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Antimatter from cosmological baryogenesis and the anisotropies and polarization
of CMB radiation
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We discuss the hypothesis that cosmological baryon asymmetry and entropy were produced in the early
Universe by a phase transition of the scalar fields in the framework of the spontaneous baryogenesis scenario.
We show that the annihilation of the matter-antimatter clouds during the cosmological hydrogen recombination
could distort the CMB anisotropies and polarization by delaying the recombination. After recombination the
annihilation of the antibaryonic clouds~ABCs! and baryonic matter can produce peaklike reionization at the
high redshifts before quasar and early galaxy formation. We discuss the constraints on the parameters of the
spontaneous baryogenesis scenario by the recent WMAP CMB anisotropy and polarization data and on pos-
sible manifestation of the antimatter clouds in the upcoming Planck data.
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I. INTRODUCTION

The recent release of the first-year Wilkinson Microwa
Anisotropy Probe~WMAP! data has confirmed that our Un
verse is non baryonic dominated. The vast collection of st
galaxies, and clusters nevertheless contains a huge amou
baryons without strong evidence of antibaryon contami
tion to the spectrum of electromagnetic radiation in the U
verse. Does it mean that starting from the baryogenesis
och all antibaryons or, more generally speaking, antima
annihilate with the baryonic matter producing radiation a
only a relatively small amount of antibaryons can survive
to the present day during the expansion of the Universe?
answer to this question has been a point of discussion in
literature ~see for a review@1–4#! including the big bang
nucleosynthesis properties, antiprotons in the vicinity
Earth, and so on. The aim of this paper is to investig
antimatter contamination in the recent cosmic microwa
background~CMB! data—namely, WMAP anisotropy an
polarization data through distortions of the hydrogen reco
bination kinetics and possible late reionization of t
plasma—and make the corresponding prediction for the
ture Planck mission.

We reexamine the baryogenesis models following the
guments by@1#, in which the baryonic and antibaryonic ma
ter are very nonuniformly distributed at very small sca
@for example, the corresponding mass scale can be equiv
to M;(103–105)M ( @1## and follow adiabatic perturbation
upon these scales. Obviously, the possibility of having a n
uniformly distributed baryonic fraction of matter at ve
small scales is related to the Affleck-Dine baryogenesis@5#
or the spontaneous baryogenesis mechanism@6#. Taking into
account the electromagnetic cascades driven by pro
antiproton annihilation at the epoch of hydrogen recombi
tion, we will show how they distort the kinetics of the re
combination, producing corresponding features in the CM
0556-2821/2004/69~12!/123518~8!/$22.50 69 1235
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anisotropy and polarization power spectrum. Then we w
discuss possible late reionization of hydrogen by the prod
of annihilation and the corresponding transformation of
CMB anisotropy and polarization power spectrum, taki
into account the present WMAP and Cosmic Backgrou
Imager~CBI! observational data. Finally we will show tha
the upcoming Planck mission will be able to detect the c
responding manifestation of matter-antimatter annihilat
even if the well-known Sunyaev-Zeldovichy parameter were
one order of magnitude smaller than the Cosmic Backgro
Explorer ~COBE! Far Infrared Absolute Spectrophotomet
~FIRAS! limit @7–9#.

II. BARYON-ANTIBARYON BUBBLE FORMATION
IN THE UNIVERSE

It is assumed@1# that the scalar baryon of the supersym
metry ~SUSY! modelj is coupled to the scalar inflaton fiel
F by the potential

Vint~j,F!5~lj21H.c.!~F2Fcrit!
2, ~1!

wherel is the coupling constant andFcrit is some critical
value of theF field, which determines the point of the min
mum of theVint(j,F) potential. Starting from the high val
uesF int@Fcrit the inflaton field decreases down toFcrit and
the Vin(j,F) potential reaches the point of the minimum
while at F!Fcrit for the Vint(j,F) potential we will have
Vint(j,F)5(lj21H.c.)Fcrit

2 5V(j) independently of the
properties of theF field. It has been shown@1,2# that be-
cause of the properties of the interactions, the most favora
conditions for baryogenesis might be created only for a sh
time scale. It corresponds to relatively small spatial sca
Thus, the general picture of the baryonic matter-antima
spatial distribution would be similar to a random distributio
of islands with high baryon~or antibaryon! asymmetry float-
©2004 The American Physical Society18-1
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ing in normal matter withb5ncmb/nb.5310210, where
ncmb and nb are the present number densities of the CM
photons and baryons. The mass distribution function of
baryon~antibaryon! clouds~ABCs! is also estimated@1#:

dn

dM
}expF2g2ln2S M

M crit
D G , ~2!

