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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 the4He yield, because of neutron annihilation. Large regions,
which annihilate after nucleosynthesis, lead to an increased3He yield. Deuterium production is also affected
but not as much. The three most important production mechanisms of3He are~1! photodisintegration of4He

by the annihilation radiation,~2! p̄4He annihilation, and~3! n̄4He annihilation by ‘‘secondary’’ antineutrons

produced in 4He annihilation. Althoughp̄4He annihilation produces more3He than the secondaryn̄4He
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 larger3He yield.

PACS number~s!: 98.80.Cq, 25.43.1t, 26.35.1c, 98.80.Ft
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I. INTRODUCTION

A. Antimatter in the universe

The local universe is baryon asymmetric. It contains m
ter, not antimatter. In standard homogeneous big bang
mology the universe was filled with a uniform mixture
antimatter and matter very early on, with a slight excess
matter over antimatter. This excess of matter was left o
when matter and antimatter annihilated during the first m
lisecond.

This baryon asymmetry is characterized by the baryon
photon ratio

h[
nb2nb̄

ng
[

nB

ng
, ~1!

wherenb is the number density of baryons andnb̄ the num-
ber density of antibaryons.

There are many proposed mechanisms for baryogenes
explain the origin of this asymmetry. The simplest versio
of baryogenesis produce a homogeneous asymmetry,
there are many possibilities for inhomogeneous baryog
esis, which could produce a baryon excess in some reg
and an antibaryon excess in other regions. This leads
structure of matter and antimatter regions after local ann
lation during the first millisecond.

In scenarios connected with inflation, there is noa priori
constraint on the distance scale of these matter and anti
ter regions. If the distance scale is small, the antimatter
gions would have annihilated in the early universe, and
presence of matter today requires asymmetric baryogen
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producing more baryons than antibaryons. If the dista
scale is large, antimatter regions would have survived
present.

In the latter case, an overall baryon symmetry remain
possibility. The universe could contain equal amounts
matter and antimatter, spatially separated into matter and
timatter domains. In this case, the absence of observed a
hilation radiation from the domain boundaries indicates t
the typical size of these domains would have to be v
large.

Considering only the conditions in the present univer
the lower limit to the domain size corresponds to the scale
cluster of galaxies, of the order of 20 Mpc@1#. Because of
the low density of intergalactic space between clusters
annihilation radiation between a cluster and an ‘‘anticluste
could have escaped detection.

However, the isotropy of the cosmic microwave bac
ground~CMB! rules out large voids between matter and a
timatter regions during an earlier time. Thus annihilati
would have been more intense before structure format
The relic g rays would contribute to the cosmic diffus
gamma~CDG! spectrum. The observed CDG spectrum giv
a much larger lower limit to the domain size, of the order
103 Mpc, comparable to the size of the visible universe@2#.
A boundary of an even larger domain intersecting the l
scattering surface could leave an imprint on the CMB@3#,
but these are unlikely to be observable with planned CM
probes@4#.

If we drop the assumption of baryon symmetry, allowin
for a lesser amount of antimatter than matter, then instea
a lower limit to the domain size, observations just place u
per limits to the antimatter-matter ratioR at different dis-
tance scales. Indeed, it may be possible to have a small
tion R,1026 of antimatter stars in our galaxy@5#.

No antinuclei~with uZu.1) have ever been observed
cosmic rays. The Alpha Magnetic Spectrometer~AMS! @6#
©2000 The American Physical Society08-1
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to be placed on the International Space Station will look
antinuclei in cosmic rays, and if none are found, will place
tight upper limit on the antimatter fraction of cosmic ra
sources. The AMS precursor flight on the Space Shuttle
served 2.863106 helium nuclei but no antihelium@7#, giving
an upper limitHe/He,1.131026 on the antihelium-helium
flux ratio in cosmic rays.

B. Inhomogeneous baryogenesis

Early work on antimatter regions in the universe~see the
review by Steigman@1#! considered them as an initial con
dition for the universe@8#, or tried to form them by separat
ing matter from antimatter at a later stage@9#. Later work is
related to scenarios for inhomogeneous baryogenesis.

There are many proposed mechanisms for baryogen
including grand unified theory~GUT! baryogenesis, elec
troweak baryogenesis, and Affleck-Dine baryogenesis.
simplest versions produce a homogeneous baryoasymm
but simple modifications lead to an inhomogeneous bar
genesis which produces matter and antimatter regions@10–
14#. See, e.g., the reviews by Dolgov@15#.

Inhomogeneous baryogenesis without inflation leads
matter-antimatter domain structure with a very small d
tance scale. Models connected to inflation can lead to a
trarily large distance scales. Some scenarios for GUT ba
genesis lead to an unacceptable large domain wall en
between the matter and antimatter domains, but other
narios avoid this problem@11#.

Most studies of inhomogeneous baryogenesis have b
for a globally baryon symmetric universe. As it has be
recently shown@2# that the distance scale in this case wou
have to be at least comparable to the present horizon,
attention has shifted to models where the observable
verse is baryon asymmetric, but could contain a sma
amount of antimatter@16,17#.

C. Antimatter regions in the early universe

On scales smaller than about 1 kpc@18#, antimatter re-
gions would have annihilated by now but could have left
observable signature in the CDG spectrum, in the CM
spectrum, or in the yields of light elements from big ba
nucleosynthesis~BBN!.

The smaller the size of the antimatter regions, the ear
they annihilate. Domains smaller than 100 m atT
51 MeV, corresponding to a comoving~present! scale of
63108 km or 0.02 mpc, would annihilate well before nu
cleosynthesis and would leave no observable remnant.

The energy released in antimatter annihilation thermali
with the ambient plasma and the background radiation, if
energy release occurs atT.1 keV. If the annihilation oc-
curs later, Compton scattering between electrons heate
the annihilation and the background photons transfers en
to the microwave background, but is not able to therma
this energy~because Compton scattering conserves pho
number!. The lack of observed distortion in the CMB spe
trum constrains the energy release occurring afterT
51 keV to below 631025 of the CMB energy@19#. This
leads to progressively stronger constraints on the amoun
10350
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antimatter annihilating at later times, as the ratio of mat
and CMB energy density is getting smaller. AboveT
;0.2 eV the baryonic matter energy density is smaller th
the CMB energy density, so the limits on the antimatter fra
tion annihilating then are weaker than 631025.

For scales larger than about 100 pc~or 731011 m at 1
keV! the tightest constraints on the amount of antimat
come from the CMB spectral distortion, and from the CD
spectrum for even larger scales@2#.

We consider here intermediate distance scales, wh
most of the annihilation occurs shortly before or during n
cleosynthesis, or after nucleosynthesis but before recomb
tion, at temperatures between 1 MeV and 1 eV. The str
gest constraints on the amount of antimatter at these dist
scales will come from big bang nucleosynthesis affected
the annihilation process.

