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Antimatter regions in the early universe and big bang nucleosynthesis
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We have studied big bang nucleosynthesis in the presence of regions of antimatter. Depending on the
distance scale of the antimatter region, and thus the epoch of their annihilation, the amount of antimatter in the
early universe is constrained by the observed abundances. Small regions, which annihilate after weak freezeout
but before nucleosynthesis, lead to a reduction in‘tie yield, because of neutron annihilation. Large regions,
which annihilate after nucleosynthesis, lead to an incredstlyield. Deuterium production is also affected
but not as much. The three most important production mechanisrfidefire(1) photodisintegration ofHe
by the annihilation radiation(2) F‘He annihilation, and3) n*He annihilation by “secondary” antineutrons
produced in*He annihilation. Althoughp®He annihilation produces moréHe than the secondarmy*He
annihilation, the products of the latter survive later annihilation much better, since they are distributed further
away from the annihilation zone. Our results are in qualitative agreement with similar work by Rehm and
Jedamzik, but we get a largéHe yield.

PACS numbgs): 98.80.Cq, 25.43:t, 26.35+c, 98.80.Ft

I. INTRODUCTION producing more baryons than antibaryons. If the distance
. . . scale is large, antimatter regions would have survived till
A. Antimatter in the universe present

The local universe is baryon asymmetric. It contains mat- |n the latter case, an overall baryon symmetry remains a
ter, not antimatter. In standard homogeneous big bang cogossibility. The universe could contain equal amounts of
mology the universe was filled with a uniform mixture of matter and antimatter, spatially separated into matter and an-
antimatter and matter very early on, with a slight excess ofimatter domains. In this case, the absence of observed anni-
matter over antimatter. This excess of matter was left ovehilation radiation from the domain boundaries indicates that
when matter and antimatter annihilated during the first mil-the typical size of these domains would have to be very

lisecond. large.
This baryon asymmetry is characterized by the baryon-to- - Considering only the conditions in the present universe,
photon ratio the lower limit to the domain size corresponds to the scale of

cluster of galaxies, of the order of 20 Mpt]. Because of
B the low density of intergalactic space between clusters the
=, @ jow density o | clusters th
¥ ¥ annihilation radiation between a cluster and an “anticluster
could have escaped detection.

However, the isotropy of the cosmic microwave back-
wheren,, is the number density of baryons angthe num-  ground(CMB) rules out large voids between matter and an-
ber density of antibaryons. timatter regions during an earlier time. Thus annihilation

There are many proposed mechanisms for baryogenesis teould have been more intense before structure formation.
explain the origin of this asymmetry. The simplest versionsThe relic y rays would contribute to the cosmic diffuse
of baryogenesis produce a homogeneous asymmetry, bgamma(CDG) spectrum. The observed CDG spectrum gives
there are many possibilities for inhomogeneous baryogera much larger lower limit to the domain size, of the order of
esis, which could produce a baryon excess in some regiornk0®> Mpc, comparable to the size of the visible univefgg
and an antibaryon excess in other regions. This leads to A boundary of an even larger domain intersecting the last
structure of matter and antimatter regions after local annihiscattering surface could leave an imprint on the CN&
lation during the first millisecond. but these are unlikely to be observable with planned CMB

In scenarios connected with inflation, there isapriori probes[4].
constraint on the distance scale of these matter and antimat- If we drop the assumption of baryon symmetry, allowing
ter regions. If the distance scale is small, the antimatter refor a lesser amount of antimatter than matter, then instead of
gions would have annihilated in the early universe, and the lower limit to the domain size, observations just place up-
presence of matter today requires asymmetric baryogenesiser limits to the antimatter-matter ratie at different dis-

tance scales. Indeed, it may be possible to have a small frac-
tion R<10° of antimatter stars in our galaXg].
*Electronic address: Hannu.Kurki-Suonio@helsinki.fi No antinuclei(with |Z|>1) have ever been observed in
"Electronic address: Elina.Sihvola@helsinki.fi cosmic rays. The Alpha Magnetic Spectromei&MS) [6]
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to be placed on the International Space Station will look forantimatter annihilating at later times, as the ratio of matter
antinuclei in cosmic rays, and if none are found, will place aand CMB energy density is getting smaller. Abovie
tight upper limit on the antimatter fraction of cosmic ray ~0.2 eV the baryonic matter energy density is smaller than
sources. The AMS precursor flight on the Space Shuttle obthe CMB energy density, so the limits on the antimatter frac-
served 2.8& 10° helium nuclei but no antiheliuf¥], giving  tion annihilating then are weaker thanx@.0 5.

an upper limitHe/He<1.1x 10" ® on the antihelium-helium For scales larger than about 100 (@ 7x 10 m at 1
flux ratio in cosmic rays. keV) the tightest constraints on the amount of antimatter
come from the CMB spectral distortion, and from the CDG
B. Inhomogeneous baryogenesis spectrum for even larger scalgs.
Early work on antimatter regions in the univer@ee the We consider here intermediate distance scales, where

review by Steigmaril]) considered them as an initial con- Most of the annihilation occurs shortly before or during nu-

dition for the universd8], or tried to form them by separat- cleosynthesis, or after nucleosynthesis but before recombina-

ing matter from antimatter at a later stg@d. Later work is  tion, at temperatures between 1 MeV and 1 eV. The stron-

related to scenarios for inhomogeneous baryogenesis. gest constraints on the amount of antimatter at these distance
There are many proposed mechanisms for baryogenesisgales will come from big bang nucleosynthesis affected by

including grand unified theoryGUT) baryogenesis, elec- the annihilation process.

troweak baryogenesis, and Affleck-Dine baryogenesis. The

simplest versions produce a homogeneous baryoasymmetry, D. BBN with antimatter

but simple modifications lead to an inhomogeneous baryo- ) ,

genesis which produces matter and antimatter redibfs Much of the early work on BBN with antimatté(, 20—

14]. See, e.g., the reviews by Dolgpy5]. 22] was either in the context Qf_a b_aryon symmetric universe
Inhomogeneous baryogenesis without inflation leads to &20] or for a homogeneous injection of antimatter through

matter-antimatter domain structure with a very small dis-S0me decay proce$22].

tance scale. Models connected to inflation can lead to arbi- Rehm and Jedamz([R3] studied small antimatter regions,

trarily large distance scales. Some scenarios for GUT baryowhich annihilate before nucleosynthesis, at temperatlires

genesis lead to an unacceptable large domain wall energy 80 keV. Because of faster diffusion of neutrons and an-

between the matter and antimatter domains, but other scéneutrons(as compared to protons and antiprotoranihi-

narios avoid this probleri1]. lation reduces the net neutron number, leading to underpro-
Most studies of inhomogeneous baryogenesis have beefuction of *He[1]. This sets a limiR<10"? for the amount

for a globally baryon symmetric universe. As it has beenof antimatter in regions of size,~1 cm atT=100 GeV(2

recently showrj2] that the distance scale in this case wouldkm at T=1 MeV or 3x10° m atT=1 keV). Our results
have to be at least comparable to the present horizon, thg these small scales agree wigg].

attention has shifted to models where the observable uni- We consider also larger antimatter regions, which annihi-

verse is baryon asymmetric, but could contain a smallefyte mainly during or after nucleosynthesis. We have done
amount of antimattef16,17. detailed inhomogeneous nucleosynthesis calculations, where
_ o _ diffusion, annihilation, and nucleosynthesis all happen si-
C. Antimatter regions in the early universe multaneously.

