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Limits on cosmic matter-antimatter domains from big bang nucleosynthesis

Jan B. Rehrh and Karsten JedamZik
Max-Planck-Institut fu Astrophysik, Karl-Schwarzschild-Str. 1, 85748 Garching, Germany
(Received 9 June 2000; published 30 January 2001

We present detailed numerical calculations of the light element abundances synthesized in a universe
consisting of matter and antimatter domains, as predicted to arise in some electroweak baryogenesis scenarios.
In our simulations all relevant physical effects, such as baryon-antibaryon annihilations, production of second-
ary particles during annihilations, baryon diffusion, and hydrodynamic processes, are coupled to the nuclear
reaction network. We identify two dominant effects, according to the typical spatial dimensions of the do-
mains. Small antimatter domains are dissipated via neutron diffusion pritteisynthesis alay.~80 keV,
leading to a suppression of the primordiide mass fraction. Larger domains are dissipated bdlgw via a
combination of proton diffusion and hydrodynamic expansion. In this case the strongest effects on the elemen-
tal abundances are due pd*He annihilations, leading to an overproduction®fe relative to’H and to an
overproduction ofLi via nonthermal nuclear reactions. Both effects may result in light element abundances
deviating substantially from the standard big bang nucleosynthesis yields and from the observationally inferred
values. This allows us to derive stringent constraints on the antimatter parameters. For some combinations of
the parameters, one may obtain both Ivand low“He at a common value of the cosmic baryon density, a
result seemingly favored by current observational data.
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[. INTRODUCTION as the current horizon. It is, however, not possible on
grounds of the above results to exclude the existence of
Recently, there has been a revived interest in antimattesmall and distant pockets of antimatféi.
cosmologies, stimulated in part by the first flight of the Al- A complementary scenario with small-scale domains of
pha Magnetic Spectromet@AMS) and by the prospect of a antimatter which have completely annihilated prior to recom-
long-term AMS mission on board the International Spacebination has, however, hardly been investigated in the past.
Station Alpha(ISSA). While these efforts concentrate on di- Note that such a scenario necessarily involves an excess of
rect detection of antinuclei in the solar system, several limitsnatter over antimatter. While the very precise observation of
on the existence of antimatter domains have been placed ihe CMBR allows us to place stringent limits on any non-
the past. It has been known for a long time that the presenaéermal energy input into the CMBR during epochs with
of significant amounts of antimatter within a distance of CMBR temperature 0.3 e¥T=<1 keV, in particular, also
about 20 Mpc from the solar system may be excluded oron energy input due to annihilatiop§], even more stringent
grounds of the nonobservation of annihilation radiafidh  constraints may be derived from considerations of big bang
More recent studies of the diffuseray background claim to nucleosynthesi$BBN). Such a baryoasymmetric universe
exclude antimatter regions in today’s Universe within a dis-filled with a distribution of small-scale regions of matter or
tance of ~1000 Mpc [2], a considerable fraction of the antimatter may, for example, arise during an epoch of baryo-
present horizon~3000 Mpc. The existence of antimatter do- genesis at the electroweak scale. It has been shown within
mains would also have impact on the cosmic microwavehe minimal supersymmetric standard model and under the
background radiation(CMBR). Recent studies predict assumption of explicit as well as spontaned@R violation
“ribbon”- or “scar”-like anisotropies in the CMBR, at the that during a first-order electroweak phase transition the
interfaces of matter and antimatter domains, with a Sunyaewaryogenesis process may result in individual bubbles con-
Zel'dovich-typey distortion of the order of 10° [3,4]. Such  taining either net baryon number or net antibaryon number
small distortions are beyond the detection limits of curren{7]. More recently, it has been argued that preexisting sto-
CMBR observations and probably also beyond those of thehastic(hypepmagnetic fields in the early Universe, in con-
upcoming Microwave Anisotropy Prob®AP) and Planck junction with an era of electroweak baryogenesis, may also
satellite missions. Given that only a small region of the pa-cause the production of regions containing either matter or
rameter space for the sizes of antimatter domains remains, éintimatter[8]. Though it seems questionable at present if
seems very unlikely that we live in a universe containing anyelectroweak baryogenesis has occurred at all, there are other
considerable amount of antimatter today. In particular, thémaginable scenarios which could lead to a small-scale
possibility of a baryosymmetric universe containing equalmatter-antimatter domain structure in the early Univégie
amounts of matter and antimatter is excluded unless the This kind of initial conditions may have profound conse-
separation length of matter and antimatter is nearly as largguences on the abundances of the cosmological synthesized
light elements. In the standard picture, synthesis of the light
elements takes place between the cosmological epoch of
*Email address: jan@mpa-garching.mpg.de weak freeze-out aT~1 MeV and T~20keV. The abun-
TEmail address: jedamzik@mpa-garching.mpg.de dances of the light elements are highly sensitive to the cos-
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hilation of antimatter domains during BBt temperatures
aboveTs,) may significantly alter the neutron-to-proton ra-
tio at T4y [10]. However, light element abundances are also
sensitive to putative matter-antimatter annihilations after the
epoch of BBN. In this paper, we thus extend our analysis of
annihilation of antimatter domains to a much wider tempera-
ture regime, from above the epoch of weak freeze-out to the
epoch of recombination. This allows us to constrain matter-
antimatter domains within a much wider range of domain
separations. The same scenario, annihilation of matter- T I
antimatter domains during and after BBN, has been very m T T wom
recently investigated in a Letter by Kurki-Suonio and Shi-  FIG. 1. Sketch of the assumed initial conditions: Antimatter
vola[11]. Though the main conclusions of our paper are noldomains are embedded in a background of matter.
vastly different from those of Refl11], we arrive at some-
what different resultfactor of ~3) for the synthesis of Motivated by the idea to reconcile a universe dominated by
some of the elemental abundances. Furthermore, we useparyonic dark matter with BBN, Yepes and Domuez-
different approach in comparing our theoretical results withTenreiro investigated the effects of antibaryons injected
observationally inferred values for the light element abun-ing BBN [16]. An outstanding feature of such scenarios is a
dances. In particular, we base our constraints on observatiosignificant reduction ofLi production compared to standard
ally determined limits on the primordidHe/’H ratio, rather  BBN. Nevertheless, the claim that such scenarios may be
than on the much less secure limit on primordiele. We  compatible with a fractional contribution of baryons to the
also consider the production 8ti, which yields a tenta- critical density of(),=1 seems not viable due to the over-
tively much more stringent limit on the existence of antimat-production of*He and the®He/H ratio.
ter domains. In this paper we investigate BBN with matter-antimatter
Prior studies of the influence of antimatter domains on thejomains. The assumed initial conditions and definitions
light element abundances have only been carried out in th@hich are used throughout the paper are introduced in Sec I.
context of a baryosymmetric univergg12]. Of course, such |n contrast to homogeneous antimatter injection, this topic
models have to assume that annihilation of all cosmic baryrequires an understanding of hydrodynamic and diffusive
ons may be avoided by an assumed “unphysical” and unprocesses which lead to the mixing of matter and antimatter.
known rapid separation mechanism of matter from antimatThese processes are summarized in Sec. . Nuclear annihi-
ter. In essence, these works have shown that antimatt@tion reactions and the production of secondaries and their
domains and successful BBN mutually exclude each other igvolution are investigated in Sec. IV. In Sec. V we then
baryosymmetric cosmologies unless the separation betwegjtesent results of detailed numerical simulations of BBN in
matter and antimatter domains is exceedingly large. In thaghe presence of matter-antimatter domains. New and strin-
case, however, BBN proceeds in a standard way, indeperent limits on antimatter domains are derived in Sec. VI,
dently in matter and antimatter domains. whereas Sec. VIl is devoted to a discussion and conclusions.
There have been a number of studies concernihgrao-  The appendixes discuss the structure of the actual annihila-
geneousinjection of antimatter into the primordial plasma tion region(Appendix A and some aspects of the numerical