D. BBN with antimatter

Much of the early work on BBN with antimatter@1,20–
22# was either in the context of a baryon symmetric unive
@20# or for a homogeneous injection of antimatter throu
some decay process@22#.

Rehm and Jedamzik@23# studied small antimatter regions
which annihilate before nucleosynthesis, at temperatureT
.80 keV. Because of faster diffusion of neutrons and a
tineutrons~as compared to protons and antiprotons!, annihi-
lation reduces the net neutron number, leading to under
duction of 4He @1#. This sets a limitR,1022 for the amount
of antimatter in regions of sizer A;1 cm atT5100 GeV~2
km at T51 MeV or 33106 m at T51 keV). Our results
for these small scales agree with@23#.

We consider also larger antimatter regions, which ann
late mainly during or after nucleosynthesis. We have do
detailed inhomogeneous nucleosynthesis calculations, w
diffusion, annihilation, and nucleosynthesis all happen
multaneously.

The case where annihilation occurs after nucleosynth
was considered in@21#. Because annihilation of antiproton
on helium would produce D and3He it was estimated tha
the observed abundances of these isotopes place a co
rable upper limit to the amount of antimatter annihilated af
nucleosynthesis. As we explain below, the situation is rat
more complicated.

We reported our first results in@24#, where we had not
included some features whose effect we estimated to
small. These included~1! antinucleosynthesis in the antima
ter region, ~2! photodisintegration of other isotopes tha
4He, and~3! the dependence of the electromagnetic casc
spectrum on the initial photon spectrum from annihilatio
We have now made the following changes to our compu
code to take these effects into account.

~1! We have added all antinuclei up toĀ54 and their
antinucleosynthesis. Annihilation of these antinuclei produ
energetic antimatter fragments which may penetrate d
into the matter region and annihilate there. Thus annihilat
reactions occur also far away from the matter-antima
boundary.
8-2
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~2! We have added photodisintegration of the lighter n
clei, D, 3H, and 3He.

~3! We treat photodisintegration in more detail, especia
at lower temperatures, where use of the standard cas
spectrum is no longer appropriate.

Below, all distance scales given in meters will refer
comoving distance atT51 keV. One meter atT51 keV
corresponds to 4.243106 m or 1.37310210 pc today.
Rehm and Jedamzik@23# give their distance scales atT
5100 GeV. Our distances are thus larger by a fac
3.03108. We use\5c5kB51 units.

The physics of the annihilation of antimatter regions
the early universe is discussed in Sec. II. We describe
numerical implementation in Sec. III and give the results
Sec. IV. We summarize our conclusions in Sec. V.

II. ANNIHILATION OF ANTIMATTER DOMAINS

A. Mixing of matter and antimatter

Consider the evolution of an antimatter region, with r
dius r A , surrounded by a larger region of matter. We a
interested in the period in the early universe when the te
perature was between 1 MeV and 1 eV~age of the universe
between 1 s and 30000 years!. The universe is radiation
dominated during this period. At first matter and antimat
are in the form of nucleons and antinucleons, after nucl
synthesis in the form of ions and anti-ions. Matter and a
matter are mixed by diffusion at the boundary and ann
lated. Thus there will be a narrow annihilation zo
separating the matter and antimatter regions.

Before nucleosynthesis the mixing of matter and antim
ter occurs mainly through neutron-antineutron diffusio
since neutrons diffuse much faster than protons. If the rad
of the antimatter region is less thanr'107 m, all antimatter
annihilates before nucleosynthesis. In nucleosynthesis th
maining free neutrons go into4He nuclei. The mixing of
matter and antimatter practically stops until the density
decreased enough for ion diffusion to become effective
T'3 keV.

Thus there are two stages of annihilation, the first o
before nucleosynthesis, atT*70 keV, the second well afte
nucleosynthesis, atT&3 keV. The physics during the two
regimes is quite different. The first regime was discussed
@23#. We concentrate on the second regime in the follow
discussion.

Hydrodynamic expansion becomes important atT
'30 keV. At that time the annihilation of thermal electro
positron pairs becomes practically complete and the pho
mean free path increases rapidly. When the mean free
becomes larger than the distance scale of the baryon i
mogeneity, the baryons stop feeling the pressure of the p
tons, which had balanced the pressure of baryons and e
trons. The pressure gradient then drives the fluid into mo
towards the annihilation zone@25,26#. This flow is resisted
by Thomson drag. The fluid reaches a terminal velocity@26#

v5
3

4sT«gune* u

dP

dr
. ~2!
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Here «g is the energy density of photons,sT5
0.665310228 m2 is the Thomson section,P is the pressure
of baryons and electrons, andne* 5ne22ne1 is the net elec-
tron density. WithP'(nB1ne)T and une* u'nB , we get a
diffusive equation

]nB

]t
5¹•S 3T

2sT«g
¹nBD ~3!

for the baryon density, with an effective baryon diffusio
constant due to hydrodynamic expansion

Dhyd5
3T

2sT«g
}T23. ~4!

The hydrodynamic expansion alone does not cause mix
but it significantly speeds up annihilation by bringing ma
rial towards the annihilation zone. The annihilation zone
surrounded by a depletion zone@2#, where the density of
~anti! matter has decreased due to matter flow into the a
hilation zone. The resulting pressure gradient maintains
flow.

Antinucleosynthesis in the antimatter region produces
tinuclei. The yields of these anti-isotopes are not interest
in themselves, since they are eventually annihilated. The
nihilation of these antinuclei with nucleons produces en
getic antinucleons and lighter antinuclei, which may pe
etrate deep into the matter region before annihilating. Th
in addition to ‘‘primary’’ annihilation in the annihilation
zone, there is also ‘‘secondary’’ annihilation outside th
zone.

B. Annihilation reactions

The primary annihilation reactions occur at low energ
where reaction data is scarce or non-existent. Theoretic
the annihilation cross section is known to behave as 1v,
when one or both of the annihilating particles are neut
and as 1/v2 when both are charged.

More precisely, the theoreticaln̄A cross section is@27,28#

s'4pS Im~2as!

q
22Im2~2as! D , ~5!

whereas is the scattering length,q5mv, m is the reduced
mass, andv is the relative velocity of the annihilating par
ticles.

The analogous expression forS-wave p̄A annihilation is
@29,28#

s5
8p2

12exp~22ph!

1

q2

Im~2asc/B!

u11 iqw~h!ascu2

'C~v !
4p

q

Im~2asc!

u11 i2pasc/Bu2
, ~6!

whereh521/qB is the dimensionless Coulomb paramet
B51/Zma is the Bohr radius of the antiparticle-particle sy
tem,asc is the Coulomb-corrected scattering length and
8-3
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C~v ![
2pZa/v

12exp~22pZa/v !
. ~7!

