PHYSICAL REVIEW D 69, 123518(2004

Antimatter from cosmological baryogenesis and the anisotropies and polarization
of CMB radiation

Pavel D. Naselsky
Theoretical Astrophysics Center, Juliane Maries Vej 30, 2100 CopenhdgBen@ark,
Niels Bohr Institute, Juliane Maries Vej 30, 2100 Copenhagemedmark,
and Rostov State University, Zorge 5, 344090 Rostov-Don, Russia

Lung-Yih Chiang
Theoretical Astrophysics Center, Juliane Maries Vej 30, 2100 CopenhdgBen@ark
(Received 5 December 2003; published 28 June 004

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 cloud#&\BCs) 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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[. INTRODUCTION anisotropy and polarization power spectrum. Then we will
discuss possible late reionization of hydrogen by the product
The recent release of the first-year Wilkinson Microwaveof annihilation and the corresponding transformation of the
Anisotropy Probg WMAP) data has confirmed that our Uni- CMB anisotropy and polarization power spectrum, taking
verse is non baryonic dominated. The vast collection of stardpto account the present WMAP and Cosmic Background
galaxies, and clusters nevertheless contains a huge amountlofager (CBI) observational data. Finally we will show that
baryons without strong evidence of antibaryon contaminathe upcoming Planck mission will be able to detect the cor-
tion to the spectrum of electromagnetic radiation in the Uni-responding manifestation of matter-antimatter annihilation
verse. Does it mean that starting from the baryogenesis egven if the well-known Sunyaev-Zeldovigtparameter were
och all antibaryons or, more generally speaking, antimatteone order of magnitude smaller than the Cosmic Background
annihilate with the baryonic matter producing radiation andExplorer (COBE) Far Infrared Absolute Spectrophotometer
only a relatively small amount of antibaryons can survive up(FIRAS) limit [7-9].
to the present day during the expansion of the Universe? The
answer to this question has been a point of discussion in the || BARYON-ANTIBARYON BUBBLE FORMATION
literature (see for a reviewf1-4]) including the big bang IN THE UNIVERSE
nucleosynthesis properties, antiprotons in the vicinity of
Earth, and so on. The aim of this paper is to investigate It is assumed1] that the scalar baryon of the supersym-
antimatter contamination in the recent cosmic microwavemetry (SUSY) model¢ is coupled to the scalar inflaton field
background(CMB) data—namely, WMAP anisotropy and ® by the potential
polarization data through distortions of the hydrogen recom-

bination kinetics and possible late reionization of the Vin(£,0)=(NE*+H.c) (D~ Dgip)?, (1)
plasma—and make the corresponding prediction for the fu- _ ) _
ture Planck mission. where\ is the coupling constant and ., is some critical