On scales smaller than about 1 ki8], antimatter re- The case where annihilation occurs after nucleosynthesis
gions would have annihilated by now but could have left anwas considered if21]. Because annihilation of antiprotons
observable Signature in the CDG spectrum, in the cMpBon helium would produce D andHe it was estimated that
spectrum, or in the yields of light elements from big bangthe observed abundances of these isotopes place a compa-
nucleosynthesisBBN). rable upper limit to the amount of antimatter annihilated after

The smaller the size of the antimatter regions, the earliepucleosynthesis. As we explain below, the situation is rather
they annihilate. Domains smaller than 100 m @ Mmore complicated.
=1 MeV, Corresponding to a Comovir@resen): scale of We reported our first results |[Q4], where we had not
6x10° km or 0.02 mpc, would annihilate well before nu- included some features whose effect we estimated to be
cleosynthesis and would leave no observable remnant. ~ small. These includedl) antinucleosynthesis in the antimat-

The energy released in antimatter annihilation thermalizeer region, (2) photodisintegration of other isotopes than
with the ambient plasma and the background radiation, if the' He, and(3) the dependence of the electromagnetic cascade
energy release occurs @it-1 keV. If the annihilation oc- Spectrum on the initial photon spectrum from annihilation.
curs later, Compton scattering between electrons heated Bi/e have now made the following changes to our computer
the annihilation and the background photons transfers energjpde to take these effects into account.
to the microwave background, but is not able to thermalize (1) We have added all antinuclei up #=4 and their
this energy(because Compton scattering conserves photoantinucleosynthesis. Annihilation of these antinuclei produce
numbej. The lack of observed distortion in the CMB spec- energetic antimatter fragments which may penetrate deep
trum constrains the energy release occurring affer into the matter region and annihilate there. Thus annihilation
=1 keV to below 610 ° of the CMB energy{19]. This  reactions occur also far away from the matter-antimatter
leads to progressively stronger constraints on the amount dfoundary.
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(2) We have added photodisintegration of the lighter nu-Here ¢, is the energy density of photonsgr=
clei, D, ®H, and °He. 0.665<10 28 m? is the Thomson sectio is the pressure
(3) We treat photodisintegration in more detail, especiallyof baryons and electrons, and =n.-—n.+ is the net elec-
at lower temperatures, where use of the standard cascatt®n density. WithP~(ng+n.)T and |n}|~ng, we get a
spectrum is no longer appropriate. diffusive equation
Below, all distance scales given in meters will refer to
comoving distance af=1 keV. One meter aT=1 keV ﬂ: ( 3T
corresponds to 4.2410° m or 1.37x 10 ' pc today. ot
Rehm and Jedamzik23] give their distance scales at
=100 GeV. Our distances are thus larger by a facto
3.0x10°. We usefi=c=kg=1 units.
The physics of the annihilation of antimatter regions in 3T
the early universe is discussed in Sec. Il. We describe our Dhyd=To<T‘3. (4)
numerical implementation in Sec. Ill and give the results in T8y

Sec. IV. We summarize our conclusions in Sec. V. The hydrodynamic expansion alone does not cause mixing,
but it significantly speeds up annihilation by bringing mate-
II. ANNIHILATION OF ANTIMATTER DOMAINS rial towards the annihilation zone. The annihilation zone is
surrounded by a depletion zog], where the density of
. . . . ) (ant) matter has decreased due to matter flow into the anni-
Consider the evolution of an antimatter region, with ra-pjjation zone. The resulting pressure gradient maintains this
diusr,, surrounded by a larger region of matter. We aref|ow.
interested in the period in the early universe when the tem-  Antinucleosynthesis in the antimatter region produces an-
perature was between 1 MeV and 1 &ge of the universe tinyclei. The yields of these anti-isotopes are not interesting
betwee 1 s and 30000 yearsThe universe is radiation in themselves, since they are eventually annihilated. The an-
dominated during this period. At first matter and antimatterijhilation of these antinuclei with nucleons produces ener-
are in the form of nucleons and antinucleons, after nucleogetic antinucleons and lighter antinuclei, which may pen-

synthesis in the form of ions and anti-ions. Matter and antietrate deep into the matter region before annihilating. Thus,
matter are mixed by diffusion at the boundary and annihiin addition to “primary” annihilation in the annihilation

lated. Thus there will be a narrow annihilation zonezone, there is also “secondary” annihilation outside this
separating the matter and antimatter regions. zone.
Before nucleosynthesis the mixing of matter and antimat-
ter occurs mainly through neutron-antineutron diffusion,
since neutrons diffuse much faster than protons. If the radius . o ) )
of the antimatter region is less thar- 10’ m, all antimatter The primary annihilation reactions occur at low energies
annihilates before nucleosynthesis. In nucleosynthesis the réhere reaction data is scarce or non-existent. Theoretically,
maining free neutrons go int6He nuclei. The mixing of the annihilation cross section is known to behave as 1/
matter and antimatter practically stops until the density hagvhen one or both of the annihilating particles are neutral,
decreased enough for ion diffusion to become effective a@nd as W* when both are charged.

VnB) ©)

207¢,

IIor the baryon density, with an effective baryon diffusion
constant due to hydrodynamic expansion

A. Mixing of matter and antimatter

B. Annihilation reactions

T~3 keV. More precisely, the theoreticalA cross section i527,28
Thus there are two stages of annihilation, the first one im( )
i m(—a
before nucleosynthesis, &= 70 keV, the second well after o~Adm s —2Im(—ay) |, )

nucleosynthesis, af<3 keV. The physics during the two

regimes is quite different. The first regime was discussed in

[23]. We concentrate on the second regime in the followingVhereas is the scattering lengtlg=wv, u is the reduced

discussion. mass, and is the relative velocity of the annihilating par-
Hydrodynamic expansion becomes important @t ticles. L

~30 keV. At that time the annihilation of thermal electron- The analogous expression f8wave pA annihilation is

positron pairs becomes practically complete and the photof29,2§

mean free path increases rapidly. When the mean free path

becomes larger than the distance scale of the baryon inho- 872 1 Im(—a./B)
mogeneity, the baryons stop feeling the pressure of the pho- T T exp—277) @2 [1+i 2
tons, which had balanced the pressure of baryons and elec- . 7 g7 [1+igw(nasd
trons. The pressure gradient then drives the fluid into motion 47 Im(—ag)
towards the annihilation zone5,26. This flow is resisted %C(v)—_—z, (6)
by Thomson drag. The fluid reaches a terminal velol@§] 9 |1+i2mas/B|
3 dp where = —1/qB is the dimensionless Coulomb parameter,
- ar (2 B=1/Zu«a is the Bohr radius of the antiparticle-particle sys-
4ore y|ne| r tem, ag; is the Coulomb-corrected scattering length and
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2mZalv C. Thermalization of annihilation products
. 7
1—exp —27Zalv) ™