There is laboratory data only for some of the relevant sc
tering lengths, and the uncertainties are large@30,31#. From

atomic data@32,33,28#, the p̄p system has Im(2asc)50.71
60.05 fm. Recent experimental data by the OBELIX gro

@34# gives Im(2asc)50.6260.0260.04 fm for p̄D and

Im(2asc)50.3660.0320.11
10.19 for p̄4He.

Primary annihilation is not sensitive to the annihilatio
cross sections, since annihilation is complete in the annih
tion zone anyway. In secondary annihilation t
A-dependence of the annihilation cross section is import
since it determines whether antinucleons annihilate with p
tons, which leads to no nuclear yields, or with4He, produc-
ing D and 3He.

The yields of the annihilation reactions are importa
Fortunately there is data on the most important reaction,
tiprotons on helium@35#, and also on some other reactio
with antiprotons@36,37#.

The annihilation reaction between an antinucleon an
nucleus can be thought of as an annihilation of one of
nucleons in the nucleus. According to experimental data
antiproton is twice as likely to annihilate on a proton than
a neutron in the nucleus@38,39#.

The annihilation of a nucleon and an antinucleon p
duces a number of pions, on average 5–6 with a third
them neutral@1,39#. The charged pions decay into muons a
neutrinos, the muons into electrons and neutrinos. The n
tral pions decay into two photons. About half of the anni
lation energy, 1880 MeV, is carried away by the neutrin
one third by the photons, and one sixth by electrons
positrons.

When an antinucleon annihilates on a nucleus, some
the produced pions may knock out some of the other nu
ons, or in the case of larger nuclei, small fragme
(p,D,3H,3He,4He). Some of the annihilation energy will g
into the kinetic energy of these particles and the recoil
ergy of the residual nucleus. Typical energies are of or
;10 MeV.

According to Balestraet al. @35# the average yields o
low-energy p̄4He annihilation are 0.21060.0093He, 0.437
60.0323H, 0.07–0.19 D. This leaves about 0.7–0.9 nuc
ons.

Experimental data on the energy spectra of these em
nucleons and fragments can be approximated byCe2E/E0,
where the average energyE0 decreases with the mass of th
emitted particle. However the corresponding momentum
close to 350 MeV/c independent of mass@39#. The mo-
menta of the residual nuclei are smaller. Balestraet al. @35#
report a measurement on the momentum distribution of3He
from p̄4He annihilation, with the mean energy correspond
to a momentum of 198 MeV/c. Because of their large mo
menta these reaction products get spread over a large
many of them escaping the annihilation zone, at least fo
while.
10350
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C. Thermalization of annihilation products

The annihilation products lose their kinetic ener
through collisions in the ambient plasma. Ions lose energy
Coulomb scattering on electrons and ions and by Thom
scattering on photons. If the velocity of the ion is grea
than thermal electron velocities, the energy loss is mai
due to electrons. At low energies scattering on ions beco
important.

For an ion withE@T, we find that the energy loss pe
unit distance due to Coulomb collisions is

dE

dr
54pn~Zza!2LS 11

m

M D M

m

1

E

3FA mE

pMT
expS 2

mE

MTD2
1

2
erfSAmE

MTD G . ~8!

Here M, Z, and E are the mass, charge and energy of t
incoming ion,T is the temperature of the plasma,m, z, andn
are the mass, charge, and number density of the plasma
ticles, andL;15 is the Coulomb logarithm. We assume
here that both the incoming ion and the plasma particles
non-relativistic.

When the ion velocity is large compared to the therm
velocities of plasma particles, Eq.~8! simplifies into@40#

dE

dr
'22pn~Zza!2LS 11

m

M D M

m

1

E
, ~9!

and in the opposite case,@mE/(MT)!1#, into @41#

dE

dr
'2

8Ap

3
n~Zza!2LS 11

m

M D 1

T
AmE

MT
. ~10!

The energy loss in a plasma consisting of electrons and
clei is thus

dE

dr
54pne~Za!2Le

M

me

1

E

3FA meE

pMT
expS 2

meE

MT D2
1

2
erfSAmeE

MT D
2

1

2 (
i

S 11
Ai

A DZi
2

Ai

L i

Le

me

mp

ni

ne
G ~11!

where we assumedme/M!1, and used approximation~9!
for scattering on nuclei. The indexi labels different species
of nuclei in the plasma.

We plot the penetration distanced of 3He and3H ions in
a homogeneous plasma in Fig. 1, as a function ofE/T, in the
absence of thermal electron-positron pairs. At large ener
d}E2, which corresponds to approximation~9!. We show
also the effect of ignoring scattering on nuclei.

The drag force exerted on the ion by photons is
8-4
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dE

dr
52

4

3 S me

M D 2

Z4sT«gv. ~12!

The effect of this is negligible compared to Coulomb sc
tering.

Neutrons lose energy through scattering on ions and e
trons. Scattering on electrons is not important forT
,30 keV. The neutron loses a substantial part of its ene
in each collision with an ion. The penetration distance is
order of the mean free pathl51/(sn). Assuming h5
6310210, we find for neutron-proton scatteringl'
4.73109 m(T/keV)22 for a neutron with a typical 70 MeV
energy. AtT,0.36 keV the mean free time of a 70 Me
neutron becomes larger than its lifetime. The neutron is t
likely to decay into a proton before thermalizing.

D. Photodisintegration

The high-energy photons and electrons from pion de
initiate electromagnetic cascades@42–48#. The dominant
thermalization mechanisms for energetic photons and e
trons are photon-photon pair production and inverse Co
ton scattering

g1gbb→e11e2, e1gbb→e81g8, ~13!

with the background photonsgbb . The cascade proceed
rapidly until the photon energiesEg are below the threshold
for pair production,

Egeg5me
2, ~14!

whereeg is the energy of the background photon.

FIG. 1. The penetration distance of a3He and a3H ion in matter
with constant baryon density,h56310210. The distanced is given
in comoving units atT51 keV. Thesolid line is for a case where
all baryons are in the form of protons, and thedashed linefor a 4He
mass fraction of 0.25. Thedot-dashed lineshows the effect of ig-
noring scattering on nuclei. The penetration distance for an ion w
chargeZ and mass numberA is obtained approximately by scalin
the 3H curve by a factorA/(3Z2) vertically and byA/3 horizon-
tally. For scattering on electrons~dot-dashed line! this scaling rule
is exact.
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Because of the large number of background photons
significant number of them have energies@T, and the
photon-photon pair production is the dominant energy l
mechanism for cascade photons down to@45#

Emax5
me

2

22T
. ~15!

Below this threshold energy, the dominant scattering proc
is photon-photon scattering down to@44#

Ec5
me

2

80T
. ~16!