during or after BBN[13-16§. Antibaryon production may treatment of the problertAppendix B.
result through the decay of relic, heavy particksf had-

ronic decay channels are present or the evaporation of pri-
mordial black holes. A possible candidate for tRearticle

is the grivation, the superpartner of the graviton. It was real- In this work, we consider cosmological models which
ized early that antibaryons injected around weak freeze-outontain different amounts of antimatter distributed in do-
would increase the synthesiz8dle abundance, due to pref- mains of various sizes,. In such scenarios, the Universe
erential annihilation on protorjd7]. This was used to derive may be envisioned as a distribution of matter with embedded
a limit on the relative antibaryon abundance wf/(n, domains of antimatter, as is schematically shown in Fig. 1.
+np)=1/20. Injection of antibaryons after BBN would re- Initially, the matter densities,(r|r>r,) in the matter re-
sult inp *He annihilationg13]. The concomitant production gion and antimatter densities,(r|r<r,) in the antimatter

of 2H, ®H, and>He, either by direct production durirfide ~ domains with radius , are assumed to be equal throughout
annihilation or by fusion processes of secondary neutronghe Universe. The average net baryon density is thus given
was found to give unacceptable lar¢@+3He)/H, unless by

np/n,=<10 2 [14]. Such arguments were subsequently used

to constrain the abundances of particular relic partifléEs. A=N N, =Np(r[r=>1 ) (1= o) —nplr[r<rp)fy, (1)

Il. PRELIMINARIES
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wheren,, is the average photon number densiiy,, the ni(r)

average net baryon-to-photon ratio, and the filling fatfgis Ai(r) = —er - )
defined as the fraction of the volume of the Universe filled

with antimatter. Here and in the following a bar over some, . . .
guantity denotes the horizon average of that quantity. Sincjéve also V.V'” use the q“a““t?(.r)’ Wh'Ch denotes the rela-
baryosymmetric models will not leave baryon number afte Ive cosmic temperature variation gti.e.,

the completion of annihilation, models with an excess of

baryon number will be considered, i.¢,<0.5. Further, we T -T
define the antimatter-to-matter ratio o(r)= N 6
Ra=Np/Np 2

whereT is an appropriately defined cosmic average tempera-

as the ratio of antibaryon numbig= [yny(r)d3r to baryon  ture andT(r) is the local temperature.
numberNy= [yny(r)dr.