We reexamine the baryogenesis models following the arvalue of thed field, which determines the point of the mini-
guments by 1], in which the baryonic and antibaryonic mat- mum of theV;,,(£,®) potential. Starting from the high val-
ter are very nonuniformly distributed at very small scalesues®;,> P the inflaton field decreases downdg,; and
[for example, the corresponding mass scale can be equivaletite Vin(§,P) potential reaches the point of the minimum,
to M~ (10°-1C°)M, [1]] and follow adiabatic perturbation While at ® < for the Vi, (£, P) potential we will have
upon these scales. Obviously, the possibility of having a nonVini(¢,®) = (A &2+ H.c)®Z,=V(¢) independently of the
uniformly distributed baryonic fraction of matter at very properties of thed field. It has been showfl,2] that be-
small scales is related to the Affleck-Dine baryogengS|s cause of the properties of the interactions, the most favorable
or the spontaneous baryogenesis mechap@nTaking into  conditions for baryogenesis might be created only for a short
account the electromagnetic cascades driven by protoriime scale. It corresponds to relatively small spatial scales.
antiproton annihilation at the epoch of hydrogen recombinaThus, the general picture of the baryonic matter-antimatter
tion, we will show how they distort the kinetics of the re- spatial distribution would be similar to a random distribution
combination, producing corresponding features in the CMBof islands with high baryotfor antibaryon asymmetry float-
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ing in normal matter WithIB:ncmb/nb:SX 10_10, where I1l. MATTER-ANTIMATTER BARYONIC CLOUDS
Nemp @nd N, are the present number densities of the CMB IN THE HOT PLASMA
photons and baryons. The mass distribution funct|o.n of the At the end of inflation the Universe became radiation
baryon(antibaryon clouds(ABCs) is also estimategl]: dominated by mostly light products of the inflaton decay.
Some fraction of matter, however, can exist with a form of
dn M primordial antibaryonic clouds. Let us describe the dynamics
—ocexpg — yIn?| — 2) - e
dMm Mt/ |’ of such ABC evaporation in the hot plasma. For simplicity
we will further assume that a single ABC has a spherically
wherey andM ., are free parameters of the theory. As oneSymmetric density distributiofpin= pin(r)] with the char-
can see from Eq(2), if y>1, then the mass spectrum is acteristic scaleR starting from which the contact between
localized atM~M ., while for y~1 the mass spectrum ABCs and the outer baryonic matter leads to an energy re-

will have monotonic character for the cloud distribution over'€@s€ due to annihilation:

a wide range of masses. Dolgov and Sjlk] have also

pointed out thatM .; could be close to the solar malk, , dE 5 5

but the range ofM.; can be naturally expanded to EZ‘WR out 7= 4TR"Ce oy
(10°-1P)M [2]. Let us assume that the paramegdias an
especially high valuey>1, and the initial distribution func-
tion of the baryon-antibaryon clouds is close to the Difac-
function,dn/dMe 65(M — M), and the characteristic size
of clouds,R,=M2  is much smaller than the size of the
horizon, Ry, at the epoch of recombinatioz£10°%): R
<Rec. We denotepy, i, and py, o the antibaryon density in-

side and baryon density outside the clouds, respectively, and

3kT | M2

®

2

m,C

where v=(3kT/2m,c?)*? is the speed of sound in the
plasmag,, is the energy density of the outer plasrkés the
Boltzmann constantm, is the proton mass, and is the
temperature of the outer plasma. Using Eg). and the en-
ergy of the inner ABC matter, Eg=Mc?
(47R313) ey, for the characteristic time of evaporation

the mean density,, neanat scales much greater th&g, and we get
distances between them, —1/2
= nR( 3kT ©
Tep= =57
Pb,mean— pabc,inf+Pb,out(1_f)v ©) ® dE/dt 3c 2mp02

wheref is the volume fraction of the clouds. We denote Equation(9) indicates that any clouds with size aboRg,
=(1075-10"% 7 Y2/ 2,69 Y& (Z,ed Will survive up to the
Pabein moment of the cosmological hydrogen recombinatiqn
U 4)  =2/3(Q,HE) Y2, 32 wherez,~10% is the redshift of the
' recombinationHy=10Ch is the present value of the Hubble
constant{), is the baryonic plus dark matter density scaled
to the critical density, and(z,e9 is the horizon at the mo-
ment of recombination. The baryonic mass at the moment of
recombination is of the order of magnitudedd . [10] and
Pb.in= 77Pb,mean (5) the corresponding mass scale of the ABCs should be roughly
M1+ f(n—-1) [(10°~10"YM]7% 2. If the 5 parameter is close to unity,
which means that the density contrast between the inner and
and outer zones is small, then the corresponding mass scale of
the ABCs would be (19-10)M, . However, if »~ 10, the
corresponding mass scale of the ABCs could be smaller and