Below this energy the dominating energy loss processes
photons are pair production on nuclei and Compton scat
ing on electrons. Inverse Compton scattering is still t
dominant energy loss mechanism for electrons.

When energy is released in the form of photons and e
trons with energies well aboveEmax, the energy is rapidly
converted into a cascade photon spectrum, which depe
only on the total energyE0 injected, and is well approxi-
mated by@45,47#

dng

dE
5H A~E/Ec!

21.5, E,Ec ,

A~E/Ec!
25, Ec,E,Emax.

~17!

The normalization factor is

A5
3E0Ec

22

72~Ec /Emax!
3

. ~18!

Photon-photon pair production and scattering, and inve
Compton scattering, are very rapid processes compare
interactions on matter, due to the large number of photo
When the photon energies fall belowEc the mean interaction
time rises drastically. The thermalization continues throu
Compton scattering and pair production in the field of
nucleus, in a time scale long compared with that of the c
cade. The pair production cross section is@49#

spair5
3a

8p
Z2sTS 28

9
ln

2E

me
2

218

27 D ~19!

and the Compton cross section is (E@me)

sC5
3

8
sT

me

E S 1

2
1 ln

2E

me
D . ~20!

Photons withE.19.9 MeV disintegrate4He, producing
3He, and also D forE.26.2 MeV. Above the energyEmax
the cascade proceeds so rapidly that photodisintegratio
nuclei is rare and can be ignored. The photodisintegration
4He begins atT50.6 keV, whenEmax becomes larger than
the binding energy of4He. For T50.45–0.60 keV 4He
photodisintegration produces3He ~or 3H) only, below T
50.45 keV also D is produced, although with a smal
cross section. The photodisintegration of D begins earlier
T55.3 keV, because of the smaller deuteron binding

h

8-5
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ergy. The 3He photodisintegration begins atT52.2 keV,
3H at T51.9 keV, and7Li at T54.7 keV.

During the second stage of annihilation, the mean f
path of a photon at a given temperature is always larger t
the distance scale of antimatter regions which annihilate
that temperature. We can therefore assume that the pho
are uniformly distributed over space.

E. Spectrum of annihilation photons and electrons

As the temperature falls the cascade spectrum move
higher energies and, forT&100 eV, it begins to overlap the
initial photon spectrum from annihilation. Then the low
part of this initial spectrum is no more converted to a casc
spectrum before photodisintegration, and the shape of
initial photon spectrum becomes important.

In the pion’s rest frame its direct decay products, photo
muons, and muon neutrinos, have a single-valued ene
determined by conservation of energy and momentum.
muon decays viam2→e21nm1 n̄e. The spectrum of the
electron in the muon’s rest frame is@50#

dne

dE
516

E2

mm
3 S 32

4E

mm
D , 0,E,

1

2
mm ~c.m.! ~21!

in the approximationme/mm'0.
For the decay products of a moving pion, integration o

directions yields an energy spectrum. The decay (p6→m6

1nm) of a charged pion with velocityvp and total energy
Ep produces a muon with a uniform spectrum in the ran

1

2
EpH F11S mm

mp
D 2G6vpF S 12S mm

mp
D 2G J . ~22!

Similarly, the energy of a photon from neutral pion dec
(p0→gg) has a uniform distribution in the range12 Ep(1
6vp). For a muon moving with velocityv and energyEm ,
the electron spectrum becomes

dne

dE
5

1

vEm
S 5

3
212

E2Em
2

mm
4 ~12v !21

32

3

E3Em
3

mm
6 ~12v !3D

~23!

for 1
2 Em(12v),E, 1

2 Em(11v), and

dne

dE
5

16

Em
S 3

E2Em
2

mm
4

2
4

3

E3Em
3

mm
6 ~31v2!D ~24!

for 0,E, 1
2 Em(12v).

The electrons transfer their energy to background phot
through inverse Compton scattering. We calculate the s
tering rateR for an electron with energyEe passing through
a thermal photon background, in the approximationEe@me
@T. Let Eg be the energy transferred from the electron to
photon in one scattering. Using the Klein-Nishina cross s
tion we get for a monochromatic photon background
10350
e
n

at
ns

to

e
he

s,
y,
e

r

s
t-

a
c-

dR

dEg
56

ng

Ee

sT

w S 1

4 S 1

11e
111e D S 12

e

wD
1

e

w
ln

e

w
2S e

wD 2

1
e

wD uS 0,
e

w
,1D , ~25!

wheree[Eg /(Ee2Eg), w[4Eeeg /me
2 , and eg is the en-

ergy of the background photons. Integration over the ther
photon spectrum gives the spectrum of up-scattered pho
for one scattering:

dn

dEg
}

e2

a3E1

`

(e~e/4a!t21)21

3S 1

4 S 1

11e
111e D ~ t21!2 ln t2

1

t
11Ddt,

~26!

where

a[
EeT

me
2

. ~27!

The average fractional energy loss^Eg /Ee& in one scattering
increases with increasinga. At a!1 the average energ
transfer is^Eg&53.60aEe. At large a the electron loses
most of its energy in one scattering. At the limita!1 the
Klein-Nishina cross section reduces into the Thomson cr
section.

The electron scatters several times, losing a decrea
fraction of its energy in each collision. The process genera
a photon spectrum with most of the photons at low energ
wheredn/dEg}Eg

23/2.
In Fig. 2 we plot the spectra of electrons and photo

FIG. 2. Initial spectra of photons and electrons from pion dec
for an exponential pion spectrum with mean energy 329 MeV. T
dot-dashed lineshows the photon spectrum from the decay o
neutral pion. Thedashed lineshows the electron spectrum from th
decay of a charged pion. The electrons transfer their energ
background photons through inverse Compton scattering. The
sulting photon spectra at temperatures 1 keV, 100 eV and 10 eV
shown bysolid lines.
8-6
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from pion decay, for an exponential pion spectrum. We a
show photon spectra resulting from inverse Compton sca
ing.

F. Spallation of 4He by energetic neutrons

The average energy of a nucleon produced inp̄4He anni-
hilation is '70 MeV. This is sufficient to disintegrate
4He nucleus. Protons and ions slow down rapidly compa
to the interaction time of nuclear reactions. Neutrons th
malize much more slowly and may cause significant spa
tion of 4He.

Destruction of even a small fraction of4He may produce
3He or D in amounts comparable to the total abundance
these elements, but destruction of other elements is sig
cant only if a large fraction of the nuclei is destroyed. Th
only n4He spallation is important.

For T,100 eV the neutron mean time before spallati
becomes larger than the neutron lifetime and spalla
gradually ceases.

G. Lithium

We do not expect any drastic effects on the7Li yield from
antimatter regions. For small scales and large antimatter f
tions the reduction in the4He and3He yields cause an eve
steeper reduction in the7Li yield, but the 4He yield is a
more sensitive constraint.