whereg andM crit are free parameters of the theory. As o
can see from Eq.~2!, if g@1, then the mass spectrum
localized atM;M crit , while for g;1 the mass spectrum
will have monotonic character for the cloud distribution ov
a wide range of masses. Dolgov and Silk@1# have also
pointed out thatM crit could be close to the solar massM ( ,
but the range ofM crit can be naturally expanded t
(103–105)M ( @2#. Let us assume that the parameterg has an
especially high value,g@1, and the initial distribution func-
tion of the baryon-antibaryon clouds is close to the Diracd
function,dn/dM}dD(M2M crit), and the characteristic siz
of clouds,Rcl}M crit

1/3 , is much smaller than the size of th
horizon,Rrec, at the epoch of recombination (z.103): Rcl
!Rrec. We denoterb, in andrb,out the antibaryon density in
side and baryon density outside the clouds, respectively,
the mean densityrb,meanat scales much greater thanRcl and
distances between them,

rb,mean5rabc, inf 1rb,out~12 f !, ~3!

wheref is the volume fraction of the clouds. We denote

h5
rabc, in

rb,out
. ~4!

We can write down the following relations between t
mean value of the density and inner and outer values:

rb, in5
hrb,mean

11 f ~h21!
~5!

and

rb,out5
rb,mean

11 f ~h21!
. ~6!

Using the functionsf andh we can define the antibaryoni
mass fraction

Fb5
h f

11 f ~h21!
, ~7!

which is a function of the characteristic mass scaleM0 of the
antibaryonic clouds.

Obviously, all the parametersf, h, andFb are the results
of the fine-tuning of the inflatonVin(j,F) leading to the
formation of baryonic asymmetry in the Universe.
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III. MATTER-ANTIMATTER BARYONIC CLOUDS
IN THE HOT PLASMA

At the end of inflation the Universe became radiati
dominated by mostly light products of the inflaton deca
Some fraction of matter, however, can exist with a form
primordial antibaryonic clouds. Let us describe the dynam
of such ABC evaporation in the hot plasma. For simplic
we will further assume that a single ABC has a spherica
symmetric density distribution@r in[r in(r )# with the char-
acteristic scaleR starting from which the contact betwee
ABCs and the outer baryonic matter leads to an energy
lease due to annihilation:

dE

dt
54pR2«outvT54pR2c«outS 3kT

2mpc2D 1/2

, ~8!

where vT5(3kT/2mpc2)1/2 is the speed of sound in th
plasma,«out is the energy density of the outer plasma,k is the
Boltzmann constant,mp is the proton mass, andT is the
temperature of the outer plasma. Using Eq.~8! and the en-
ergy of the inner ABC matter, Ecl5Mclc

2

;(4pR3/3)h«out, for the characteristic time of evaporatio
we get

tev.
Ecl

dE/dt
5

hR

3c S 3kT

2mpc2D 21/2

. ~9!

Equation~9! indicates that any clouds with size aboveRcr
.(1025–1024)h21(z/zrec)

1/2r h(zrec) will survive up to the
moment of the cosmological hydrogen recombinationt rec

.2/3(VmH0
2)21/2zrec

23/2, wherezrec;103 is the redshift of the
recombination,H05100h is the present value of the Hubbl
constant,Vm is the baryonic plus dark matter density scal
to the critical density, andr h(zrec) is the horizon at the mo-
ment of recombination. The baryonic mass at the momen
recombination is of the order of magnitude 1019M ( @10# and
the corresponding mass scale of the ABCs should be rou
@(104–107)M (#h23. If the h parameter is close to unity
which means that the density contrast between the inner
outer zones is small, then the corresponding mass sca
the ABCs would be (104–107)M ( . However, ifh;10, the
corresponding mass scale of the ABCs could be smaller
comparable with the scale (10–104)M ( .