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

Pb, .
pb*"“t:#:ﬁnl)' (6)  comparable with the scale (1040 .
Using the functiond and  we can define the antibaryonic IV. ABCs AT THE NUCLEOSYNTHESIS EPOCH
mass fraction Let us compare the characteristic scales of the ABCs with
a few characteristic scales of process in the framework of the
nf big bang theory. First, the baryonic fraction of matter and its
Fp= 1+f(np—1)’ (@) spatial distribution play a crucial role starting from the epoch
n—1) p play arting p

when the balance between neutrineg (ve), neutrons (),

; ; - +
which is a function of the characteristic mass sddigof the ~ @nd protonsp) in the reactions1+ ve—p+e”, n+e —p
antibaryonic clouds. +ve,, N—p+e +wv, is broken. The corresponding time
Obviously, all the parametefs , andF,, are the results scale of violation of the neutrino-baryon equilibrium is close
of the fine-tuning of the inflatorV,,(¢,®) leading to the 1 7, p=1 sec when the temperature of the plasma was
formation of baryonic asymmetry in the Universe. close toT, ,= 109K (see the review if11]). The time
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scale 7, , determines the characteristic length_,  tions, the energy density of the products of annihilation leads
which in terms of the baryonic mass fraction of t0 the CMB energy spectrum distortion in different ways
[12,13. If 7, -corresponds to the redshiftz>3

X 10°(02,h?/0.022) 2, then we should get a Bose-Einstein
spectrum

ZCTVe,p'

matter COfreSpondS to
Tve.p| [ P
M ~my | — | =
Ye P pl( tpl )(py

wheret,, is the Planck time, angd,, andp, are the densities . L

of baryons and radiation in the standard cosmological mod<—:q1e chemical potential:

without antibaryonic clouds. Following the Standard Bi _

Bang Nucleosyzthes(§BBN) theory wegneed to specify theg I HoBXRL = 2X0 /), 19

moment7,q When all light elementse.g., Hé and deute-  wherex,=0.018(2h%/0.125)"8 It has been showfi2] that

rium) were synthesized during cosmological cooling of thethe chemical potentialk is related to the energy release from

plasma. This moment is of an order of magnitude close tannihilation by u=3p,,C%/2¢e,, Wheree,=4x/cf1(v)dv

Tend™ 3X 10°P—10° sec. In term of the baryonic mass scale itand I (») is the intensity of the CMB. For the redshift of

corresponds to annihilation belowz=3X 10°(Q,h?/0.022) *? the distor-
tions of the CMB power spectrum followsyaparameter type

T 32 T e [14]:
Mo =M, end :5><103( e“@) (Q,hH)Mo . '
end e,p( Tve,p) 10° se b O]

=0.15Q,h)M 4,
t=r, o AenIMe n(X,u)=[exp(x+u)—1]"1, (14

N (10

where x=hv/kT (here h is the Planck constant, not the
Hubble constant v is the frequency of the photons, apds

exd — (Inx+3y—&2)/4y]

(12) !
rwyf (G S

n(x)=

Thus, if the characteristic mass scdll, for the baryonic

clouds is higher tha .4, the cosmological nucleosynthe- where

sis within each cloud and outside the clouds proceeds inde-

pendently of others and the mean mass fraction of each zK(Te—Temp) dt

chemical element would be the same as in SBBN theory. If y=J - ‘TT”e(Z)Cd_dZ’ 17)
) . . o 0 meC z

all the antibaryonic clouds will annihilate just before or after

hydrogen recombination epoch, we will have simple renor4_ js the Thomson cross section, and and T, are the

malization of the baryonic matter density at the epoch Ofglectron number density and temperature, respectively. The
nucleosynthesis: magnitude of they distortion is related to the total energy
— transfer byk=AE/e, = p,pC?/ e, =exp(4y) — 1. At the epoch
) _Pbt Pand 12) 10°<z=<10* the COBE FIRAS data give the constraint of
bout™ 1 ¢ the energy release from annihilation<2x 104, while y
L <1.5x10 % and uy=<9x 10" % at 95% C.L.[7-9].