For large scales, annihilation and photodisintegration
7Li is a small effect, just as for D and3He, compared to the
large 3He production from4He annihilation and photodisin
tegration.

Since the standard BBN~SBBN! 6Li yield is much below
the 7Li yield, 6Li production from 7Li annihilation, spalla-
tion, and photodisintegration could cause a large relative
crease in the6Li yield.

The 3H and 3He from photodisintegration and annihila
tion have large energies. They may react with4He to pro-
duce 6Li and 7Li before thermalizing. This nonthermal nu
cleosynthesis may proceed via3H(3He)14He→6Li1n(p),
which has a threshold of 4.80 MeV~4.03 MeV! and is there-
fore not available for thermal nucleosynthesis, and it m
result in a 6Li yield much larger than in SBBN@51#.

III. NUMERICAL IMPLEMENTATION

A. General

We use a spherically symmetric geometry where a sph
cal antimatter region is surrounded by a thick shell of mat
We assume equal initial densitiesnb5nb̄ in both regions,
such that the average net baryon density^nB& corresponds to
^h&56310210.

We give our results as a function of two parameters,
radius of the antimatter regionr A , and the antimatter-matte
ratio R. These parameters together with the net baryon d
sity determine the initial local baryon densitynb and the
volume fractionf V covered by antimatter. The volume fra
tion depends only on the antimatter-matter ratio
10350
o
r-

d
r-
-

of
fi-
s

n

c-

f

-

y

ri-
r.

e

n-

R5
f Vnb̄

~12 f V!nb
5

f V

12 f V
. ~28!

The initial baryon densitynb is linked to the volume fraction
through

^nB&5~12 f V!nb2 f Vnb . ~29!

The radius of our grid isL5r A / f V
1/3. We assume reflective

boundary conditions at the outer boundary of the ma
shell. This models the situation where antimatter regions
radiusr A are separated from each other by the distanceL
between their centers.

For R!1, alsof V!1 andr A!L, so that we have a rela
tively small antimatter region surrounded by a much larg
volume of matter.

The annihilation creates a narrow depletion zone aro
the boundary between the matter and antimatter regions
accurate treatment requires a dense grid spacing in this
gion. The position of the boundary moves with time. The
fore a fixed non-uniform grid is not adequate. We use
steeply non-uniform grid, which is updated at every tim
step. The number of grid cells per unit distance is prop
tional to the gradient in baryon density. The total number
cells is kept constant.

We include nucleosynthesis both in matter and antimat
In matter we follow the reactions up toA57, in antimatter
up to Ā54. Our code includes 15 isotopes:n, p, D, 3H,
3He, 4He, 6Li, 7Li, 7Be, n̄, p̄, D̄, 3H̄, 3He, and 4He.
Heavier matter isotopes are included as sinks.

B. Annihilation and diffusion

Because of the large uncertainty or lack of data for m
of the relevant annihilation reactions we simply use

^sv&5s0 ~30!

for the n̄n, n̄p, np̄, and all n̄A, nĀ annihilation cross sec
tions and

^sv&5C~v !s0 ~31!

for p̄p and all p̄A, pĀ, andĀA annihilations. Here

C~v !5
2puZ1Z2ua/v

12exp~22puZ1Z2ua/v !
, ~32!

and we uses0540 mb. The velocityv in the Coulomb
factor C(v) is the relative velocity, for which we use th
thermal velocityv5A3T/m, wherem is the reduced mass o
the annihilating pair. We also studied the effect of includi
an A2/3 dependence ins0.

We assume thatn̄A andp̄A have the same nuclear yield
and thatnĀ and pĀ have the corresponding antiyields. Th
most importantp̄A reaction isp̄4He. For its yield we use

p̄14He→0.490n10.309p10.130D10.4373H10.2103He,
~33!
8-7
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where we have taken the D,3H, 3He yields from @35#,
s( p̄n)/s( p̄p)50.42 from@38#, and we assumed charge e
change has no net effect, to get then andp yields. Then̄A,
p̄A, nĀ, andpĀ yields for other nuclei thanA54He are not
important. We estimated yields for them by assuming t
p̄(n̄) annihilation is twice as likely withp than withn in the
nucleus@39,38#, using the experimentalp, D, and 3H yields
for p̄6Li and p̄7Li @37#, and otherwise trying to mimic the
p̄4He data.

There is no data on annihilation of an antinucleus on
nucleus. For simplicity we assume that the lighter nucleu
annihilated completely, and the remnants of the hea
nucleus go into4He nuclei and nucleons, with equal numb
of protons and neutrons. Especially, annihilation of a nucl
on an antinucleus with equal mass number leads to t
annihilation.

Annihilation, nuclear reactions, and diffusion are solv
together for better accuracy. Hydrodynamic expansi
spreading of the annihilation yields, and photodisintegrat
are treated as separate steps. We include diffusion of all
and neutrons.

Annihilation reactions are represented by the differen
equation

dYk

dt
52(

l
^nB&^skl

annv&YkYl52(
l

GklYkYl , ~34!

where the indicesk and l refer to the annihilating isotope
andYk5nk /^nB& is the relative abundance.

We integrate Eq.~34! over the time stepDt. We take the
implicit equation

Yk
i 2Yk

i052(
l

Gkl
i Yk

i Yl
iDt, ~35!

and linearize it into

Yk
i 2Yk

i052(
l

m iGkl
i ~Ŷk

i Yl
i1Yk

i Ŷl
i2Ŷk

i Ŷl
i !Dt. ~36!

HereYk
i0 is the initial abundance andŶ is the solution from

the previous iteration step.
We solve this equation iteratively by a modified Newto

Raphson method. The ordinary Newton-Raphson met
~e.g., @52#! does not work in this case, since it often co
verges to an unphysical solution with negativeY. We stabi-
lize the algorithm by introducing a parameterm which ini-
tially is set to zero. We gradually increase the value ofm
between iteration steps, until the solution has converged
m51.

In our code the hydrodynamic expansion is started a
constant temperatureT530 keV. The results are insensitiv
to the starting temperature, because late times dominate
expansion. Equation~3! is solved fornB as an ordinary dif-
fusion equation. The grid cells are then expanded so tha
baryon distribution corresponds to the solution.

Hydrodynamic expansion is not combined into the sa
matrix equation with diffusion and nuclear reactions, but
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treated as a separate step. For this reason the convergen
the code requires a very small time step at late times, w
the hydrodynamic expansion becomes important. This l
ited our ability to calculate with very large scales. For o
largest scaler A51011 m, we did not get a converged resu
for the CMB distortion, since it is sensitive to the lowe
annihilation temperatures, although our results for
nuclear abundances did converge.