Clv)= The annihilation products lose their kinetic energy

through collisions in the ambient plasma. lons lose energy by
Coulomb scattering on electrons and ions and by Thomson
There is laboratory data only for some of the relevant scatScattering on photons. If the velocity of the ion is greater
tering lengths, and the uncertainties are 148@31. From  than thermal electron velocities, the energy loss is mainly

atomic datg32,33,28, theﬁp system has Im{ a.)=0.71 due to electrons. At low energies scattering on ions becomes

: important.
+0.05 fm. Recent experimental data by the OBELIX group FI):or an ion withE>T, we find that the energy loss per

[34] gives Im(-as)=0.62+0.02-0.04 fm for pD and  ynit distance due to Coulomb collisions is
Im(—ag =0.36+0.03" 313 for p*He.

Primary annihilation is not sensitive to the annihilation d—E=47Tn(ZZa)2A
cross sections, since annihilation is complete in the annihila- dr M
tion zone anyway. In secondary annihilation the

N L mE
A-dependence of the annihilation cross section is important, \ / )_ —er( _” (8)
since it determines whether antinucleons annihilate with pro- aMTo MT
tons, which leads to no nuclear yields, or witHe, produc-
ing D and *He. Here M, Z, andE are the mass, charge and energy of the

The vyields of the annihilation reactions are important.incoming ion,T is the temperature of the plasnm, z, andn
Fortunately there is data on the most important reaction, arare the mass, charge, and number density of the plasma par-
tiprotons on heliun{35], and also on some other reactions ticles, andA ~15 is the Coulomb logarithm. We assumed
with antiprotong 36,37). here that both the incoming ion and the plasma particles are

The annihilation reaction between an antinucleon and aon-relativistic.
nucleus can be thought of as an annihilation of one of the When the ion velocity is large compared to the thermal
nucleons in the nucleus. According to experimental data, amelocities of plasma particles, E(B) simplifies into[40]
antiproton is twice as likely to annihilate on a proton than on
a neutron in the nucleyss,39.

The annihilation of a nucleon and an antinucleon pro-
duces a number of pions, on average 5—6 with a third of
them neutral1,39]. The charged pions decay into muons and
neutrinos, the muons into electrons and neutrinos. The newnd in the opposite casgnE/(MT)<1], into [41]
tral pions decay into two photons. About half of the annihi-

M1

Y MmE

M 1
mE’

—an(ZZa)ZA( 14+ — 9

dr M

lation energy, 1880 MeV, is carried away by the neutrinos,
one third by the photons, and one sixth by electrons and d_EN_%n(ZZa)zA 1+E 11 /m_E. (10)
positrons. dr M/TVMT

When an antinucleon annihilates on a nucleus, some of
the produced pions may knock out some of the other nuclethe energy loss in a plasma consisting of electrons and nu-
ons, or in the case of larger nuclei, small fragmentsclej is thus
(p,D,3H,%He,*He). Some of the annihilation energy will go
into the kinetic energy of these particles and the recoil en- E M 1
ergy of the residual nucleus. Typical energies are of order  “——47n (Za)?2 A _ =
~10 MeV. dr ¢ e E

According to Balestraet al. [35] the average vyields of mE T E
low-energy p*He annihilation are 0.2180.00FHe, 0.437 le\jIT % )——erf( MeT)

+0.032H, 0.07-0.19 D. This leaves about 0.7—0.9 nucle-

ons. . 1 A\ZZ A mgn
Experimental data on the energy spectra of these emitted - 2 ( )_ et (11)
nucleons and fragments can be approximatedCley &/Eo, 29 AJA Ae My Ne

where the average enerfy decreases with the mass of the

emitted particle. However the corresponding momentum isyhere we assumeth,/M<1, and used approximatiof®)

close to 350 MeW¢ independent of masE39]. The mo-  for scattering on nuclei. The indéxabels different species
menta of the residual nuclei are smaller. Balestral. [35]  of nuclei in the plasma.

report a measurement on the momentum distributioAHte We plot the penetration distandeof 3He and3H ions in
from p4He annihilation, with the mean energy correspondinga homogeneous plasma in Fig. 1, as a functiok&/df, in the

to a momentum of 198 MeV¢. Because of their large mo- absence of thermal electron-positron pairs. At large energies
menta these reaction products get spread over a large arefxE?, which corresponds to approximati@g). We show
many of them escaping the annihilation zone, at least for also the effect of ignoring scattering on nuclei.

while. The drag force exerted on the ion by photons is
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10" : : Because of the large number of background photons, a
significant number of them have energiesT, and the
photon-photon pair production is the dominant energy loss

10 mechanism for cascade photons dowrj46]
m2
-_°
=]
10 Below this threshold energy, the dominant scattering process
is photon-photon scattering down [té4]
2
10 _m
. . . . . E=gor- (16)
10° 10* 10° . o
ET Below this energy the dominating energy loss processes for

photons are pair production on nuclei and Compton scatter-

FIG. 1. The penetration distance ofde and a®H ion in matter | . . .
ing on electrons. Inverse Compton scattering is still the

with constant baryon density;=6x 10"1% The distancel is given dominant | hanism for elect
in comoving units alf=1 keV. Thesolid lineis for a case where ominant energy 10SS mechanism for electrons.

all baryons are in the form of protons, and theshed lindor a *He Whe'_" energy _'S released in the form of photo_ns an_d elec-
mass fraction of 0.25. Theot-dashed lineshows the effect of ig-  (FONS With energies well aboven.,, the energy is rapidly
noring scattering on nuclei. The penetration distance for an ion witttonverted into a cascade photon spectrum, which depends
chargeZ and mass numbek is obtained approximately by scaling ©Only on the total energ¥, injected, and is well approxi-

the 3H curve by a factorA/(3Z2) vertically and byA/3 horizon- ~ Mated by[45,47]

tally. For scattering on electror{dot-dashed lingthis scaling rule _15
is exact. dn, [A(E/El) ™" E<E,

— = 1
dE |A(E/Ey)"°  E.<E<Epa. X
dE  4({m, ZZ . 1 o _
ar - 3w TTE V. (12 The normalization factor is
. . 3E.E. ?
The effect of this is negligible compared to Coulomb scat- A=— < (18)
tering. 7—(Ec/Emay)®
Neutrons lose energy through scattering on ions and elec- . . ] .
trons. Scattering on electrons is not important for Photon-photon pair production and scattering, and inverse

<30 keV. The neutron loses a substantial part of its energ§-OMpton scattering, are very rapid processes compared to
in each collision with an ion. The penetration distance is ofntéractions on matter, due to the large number of photons.
order of the mean free path=1/(on). Assuming =  When the photon energies fall beldw the mean interaction
6x10° we find for neutron-proton scattering~  time rises drastically. The thermalization continues through
4.7x10° m(T/keV) 2 for a neutron with a typical 70 Mey Compton scattering and pair production in the field of a
energy. AtT<0.36 keV the mean free time of a 70 MeV nucleus, in a time scale long compared with that of the cas-
neutron becomes larger than its lifetime. The neutron is theff@de. The pair production cross sectiori4S]

likely to decay into a proton before thermalizing.