wherepy, is the present day baryonic density rescaled to the We would like to point out that the above-mentioned
SBBN epoch. As one can see from E#j2), if the fraction of  properties of the spectral distortions of the CMB power spec-
ABCs is small {<1), then all the deviation of the light- trum are based on the assumption that the distribution of
element mass fractions from the SBBN predictions would beantibaryonic matter is spatially uniform without any cluster-

negligible. ization, and therefore, no additional angular anisotropy and

polarization of the CMB would have been produced during

V. ENERGY RELEASE TO THE COSMIC PLASMA FROM the epoch of hydrogen recombination. However, the cloudy

ABCS AT THE EPOCH OF HYDROGEN structure of the spatial distribution of antimatter zones would
RECOMBINATION generate spatial fluctuation of tiggparameters, similar to the

. Sunyaev-Zeldovich effect from hot gas in clusters of galaxies
The net of ABCs produces the net of high-energy photon$,; rejatively higher redshift-z,... Moreover, such clouds

because of annihilation at the boundary zones for each antjyq g produce relatively higher but localizgdiistortions of
matter cloud. Using Eq(8), we can estimate the rate of e cMB power spectrum, which corresponds, in mean, to
energy injection to the plasma as the COBE FIRAS limit but locally could be much higher.
de 3 dE _pC|CZ
dt — dt"e T o

(13 VI. ELECTROMAGNETIC CASCADES AND HYDROGEN
RECOMBINATION

wherep, =M. andng, is the spatial number density of  As in the previous section, below we want to estimate the
ABCs. Let us define the mass fraction of ABCs Big.  possible influence of the electromagnetic products of annihi-
=pei ! pout Which determines the energy release to the cosmitation on the ionization balance at the epoch of hydrogen
plasma at the epoch right before and during hydrogen reconrecombination. Using a quantitative approach, we can as-
bination. Because of Compton and bremsstrahlung interacsume that because of the energy transfer for photons from
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E~mpc2 down toE~1=13.6 eV, wherd is the ionization

potential, some fractiox,<1 could be reionized by non-
equilibrium quanta from electromagnetic cascades in the
plasma. The energy balance for such ionization follows

(23

5 40r2| 513w
OHy==9. fron —825‘I-W

for neutral hydrogen, where§:(3/87r)aT and «a; is the
(18) Fermi constant. Note that for ionized hydrogen and helium
which contain 76% and 24% of corresponding mass fractions
of the light elements, the optical depth is close to

IXeNpar= wSrK|z~zrec’

wherew is the efficiency of the energy transforms down to

the ionization potential range arg~10°. From Eq.(18)

-1/2 3/2

one obtains 5 Qph?| [ Qyh? 1+z (24)
. TpeT 40,0221 0125/ | 1000
[Oh?\ [1+2\7t K Xe
0<5.4x10"° —.
0.022/11000 |2x10°4/ 0.1 for wz>825[18].
(19 Thus, as one can see from E¢31)—(24), the energy loss

for high-energy electrons is determined by the inverse
Thus, the relatively small fraction~10~°) of the annihila- Compton scattering off the CMB photons, whereas for high-
tion energy release can distort the kinetics of the cosmologienergy photons the main process of energy loss is electron-
cal hydrogen recombination. The concrete mechanism of thpositron pair creation by neutral and ionized atoms.
energy transition, starting frorEzmpcz~1 GeV down to For the nonrelativistic electronsv< 1) the optical depth
E~1, is connected to the electromagnetic cascades of thiverse Compton scattering is given byc=2x107,
annihilation products with the cosmic plasma. The annihilawhereas for the photons it is close to the Thomson optical
tion of a nucleon and an antinucleon produees pions, 3  depth. It has been showfi7,1§ that for high-energy—
of which are chargefil5]. For charged pions, an electromag- low-energy photon conversion the spectral number density is
netic cascade appears duert6™ ) — p )+ (") decay
including the u(**7)—e(*+7) transition. The neutral pions dn(E) A ( , 14 1)

decay into two photonsr®—27y. About 50% of the energy + gW’ (25

release is carried away by the neutrino, about 30% by the

photons, and about 17% by electrons and positf@6f The

spectrum of the decay has a exponential shaffe)xexp for E<Eg, which corresponds to the energy density