C. Spreading of the annihilation products and their reactions

We model the energy spectrum of a nucleus created
annihilation by an exponential distribution exp(2E/E0)/E0.
The spectrum is cut off atE510E0. The mean kinetic en-
ergy E0 corresponds to momentumP05350 MeV/c for
neutrons and protons, and toP05200 MeV/c for nuclei
with A.1.

Consider the spreading of nuclei produced during o
time step, along a linear path. The spherical symmetry allo
us to identify paths with same tangential distancer 0 from the
symmetry center. LetF(E,s,r 0)dr0 denote the cumulative
spectrum of nuclei at distances from the tangent point. The
energy spectrum obeys the differential equation

F~E,s,r 0!dr05FS E2
dE

ds
ds,s2ds,r 0Ddr0

1F0~E!g~r !4pr 2dr
dV

4p
. ~37!

Hereg(r ) is the number of particles created per unit volum
at distancer from the center,F0(E) is their initial spectrum,
and solid angleV(r 0)52pA12(r 0 /r )2 picks directions
which correspond to the tangential distancer 0.

We integrate Eq.~37! assuming a reflective boundar
condition at the outer edge of the grid. Nuclei which fa
belowEmin;T are considered thermalized. The formulas f
the energy lossdE/ds due to various scattering process
were given in Sec. II.

Ions lose energy through Coulomb scattering on electr
and ions, and Thomson scattering on photons. Neutrons
energy through scattering on electrons and ions, or they
cay and thermalize as protons. We include all these effe
Neutrons are allowed to scatter on an ion once, after wh
they are stopped. The strong and weak interaction neu
reactions included are listed in Table I.

D. Nonthermal nuclear reactions

We ignore spallation of nuclei by energetic nucleons
other nuclei than4He. Our results show that even4He spal-
lation is a relatively small effect, which confirms that spa
lation of other nuclei can be safely ignored.

We ignore in this work also the production of6Li by
non-thermal3He(3H)14He reactions@51#, but we are incor-
porating it for future work@59#.

E. CMB distortion

We calculate the ratio of injected energy to the CM
energy as
8-8
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W5E2 keV 1

rCMB~T!

dr̄ann

dT
dT ~38!

and requireW,631025 to satisfy the CMB constraint
HererCMB is the energy density of the background radiati
and r̄ann is the energy density released in annihilation re
tions in form of photons and electrons, averaged over sp
Effectively, we are assuming complete thermalization ab
T52 keV ~redshiftz'8.53106) and no thermalization be
low it. We count intor̄ann half of the total annihilation en-
ergy. The other half disappears as neutrinos, and has n
fect on nucleosynthesis or CMB.

F. Photodisintegration

We compute the initial spectra of electrons and phot
from pion decay following Sec. II E. We assume an exp
nential kinetic energy distribution for the pions, with me
total energy equal to 2mp/5.75329 MeV. The electrons
transfer their energy to background photons through inve
Compton scattering. We compute the spectrum of the ups
tered photons using the Klein-Nishina cross section, ass
ing a thermal background spectrum andEe@me . We then
redistribute the energy of the initial photons~upscattered and
from p0 decay!, whose energies are aboveEc into the stan-
dard cascade spectrum@Eq. ~17!#.

The photons in this resulting spectrum have then an
portunity to photodisintegrate. These photons may pair p
duce on a nucleus, Compton scatter, or photodisintegrate
clei. We allow an unlimited number of Compton scatterin
for a single photon, but we remove the photon after the p
duction of ane6 pair or a photodisintegration reaction. Th
createde6 pairs, as well as the background electrons wh
gain energy in Compton scattering, will produce a seco
generation of non-thermal photons by inverse Compton s
tering. These secondary photons are, however, much les
ergetic than the primary ones, and we ignore them.

The photodisintegration reactions included in our code
listed in Table II.

In @24# we used the results of Protheroe Stanev and
rezinsky~PSB! @46# for photodisintegration. PSB calculate
the amount of3He and D produced per 1 GeV of energ
released in the form of photons and electrons, as a func

TABLE I. Neutron reactions and references to their cross s
tion data.

Reaction Ref.

n1p total @53,54#

n1 p̄ total @55#

n14He total @56#

n14He→3H1D @57# ~from inverse reaction!, @58#

n14He→3H1p1n @58#

n14He→D1p12n @58#

n14He→2D1n @58#

n14He→3He12n @58#

n→p t5886.7 s
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of redshift. However, their result does not apply for anni
lation at low temperatures, when a significant part of t
initial photon spectrum from annihilation is below th
threshold for photon-photon pair production. In Fig. 3 w
compare the PSB yields with the more detailed treatm
described above which we are now using.

We get less3He ~D! than the PSB yield forT,100 eV
(50 eV). There are two reasons for this difference.

First, our cross sections~Table II! differ somewhat from
what PSB used. The main difference is for large photon
ergies Eg*200 MeV, where the4He photodisintegration
cross section again becomes large and a pion is produ
~‘‘pion photoproduction’’!. PSB assumed large D and3He
yields for these reactions. Available data@65# gives very
small cross sections for the4He1g→3H1p, 4He1g→D
1p1n, and 4He1g→D1D channels forEg.200 MeV.
Accordingly, we set the D and3He yields to zero in this
range. Therefore we get lower D and3He production at low
temperatures as the cascade moves to these higher ene

Second, for low temperatures the cascade energies m
up to and beyond the energies of the initial annihilation ph
tons. Since we only convert to the cascade those initial p
tons whose energy is above the cascade turnoverEc , our
photon spectrum for photodisintegration does not move
further. Therefore the D and3He yields become almost in
dependent of temperature forT,5 eV. In our nucleosyn-

- TABLE II. Photodisintegration reactions and references to th
cross section data.

Reaction Ref.

D1g→p1n @53# ~from inverse reaction!
3H1g→D1n @60,61#
3H1g→p12n @60#
3He1g→D1p @62#
3He1g→2p1n @60#
4He1g→3He1n @63#
4He1g→3H1p same as4He1g→3He1n
4He1g→D1p1n @64#

FIG. 3. Comparison of our photodisintegration3He and D
yields ~solid lines! with Protheroeet al. @46# ~dashed lines!.
8-9
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thesis runs most of the annihilation takes place forT
.5 eV, but for antimatter regions larger thanr A;1011 m
annihilation occurs at these lower temperatures and the
todisintegration contribution should become independen
r A .

IV. RESULTS

We show light element yields as a function of the rad
r A of the antimatter region and the antimatter-matter ratioR
in Figs. 4, 5, and 6. We show also the temperature aro
which the annihilation is taking place. All results are for
net baryon densitŷh&56310210.