3az2 (28I 2E 218) (19
Opair—q 4 01| g N~ 5=
D. Photodisintegration 8 9 m 27

The high-energy photons and electrons from pion decaynd the Compton cross section B3 m,)
initiate electromagnetic cascad¢42—-48. The dominant
thermalization mechanisms for energetic photons and elec- ” =§U me }HnE 20
trons are photon-photon pair production and inverse Comp- C8"TE (2 me)

ton scattering
Photons withE>19.9 MeV disintegrate’He, producing
Y+ voo—e e, ety,p—e Yy, (13)  3He, and also D foE>26.2 MeV. Above the energy
the cascade proceeds so rapidly that photodisintegration of
with the background photonsgy,,. The cascade proceeds nuclei is rare and can be ignored. The photodisintegration of
rapidly until the photon energies, are below the threshold “He begins alf=0.6 keV, wherE ., becomes larger than

for pair production, the binding energy of*He. For T=0.45-0.60 keV“He
photodisintegration produce®He (or *H) only, below T

E,e,=mZ, (14)  =0.45 keV also D is produced, although with a smaller

cross section. The photodisintegration of D begins earlier, at

wheree, is the energy of the background photon. T=5.3 keV, because of the smaller deuteron binding en-
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ergy. The ®He photodisintegration begins @=2.2 keV, 100
SHatT=1.9 keV, and’Li at T=4.7 keV.

During the second stage of annihilation, the mean free 8ol s -
path of a photon at a given temperature is always larger than JoA
the distance scale of antimatter regions which annihilate at % ; |
that temperature. We can therefore assume that the photons = 60 ; 4 1
are uniformly distributed over space. ) / Y

N% 40+ //,/'\\\ L -
E. Spectrum of annihilation photons and electrons w /{;' \\ '\.\

As the temperature falls the cascade spectrum moves to 20r N ]
higher energies and, far<100 eV, it begins to overlap the N ke 5
initial photon spectrum from annihilation. Then the lower T ‘2’ : ‘Ls"u ]
part of this initial spectrum is no more converted to a cascade 10 10 . (1|\5I)eV) 10 10
spectrum before photodisintegration, and the shape of the
initial photon spectrum becomes important. FIG. 2. Initial spectra of photons and electrons from pion decay,

In the pion’s rest frame its direct decay products, photonsfor an exponential pion spectrum with mean energy 329 MeV. The
muons, and muon neutrinos, have a single-valued energypt-dashed lineshows the photon spectrum from the decay of a
determined by conservation of energy and momentum. Theeutral pion. Thalashed lineshows the electron spectrum from the

muon decays vigu —e” + v +je The spectrum of the decay of a charged pion. The electrons transfer their energy to
“ .

electron in the muon’s rest frame [i0] background photons through inverse Compton scattering. The re-
sulting photon spectra at temperatures 1 keV, 100 eV and 10 eV are
dn E2 E 1 shown bysolid lines
e
—=16—(3——> O<E<=m, (c.m) (21
3 ' u
dE m, M 2 dR 6n7 or(l/ 1 1 1 €
. o dE, Eo w|4|1+e € w
in the approximatiorm,/m,~0. Y
For the decay products of a moving pion, integration over € | € e\? € 0 € )
ranti ; o * +—In——|—| +— <—<1
directions yields an energy spectrum. The decay - u wiw lw W 0 w ' (25

+v,) of a charged pion with velocity , and total energy
E,. produces a muon with a uniform spectrum in the range \here e=E,/(E—E,), WE4Eeey/m2

e, ande, is the en-
2 2
ﬂ) (1_<ﬂ)
m7T m‘IT

ergy of the background photons. Integration over the thermal
1+
Similarly, the energy of a photon from neutral pion decay dn esz(e(ema)t_l)l
1

*u,

1E
2

] . (22

photon spectrum gives the spectrum of up-scattered photons

for one scattering:
(7°—y7y) has a uniform distribution in the ranggE (1 dEyocﬁ
*v,). For a muon moving with velocity and energye, ,

the electron spectrum becomes 1 1
>< —_ — J— J— —_—
2 1+6+1+6)(t 1)—Int t+1 dt,
22 33
dne_ 1[5 },F E”(l—v)2+3—2E E"(l—u)3 (28
dE UE,u 3 m4 3 m6
m L (23) where
EcT
for 3E,(1-v)<E<3E,(1+v), and o= ‘32 _ (27)
me
dn, 16( E?E2 4 E°E® . : .
e _ 2° 4" - = 6“ (3+0v?) (24)  The average fractional energy 10¥s, /E,) in one scattering
dE E, m, 3 m, increases with increasing. At «<1 the average energy

transfer is(E,)=3.60nE.. At large « the electron loses

for 0< E<%EM(1—v). most of its energy in one scattering. At the linait<1 the

The electrons transfer their energy to background photonKlein-Nishina cross section reduces into the Thomson cross
through inverse Compton scattering. We calculate the scasection.
tering rateR for an electron with energi, passing through The electron scatters several times, losing a decreasing
a thermal photon background, in the approximatifgrm,  fraction of its energy in each collision. The process generates
>T. LetE, be the energy transferred from the electron to aa photon spectrum with most of the photons at low energies
photon in one scattering. Using the Klein-Nishina cross secwheredn/dE,~E 2.
tion we get for a monochromatic photon background In Fig. 2 we plot the spectra of electrons and photons
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from pion decay, for an exponential pion spectrum. We also fyng fy
show photon spectra resulting from inverse Compton scatter- R= (1—fy)n, 1= fy (28)
ing.

The initial baryon densityy, is linked to the volume fraction

through
F. Spallation of *He by energetic neutrons

The average energy of a nucleon producea‘ihle anni- () =(1=fu)p = funy. @9
hilation is ~70 MeV. This is sufficient to disintegrate a The radius of our grid ig_:rA/f\l/?’_ We assume reflective
“He nucleus. Protons and ions slow down rapidly comparethoundary conditions at the outer boundary of the matter
to the interaction time of nuclear reactions. Neutrons thershell. This models the situation where antimatter regions of
malize much more slowly and may cause significant spallaradiusr , are separated from each other by the distarice 2
tion of “He. between their centers.