It is convenient to express the length scales in our prob- . DIFFUSIVE AND HYDRODYNAMIC PROCESSES
lem in comoving units. The length of, e.g., an antimatter o
region at some cosmic tinte or equivalently temperaturg, A. Pressure equilibrium
may be related to the length it had at a fixed temperafgre Our initial conditions are such that matter and antimatter

which we choose to be 100 GeV. The physical digE) of  regions exist in pressure equilibrium with each other at uni-
that region in terms of the comoving sitg=1(100GeV) form cosmic temperature. As long as the transport of baryon

is thus given by number over the boundaries from one region into the other is
not efficient, matter and antimatter are kept in separate re-
R(T) gions. The photon and lepton densities are homogeneous and

|(T):|1oo< ?(m), (3)  the temperature is the same throughout the Universe. Inho-

mogeneities in the total baryonic density, which is defined as
; ; " tot
whereR(T) is the cosmic scale factor at an epoch with tem-tl1e baryon plus an'Flbaryon density at position|ny (")l
=n,(r)+ny(r), may arise only when transport of baryon num-

peratqreT and we defineR,;,;=R(100 Ge\./): 1. The time ber over the domain boundaries occurs and annihilation pro-
evolution of the scale factor may be derived from the con-

. 3p3_ ceeds. Subsequently, the baryon and antibaryon densities
fsae(:;/;t'gcol?;seggofy,’s f,(g?_’isl-r vljherzonSt.isTtrr:gsntjrr;ebesrcii‘e close to the boundary decrease, leading to a decrease in the
o Y s ’ s 12 (ant)baryon pressure in the annihilation region. This bary-
relativistic degrees of freedom contributing to the entropy

. . _Jonic underpressure is then compensated for by a slight adia-
density of the Universe. At the electroweak phase transition, ;- compression of the region and thus an increase of the
(T~100GeV, g, ~100. For definiteness, we will assume

h hich all cul h radiation pressure, so as to reestablish pressure equilibrium
that g, (100 GeV)=100, which allows us to calculate the pepyeen the region and its environment. Fluctuations which

physical length as a function of the comoving length at 100 p,ve come into pressure equilibrium will be termed “iso-

GeV, ligp. The comoving scalélyge thus corresponds, paric» fluctuations[20]. Note that the time scale for reestab-

for example, to a physical length at a temperature of Yishing pressure equilibrium is by far the shortest of all time
MeV' of I(1MeV)=1,00X 105%00/10-75} and 10 I(T)  gcales in our problem, such that the assumption of attaining
= l19(100 GeVIT)(100/3.909}" for any epoch subsequent pressure equilibrium instantaneously is justified. An isobaric

toe” annihilation. - fluctuation after some annihilation at the domain boundaries
The time evolution of the densitieg(r,t) of the nucleon  pa5 occurred is shown in Fig. 2.

or light nuclei species (and their antiparticlesis governed At jate times and for fluctuations where the photon mean
by three mechanisms, namely, diffusion and hydrodynamigree path aftere™ annihilation becomes large compared to
processes, annihilation, and nuclear reactions: the spatial scale of the fluctuationgtypically at T
~20keV), temperature gradients between the fluctuations
cannot be maintained anymore and the assumption of pres-
sure equilibrium breaks down. In this regime the density in-
homogeneities are dissipated by hydrodynamic expansion of

We discuss diffusive and hydrodynamic processes in Sec. IIIt,he cosmic fluid(see below

whereas baryon-antibaryon annihilations will be discussed in
Sec. IV. The nuclear reaction network has been widely dis-

ﬂni &ni
gt at

an;

o
diff/hydro

an;
at

ann

(4)

nuc

B. Baryon diffusion

cussed in the literaturée.g.,[18,19) and will thus not be Transport of (antibaryon species over the domain
described here. Some aspects of the numerical treatment mapundaries may only be accomplished by diffusion, which is
be found in Appendix B. described by

We will frequently use variable4;(r), which are defined
in terms of the number density of specieat coordinater ﬂ:DVZn- @
and the average net baryon number densif at o
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FIG. 2. Snapshot of an isobaric density fluctuation. The solid FIG. 3. Diffusion lengthsd,qy of (antineutrons(dashed lines
line represents the total baryorfice., baryonic plus antibaryonic and (antjprotons(solid lineg as a function of cosmic temperature,
overdensityA(r), the dotted line the deviation from the average measured on the comoving scale fixed Tat 100 GeV. Here a
cosmic temperaturé(r). The boundary between the matter and baryon-to-photon ratio ofy=4x 101 has been assumed.
antimatter domains is approximately raﬁ)(,:: 1076, wherer o is
the radius of the spherical simulation volume. trolled by the much weaker magnetic moment scattering on
electron-positron pairs and thus the diffusion length is
whereD; is the relevant diffusion constant. Equatidh may  longer. As long as the temperature is higher thah MeV,
be written in comoving radial coordinatésee Ref[20]) neutrons and protons are, however, constantly interconverted
by the fast weak interactions. During this epoch, baryons
’mi(T'rlOO):iL Erz LA-(Tr ). ® may thus diffuse during the time they spend as neutf2hk
at 00 100\ RZ 100rge " 100 ) After the weak interactions freeze out &dt~1 MeV,
neutron-to-proton interconversion ends, but the neutrons
where we have used the notation introduced in the previousontinue to diffuse. AfTay~80keV, virtually all free neu-