For scales smaller thanr A5105 m, annihilation happens
before the weak freeze-out, and has no effect on BBN.
scales betweenr A5105 m andr A5108 m, neutron annihi-

FIG. 4. The yield of4He as a function of the antimatter-matt
ratio R and the radiusr A of the antimatter regions. The SBBN
result, which is approached in the lower left corner, isYp

50.2484. Thedotted linesshow contours ofTann, the temperature
at which half of the antimatter has annihilated.

FIG. 5. Same as Fig. 4, but for3He. The SBBN yield is
3He/H51.0631025.
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lation before4He formation leads to a reduction in the4He
yield compared to standard BBN~SBBN!.

If annihilation is not complete before4He formation, it is
delayed significantly because the neutrons have disappe
and ion diffusion is much slower than neutron diffusio
There will then be a second stage of annihilation well af
nucleosynthesis, atT;3 keV or below. This leads to a sub
stantial increase in the yields of3He and D.

Antimatter regions in the size ranger A;107–108 m are
annihilated in two stages. In the lower part of this rang
practically all antineutrons diffuse out of the antimatter r
gion and are annihilated in the first stage, but neutrons
fusing towards the antimatter region manage to annihi
only an outer layer of the antiprotons before nucleosynthe
swallows the remaining neutrons. Thus the antimatter reg
that is left for the second stage of annihilation consists
antiprotons only.

Larger antimatter regions,r A*43107 m, have also an-
tineutrons left by the time of nucleosynthesis, and thus a
nucleosynthesis, producing mainly4He, takes place in the
antimatter region. The main significance of this is thatp4He
annihilation will later produce high-energy antinucleon
which penetrate deep into the matter region before annih
ing. Thus not all of the annihilation occurs in the annihilatio
zone~‘‘primary’’ annihilation!, but there is also a significan
amount of ‘‘secondary’’ annihilation occurring in a larg
volume surrounding the annihilation zone.

The main annihilation reaction during the second stag
p̄4He. It produces3He and a smaller amount of D. Becau
of their high energy, these annihilation products penetr
some distance away from the annihilation zone. Less t
half of them end up in the antimatter region and are ann
lated immediately. The rest end up in the matter region,
partly so close to the antimatter region that they are suc
into the annihilation zone and annihilated later~except for
the largest scales studied!.

For r A*53107 m, part of the annihilation occurs below
T50.6 keV where4He photodisintegration produces3He
and D.

FIG. 6. Same as Fig. 4, but for D. The SBBN yield is D/
52.7031025.
8-10
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Thus there are two main contributions to3He and D pro-
duction: annihilation and photodisintegration. We show th
contributions separately in Figs. 7 and 8.

Figure 7~a! shows the net production of3He ~including
3H) from all annihilation reactions. The most important3He
producing reaction isp̄4He. Another isn̄4He, where the an-
tineutrons come fromp4He annihilation. 3He is destroyed
primarily by p̄3He annihilation in the annihilation zone.

Annihilation production of 3He increases steeply from
r A523107 m to 53107 m as a larger part of the antima
ter region survives till the second stage. Forr A.
53107 m, the annihilation production of3He keeps in-
creasing with scale, since the annihilation shifts to low
temperatures where the3He produced in annihilation travel
longer ~comoving! distances, and is thus able to better s
vive annihilation.

3He produced in the matter region by the secondary
nihilation is much more likely to survive and thus this se
ondary annihilation produces more, or at least a compar
amount of, surviving3He than the primary annihilation in
the ranger A;108–53109 m, where most of the3He from
primary annihilation gets annihilated. In@24# we did not in-
clude this secondary annihilation, and therefore we go
smaller annihilation contribution.

Figure 7~b! shows the net production of3He from all

FIG. 7. Contribution to the3He yield from~a! annihilation and
~b! photodisintegration. To the left of thethick line in ~b! the con-
tribution is negative, since3He photodisintegration dominates ov
photoproduction.
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photodisintegration reactions. Photodisintegration of3He
sets in forr A*23107 m but has only a small effect. Fo
r A.53107 m, photoproduction of3He from 4He over-
comes 3He photodestruction and increases up tor
;109 m, as a larger part of the cascade exceeds the4He
photodisintegration threshold.

For r A*1010 m, photoproduction of 3He decreases
again, as the cascade keeps moving to higher energies.
photodisintegration cross sections for3He and D production
are smaller at these higher energies, and because the
vidual photons have higher energies there are fewer of th
For even larger scales,r A.1011 m, we would expect the
photoproduction to stabilize as the cascade gets replace
the initial annihilation spectrum~cf. Fig. 3!.

The different dependence of these two contributions onT,
and thus onr A , means that annihilation production dom
nates for r A523107–53108 m (Tann.250 eV) andr A
.331010 m (Tann,10 eV), but photoproduction domi
nates in the intermediate ranger A553108–331010 m.

In Fig. 7~a!, the feature atR.0.1, r A5109–1010 m is
due to annihilation of the photoproduced3He.

For D ~see Fig. 8! we observe the same effects, with som
differences. Annihilation produces about 5 times more3He
than D, but D penetrates farther from the annihilation zo
and thus survives better. Therefore the D yield from ann
lation is less dependent onr A , as most of the D survives
already for smaller scales. The ratio of the net annihilat

FIG. 8. Same as Fig. 7, but for the D yield.
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HANNU KURKI-SUONIO AND ELINA SIHVOLA PHYSICAL REVIEW D 62 103508
production of 3He and D is therefore less than 5, and a
proaches this number only for the largest scales, where
nally most of the3He also survives.

Photodisintegration of D begins already atT55.3 keV,
so it occurs always when the second annihilation stag
reached. Photoproduction of D from4He can only begin at
T50.45 keV. Also the D yield from4He photodisintegra-
tion is less than a tenth of the3He yield. Therefore D pho-
toproduction overcomes photodisintegration only for sca
r A*33108 m.

The third significant mechanism for D and3He produc-
tion caused by annihilation is spallation of4He by the high-
energy neutrons fromp̄4He annihilation. For the scalesr A
5107–108 m its D and3He yields are about 10% of that b
annihilation reactions. For larger scales its relative imp
tance falls off, as neutrons decay into protons, which are t
thermalized, before encountering a4He nucleus.

Because of the large uncertainty about the annihilat
cross sections in reactions involving other nuclei than j
nucleons, we studied the effect of including anA2/3 depen-
dence in the cross section. This did not have a signific
effect on the primary annihilation in the annihilation zon
but increasing then̄4He cross section increased the probab
ity of secondary antineutrons annihilating4He instead of
protons. Thus we got an increased3He yield for distance
scalesr A;108–53109 m. Reducing then̄4He cross section
would have an opposite effect.

Comparing our calculated yields to the observed ab
dances and the primordial abundances derived from th
@66,67#, we obtain upper limits to the amount of antimatter
the early universe. We plot the limits from BBN and CM
on the antimatter-matter ratioR as a function of the radius o
the antimatter region in Fig. 9.