Destruction of even a small fraction 6He may produce ForR<1, alsofy<1 andr,<L, so that we have a rela-
He or D in amounts comparable to the total abundance ofively small antimatter region surrounded by a much larger
these elements, but destruction of other elements is signifolume of matter.
cant only if a large fraction of the nuclei is destroyed. Thus The annihilation creates a narrow depletion zone around
only n*He spallation is important. the boundary between the matter and antlmattgr regions. An

For T<100 eV the neutron mean time before S;pa||ati0na_ccurate treatment requires a dense grid spacing in this re-

becomes larger than the neutron lifetime and spallatio lon. Th_e position Of_ the bou_nd_ary moves with time. There-
gradually ceases. ore a fixed non-uniform grid is not adequate. We use a

steeply non-uniform grid, which is updated at every time
step. The number of grid cells per unit distance is propor-
tional to the gradient in baryon density. The total number of

We do not expect any drastic effects on thé yield from cells is kept constant.
antimatter regions. For small scales and large antimatter frac- We include nucleosynthesis both in matter and antimatter.
tions the reduction in théHe and®He yields cause an even In matter we follow the reactions up #=7, in antimatter
Steeper reduction in thél_l yleld, but the 4He yleld is a up to K:4 Our code includes 15 isotope&: p, D, 3H’
more sensitive constraint.. o - . SHe, “He, SLi, 7Li, 'Be, n, p, D, 3H, 3He, and “He.

For large scales, annihilation and photodisintegration o
’Liis a small effect, just as for D anéHe, compared to the
large *He production from*He annihilation and photodisin-
tegration.

Since the standard BBKSBBN) °Li yield is much below Because of the large uncertainty or lack of data for most
the “Li yield, °Li production from “Li annihilation, spalla-  of the relevant annihilation reactions we simply use
tion, and photodisintegration could cause a large relative in-
crease in théfLi yield. (ov)=09 (30)

The 3H and 3He from photodisintegration and annihila-
tion have large energies. They may react withe to pro-
duce ®Li and Li before thern\:?alizaing. TE,“S nogthermal nu-
cleosynthesis may proceed viél(*He)+ “He—°Li+n(p), _
which has a threshold of 4.80 MeM.03 Me\) and is there- {ov)=Cv)oo S

fore not available for thermal nucleosynthesis, and it may, — — = — I
result in a®Li yield much larger than in SBBNI51]. for pp and allpA, pA, andAA annihilations. Here

G. Lithium

§-|eavier matter isotopes are included as sinks.

B. Annihilation and diffusion

for thenn, np, np, and allnA, nA annihilation cross sec-
tions and

2m|Z2,Z,|alv
l—eXF(—27T|lez|a/U) '

Ill. NUMERICAL IMPLEMENTATION C(v)= (32

A. General
W hericall i ¢ h h and we usesy=40 mb. The velocityv in the Coulomb
€ use a spherically Ssymmetric geometry where a Spherig, ., C(v) is the relative velocity, for which we use the

cal antimatter region is surrounded by a thick shell of matterthermal velocitys = 3T/, wherey is the reduced mass of

\s{\lljec:hatshsetjtThee 2%:?; 'g'tr']zlt gzrsétﬁ;;%ncgggs r%%'ggi’) the annihilating pair. We also studied the effect of including
9 y P an A% dependence .

=6x10 10 — — -
<77>\/Ve give our results as a function of two parameters, the We assume tha_tA andpA have the same nuclear yields,
radius of the antimatter regiar, and the antimatter-matter and thatnA andpA have the corresponding antiyields. The
ratio R. These parameters together with the net baryon demmost importanipA reaction isp*He. For its yield we use
sity determine the initial local baryon density, and the

volume fractionf, covered by antimatter. The volume frac- p-+*He—0.490+ 0.309+ 0.130D+ 0.4372H+0.21GHe,
tion depends only on the antimatter-matter ratio (33
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where we have taken the DH, 3He vyields from[35], treated as a separate step. For this reason the convergence of

a(pn)/a(pp)=0.42 from[38], and we assumed charge ex- the code requires a very small time step at late times, when
change has no net effect, to get thandp yields. ThenA., the hydrodynamic expansion becomes important. This lim-

— — . ited our ability to calculate with very large scales. For our
PA, nA, andpA yields for other nuclei thad=“*He are not Y y 'arg

. W . 4 vields for them b g th largest scal@ ,= 10" m, we did not get a converged result
Important. We estimated yields for them by assuming that, “the cMB’ distortion, since it is sensitive to the lowest

p(n) annihilation is twice as likely wittp than withnin the  annihilation temperatures, although our results for the
nucleus[39,38, using the experimentgl, D, and °H yields  nuclear abundances did converge.
for p°Li and p’Li [37], and otherwise trying to mimic the

p4He data. C. Spreading of the annihilation products and their reactions

There is no data on annihilation of an antinucleus on a we model the energy spectrum of a nucleus created in
nucleus. For simplicity we assume that the lighter nucleus ignnihilation by an exponential distribution exp/Eg)/E,.
annihilated completely, and the remnants of the heaviefrhe spectrum is cut off 8 =10E,. The mean kinetic en-
nucleus go intd*He nuclei and nucleons, with equal number ergy E, corresponds to momenturB,=350 MeV/c for
of protons and neutrons. Especially, annihilation of a nucleugeutrons and protons, and ®,=200 MeV/c for nuclei
on an antinucleus with equal mass number leads to totgljth A>1.
annihilation. _ - Consider the spreading of nuclei produced during one

Annihilation, nuclear reactions, and dlﬁu5|9n are sol\{edtime step, along a linear path. The spherical symmetry allows
together for better accuracy. Hydrodynamic expansionys tg identify paths with same tangential distangérom the
spreading of the annihilation yields, and photodisintegrationsymmetry center. LeE(E,s,r,)dr, denote the cumulative
are treated as separate steps. We include diffusion of all i0”§pectrum of nuclei at distanaefrom the tangent point. The

and neutrons. _ _ __energy spectrum obeys the differential equation
Annihilation reactions are represented by the differential
equation dE
F(E,s,rg)dro=F| E— ——=ds,s—ds,rqg|drg
dy, ds
W:_Z (”B><U§FHU>YKY|=—2| G YY), (34 40
+FO(E)g(r)4wr2drE. (37)
where the indicek and| refer to the annihilating isotopes
andY,=n/{ng) is the relative abundance. Hereg(r) is the number of particles created per unit volume
We integrate Eq(34) over the time stepht. We take the at distance from the centerfFy(E) is their initial spectrum,
implicit equation and solid angleQ(ro)=2m\1—(ro/r)? picks directions
which correspond to the tangential distamge
YL_Yiko: _ZI GLNLY}AL (35) We integrate Eq.37) assuming a reflective boundary

condition at the outer edge of the grid. Nuclei which fall
belowE,,,~T are considered thermalized. The formulas for

and linearize it into the energy lossiE/ds due to various scattering processes
were given in Sec. Il.
Y- Y0=— EI W GL(YLYI+YIYI=YIYDAL.  (36) lons lose energy through Coulomb scattering on electrons