(—E/Ey), where E=Ey=70 MeV [15]. For the electron-

positron pair andy quanta the leading processes of the en- dn(E) 14AmcE,

ergy redistribution down to the ionization potential are € f E dE ~ Bn.o

Compton scattering by the CMB photons and electron- et

positron pair productiony+(H,He)—(H,He)+e" +e™.

WhenE>m.c?, the Compton cross section is well approxi- .

mated by the Klein-Nishina formulgL7] Therefore, from Eqs(25), (26) we can estimate the spectral
energy density in the range=1:

dE o1NeC

5 [ myc?
14\ E,

(26)

2E
— |+

3 ( mec?
2
mMeC

1
oc= §O'T _E =1, (20) 5 2

2 2 meC
E(E—l)—14|n26 Ey

=1.7x10 3¢, (27

1+2z\3%72

1000 @)

optical depth for the Compton scattering isc  which is much higher than the limit from E¢L9). Note that
=8x 10 “. As one can see, the nonequilibrium ionization of
For the inverse Compton scattering of high-energy electronbody power spectra.
The pair production cross sectiary,, has the following VIIl. DISTORTION OF THE RECOMBINATION KINETICS

where o is the Thomson cross section. The corresponding

=2.101(MeC?/E)=7.5x 10" 71, where an additional factor of 0.47 results from the fraction of anni-
hilation energy related to the electromagnetic comporent

6 Qbhz thZ -1/2
9T=°10.022| 0.125 primordial hydrogen and helium at the epoch of recombina-

tion is more effective than the distortions of the CMB black-

by the CMB photons the corresponding optical depthis

=2x10°(Q,h?%/0.022)rc>1 for z=10°.

asymptotic forw=E/mec?>6 [18]: The model of the hydrogen-helium recombination process
affected by the annihilation energy release can be described

2 [ 913w phenomenologically in terms of the injection of additional
ohe=8.8a4r3IN| oo (22) )
825+w Ly, andLy. photons[19-21]. For the epochs of antimatter
cloud evaporation §—1<1) the rates of ionized photon
for neutral helium and productionn, andn, are defined as
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1.000f ' ' E quanta from annihilation by the CMB photons. If, for ex-
E ] ample, 7., corresponds to the redshiff,;~ 100, then
I Zreion 32

0A100§ 3 Sa,i(zrec):sa,i(zre(‘) 7 ) No-o‘?ea,i(zre(‘)- (30)
o rec

For the relatively early reionization of hydrogen by the
products of annihilation, the ionization fraction of matigr
=ne/(n,) can be obtained from the balance between the
recombination and the ionization processes:

0.010¢

ionization fractions

0.001 L. . . ) ONNN, A

1400 1200 1000 800 600 400 200
z+1 dXe

gt =~ red THN)Xe+i(2)(1=Xe) H(2) (2, ~ 2),
(3D

FIG. 1. The ionization fractions for model($olid line), model
2 (dashed ling and model 3(dash-dotted lineas a function of

redshift. wherea, o T)=4x10"13(T/10* K) ~%8is the recombination

coefficient,z,, corresponds ta,, T is the temperature of
%=sa(t)<nb(t)>H(t), the plasma, a_lndnb)=nb is the mean val_u_e (_)f the baryonic
dt number density of the matter. In an equilibrium between the
recombination and the ionization process the ionization frac-
dnm tion of the matter follows the well-known regime
T = eiOMO)H (D), (28 ?
X3(2)  ei(2)H(2)
whereH(t) and(ny(t)) are the Hubble parameter and the Toxi2)  aed2)Ng(2) 0(ze,~2), (32
mean baryonic density, respectively, ang(t) are the effi- € e