IV. ABCs AT THE NUCLEOSYNTHESIS EPOCH

Let us compare the characteristic scales of the ABCs w
a few characteristic scales of process in the framework of
big bang theory. First, the baryonic fraction of matter and
spatial distribution play a crucial role starting from the epo
when the balance between neutrinos (ne ,ne), neutrons (n),
and protons~p! in the reactionsn1ne↔p1e2, n1e1↔p
1ne, n→p1e21ne is broken. The corresponding tim
scale of violation of the neutrino-baryon equilibrium is clo
to tne ,p.1 sec when the temperature of the plasma w

close toTne ,p.1010 K ~see the review in@11#!. The time
8-2
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scale tne ,p determines the characteristic lengthl ne ,p

.ctne ,p , which in terms of the baryonic mass fraction
matter corresponds to

M ne ,p;mplS tne ,p

tpl
D S rb

rg
D U

t5tne ,p

.0.15~Vbh2!M ( ,

~10!

wheretpl is the Planck time, andrb andrg are the densities
of baryons and radiation in the standard cosmological mo
without antibaryonic clouds. Following the Standard B
Bang Nucleosynthesis~SBBN! theory we need to specify th
momenttend when all light elements~e.g., He4 and deute-
rium! were synthesized during cosmological cooling of t
plasma. This moment is of an order of magnitude close
tend;33102–103 sec. In term of the baryonic mass scale
corresponds to

Mend.M ne ,pS tend

tne ,p
D 3/2

.53103S tend

103 sec
D 3/2

~Vbh2!M ( .

~11!

Thus, if the characteristic mass scaleM0 for the baryonic
clouds is higher thanMend, the cosmological nucleosynthe
sis within each cloud and outside the clouds proceeds in
pendently of others and the mean mass fraction of e
chemical element would be the same as in SBBN theory
all the antibaryonic clouds will annihilate just before or aft
hydrogen recombination epoch, we will have simple ren
malization of the baryonic matter density at the epoch
nucleosynthesis:

rb,out5
rb1rabcf

12 f
, ~12!

whererb is the present day baryonic density rescaled to
SBBN epoch. As one can see from Eq.~12!, if the fraction of
ABCs is small (f !1), then all the deviation of the light
element mass fractions from the SBBN predictions would
negligible.

V. ENERGY RELEASE TO THE COSMIC PLASMA FROM
ABCS AT THE EPOCH OF HYDROGEN

RECOMBINATION

The net of ABCs produces the net of high-energy phot
because of annihilation at the boundary zones for each a
matter cloud. Using Eq.~8!, we can estimate the rate o
energy injection to the plasma as

d«

dt
5

dE

dt
ncl5

rclc
2

tev
, ~13!

wherercl5Mclncl and ncl is the spatial number density o
ABCs. Let us define the mass fraction of ABCs asf abc
5rcl /rout which determines the energy release to the cos
plasma at the epoch right before and during hydrogen rec
bination. Because of Compton and bremsstrahlung inte
12351
el

o
t

e-
h

If

-
f

e

e

s
ti-

ic
-

c-

tions, the energy density of the products of annihilation lea
to the CMB energy spectrum distortion in different wa
@12,13#. If tev corresponds to the redshiftz.3
3105(Vbh2/0.022)21/2, then we should get a Bose-Einste
spectrum

n~x,m!5@exp~x1m!21#21, ~14!

where x5hn/kT ~here h is the Planck constant, not th
Hubble constant!, n is the frequency of the photons, andm is
the chemical potential:

m5m0exp~22x0 /x!, ~15!

wherex050.018(Vh2/0.125)7/8. It has been shown@12# that
the chemical potentialm is related to the energy release fro
annihilation bym53rabcc

2/2« r , where« r54p/c* I (n)dn
and I (n) is the intensity of the CMB. For the redshift o
annihilation belowz533105(Vbh2/0.022)21/2 the distor-
tions of the CMB power spectrum follows ay-parameter type
@14#:

n~x!5
1

A4py
E dj

exp@2~ ln x13y2j2!/4y#

exp~j!21
, ~16!

where

y5E
0

z k~Te2Tcmb!

mec
2

sTne~z!c
dt

dz
dz, ~17!

sT is the Thomson cross section, andne and Te are the
electron number density and temperature, respectively.
magnitude of they distortion is related to the total energ
transfer byk5DE/« r5rabcc

2/« r5exp(4y)21. At the epoch
103<z<104 the COBE FIRAS data give the constraint
the energy release from annihilationk<231024, while y
<1.531025 andm0<931025 at 95% C.L.@7–9#.