and ions, and Thomson scattering on photons. Neutrons lose
, R energy through scattering on electrons and ions, or they de-
HereY,? is the initial abundance and is the solution from  cay and thermalize as protons. We include all these effects.
the previous iteration step. Neutrons are allowed to scatter on an ion once, after which
We solve this equation iteratively by a modified Newton-they are stopped. The strong and weak interaction neutron
Raphson method. The ordinary Newton-Raphson methogeactions included are listed in Table I.
(e.g.,[52]) does not work in this case, since it often con-
verges to an unphysical solution with negativeWe stabi- D. Nonthermal nuclear reactions
lize the algorithm by introducing a parameterwhich ini-
tially is set to zero. We gradually increase the valueuof
be:tvieen iteration steps, until the solution has converged AM3tion is a relatively small effect, which confirms that spal-
g In .our code the hydrodynamic expansion is started at éation of other nuclei can be safely ignored.
Y y pansion 1 We ignore in this work also the production SLi by

constant te_mperaturTa= 30 keV. The results are insensitive non-thermalHeH) + “He reactiong51], but we are incor-
to the starting temperature, because late times dominate the .. ~
. ! . : : porating it for future worl{59].

expansion. EquatiofB) is solved forng as an ordinary dif-

fusion equation. The grid cells are then expanded so that the

baryon distribution corresponds to the solution.
Hydrodynamic expansion is not combined into the same We calculate the ratio of injected energy to the CMB

matrix equation with diffusion and nuclear reactions, but isenergy as

We ignore spallation of nuclei by energetic nucleons for
other nuclei tharfHe. Our results show that evéile spal-

E. CMB distortion
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TABLE |. Neutron reactions and references to their cross sec-

PHYSICAL REVIEW D 62 103508

TABLE II. Photodisintegration reactions and references to their

tion data. cross section data.
Reaction Ref. Reaction Ref.
n+p total [53,54 D+ y—p+n [53] (from inverse reaction
n+p total [55] *H+y—D+n (60,61
n+“He total [56] *H+ y—p+2n (60]
n+4He—3H+D [57] (from inverse reaction [58] *He+ y—D+p [62]
n+*He—3H+p+n [58] SHe+ y—2p+n [60]
n+*He—D+p+2n [58] “Het+ y—3He+n [63]
n+*He—2D+n (58] “He+ y—3H+p same as’He+ y—3He+n
n+“*He—3He+2n [58] *He+ y—D+p+n [64]
n—p 7=886.7 s
of redshift. However, their result does not apply for annihi-
2 kevV 1 d;ann lation at low temperatures, when a significant part of the
W= f pous(T) AT daT (38 initial photon spectrum from annihilation is below the

threshold for photon-photon pair production. In Fig. 3 we
and requireW<6x10"° to satisfy the CMB constraint. compare the PSB yields with the more detailed treatment
Here pcyg is the energy density of the background radiationdescribed above which we are now using.

and;alnn is the energy density released in annihilation reac- 5(\)N g\get.llﬁzfiH;é[z\)N ghfgat;ensi)? t{]'iesld diffcf)g—rznlcoeo ev
tions in form of photons and electrons, averaged over spacé. : '

Effectively, we are assuming complete thermalization above First, our cross sectlo_r(ﬁ'qble 1 d|ffer somewhat from
T=2 keV (redshiftz~8.5x 10°) and no thermalization be- what PSB used. The main difference is for large photon en-

) e o ergiesE, =200 MeV, where the*He photodisintegration
low it. We count intop,, half of the total annihilation en-  .5ss section again becomes large and a pion is produced

ergy. The other half d!sappears as neutrinos, and has no e{f'pion photoproduction’). PSB assumed large D aritHe
fect on nucleosynthesis or CMB. yields for these reactions. Available dd85] gives very
small cross sections for théHe+ y—°3H+p, “He+ y—D
+p+n, and “He+ y—D+D channels forE,>200 MeV.

We compute the initial spectra of electrons and photondiccordingly, we set the D andHe yields to zero in this
from pion decay following Sec. Il E. We assume an expo-fange. Therefore we get lower D aritle production at low
nential kinetic energy distribution for the pions, with meantémperatures as the cascade moves to these higher energies.
total energy equal to ,/5.7=329 MeV. The electrons  Second, for low temperatures the cascade energies move
transfer their energy to background photons through inverstP to and beyond the energies of the initial annihilation pho-
Compton scattering. We compute the spectrum of the upscatons. Since we only convert to the cascade those initial pho-
tered photons using the Klein-Nishina cross section, assunions whose energy is above the cascade turn&yerour
ing a thermal background spectrum aBg>m,. We then photon spectrum for photodisintegration does not move up
redistribute the energy of the initial photohsgpscattered and further. Therefore the D andHe yields become almost in-
from o decay, whose energies are aboke into the stan- dependent of temperature far<5 eV. In our nucleosyn-
dard cascade spectrurg. (17)].

The photons in this resulting spectrum have then an op- 0.15——

F. Photodisintegration

portunity to photodisintegrate. These photons may pair pro- 34e
duce on a nucleus, Compton scatter, or photodisintegrate nu- & 0.11- -
clei. We allow an unlimited number of Compton scatterings g
for a single photon, but we remove the photon after the pro- %0-05‘ 7
duction of ane = pair or a photodisintegration reaction. The -
createde * pairs, as well as the background electrons which 00?' R
gain energy in Compton scattering, will produce a second ) LT e
generation of non-thermal photons by inverse Compton scat- > b
tering. These secondary photons are, however, much less en- € o gosf- e -~ ]
ergetic than the primary ones, and we ignore them. by e
The photodisintegration reactions included in our code are -
listed in Table II. e il il |
In [24] we used the results of Protheroe Stanev and Be- 10 10 T1(gv) 10 10

rezinsky (PSB) [46] for photodisintegration. PSB calculated
the amount of®He and D produced per 1 GeV of energy  FIG. 3. Comparison of our photodisintegraticiHe and D
released in the form of photons and electrons, as a functioyields (solid lineg with Protheroeet al. [46] (dashed lines
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FIG. 6. Same as Fig. 4, but for D. The SBBN yield is D/H
=2.70x 10 °.

FIG. 4. The yield of*He as a function of the antimatter-matter
ratio R and the radiug, of the antimatter regions. The SBBN
result, which is approached in the lower left corner, Y
=0.2484. Thedotted linesshow contours off ,,,, the temperature
at which half of the antimatter has annihilated.

lation before*He formation leads to a reduction in tHéle
yield compared to standard BB{$BBN).

If annihilation is not complete beforéHe formation, it is
thesis runs most of the annihilation takes place Tor delayed signifipant_ly because the neutrons have di_sappeared
>5 eV, but for antimatter regions larger thag~ 10t m and |on.d|ffu3|on is much slower than neutron diffusion.
annihilation occurs at these lower temperatures and the phd"€re will then be a second stage of annihilation well after

todisintegration contribution should become independent ofucleosynthesis, at~3 keV or below. This leads to a sub-
stantial increase in the yields dHe and D.