section. o o trons are bound int6He nuclei. All baryons and antibaryons
The.dlfquIOn constanDik. for baryon species due to  exist now in the form of charged nuclei and antinuclei.
scattering off some speci&swith cross sectiomwr;, and num- Proton and charged nuclei diffusion is limited by Cou-

ber densityn, is approximately given by the product of ther- lomb scattering off electrons and positrons from the time of
mal baryon velocityw; and baryon mean free pakly of the  weak freeze-out down to a temperatufe=40keV. The
particle under consideration: Coulomb cross section for the light nuclei is proportional to
the square of the nuclear char@é and the thermal velocity

Di~ EU_|_k:EU_L_ (9 V1/A;, whereA, is the mass number of the nucleus under
3T 3 oy consideration. This leads to a suppression factor of the dif-

o , . fusivity of nuclei relative to that for protons of (@7\A;)
Some relevant diffusion constants and their cosmological imro).

portance may be found in Refl20]. The effective baryon When the pair density decreases at temperatures lower
diffusion constant of nucleusn the plasma due to scattering .0 T~ 40 kev protons cease to diffuse as individual par-

off different species is given by ticles. Rather, a proton-electron system diffuses together in

1 1 order to maintain electric charge neutrality and consequently
= 2 — (100  the larger electron photon cross section dominates the proton
Di % Di diffusion constan{20]. Diffusivity of nuclei at these tem-

peratures is expected to be suppressed by a fadordla-

The diffusion length of a species is defined as the rms disgye to that of protons. The proton and electron diffusion

tance traveled during time Written in comoving coordi-  |engths are displayed in Fig. 3 for the temperature range of
nates, one findésee Refs[21,20) interest.

diodt) =

t 172
GJORZD(t’)dt'} . (17 C. Heat diffusion and hydrodynamic expansion

Heat transport between isobaric high- and low-density re-
Three different temperature regimes with respect to the difgions, in particular between regions with high and low total
fusion of baryons may be distinguished. At early times, priorbaryonic pressure and concomitant low and high radiation
to the annihilation of thermal electron-positron pairs, the propressure, may be accomplished by diffusing or free stream-
ton diffusion length is short due to their electromagnetic in-ing neutrinos or by diffusing photons. Note that the effect of
teraction with the ambient pairs. Neutron diffusion is con-such heat transport is the decreasdaoftibaryonic density
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in overdense regions and the increasdaoftibaryonic den-  Z;. Note that expressiofi5) quickly reduces to the pressure
sity in underdense regions. We will be interested in the evoexerted by an ideal gas when the reduegd pair density
lution of inhomogeneities which are generated by annihilaﬂ;airz npair/nnEt becomes negligible compared tB;Z;A;
tions at relatively low temperaturdssafew MeV, such that [20].
neutrino heat conduction is typically inefficief0]. In con-

trast, heat transport via photons may be efficient towards the
end of thee™ annihilation, depending on the length scale of

the temperature fluctuations. During the timeedf annihi- A. Annihilation reactions and cross sections
lation, the comoving photon mean free path

IV. MATTER-ANTIMATTER ANNIHILATION

The dominant process in nucleon-antinucleon interactions

-1 is direct annihilation into pions:
1755~ (12
1007 5 nge p+p
: o . p+n o _+ -
increases enormously since it is inversely proportional to the n+n( 7T T (y,vv). (16)

total number density of electrons and positrong; =ng+
+ne-. At temperatures belowl =30keV, essentially all
pairs have annihilated and,- is dominated by net electron
number densities required to maintain charge neutrality. Th

increased photon mean free path may then affect the dissip p/ )
ound state of protonium is also possible, but the cross sec-

tion of fluctuations in the baryon densit#3]. As long as the =~ 32 aeb ;
photon mean free path is still shorter than the scale of th%?hrillf;stisra”er by (ne/mp)~“~10"> compared to direct an-

fluctuation, heat transport is described by the diffusion equa*

n+p.

lectromagnetic annihilationp(+p— y+ y) is suppressed
y a factor of Me/m,)2~3x10 7. Annihilation via the

tion for photons, which is identical to E(7), but with A;(r) The ch_agrgec_j pions either decay with a lifetime of-
replaced by the temperature fluctuatio®(s). The diffusion ~— 2:6X10°°s d'reC“f |nto+leptons,
constant is now given approximately by (g T
O Le++ve+17# (17)
D,~=C1,, (13 Y