We would like to point out that the above-mentione
properties of the spectral distortions of the CMB power sp
trum are based on the assumption that the distribution
antibaryonic matter is spatially uniform without any cluste
ization, and therefore, no additional angular anisotropy a
polarization of the CMB would have been produced duri
the epoch of hydrogen recombination. However, the clou
structure of the spatial distribution of antimatter zones wo
generate spatial fluctuation of they parameters, similar to the
Sunyaev-Zeldovich effect from hot gas in clusters of galax
at relatively higher redshift;zrec. Moreover, such clouds
would produce relatively higher but localizedy distortions of
the CMB power spectrum, which corresponds, in mean
the COBE FIRAS limit but locally could be much higher.

VI. ELECTROMAGNETIC CASCADES AND HYDROGEN
RECOMBINATION

As in the previous section, below we want to estimate
possible influence of the electromagnetic products of ann
lation on the ionization balance at the epoch of hydrog
recombination. Using a quantitative approach, we can
sume that because of the energy transfer for photons f
8-3
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E;mpc2 down toE;I 513.6 eV, whereI is the ionization
potential, some fractionxe<1 could be reionized by non
equilibrium quanta from electromagnetic cascades in
plasma. The energy balance for such ionization follows

Ixenbar.v« rkuz;zrec
, ~18!

wherev is the efficiency of the energy transforms down
the ionization potential range andzrec.103. From Eq.~18!
one obtains

v<5.431026S Vbh2

0.022D S 11z

1000D
21S k

231024D 21S xe

0.1D .

~19!

Thus, the relatively small fraction (;1025) of the annihila-
tion energy release can distort the kinetics of the cosmol
cal hydrogen recombination. The concrete mechanism of
energy transition, starting fromE.mpc2;1 GeV down to
E;I , is connected to the electromagnetic cascades of
annihilation products with the cosmic plasma. The annih
tion of a nucleon and an antinucleon produces;5 pions, 3
of which are charged@15#. For charged pions, an electroma
netic cascade appears due top (1,2)→m (1,2)1nm

(2,1) decay
including them (1,2)→e(1,2) transition. The neutral pions
decay into two photonsp0→2g. About 50% of the energy
release is carried away by the neutrino, about 30% by
photons, and about 17% by electrons and positrons@16#. The
spectrum of the decay has a exponential shapen(E)}exp
(2E/E0), where E>E0.70 MeV @15#. For the electron-
positron pair andg quanta the leading processes of the e
ergy redistribution down to the ionization potential a
Compton scattering by the CMB photons and electr
positron pair productiong1(H,He)→(H,He)1e11e2.
WhenE@mec

2, the Compton cross section is well approx
mated by the Klein-Nishina formula@17#

sC.
3

8
sTS mec

2

E D F lnS 2E

mec
2D 1

1

2G , ~20!

wheresT is the Thomson cross section. The correspond
optical depth for the Compton scattering istC
.2.1sT(mec

2/E0).7.531023tT , where

sT556.7S Vbh2

0.022D S Vmh2

0.125D
21/2S 11z

1000D
3/2

. ~21!

For the inverse Compton scattering of high-energy electr
by the CMB photons the corresponding optical depth ist IC
.23109(Vbh2/0.022)tC@1 for z.103.

The pair production cross sectionspc has the following
asymptotic forw5E/mec

2.6 @18#:

sHe.8.8a f r 0
2lnS 513w

8251wD ~22!

for neutral helium and
12351
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sH.5.4a f r 0
2lnS 513w

8251wD ~23!

for neutral hydrogen, wherer 0
25(3/8p)sT and a f is the

Fermi constant. Note that for ionized hydrogen and heli
which contain 76% and 24% of corresponding mass fracti
of the light elements, the optical depth is close to

tpc.2.3S Vbh2

0.022D S Vmh2

0.125D
21/2S 11z

1000D
3/2

, ~24!

for wz@825 @18#.
Thus, as one can see from Eqs.~21!–~24!, the energy loss

for high-energy electrons is determined by the inve
Compton scattering off the CMB photons, whereas for hig
energy photons the main process of energy loss is elect
positron pair creation by neutral and ionized atoms.

For the nonrelativistic electrons (w,1) the optical depth
inverse Compton scattering is given byt IC.23109tT ,
whereas for the photons it is close to the Thomson opt
depth. It has been shown@17,18# that for high-energy→
low-energy photon conversion the spectral number densit

dn~E!

dE
.

A

sTnec
S w221

14

5
w21D ~25!

for E,E0, which corresponds to the energy density

e5E EdE
dn~E!

dE
.