ciency of theLy, and Ly, photon production. As one can \ypere H(Z2)=HoVO.(1+2)°+1-Q, and n,=2

see from Eq(28) the dependence f, ;(t) parameters upon  x 19-7((),h2/0.02) (1+2)3. We would like to point out that

t (o_r redshiftsz) allows us to model any kind of ionization Eq. (32) can be used for any models of late reionization,

regimes. For the ABCs from Eqgl9), (20) we have choosing the corresponding dependence ofetfig) param-

m.c2 eter of redshift. This point is vital in our modification of the
Sa,izw( T )[H(t)Tev]_lfabc- (29)  RECFASTandCMBFAST packages, from which we can use the
standard relation for matter temperatufg(z)=270(1

+2/100)’K and all the temperature peculiarities of the reion-

ization and clumping would be related to th€z) parameter

through the mimicking of ionization history23,24].

From Eq.(32) one can find the maximal value of the

ization fraction at the momemnt=z,, :

If the time of evaporation is comparable with the Hubble
time H ™ 1(t) at the epoch of recombinatian- z.., then the
£, parameters are constant and proportional g .
We demonstrate the effectiveness of our phenomenologibn
cal approach in Fig. 1: the ionization fractiag against red-
shift for the three models 1
model 1:e,~¢g;=1; xg"aX=—§r+
model 2:¢ ,~¢&;=10;
model 3:e,~¢;=100.
The curves are produced from modification of thec-

1 1/2
1+ Zrz) , (33

Wherer:g_i(zev)H(Zeu)/[arec(zev)nb(zev)]- At 10<z<z,,
FAST code[22]. For all models we use the following values the relaxation of the matter temperature to the CMB tem-
of the cosmological parametersQh?=0.022,0, h? perature proceeds faster than the ionized hydrogen becoming
~0.125,0,=0.7,h=0.7, O, + O, =1, H(t) 7~ 1. neutral and forx, from Eq.(31) we get

As one can see from Fig. 1 all models 1-3 produce delays ¢
of recombination and can distort of the CMB anisotropy and xe(t):xg‘z"‘( 1+xg‘a"f
polarization power spectrum, which we will discuss in the Te
following section. We would like to point out that our as-
sumption about the characteristic time of the ABC While the temperature of matter is close to the CMB tem-
evaporation—namelyH (t,ed 7o, ~ 1—implies that at>t,,,  PeratureéTcyg, the corresponding time of recombination is
all the ABCs disappear. IH(t,) 7e,>1, however, at the
epoch of recombination the corresponding influence of the At~ Xe ~ (X 1 (Teus) (35
nonequilibrium photons can be characterized by the renor- T ldx./dt] e rect T CMB/
malization of thee,; parameters in the following way:
£ai(2)=€4i(Zed (H(2) Te,) ! Wheree,, i(z,ed corresponds  wheret,o.=[a(T)n,] <7, ,H(1).
to the models 1-3. The mean factor, which should necessar- In addition to models 1-3 we introduce the three models
ily be taken into account, is the absorption of the high-energysee Fig. 2

-1
a(T)nbdt) . (34)

U
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1.000
0.100

0.010F

ionization fractions

0.001 .

1400 1200 1000 800 600 400 200
z+1

FIG. 2. The ionization fractions for model(4olid line), model
5 (dashed ling and model 6(dash-dotted lineas a function of
redshift.

model 4:¢ ,=¢;=0.1X[(1+2)/1000°?%
model 5:¢,=¢;=1X[(1+2)/1000%?
model 6:&,~¢;=10X[(1+2)/1000°?,

wherez,,=200. In Fig. 3 we plot the ionization fraction for
models 4—6 versus redshift. As one can see from Fig. 3 th
delay of recombination at=10% is smaller than in Fig. 1,
but reionization appears at=z,, . At the range of redshifts,
z>z,,, the behavior of ionization fraction follows E¢34)
with a rapid decrease. The properties of models 4—6 ar
similar to those of the peaklike reionization modi24].