*

with g, the statistical weight of the heat transporting particles I—’e TPt Vs (18)
(g¢=2 for photong andg, the statistical weight of the rela-
tivistic particles still coupled to the plasma,(=g; aftere™
annihilation, since neutrinos are decoupled

When the photon mean free path becomes larger than the
scale of fluctuations, free-streaming photons will keep high-
and low-density regions isothermal with baryonic pressure 7 +p—n+a° (19
gradients remaining. In this regime, dissipation of inhomo-
geneities proceeds via expansion of high-density regions tQy; weak interactions
wards low-density regions and the concomitant transport of
material towards the annihilation region. The motion of the
charged particles, protons and light elements, is impeded by
the Thomson drag force, which acts on the electrons dragged

or may be transformed inte® via charge exchange

7 +n—p+7°,

e —vlvet w0,

along by the charged nuclg24]. Balance between pressure T+ velve—e” + 70, (20
forces and the Thomson drag force yields a terminal velocity
v=drg/dt [20]: The neutral pions subsequently decay into photons with

7,0=8.4x10 1"s. The rates for the three channels, decay,
3 1 dP : ; P
. = , (14) ~ charge exchange, and weak interactions, are shown in Fig. 4.
4oreNe R drygo Below a temperature of a few MeV, decay dominates the
loss of charged pions unless the local baryon-to-photon ratio
where dP/dr,q is radial (ant)baryonic pressure gradient, is well in excess ofp~10"°. Nevertheless, even at low
I 100 radial coordinate as measured on the comoving segle, some pions may charge exchange on nucleons; the possible
photon energy density, antL.=n.-—ng+ net electron den- consequences thereof will be discussed below. Weak inter-
sity. One finds, for the pressure exerted by baryons and eleactions with the ambient leptons do not significantly contrib-
trons belowT~30keV, ute to the pion interaction rates in the temperature range
211/2 relevant for our work T<=20MeV). Neutral pions never
> ZiAi> } , (15  haveachance to interact with either leptons or nucleons, due
[ to their rapid decay.
Annihilation of antinucleons on light nucle, produces
with the sum running over all nucléiwith nuclear charge a wealth of secondary particles:

P*?n”et[z Ai+ n*pair2+
1
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1015 RN LA A LA N A AN become important; thus systems with Coulomb interactions,
- m% decay such aspp andpN, and without, such asn, np, andnN,
1010 F 3 have to be treated separately.
C mtdecay S . .
— S = The product of annihilation cross sectioy,,and relative
v, 10° __—— 3 velocity v in systems with at least one neutral particle is
— E ] known to be approximately constant at low enerdi2§].
S 1 E - Experimental values of .,y =40*=3 and 325 mbc were
= 10-5 E E obtained at center-of-mass momenta of 22 and 43 MgV/
A= F ] respectively[29]. In our calculations, we used a constant
10-10 ¢ . value of oyp =40 mbc.
s F et ] In systems with Coulomb interactions, such as pipeor
10 - A E the pN system, the behavior of the low-energy annihilation
| | 1 |IIIIII 1 1 |IIIIII 1 1 |IIIIII 1 .\I |I . . . e
107 101 1 0.1 10-2 cross section is drastically modified due to Coulomb attrac-

tion. Indeed, the charged-particle low-energy annihilation
cross section is found to be inversely proportional to the
FIG. 4. Interaction rates for pions with leptofdotted lineg and square of the inc.ident momentum and th?ref.ore the regction
nucleons(solid lineg as a function of cosmic temperature. Here a rate is formally divergent at zero energy‘h's divergence is .
baryon-to-photon ratioy=4x 10~ 1% has been assumed. For com- of course removed when matte_r and antimatter reach atomic
parison, the pion decay rates are also shédashed lines form at low temperatures. Again, there are no experimen-
tal data below about 1 MeV kinetic energy. The available
experimental data at higher energies are, however, well re-
produced by phenomenological calculati¢86,31. The re-
sults of these calculations depend on the mass and the charge
In Table | we give probabilities for the production of second- of the nucleon and nucleus under consideration as well as on
ary nucleiN’ in the 4He annihilation process fOIIOWing Ref. some phenomen0|ogica| parametersy which may be deter-
[25]. Note that these experimentally determined branchingnined experimentally.
ratios are typ|Ca”y aCCUr.ate within 10% P.roduction of sec- For energies be'ow about IeMeV, Wh|Ch are mosﬂy
ondary nuclei during antinucleon annihilations on the othefelevant for our study, the thermally averaged annihila-

||ght nuclei and antﬁHe annihilation On4He is re_latively ) tion rate in a p|asma of temperatu'ra’nay be approximated
unimportant for this study. Because of the large difference iy

the abundances dHe on the one hand and the other nuclei

on the other hand, the destruction of only a minute fraction MeV

of “He may already have significant impact on the abun- (Tan)=~Tpp, mbe — (22
dances of the other primordial elements. Disruption of the

other elements will occur with much smaller probabilities
due to the smaller abundances of these isotopes, and t
secondaries of these processes will never contribute signifl- o .
cantly to the respective abundances. In our numerical calc @€ Of Similar magnitude, fy 2y~ fay~16 and fpaye
lations we assumed that disruption of all elements big ~ T ape~20. These were o.btamed using the results of the
results in free nuclei only. phenomenological calculations as given in Rdf26,27