14AmecE0

5nesT
F11

5

14S mec
2

E0
D G .

~26!

Therefore, from Eqs.~25!, ~26! we can estimate the spectr
energy density in the rangeE.I :

e~E.I !.
5

14
ln 2e

mec
2

E0
.1.731023e, ~27!

which is much higher than the limit from Eq.~19!. Note that
an additional factor of 0.47 results from the fraction of an
hilation energy related to the electromagnetic componenv
.831024. As one can see, the nonequilibrium ionization
primordial hydrogen and helium at the epoch of recombi
tion is more effective than the distortions of the CMB blac
body power spectra.

VII. DISTORTION OF THE RECOMBINATION KINETICS

The model of the hydrogen-helium recombination proc
affected by the annihilation energy release can be descr
phenomenologically in terms of the injection of addition
Lya andLyc photons@19–21#. For the epochs of antimatte
cloud evaporation (h21!1) the rates of ionized photon
productionna andnc are defined as
8-4
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dna

dt
5«a~ t !^nb~ t !&H~ t !,

dni

dt
5« i~ t !^nb~ t !&H~ t !, ~28!

whereH(t) and ^nb(t)& are the Hubble parameter and th
mean baryonic density, respectively, and«a,i(t) are the effi-
ciency of theLya and Lyc photon production. As one ca
see from Eq.~28! the dependence of«a,i(t) parameters upon
t ~or redshiftsz) allows us to model any kind of ionizatio
regimes. For the ABCs from Eqs.~19!, ~20! we have

«a,i.vS mpc2

I D @H~ t !tev#21f abc . ~29!

If the time of evaporation is comparable with the Hubb
time H21(t) at the epoch of recombinationz;zrec, then the
«a,i parameters are constant and proportional tof abc .

We demonstrate the effectiveness of our phenomenol
cal approach in Fig. 1: the ionization fractionxe against red-
shift for the three models

model 1:«a.« i51;
model 2:«a.« i510;
model 3:«a.« i5100.
The curves are produced from modification of theREC-

FAST code@22#. For all models we use the following value
of the cosmological parameters:Vbh

250.022,Vmh2

50.125,Vl50.7, h50.7, Vm1Vl51, H(t)tev;1.
As one can see from Fig. 1 all models 1–3 produce del

of recombination and can distort of the CMB anisotropy a
polarization power spectrum, which we will discuss in t
following section. We would like to point out that our a
sumption about the characteristic time of the AB
evaporation—namely,H(t rec)tev;1—implies that att@t rec
all the ABCs disappear. IfH(t rec)tev@1, however, at the
epoch of recombination the corresponding influence of
nonequilibrium photons can be characterized by the ren
malization of the«a,i parameters in the following way
«a,i(z)5«a,i(zrec)(H(z)tev)21 where«a,i(zrec) corresponds
to the models 1–3. The mean factor, which should neces
ily be taken into account, is the absorption of the high-ene

FIG. 1. The ionization fractions for model 1~solid line!, model
2 ~dashed line!, and model 3~dash-dotted line! as a function of
redshift.
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quanta from annihilation by the CMB photons. If, for e
ample,tev corresponds to the redshiftzrei;100, then

«a,i~zrec!.«a,i~zrec!S zreion

zrec
D 3/2

;0.03«a,i~zrec!. ~30!

For the relatively early reionization of hydrogen by th
products of annihilation, the ionization fraction of matterxe
5ne /^nb& can be obtained from the balance between
recombination and the ionization processes:

dxe

dt
52a rec~T!^nb&xe

21« i~z!~12xe!H~z!Q~zev2z!,

~31!

wherea rec(T).4310213(T/104 K) 20.6 is the recombination
coefficient,zev corresponds totev , T is the temperature o
the plasma, and̂nb&5nb is the mean value of the baryoni
number density of the matter. In an equilibrium between
recombination and the ionization process the ionization fr
tion of the matter follows the well-known regime

xe
2~z!

12xe~z!
5

« i~z!H~z!

a rec~z!nb~z!
Q~zev2z!, ~32!

where H(z)5H0AVm(11z)3112Vm and nb.2
31027(Vbh

2/0.02)(11z)3. We would like to point out that
Eq. ~32! can be used for any models of late reionizatio
choosing the corresponding dependence of the« i(z) param-
eter of redshift. This point is vital in our modification of th
RECFASTandCMBFAST packages, from which we can use th
standard relation for matter temperatureT(z).270(1
1z/100)2K and all the temperature peculiarities of the reio
ization and clumping would be related to the« i(z) parameter
through the mimicking of ionization history@23,24#.