FIG. 9. Upper limits from BBN and CMB to the antimatte
matter ratioR as a function of the radiusr A of the antimatter re-
gions. The area above thesolid linesis excluded by4He underpro-
duction (Yp,0.22) or 3He overproduction (3He/H.1024.5). The
dashed linegives an alternative limit from using3He/D.1 as the
criterion for 3He overproduction. Thedot-dashed lineis the limit
from CMB distortion.
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For small antimatter regions the limit comes from und
production of4He. UsingYp50.22 as our lower limit to the
primordial 4He mass fraction, we obtain an upper limitR
&0.02–0.04 forr A50.6–203106 m. Because this result is
obtained from a calculation with the net baryon dens
^h&56310210, corresponding to the SBBN yieldYp
50.248, a better way to state our4He constraint is that we
allow a maximum reduction ofDYp50.028 from the SBBN
result. Different assumptions onh and observedYp could
give a smaller acceptableDYp and thus a tighter limit onR.
But this does not work in the other direction, since the4He
yield falls very rapidly with increasingR. Thus the limit onR
can hardly be relaxed from our stated value by using diff
ent observational constraints.

At larger scales,r A.23107 m, the limit is set by over-
production of 3He. There has been much uncertainty in t
estimated primordial3He abundance, because of a lar
scatter in its observed abundances and uncertainties abo
chemical evolution@66,68#. Current knowledge suggests
probable primordial abundance of3He/H;1025, with three
times this value a reasonable upper limit@68#. Thus we have
used the constraint3He/H,1024.5.

The upper limit toR from 3He falls rapidly as the distanc
scale is increased from 23107 m to 109 m, where the limit
becomesR&231024. For even larger scales the limit i
slightly relaxed but stays below 331024.

Figure 9 can be compared to Fig. 2 of Rehm a
Jedamzik@23# or to Fig. 2 of@24#. Our 4He yield is slightly
larger and the corresponding limit toR weaker than in@23#,
because our net baryon density,^h&56310210, is larger
than the one used in@23#, ^h&53.43310210. Near r A
;108 m we now get a tighter limit onR due to a higher3He
yield than we gave in@24#. This is due to3He production by
secondary annihilation in the matter region, which was
nored in@24#.

These limits are stronger than those from the CMB sp
trum distortion for scalesr A<1011 m. We did not calculate
the yields for larger scales, but the3He and D yields should
become roughly independent ofr A , since for these large
scales the primary annihilation products penetrate far eno
from the annihilation region to survive, and the spectru
responsible for photodisintegration is the initial annihilati
spectrum, so the dependence on the annihilation tempera
disappears. The CMB limit should then become stron
than the3He constraint near the scaler A;1012 m.

V. CONCLUSIONS

We have studied the effect of antimatter regions of a
moving sizer A;1025–10 pc on big bang nucleosynthesi
Smaller antimatter regions annihilate before weak freeze
and are not likely to lead to observable consequences. La
regions annihilate close to, or after recombination, and
amount of antimatter in such regions is tightly constrained
the CMB and CDG spectra.

Regions smaller thanr A;231023 pc annihilate before
nucleosynthesis. The annihilation occurs due to neutron
antineutron diffusion and leads to a reduction in then/p ratio
and thus to a reduction inYp . RequiringYp>0.22, we ob-
8-12
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tain an upper limitR& few % for the primordial antimatter
matter ratio for antimatter regions in the size ranger A
;(0.1–2)31023 pc.

If the annihilation is not complete by nucleosynthesis,
T;80 keV, it is significantly delayed, since all neutrons a
antineutrons are incorporated into4He and 4He, and~anti-!
proton diffusion is much slower. There will be a seco
stage of annihilation atT&3 keV, when proton and ion dif-
fusion finally become effective in mixing the remaining a
timatter with matter.

This second stage of annihilation leads to production o
large amount of3He and a smaller amount of D, throug
several mechanisms.

Annihilation of 4He with antiprotons in the annihilation
zone separating the matter and antimatter region prod
3He and D which are deposited some distance away from
annihilation zone. A large fraction of these annihilation pro
ucts gets however sucked into the annihilation zone later
is thus annihilated. The surviving fraction increases with
creasing distance scale, since this corresponds to a dec
ing annihilation temperature. At lower temperatures the
ergetic ions from annihilation penetrate larger~comoving!
distances into the matter region.

Antinucleosynthesis in the antimatter region produc
4He, whose annihilation produces antinucleons and sma
antinuclei. Of these, especially the antineutrons penet
deep into the matter region, where they can annihilate4He
producing3He, which has now a much better chance to s
vive.

An important source of3He and D is photodisintegratio
of 4He by the annihilation radiation. The large energy part
the initial radiation spectrum is converted into an elect
magnetic cascade spectrum. The large-energy cut-off of
cascade exceeds the4He photodisintegration threshold whe
the temperature has fallen below 0.6 keV. Forr A*
331022 pc most of the annihilation occurs below this tem
perature and thus the photoproduction of3He and D be-
comes important. Photodisintegration of4He is the dominant
source of3He for r A;0.1–10 pc. For larger distance scal
the annihilation mainly occurs at lower temperatures wh
the photon spectrum shifts to higher energies where it ca
less photodisintegration.

Another source of3He and D is the spallation of4He by
.

tt.
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high-energy neutrons from annihilation reactions. This eff
is at least an order of magnitude smaller than the ones
cussed above.

3He and D are also destroyed by photodisintegration,
since the total amount of these isotopes is much less than
of 4He, this is a small effect.

For scales larger thanr A;231023 pc the tightest con-
straint on the primordial amount of antimatter is due to3He
overproduction.p̄4He annihilation produces several time
more 3He than D and4He photodisintegration produces ov
10 times more 3He than D. For scales larger thanr A
;0.1 pc, the requirement3He/H,1024.5 gives an upper
limit R&331024.

Rehm and Jedamzik@69# have studied this same proble
and obtained results that seem to be in qualitative agreem
with ours, but they find a lower3He yield. Their upper limit
to R from 3He overproduction is weaker than ours by abo
a factor of 2. They also criticize our use of3He/H as a
constraint. Therefore we show in Fig. 9 also the constra
3He/D,1, which is observationally more secure@48#. As
can be seen from the figure, the limits toR stay essentially
the same. By assuming that the low6Li/H observed in some
population II and disk stars is an upper limit to its primord
value, they obtain an even tighter limit onR from 6Li over-
production @69#. However, 6Li is very fragile and is thus
likely to be depleted in these stars. The main source of6Li is
spallation by cosmic rays in the interstellar medium. Th
the primordial abundance of6Li based on observations i
very uncertain, as noted also in@69#, and could be much
lower or much higher than the one observed.

In conclusion, we have established nucleosynthesis c
straints on the amount of antimatter in the early unive
which are tighter, by a large factor, than those from the CM
spectrum, or any other known observational constraint,
antimatter regions smaller than;10 pc.
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