We are interested in annihilations of antimatter domaing)ased on the experimental data as given in R28]. Note
that our results depend only extremely weakly on the exact
recombination such that the annihilation cross sections fof@/ues of the adopted annihilation cross sections, since the

thermal nucleons with kinetic energies between a few Me\;ypical time scale for nucleon-antinucleon annihilation will
and about 10’ MeV are needed. Experimental data arealways be much shorter than the baryon diffusion time scale.

available only down to an incident momentum of about
30-40 MeV, corresponding to kinetic energies of about 1 B. Impact of secondaries in nucleon-antinucleon annihilations
MeV. Therefore, we have to extrapolate the experimental on BBN
data with the help of existing theoretical calculations for the |+ is of interest if annihilation-generated photons and
Cross secf[ions down to the relevant energy range. At S_UCBions, or their decay products, may alter the abundance
low energies, the Coulomb forces between charged particlege|ds, either through their effect on weak freeze-out or by,
for example, photodisintegration or charge exchange reac-
TABLE I. Probabilities for the production of secondary nuclei tjgns. In a single-annihilation event, about five to six pions
and nucleons ifp~* He annihilations, derived from the branching with momenta ranging from tens to hundreds of MeV are
ratios given in Ref[25]. produced. Reno and Secki82] showed that prior tae™
annihilation the thermalization time scale for charged pions
is always shorter than the hadronic interaction time. At later
0.51 0.28 0.13 0.43 0.21 times, the charged pions have no chance to interact due to
their short lifetime. We may thus use the thermally averaged

T [MeV]

PIM+N—N’,p,n, . (21)

eref;,=32 is a numerical constant. The equivalently de-
ined numerical constants for tiee N annihilation channels

Pn Pp PZH P3H P3He
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charge exchange cross sectignb Eq. (19)] given in Ref.  for “He given in Ref.[35]. Since the cross section for the
[32] to calculate the ratio between a typical charge exchangeompeting process, i.e., Bethe-Heitler pair production on

interaction time andr-: protons, only slowly varies with temperature, these destruc-
_ _3 tion factors may be used in the relevant temperature range

T e _g 0]( Mocal ) T ) (23) 5 keV=T,,=0.4keV, but have to be scaled by the target
T, \4x10 10 MeVv/) abundances. Thus one estimates a fraction of about

_ _ 0.1(*He/’H)~10"* H nuclei per GeV electromagnetic en-

Charged pions may thus only charge exchangenita  ergy injected to be photodisintegrated. Direct annihilations
>10"'° and the temperature is not much lower than 1 MeV.will create about 0.%He/p)~10"2 2H nuclei per annihila-
Because of their electromagnetic interaction, charged piongon. Even though a fraction of those will thermalize within
remain mainly confined to the annihilation region as long aghe annihilation region, and thus be subsequently annihilated,
e~ pairs are still abundant. Within that regionc, is typi- it is well justified to neglect photodisintegration of lighter
cally much lower than théant)baryon-to-photon ratios any- isotopes. Photodisintegration of nuclei lighter tHife was
where else due to prior matter-antimatter annihilatich  thus not taken into account in our simulations.
Appendix A). At lower temperatures, when the pions may  For the “He photodisintegration yields, we used the re-
easily move within the primordial fluid, charge exchange re-suits given in Protheroet al.[35]. Production ofHe and®H
actions are negligible due to the small nuclear densities, as isxceeds théH yield by a factor of 10, thus typically produc-
apparent from Ec(23). We therefore observed only a negli- jng a |arge®He/?H ratio. The photodisintegration yield for
gible impact of charge exchange reactions on the BBN abureyg g peaked at a temperature B&70eV and becomes
dance yields in our numerical simulations, even for earlysignificantly smaller at lower temperatures. When photodis-
matter-antimatter annihilation and largy, (implying large  jntegration of*He occurs, it creates initially energetiele
Tiocal IN Matter and antimatter domajns ~and®H nuclei. The importance of the energetid and *He

The leptonic secondarigg™, e~, and » do not modify  npyclei resulting from photodisintegration is twofold: they
the details of weak freeze-out, unless the number of annihipgt only directly increase théHe abundance, but may also
lations per photon is extremely large. As long as this numbefga( to the production ofLi via 3H/3H+*He—5Li+n/p, as
is not approaching unity, annihilation generateds have  \yas recently stressed by one of [86]. We take the®Li
negligible effect on the/p ratio, since their number density yields as given in Ref[36] (for more details, cf. Sec. IVC
is orders of magnitude smaller than that of the therma, below).
which govern the weak equilibrium. The same holds for Note that all photodisintegration yields have been calcu-
electrons and positrons produced in decay, which are |ated using the generig-ray spectrum given in Protheroe
quickly thermalized by electromagnetic interactions. _etal. [35]. This procedure is only adequate as long as the

