is as
follows [13]:

iQdet(t) = k′Û2(t) = k′W (t) = k′ΩQ
eff

2hν3
0

c3 n0(ν0)

∣∣∣∣∣βq(t,ν0)

∣∣∣∣∣ .

After averaging over time, we obtain

iQdet= k′
(

ΩQ
eff

)(2hν3
0

c3 n0(ν0)

)
∆H0

H0

χ2
in

λ
2
π
.

Similarly, measuring the Stokes parameterI in the zeroth approximation with respect to the anisotropy parameter∆H,
we arrive at

iIdet= k′
(
ΩT

eff

)(2hν3
0

c3 n0(ν0)

)
.

The observable degree of polarisation turns out to be

P =
iQdet

iIdet

=
2
π

ΩQ
eff

ΩI
eff

∆H0

H0

χ2
in

λ
. (30)

Thus, the degree of polarisation of the EMF due to the quantumeffects in matter-antimatter process turns out to be of
essence only in the case, when the anisotropy of the metrics has manifested itself sufficiently early.

DISTORTION OF THE CMB

Measurements of the CMB, being much more precise than those of the CDG, might be expected to provide the most
stringent constraint on theB = 0 universe. In this section, we use A. G. Cohen et al. [1] calculation of the annihilation
rate to estimate the distortion of the CMB spectrum. In performing this calculation, A. G. Cohen et al. made several
approximations that somewhat overestimate the effect. Nonetheless, the consequent distortion lies well below the
observed limit, and provides no constraint at all.

Annihilation produces relativistic electrons and energetic photons. Annihilation electrons have a direct effect on the
CMB by scattering photons to higher energies, thereby skewing the CMB spectrum. Moreover these electrons heat the
ambient plasma. The heated plasma produces an additional indirect spectral distortion. (The energetic photons from
neutral pion decay have energies too high to have much effecton the cosmic microwave background.)

To compute the direct effect, we must determine the number ofCMB photons scattered from energyωi to ω f by a
single electron. This function,d2N(ω f ,ωi)/dω f dωi, is computed in [1]. The electron multiplicity perpp̄ annihilation
is similar to the photon multiplicity, measured [14, 15] to be ḡ ≃ 3.8. The number of annihilation electrons made
per unit volume and time is ¯gJ/d, where 1/d ≡ y/d0 is the average domain surface-to-volume ratio at epochy. The
spectral distortionδuγ(ω) (energy per unit volume and energy) satisfies a transport equation [1]:

(
y

∂
∂y

+ω
∂

∂ω
−3

)
δuγ(ω ,y) =

ω ḡ J(y)
H(y)d(y)

∫
dν
(

d2N(ν,ω)

dνdω
− d2N(ω ,ν)

dνdω

)
≡ A(ω ,y) . (31)

We have ignored absorption of UV photons by neutral hydrogenbecause theB = 0 universe is largely ionized.
The direct contribution to the CMB distortion is the solution to Eq. (31) evaluated at the current epoch:δuγ (ω)≡

δuγ(ω ,1). It is given by [1]:

δuγ(ω) =
∫ yS

yR

dy
y4 A(ω y,y) , (32)



where it has confined the source to 1100> y > 20, the era of unavoidable annihilation [1]. To evaluate theintegral
we use the annihilation rateJ computed in [1]. Where it displays the result for a current domain size of 20 Mpc. Note
that |δuγ(ω)| is always less than 3×10−3 cm−3 ≃ 1.8×10−6 T 3

0 . The limit set by COBE–FIRAS [1, 16] on rms
departures from a thermal spectrum is|δuγ(ω)| < 7.2×10−6T 3

0 throughout the energy rangeT0 < ω < 10 T0. This
upper limit is four times larger than computed signal in [1] for the minimum domain size. Because larger domains
yield proportionally smaller results, we have no constraint on theB = 0 universe.

The indirect contribution to the CMB distortion results from a temperature differenceT − Tγ between the heated
ambient fluid and the CMB. It may be described by the Sunyaev–Zeldovich parameterY [17]:

Y =

∫ σT ne(T −Tγ)

mec2 dl , (33)

where the integral is along the photon pathdl =−cdy/yH(y).
To computeY , A. G. Cohen et al. [1] used the higher temperature profile. Their result isY <∼ 9×10−7, which is over

an order of magnitude below the COBE–FIRAS limit [16] of|Y |< 1.5×10−5. We conclude3 that current observations
of the CMB spectrum yield no constraint on theB = 0 Universe.

THE DIFFUSE GAMMA-RAY SPECTRUM

In this section, we use A. G. Cohen et al. [1] conservative calculation of the annihilation rate to determine a lower
bound to the CDG signal. They obtained that annihilation in aB = 0 universe produces far moreγ-rays than are
observed.