VIIl. CMB ANISOTROPY AND POLARIZATION
FEATURES FROM MATTER-ANTIMATTER
ANNIHILATION

In order to find out how sensitive the polarization power

PHYSICAL REVIEW D 69, 123518 (2004

20E

1(1+1)C/2m uK?

-
(=]

1000 1500 2000

1

FIG. 4. The polarization power spectrum for the standard model
(solid line), model 4(dotted ling, model 2(dashed ling and model
3 (dash-dotted lineas a function of redshift.

dance related to the late reionization of hydrogen at low red-
shift z<20. After the WMAP mission the most preferable
value of the optical depth of reionization ig.,,,=0.17[26],
while it is also showr24] that even the “standard model”
ith Z,¢ion=6 is not ruled out from the WMAP dataee also
27]). Recently it has been argued that late reionization could
exist with two stages, one @l, =15 andz.,~6, due to
energy release from different population of st§28] or
peavy neutrino$29]. Without measurements with a higher
accuracy of the CMB polarization and temperature-
polarization cross correlation, it is unlikely to settle the issue
of late reionization, even for WMAP resolution and sensitiv-
ity. However, any assumptions about the optical depth of the
late reionization are crucial for an estimation of any con-
straints on the ABC abundance. If, for example, we adopt the
WMAP limit 7,6j0=0.17 from the pure late reionization, the

spectrum is to the annihilation energy release, we considéi€@klike or delayed recombination models from the ABCs
phenomenologically different variants of hydrogen reioniza-would be restricted very effectively. But if we assume that

tion models by modifying theMBFAST code for models 1-6

roughly 7o~ 0.04 comes from late reionization ang,

[25]. One additional problem appears if we are interested irf-0-06-0.12 is related to ABC contamination at relatively
observational constraints on the antimatter fraction abunbigh redshifts, then the constraints on the ABC abundance

1000
1

FIG. 3. The CMB power spectrum for the standard model with-

out energy injectiorisolid line), model 1(dash ling, model 2(dash-
dotted ling, and model Jthe lowest thick solid lingas a function
of redshift. For€ <500 we use the WMAP dat80], while for ¢

would be rather smaller than for the previous case. For an
estimation of the ABC features in the CMB anisotropy and
polarization power spectrum we use a more conservative
limit on the optical depth of reionizations,e,,~0.04 at
Zieion™=6, in order to obtain the upper limit on the ABC mani-
festation in the CMB data.

In Fig. 4 we plot the polarization power spectru@y(€)
for models 1-6 plus the standard single reionization model
at z.io=6. The difference between models 1 and 2 mainly
lies in the multipoles 2 ¢ <30.

As one can see from Fig. 5, in order of magnitudedhe
parameters should be smaller than unity,zjf=z.. and
£4,1<10 2, if z,,=200. So using Eq29) one can find that

) 3/2

ev

I
fabc= wilS(H(t)Tev)Wﬁ 1.7X 105(W

’ (36)

>500 together with error bars the data is from CBI experimentswhile from the spectral distortion of the CMB blackbody

[31].

power spectra we obtain
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g, 5000 E
3 3 =
5 &
~ El
&) 3
= 3000 3
s E
—10f . . . . .
1000 3 500 1000 1500 2000 2500
E 1
L 1 T n + x|
500 1000 1500 20 FIG. 7. TheD"(¢) function for different models of ionization.