Antimatter regions in the size rangg~10"—10¢° m are
annihilated in two stages. In the lower part of this range,
practically all antineutrons diffuse out of the antimatter re-

We show light element yields as a function of the radiusgion and are annihilated in the first stage, but neutrons dif-
r » of the antimatter region and the antimatter-matter rRio fusing towards the antimatter region manage to annihilate
in Figs. 4, 5, and 6. We show also the temperature aroundnly an outer layer of the antiprotons before nucleosynthesis
which the annihilation is taking place. All results are for a swallows the remaining neutrons. Thus the antimatter region
net baryon density 7)=6x10"1°. that is left for the second stage of annihilation consists of

For scales smaller thary=10° m, annihilation happens antiprotons only.
before the weak freeze-out, and has no effect on BBN. For Larger antimatter regions,,=4x10" m, have also an-
scales between,=10° m andr,=10° m, neutron annihi- tineutrons left by the time of nucleosynthesis, and thus anti-
nucleosynthesis, producing mainfiHe, takes place in the

Ma-

IV. RESULTS
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FIG. 5. Same as Fig. 4, but fofHe. The SBBN vyield is

3He/H=1.06x 1075,

Ty (m at 1 keV)

antimatter region. The main significance of this is th&tle
annihilation will later produce high-energy antinucleons,
which penetrate deep into the matter region before annihilat-
ing. Thus not all of the annihilation occurs in the annihilation
zone(“primary” annihilation), but there is also a significant
amount of “secondary” annihilation occurring in a large
volume surrounding the annihilation zone.

The main annihilation reaction during the second stage is

p*He. It produces’He and a smaller amount of D. Because
of their high energy, these annihilation products penetrate
some distance away from the annihilation zone. Less than
half of them end up in the antimatter region and are annihi-
lated immediately. The rest end up in the matter region, but
partly so close to the antimatter region that they are sucked
into the annihilation zone and annihilated latexcept for
the largest scales studijed

Forr,=5x10" m, part of the annihilation occurs below
T=0.6 keV where*He photodisintegration produce¥e
and D.
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FIG. 7. Contribution to thé’He yield from(a) annihilation and FIG. 8. Same as Fig. 7, but for the D yield.

(b) photodisintegration. To the left of théick linein (b) the con-
tribution is negative, sincéHe photodisintegration dominates over
photoproduction. photodisintegration reactions. Photodisintegration Sbfe
sets in forr,=2x10" m but has only a small effect. For
Thus there are two main contributions tble and D pro- r,>5x10" m, photoproduction of*He from “He over-
duction: annihilation and photodisintegration. We show theseomes 3He photodestruction and increases up to

contributions separately in Figs. 7 and 8. ~10° m, as a larger part of the cascade exceeds*tie
Figure 7a) shows the net production ofHe (including photodisintegration threshold.
3H) from all annihilation reactions. The most importaitie For r,=10' m, photoproduction of®He decreases

producing reaction ig“Hi Another isn®He, where the an- again, as the cascade keeps moving to higher energies. The
tineutrons come fronp*He annihilation.®He is destroyed photodisintegration cross sections fie and D production
primarily by p®He annihilation in the annihilation zone. are smaller at these higher energies, and because the indi-

Annihilation production 0f3He increases steep|y from vidual photons have hlgher energies there are fewer of them.
ra=2x10 mto 5xX10° m as a larger part of the antimat- For even larger scales,>10"" m, we would expect the
ter region survives till the second stage. Fop> photoproduction to stabilize as the cascade gets replaced by
5x10° m, the annihilation production ofHe keeps in- the initial annihilation spectrurtcf. Fig. 3.
creasing with scale, since the annihilation shifts to lower The different dependence of these two contributiong on
temperatures where thtHe produced in annihilation travels and thus omr,, means that annihilation production domi-
longer (comoving distances, and is thus able to better sur-nates forr,=2x10"-5x10 m (T,,»>250 eV) andr,
vive annihilation. >3%x10"° m (T,,«<10 eV), but photoproduction domi-

3He produced in the matter region by the secondary annates in the intermediate rangg=5x10°-3x10'° m
nihilation is much more likely to survive and thus this sec- In Fig. 7(a), the feature aR>0.1, r,=10°-10"° m is
ondary annihilation produces more, or at least a comparabléue to annihilation of the photoproducéie.
amount of, surviving®He than the primary annihilation in For D (see Fig. 8we observe the same effects, with some
the ranger ,.~10®-5x10° m, where most of théHe from  differences. Annihilation produces about 5 times moke
primary annihilation gets annihilated. [24] we did not in-  than D, but D penetrates farther from the annihilation zone
clude this secondary annihilation, and therefore we got and thus survives better. Therefore the D yield from annihi-
smaller annihilation contribution. lation is less dependent ary, as most of the D survives

Figure 7b) shows the net production ofHe from all  already for smaller scales. The ratio of the net annihilation
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fa (PO} p o , For small antimatter regions the limit comes from under-

[N [0 R, (0 — production of*He. UsingY,=0.22 as our lower limit to the
N 1 primordial *He mass fraction, we obtain an upper linfit
<0.02-0.04 for ,=0.6—20<10° m. Because this result is
obtained from a calculation with the net baryon density
(m)=6x10"1° corresponding to the SBBN yield,
=0.248, a better way to state ofHe constraint is that we
allow a maximum reduction akY,=0.028 from the SBBN
result. Different assumptions on and observedy,, could
give a smaller acceptableY, and thus a tighter limit ofR.
But this does not work in the other direction, since fiée
yield falls very rapidly with increasin®. Thus the limit onR
can hardly be relaxed from our stated value by using differ-
ent observational constraints.

At larger scalest ,>2x10" m, the limit is set by over-

ry (mat1kev) production of3He. There has been much uncertainty in the
estimated primordial®He abundance, because of a large
scatter in its observed abundances and uncertainties about its

matter ratioR as a function of the radius, of the antimatter re- chemical eyolut|qn[66,623|. Current knowle?ge ;queSts a

gions. The area above tiselid linesis excluded by*He underpro- ~ Probable primordial abundance BHe/H~ 10>, with three

duction (Y,<0.22) or *He overproduction He/H>10"49. The times this value a reasonablgzjgper [in@8]. Thus we have

dashed linegives an alternative limit from usingHe/D>1 as the ~ used the constraintHe/H< 10~ **,

criterion for He overproduction. Thelot-dashed lings the limit The upper limit toR from *He falls rapidly as the distance

from CMB distortion. scale is increased from>210" mto 1 m, where the limit
becomesR=2x10 *. For even larger scales the limit is

production of 3He and D is therefore less than 5, and ap-Slightly relaxed but stays below><310*4.'
proaches this number only for the largest scales, where fi- Figure 9 can be compared to flg. 2 of Rehm and
nally most of the3He also survives. Jedamzil{23] or to Fig. 2 of[24]. Our *He yield is slightly
Photodisintegration of D begins already Bt 5.3 kev, 'arger and the corresponding limit t?)weakefltohgn 23],
so it occurs always when the second annihilation stage i@ecause our net baryon densityy)=6x 10" is larger
reached. Photoproduction of D froftte can only begin at than the one used 23], (7)=3.43<10"". Near ry
T=0.45 keV. Also the D yield fromHe photodisintegra- ~10° m we now get a tighter limit oR duetoa higherHe
tion is less than a tenth of théHe yield. Therefore D pho- Yield than we gave ihi24]. This is due to°He production by
toproduction overcomes photodisintegration only for scale$€condary annihilation in the matter region, which was ig-
ra=3x10° m. nored in[24].
The third significant mechanism for D ariHe produc- These limits are stronger than those from the CMB spec-