From Eq. ~32! one can find the maximal value of th
ionization fraction at the momentz.zev :

xe
max52

1

2
G1S 11

1

4
G2D 1/2

, ~33!

whereG5« i(zev)H(zev)/@a rec(zev)nb(zev)#. At 10!z,zev
the relaxation of the matter temperature to the CMB te
perature proceeds faster than the ionized hydrogen becom
neutral and forxe from Eq. ~31! we get

xe~ t !.xe
maxS 11xe

maxE
tev

t

a~T!nbdtD 21

. ~34!

While the temperature of matter is close to the CMB te
peratureTCMB , the corresponding time of recombination i

Dt rec.
xe

udxe /dtu
.~xe

max!21t rec~TCMB!, ~35!

wheret rec5@a(T)nb#
21!tev ,H21(t).

In addition to models 1–3 we introduce the three mod
~see Fig. 2!
8-5
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model 4:«a.« i50.13@(11z)/1000#3/2;
model 5:«a.« i513@(11z)/1000#3/2;
model 6:«a.« i5103@(11z)/1000#3/2,

wherezev5200. In Fig. 3 we plot the ionization fraction fo
models 4–6 versus redshift. As one can see from Fig. 3
delay of recombination atz5103 is smaller than in Fig. 1,
but reionization appears atz.zev . At the range of redshifts
z@zev , the behavior of ionization fraction follows Eq.~34!
with a rapid decrease. The properties of models 4–6
similar to those of the peaklike reionization model@24#.

VIII. CMB ANISOTROPY AND POLARIZATION
FEATURES FROM MATTER-ANTIMATTER

ANNIHILATION

In order to find out how sensitive the polarization pow
spectrum is to the annihilation energy release, we cons
phenomenologically different variants of hydrogen reioniz
tion models by modifying theCMBFAST code for models 1–6
@25#. One additional problem appears if we are interested
observational constraints on the antimatter fraction ab

FIG. 2. The ionization fractions for model 4~solid line!, model
5 ~dashed line!, and model 6~dash-dotted line! as a function of
redshift.

FIG. 3. The CMB power spectrum for the standard model wi
out energy injection~solid line!, model 1~dash line!, model 2~dash-
dotted line!, and model 3~the lowest thick solid line! as a function
of redshift. For,,500 we use the WMAP data@30#, while for ,
.500 together with error bars the data is from CBI experime
@31#.
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dance related to the late reionization of hydrogen at low r
shift z,20. After the WMAP mission the most preferab
value of the optical depth of reionization ist reion.0.17@26#,
while it is also shown@24# that even the ‘‘standard model
with zreion56 is not ruled out from the WMAP data~see also
@27#!. Recently it has been argued that late reionization co
exist with two stages, one atzreion.15 andzreion.6, due to
energy release from different population of stars@28# or
heavy neutrinos@29#. Without measurements with a highe
accuracy of the CMB polarization and temperatu
polarization cross correlation, it is unlikely to settle the iss
of late reionization, even for WMAP resolution and sensit
ity. However, any assumptions about the optical depth of
late reionization are crucial for an estimation of any co
straints on the ABC abundance. If, for example, we adopt
WMAP limit t reion.0.17 from the pure late reionization, th
peaklike or delayed recombination models from the AB
would be restricted very effectively. But if we assume th
roughly t reion;0.04 comes from late reionization andt reion
;0.06–0.12 is related to ABC contamination at relative
high redshifts, then the constraints on the ABC abunda
would be rather smaller than for the previous case. For
estimation of the ABC features in the CMB anisotropy a
polarization power spectrum we use a more conserva
limit on the optical depth of reionization,t reion;0.04 at
zreion.6, in order to obtain the upper limit on the ABC man
festation in the CMB data.

In Fig. 4 we plot the polarization power spectrumCp(,)
for models 1–6 plus the standard single reionization mo
at zreion.6. The difference between models 1 and 2 main
lies in the multipoles 2,,,30.