In each annihilation event about half of the total energy ISenergy of the injected photon&, ~200 MeV, is beyond the
released in form of electromagnetic energy. An importantn eshold fore*-pair production of the injected’s on the
impact on the BBN abundances may result through thesﬁackground photonsE(2) ~4.7X 107(1+2) "t MeV, i.e.,
annihilation-generateg rays ande™ cascading on the back- for 7=2x 1%, corresponding t@ ,,=50 eV. The results for
ground photongand on pairs before™ annihilatio) via pair  |ater annihilation, i.e., for antimatter domains on scales
production and inverse Compton scattering on a time scalgyger thanr 1= 10% cm, thus have to be interpreted with
rapid compared to the time scale for photodisintegration ofome care. In order to be able to give conservative limits, we
nuclei [33—33. After cosmice™ annihilation, the cascade have done simulations where photodisintegration was ig-

only terminates when individual photons do not have enough,4req which gave weaker limits by a factor of a fésee Fig.
energy to further pair produce on background photons. FoiO).

temperaturesT=5 keV, the energy ofy rays below the
threshold fore* production does not suffice for the photo- o ] o
disintegration of nuclei. If annihilations occur below 5 keV, C. Impact of secondaries in antinucleon-nucleus annihilations
the light nuclei gradually become subject to photodisintegra- on BEN
tion, according to their binding energy. While we expect secondaries of nucleon-antinucleon an-
The destruction ofH, ®H, and*He by photodisintegra- nihilations to have only a significant effect at lower tempera-
tion is thus possible for temperatures beloWwsT,2;  tures, energetic nuclei arising in antinucleon-nucleus annihi-
~5keV and T=T,34,~T,34~2keV, respectively. This lations may substantially modify the light element
destruction is nevertheless subdominant to the production aibundances for temperatures as highTasTsy.~80keV.
these isotopes by photodisintegration e, possible at This may occur through direct production of light isotopes in
lower temperatures T(, 44,<0.4 keV), simply due to the antinucleon annihilations ofHe as well as through possible
larger abundance ofHe. Thus photodisintegration oH, subsequent nonthermal fusion of these energetic light iso-
®H, and *He may only be important if annihilations take topes on“He. Since the’He abundance exceeds the abun-
place in the temperature range 0.4 keV<5keV. How- dances of the other isotopes by orders of magnitpdé-e
ever, direct production ofH, 3H, and®He via annihilations is the dominant antinucleon-nucleus annihilation process.
on “He dominates destruction by photodisintegratisee  The relative probabilities for the production of the various
Sec. IV C below. The photodestruction factor for, e.gH, secondary nuclei arising ifHe disruption are given in Table
may be roughly estimated from the photodestruction factot. The secondary nuclei are produced within the annihilation
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region and may thus themselves be subject to annihilation-10* mb (E/10 MeV)'*® (cf. Fig. 1 in Ref.[40]) and an
unless they are able to escape from the annihilation regiorenergy loss of 80% in each scattering event, we find
On average, the secondary nuclei gain a kinetic enEggyf
4% 10° 10) ( EQ%— E?,ff’)
(

a few tens of MeM25]. Their transport is then initially de- 3
10 Me\/)O.BS .
(29

T

( keV

scribed by free streaming until their energy has decreased to siop™1.56X 10°s
thermal energies through interactions with the plasma, after

which transport has to proceed via thermal diffusion. The

dominant energy-loss mechanisms for energetic charged nu- We may now compare,, for neutrons and protons with
clei in a plasma with kinetic energy below 1 GeV are plas-a typical “He spallation time scalesp=(<aspv)n4He)*1. We

mon excitations and Coulomb scatterings. Note that thesénd that only about a fraction of IG of all energetic pro-
processes have negligible impact on the direction of the motons may spallate addition4He. Since direct production of
mentum of the energetic nuclei such that free streaming is anergetic protons and light nuclei i+ *He disruption is of
good approximatioi37]. The distance covered until the ki- similar magnitude, this effect may safely be neglected. For
netic energy of the particles has decreased to the therméte energetic neutrons, we find that about 30% may spallate

Mocal

energy of the plasma defines the stopping length “He. Since we obtain energetic neutrons in about half of the
annihilation events, additiondH or *He will be produced in
|stop_ f o e f BemadX (24  @bout a tenth of the-‘He annihilations. This is not signifi-
0 g, dE cant compared to the secondaly and *He produced di-

rectly in thep-*He annihilations with a probability of about
Provided!*P is larger than the size of the annihilation re- 60% and will therefore be neglected in the numerical treat-
gion, all nuclei which becomes thermalized in a matter do-ment.
main (typically about 1/2 have a good chance to survive. If  The annihilation generated energetic light nuclei may,
we calculate the energy loss per distance following B8],  however, be important as a source for very rare light ele-
we find, for the stopping length measured in our comovingments such adLi via the fusion reactionsH+*He—°Li
coordinates, +n and®He+*He—"°Li + p [39]. Using a value of 35 mb for
) 10 the fusion cross section, the threshold energiesEgf
kiv) ( Eo 4x10 )Zz (25) =4.80MeV andEy,=4.03MeV, respectively, and the en-
T 50 MeV Mocal ' ergy distribution for the nonthermal mass three nuclei as
given in[25], we find
whereZ is the charge of the energetic nucleus. In an analo-