. . l .
tion caused by annihilation is spallation #fie by the high- trum _dlstornon for scales,<10'* m. We did not calculate
— —_— the yields for larger scales, but tiéle and D yields should

energy neutrons fronp“He annihilation. For the scales, : .
T : 3 . become roughly independent of, since for these larger
=10"-1C m its D and>He yields are about 10% of that by ? L

L . . L scales the primary annihilation products penetrate far enough
annihilation reactions. For larger scales its relative impor-

tance falls off, as neutrons decay into protons, which are theﬁom the annihilation region to survive, and the spectrum

thermalized, before encountering’se nucleus responsible for photodisintegration is the initial annihilation
' ) spectrum, so the dependence on the annihilation temperature

Becausc_a of Fhe Iargg uncertainty about the anmhﬂayo isappears. The CMB limit should then become stronger
cross sections in reactions involving other nuclei than jus 3 . >
han the®He constraint near the scalg~ 102 m.

nucleons, we studied the effect of including AA° depen-
dence in the cross section. This did not have a significant
effect on the primary annihilation in the annihilation zone, V. CONCLUSIONS

but increasing th@*He cross section increased the probabil-  \We have studied the effect of antimatter regions of a co-
ity of secondary antineutrons annihilatintHe instead of moving sizer ,~10 °-10 pc on big bang nucleosynthesis.
protons. Thus we got an increasédie yield for distance ~Smaller antimatter regions annihilate before weak freeze-out
scales .~ 10°-5x 10° m. Reducing th@*He cross section and are not likely to lead to observable consequences. Larger
would have an opposite effect. regions annihilate close to, or after recombination, and the
Comparing our calculated yields to the observed abunamount of antimatter in such regions is tightly constrained by
dances and the primordial abundances derived from thertfhe CMB and CDG spectra.
[66,67], we obtain upper limits to the amount of antimatterin  Regions smaller thany~2X 102 pc annihilate before
the early universe. We plot the limits from BBN and CMB nucleosynthesis. The annihilation occurs due to neutron and
on the antimatter-matter ratR as a function of the radius of antineutron diffusion and leads to a reduction intiip ratio
the antimatter region in Fig. 9. and thus to a reduction i¥,. RequiringY,=0.22, we ob-
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FIG. 9. Upper limits from BBN and CMB to the antimatter-
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tain an upper limitR=< few % for the primordial antimatter- high-energy neutrons from annihilation reactions. This effect
matter ratio for antimatter regions in the size range is at least an order of magnitude smaller than the ones dis-
~(0.1-2)x10"2 pc. cussed above.

If the annihilation is not complete by nucleosynthesis, at He and D are also destroyed by photodisintegration, but
T~80 keV, itis significantly delayed, since all neutrons andsince the total amount of these isotopes is much less than that
antineutrons are incorporated inféle and“He, and(anti)  of “He, this is a small effect.
proton diffusion is much slower. There will be a second For scales larger than,~2x 10" pc the tightest con-
stage of annihilation af<3 keV, when proton and ion dif- straint on the primordial amount of antimatter is due’ibe
fusion finally become effective in mixing the remaining an- overproduction.p*He annihilation produces several times
timatter with matter. more 3He than D and*He photodisintegration produces over

This second stage of annihilation leads to production of a0 times more®He than D. For scales larger tham,
large amount of*He and a smaller amount of D, through ~0.1 pc, the requirementHe/H<10 4° gives an upper
several mechanisms. limit R<3x 104,

Annihilation of “He with antiprotons in the annihilation Rehm and Jedamz{l69] have studied this same problem
zone separating the matter and antimatter region produceshd obtained results that seem to be in qualitative agreement
®He and D which are deposited some distance away from thgith ours, but they find a lowe?He yield. Their upper limit
annihilation zone. A large fraction of these annihilation prod-to R from 3He overproduction is weaker than ours by about
ucts gets however sucked into the annihilation zone later ang factor of 2. They also criticize our use dHe/H as a
is thus annihilated. The surviving fraction increases with in-constraint. Therefore we show in Fig. 9 also the constraint
creasing distance scale, since this corresponds to a decred@4e/D<1, which is observationally more secufé8]. As
ing annihilation temperature. At lower temperatures the encan be seen from the figure, the limits Rostay essentially
ergetic ions from annihilation penetrate largeomoving  the same. By assuming that the I§Wi/H observed in some
distances into the matter region. population Il and disk stars is an upper limit to its primordial

_Antinucleosynthesis in the antimatter region producessalue, they obtain an even tighter limit &hfrom °Li over-
“He, whose annihilation produces antinucleons and smallgsroduction[69]. However, °Li is very fragile and is thus
antinuclei. Of these, especially the antineutrons penetratikely to be depleted in these stars. The main sourc®_ofs
deep into the matter region, where they can annihifdle  spallation by cosmic rays in the interstellar medium. Thus
producingHe, which has now a much better chance to surthe primordial abundance dfLi based on observations is
vive. very uncertain, as noted also [89], and could be much

An important source ofHe and D is photodisintegration lower or much higher than the one observed.
of “He by the annihilation radiation. The large energy part of In conclusion, we have established nucleosynthesis con
the initial radiation spectrum is converted into an electro-straints on the amount of antimatter in the early universe
magnetic cascade spectrum. The large-energy cut-off of thehich are tighter, by a large factor, than those from the CMB
cascade exceeds tiele photodisintegration threshold when spectrum, or any other known observational constraint, for
the temperature has fallen below 0.6 keV. Fot= antimatter regions smaller than10 pc.
3x10 2 pc most of the annihilation occurs below this tem-
perature and thus the photoproduction ¥e and D be-
comes important. Photodisintegration#ie is the dominant
source of°He forr,~0.1-10 pc. For larger distance scales We thank T. von Egidy, A. M. Green, K. Jedamzik, K.
the annihilation mainly occurs at lower temperatures wheré&ajantie, P. Keraen, D. P. Kirilova, J. Rehm, J.-M. Richard,
the photon spectrum shifts to higher energies where it causéd. Sainio, M. Shaposhnikov, G. Steigman, M. Tosi, and S.
less photodisintegration. Wycech for discussions. We thank the Center for Scientific

Another source ofHe and D is the spallation dfHe by ~ Computing(Finland for computational resources.
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