The solid line corresponds tﬁj(€) for i=0 (standard model

FIG. 5. The CMB power spectrum for the standard model with-Vithout the ABC$ andj =4, the dotted line i@_ﬁj(e) fori=0 and
out energy injection(solid ling), model 4(dashed ling model 5  1=1, the dashed _Ilne_correspond_ﬂ{jj(e) fori=0 andj=4, and
(dash-dotted ling and model lowest thick solid ling as a func-  the dash-dotted line iBP;(€) for i=0 andj=1. The thick solid
tion of redshift. The experimental data points are the same as iHin€S represent the error bar limit from cosmic variance.
-3 in terms of the power spectru®@®P(¢) (for the anisotropy
Qbh;) ( 1+Zev) and theE component of polarizatior 21]:

y —4
1pe=1.7X10 (0.02 500 @7 2[CEP(£)—CP(0)]

DFP(6)=

CEP(O)+ C?’p({’) @9
IX. HOW PLANCK DATA CAN CONSTRAIN THE MASS

FRACTION OF ANTIMATTER where the indices andj denote the different models ard
andp denote anisotropy and polarization. In order to clarify
"the manifestations of the complex ionization regimes in

- —ab odels 1 and 4 we need to compare the peak to peak ampli-
the power spectrum estimation from the contemporary an&

mina CMB data sets. As an example of how th mt des of theD?(¢) function with the expected error of the
upcoming ata sets. AS ah exampie ot ho € upco anisotropy power spectrum for the Planck experiment. We
ing Planck data would be important for cosmology, we

: - assume that the systematics and foreground effects are suc-
would like to compare the upper limit on tHig, . parameter,

using the WMAP and CBI data with the expected sensitivitycessfully removed. The corresponding error bar should be
of the Planck data. We assume that all the systematic effects

As is mentioned above, the observational constraint o
the antimatter mass fractidn,. depends on the accuracy of

and foreground contaminations should be successfully re- Acfz L [1+w‘1C_1W_2€] (39)
moved and the accuracy of tky estimation would be close C, 1 ¢ ’

to the cosmic variance limit at low multipoles for both the fogl €+ =

temperature anisotropies, polarization, and the TE cross cor- 2

relation as well(see Fig. 6. s 5
The differences between the delayed recombination an®nere W=(op0rwrm) = We=exd —€(€+1)/205], fqey
early reionized universe models in comparison with the ex-=0.65 is the sky coverage during the first year of observa-
pected sensitivity of the Planck experiment can be expressé#Pns, o, is the sensitivity per resolution elemefy
X eFWHM y andfs= \ 8 In ZGI;V]\-/HM .

0.8[ - ' —] As one can see from Fig. 7 f@7"(¢) the corresponding
0.6:_ : peak to peak amplitudes are of the order of magnitude of
E 5-10 times higher than the error bars Ilimit &t
"§ 0.4¢ ~1500-2500. That means that both anisotropies and the po-
& o2f larization power spectra caused by the complicated ioniza-
3 r tion regimes can be tested directly for each multipole of the
= oor C, power spectrum by the Planck mission if the systematic
iy -0.2F effects are removed down to the cosmic variance level.
- Moreover, at 95% C.L. the corresponding constraint on the
—04F ] fapc Parameter can be 2.5-5 times smaller than the limit
—0.6tL - ' ] from Eg.(36), or in principle, the upcoming Planck mission

1 10 100 1000 should be able to detect any peculiarities caused by antimat-

ter annihilation during the epoch of hydrogen recombination.
FIG. 6. The TE cross-correlation power spectrum for the models It is worth noting that in this paper we do not discuss the
listed in Fig. 4 with the same notation. direct contribution of antimatter regions to the CMB anisot-
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ropy formation, assuming that their corresponding size i<GHz. It would be interesting to obtain a new constraint on
smaller than the typical galactic scales and also smaller thathe ABC fraction for large-scale clouds. This work is in
the corresponding angular resolution of the recent CMB exprogress.

periments such as WMAP, CBI, ACBAR. If the size of the
ABCs is comparable with the size of galactic or cluster
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