The relic spectrum ofγ-rays consists primarily of photons fromπ0 decay. LetΦ(E) denote the inclusive photon
spectrum inpp̄ annihilation, normalized to ¯g, the mean photon multiplicity4. The average number of photons made per
unit volume, time and energy isΦ(E)J/d. These photons scatter and redshift, leading to a spectral flux of annihilation
photonsF(E,y) (number per unit time, area, energy and steradian) satisfying the transport equation:

(
y

∂
∂y

+E
∂

∂E
−2

)
F(E,y) =− 1

H(y)
Φ(E)

cJ
4π d

+R(E,y) . (34)

The first term on the RHS is the annihilation source and the second is a scattering sink. If we slightly underestimate
F(E,y) by treating all scattered photons as effectively absorbed.In this case:

R(E,y) =
cσγ (E)ne(y)

H(y)
F(E,y)≡ g(E,y)F(E,y) , (35)

with σγ the photon interaction cross section andne(y) the electron density. For the relevant photon energies, it matters
little whether photons encounter bound or unbound electrons.

Integration of Eqs. (34)–(35) gives the photon flux today,F(E)≡ F(E,1):

F(E) =
∫ yR

yS

cJ(y′)Φ(Ey′)
4π d(y′)

exp

[
−
∫ y′

1

dy′′

y′′
g(Ey′′,y′′)

]
dy′

H(y′)y′3
. (36)

This conservative lower limit to theγ-ray signal conflicts with observations by several orders ofmagnitude and over
a wide range of energies, for all values ofd0 <∼ 103 Mpc, comparable to the size of the universe. It could be argued that
the satellite data excludes even larger domain sizes, but itwould be soon run into questions of the precise geometry
and location of these nearly horizon-sized domains.

3 An additional contribution toY arises as CMB photons pass through transitional regions being re-ionized, but is two orders of magnitude smaller
than the effect we discussed.
4 The measured photon spectrum can be found in [14, 15] and is further discussed in [1].



CONCLUSIONS

The Universe contains lots of light (some 400 microwave background photons per cc), a little matter (a few baryons
and electrons for every billion photons) and practically noantimatter, at least in our neighbourhood. Various balloon-
and satellite-borne detectors have observed cosmic-ray positrons and antiprotons. Their flux is compatible with the
expectation for the secondary products of conventional (matter) cosmic rays impinging on interstellar matter (gas and
dust). The ¯p/p ratio is expected to diminish precipitously below a kineticenergy of a few GeV: at the high energy
required to produce these secondaries, the production of a slow p̄ is unlikely. The cosmic-ray flux of many different
nuclei is well measured in a domain of kinetic energy (per nucleon) extending from a few MeV to circa 1 TeV. But
for a small fraction of anti-deuterons, one does not expect an observable flux of antinuclei, for the energy required
to make these fragile objects in matter–antimatter collisions is far in excess of their binding energy. No convincing
observation ofZ > 2 antinuclei has been reported. It is often emphasized that the observation of a single antinucleus
would be decisive evidence for an antimatter component of the Universe: it is likely thatHe would be the result of
primordial antinucleosynthesis;C would presumably originate in an antistar. Galaxies are supposed to have undergone
a phase of recollapse onto themselves, after they lagged behind the general Hubble expansion to become objects of
fixed size, at a redshift of a few. This recollapse is reckonedto mix and virialize the galactic material, and to re-ionize
its ordinary matter. If this process could occur in a galaxy containing matter and antimatter it would annihilate the
minority ingredient, or blow the galaxy apart. Nonetheless, the search for ordinary or neutron antistars is of interest, for
they may not “belong” to our galaxy, but be intruders from afar. These objects would accrete interstellar gas and shine
γ rays. The “photonic” astronomer cannot determine whether or not another galaxy is made of matter or of antimatter.
But galaxies in collision are often observed. An encounter involving a galaxy and an antigalaxy would be spectacular.
The background of this paper constitutes the idea, which attempts to explain some linear polarization of the EMF in the
Universe as produced by quantum effects in matter-antimatter annihilation process. The peculiar feature of Eq. (29) is
thatβq parametrically depends on the time momenttin when the anisotropic perturbations have arisen on the initially
isotropic space-time background of the Universe. The importance of the EMF polarisation concerning the physics of
matter-antimatter annihilation in the early Universe relies on the fact that scalar fluctuations and the photon quantum
effects can produce only linear polarisation and no circular polarisation. A measurement of the circular polarisation
could therefore be interpreted as the detection of gravitational waves caused by matter-antimatter annihilation . Thus,
it turns out that in the case of the transparent medium when there is no scattering of the photons, the EMF radiation
in the homogeneous anisotropic and non-stationary Universe becomes linearly polarised due to the quantum effects
of the photon generation by matter-antimatter annihilation. It is remarkable that the angular dependence of the photon
number is quadrupole and completely coincides with that arising under the scattering of the CMB photons on electrons
in the epoch of the recombination or the secondary ionization.
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