As one can see from Fig. 5, in order of magnitude the«a,i
parameters should be smaller than unity, ifzev.zrec and
«a,i,1022, if zev.200. So using Eq.~29! one can find that

f abc5v21«„H~ t !tev…
I

mpc2
<1.731025S 11zev

200 D 3/2

,

~36!

while from the spectral distortion of the CMB blackbod
power spectra we obtain

-

s

FIG. 4. The polarization power spectrum for the standard mo
~solid line!, model 4~dotted line!, model 2~dashed line!, and model
3 ~dash-dotted line! as a function of redshift.
8-6
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f abc
y <1.731024S Vbh2

0.022D S 11zev

200 D . ~37!

IX. HOW PLANCK DATA CAN CONSTRAIN THE MASS
FRACTION OF ANTIMATTER

As is mentioned above, the observational constraint
the antimatter mass fractionf abc depends on the accuracy o
the power spectrum estimation from the contemporary
upcoming CMB data sets. As an example of how the upco
ing Planck data would be important for cosmology, w
would like to compare the upper limit on thef abc parameter,
using the WMAP and CBI data with the expected sensitiv
of the Planck data. We assume that all the systematic eff
and foreground contaminations should be successfully
moved and the accuracy of theC, estimation would be close
to the cosmic variance limit at low multipoles for both th
temperature anisotropies, polarization, and the TE cross
relation as well~see Fig. 6!.

The differences between the delayed recombination
early reionized universe models in comparison with the
pected sensitivity of the Planck experiment can be expres

FIG. 5. The CMB power spectrum for the standard model wi
out energy injection~solid line!, model 4 ~dashed line!, model 5
~dash-dotted line!, and model 6~lowest thick solid line! as a func-
tion of redshift. The experimental data points are the same a
Fig. 3.

FIG. 6. The TE cross-correlation power spectrum for the mod
listed in Fig. 4 with the same notation.
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in terms of the power spectrumCa,p(,) ~for the anisotropy
and theE component of polarization! @21#:

Di , j
a,p~, !5

2@Ci
a,p~, !2Cj

a,p~, !#

Ci
a,p~, !1Cj

a,p~, !
, ~38!

where the indicesi and j denote the different models anda
andp denote anisotropy and polarization. In order to clar
the manifestations of the complex ionization regimes
models 1 and 4 we need to compare the peak to peak am
tudes of theDi , j

a,p(,) function with the expected error of th
anisotropy power spectrum for the Planck experiment.
assume that the systematics and foreground effects are
cessfully removed. The corresponding error bar should b

DC,

C,

.
1

Af skyS ,1
1

2
D

@11w21C,
21W

22
,#, ~39!

where w5(spuFWHM)22, W,.exp@2,(,11)/2,s
2#, f sky

.0.65 is the sky coverage during the first year of obser
tions, sp is the sensitivity per resolution elementuFWHM

3uFWHM , and,s5A8 ln 2uFWHM
21 .

As one can see from Fig. 7 forDi , j
a,p(,) the corresponding

peak to peak amplitudes are of the order of magnitude
5–10 times higher than the error bars limit at,
;1500–2500. That means that both anisotropies and the
larization power spectra caused by the complicated ion
tion regimes can be tested directly for each multipole of
C, power spectrum by the Planck mission if the systema
effects are removed down to the cosmic variance lev
Moreover, at 95% C.L. the corresponding constraint on
f abc parameter can be 2.5–5 times smaller than the li
from Eq. ~36!, or in principle, the upcoming Planck missio
should be able to detect any peculiarities caused by antim
ter annihilation during the epoch of hydrogen recombinati

It is worth noting that in this paper we do not discuss t
direct contribution of antimatter regions to the CMB aniso

-

in

ls

FIG. 7. TheDi , j
a,p(,) function for different models of ionization

The solid line corresponds toDi , j
a (,) for i 50 ~standard model

without the ABCs! and j 54, the dotted line isDi , j
a (,) for i 50 and

j 51, the dashed line corresponds toDi , j
p (,) for i 50 andj 54, and

the dash-dotted line isDi , j
p (,) for i 50 and j 51. The thick solid

lines represent the error bar limit from cosmic variance.
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ropy formation, assuming that their corresponding size
smaller than the typical galactic scales and also smaller
the corresponding angular resolution of the recent CMB
periments such as WMAP, CBI, ACBAR. If the size of th
ABCs is comparable with the size of galactic or clus
scales, they could manifest themselves as pointlike sou
in the CMB map. For the upcoming Planck mission there
well-defined predictions for the number density of brig
point sources for each frequency band in the range 30–
. D

02
ed

.

.
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GHz. It would be interesting to obtain a new constraint
the ABC fraction for large-scale clouds. This work is
progress.
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