2

stop__

gous manner we may calculate a stopping time (P3yape_n o) ~2X10° (30
fEthermaI 1 dXdE (26) and
Tstop T AE
v(x) dE (Pt .poLi) ~5X 1077 (31)
needed to slow down a particle to thermal energies. Evalugor the probabilities to producki from energetic mass three
tion of the integral yields, for charged particles, nuclei. The calculation is done similarly to the ones in Refs.
332 3 10 [38,36, where energy loss of energetic nuclei according to
P 305 keV|* Eg "~ Einermall [ 4X 10 72 Eq. (27) has been taken into account. The number®ldf
Tstop™ - T (50MeV)*? )\ Bioca ' nuclei produced per antiproton annihilation is thus

Op4He| [ NiHe
Neutrons lose their energy through nuclear scatterings. 1NeLi = (PsyPap ape noi+ P3HeP3He4He—>p6Li)(?) (n_)
contrast to the charged particle interactions discussed above, PP P
the deflection angle in a nuclear scattering event may be
large, such that the use of E@4) is inappropriate since it
relies on the free-streaming assumption. Rather, the distance
covered by the neutrons is described by a random walk. The&vherePs, and Ps, are the probabilities to creafél or *He
stopping time is nevertheless described by @6), since the in a p-*He annihilation eventsee Table)l A simple esti-
energy loss does not depend on the direction of the motiormate for the total synthesizeflLi/H abundance(excluding

The energy loss per unit distance for neutrons may be estproduction via*He photodisintegrationis thus

mated via .
Li n R
—~(j) Ne,;~ 1.8 10—9(—A)

for Ry,<1 and where it is understood that only that fraction
wheref is an approximate average fractional energy loss irof antimatter has to be inserted in E®3) which has not
each elastic neutron-proton scattering event. If we assumeannihilated by temperaturés,.~80keV. This is many or-
simple power law for the neutron-proton cross seciiqy ~ ders of magnitude higher than the standard BES\BBN)

~1.8X 108(£) (32

0.25"

(33

_p)
0.25"

dE
az(—lnf)E(rnpnp,
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value ne;/n,=0(10 %) and will therefore provide very o o o B BT T
stringent limits in some areas of the parameter space, as will M pryen (Mo} T paryon [Mo]
. . wid ol cnd 4 ) | al ul L ul
be discussed in Sec. VI. 10 1071 10° 100 10 10° 10° 10  10°
rio [em) ri® [cm]
1;)‘ ] 10° IOL" 1(;'2 lCI)“a 101“ 10-% 10-¢ 10-7
V. BBN WITH MATTER-ANTIMATTER DOMAINS T [MeV]
After having discussed the different dissipation mecha- o 1er 10 e e e

nisms of antimatter domains in the early Universe as well as
the annihilation reactions and the possible impact of annihi- FIG. 5. Spatial dimension of the antimatter regions and corre-
lation generated secondaries on BBN, we are now in a pOSIs‘ponding ann.ihilatlion temperatqre for an antimatter fractioR of
tion to put all this together in order to examine the influence=09-1. Als0 given is the baryonic mass in units of the solar mass
of annihilating antimatter domains in the early universe onMo contalned_ln_ th_e ar_ltlmatter region and the annihilation redshift.
the BBN light element abundance yields. Clearly, such Scel_\lote that an_nlhllatlo_n is _stalled in the temperature ralge=T
narios involve such a multitude of nuclear reactions and hy-25 keV, as is explained in the text
drodynamic dissipation processes that obtaining fairly accu-
rate predictions for the BBN yields requires numericalmatter ratiosR, as a function of the typical size of the anti-
simulation. We have therefore substantially modified the inmatter regionst 2°. In the subsequent discussion of our re-
homogeneous BBN code by Jedamzik, Fuller, and Mathewsults, we will distinguish between three different limiting
[41], originally including nuclear reactions, baryon diffusion, cases, according to the segregation scale of matter and anti-
and fluctuation dissipation by photon- and neutrino-inducednatter or, equivalently, the approximate matter-antimatter
processes, as to also include nuclear reactions between arianihilation time. The fractional contribution of baryons to
matter and matter-antimatter annihilation reactions, fredhe critical density of the Universé),, was kept at a con-
streaming of secondary nuclei produced in annihilations, andtant value onb=0.012511‘0% in all simulations, wherd g
the nonthermal fusion reactions of secondaries, as well gsarametrizes the value of the Hubble paramétgrtoday,
photodisintegration of*He through annihilation generated h;y=H,/(100kms *Mpc™1). The corresponding value of
cascadey rays. Some processes are not included in our simuthe SBBN parameter ig=3.4x 10" 0. In general, the influ-
lations, due to their marginal impact on BBN as outlined inence of varying the parameters describing the antimatter do-
the last section. For more details on the procedure of thenains has a larger impact on the abundance yields than a
numerical simulation, the reader is also referred to Appendipossible variation ofy, such that the trends found in our
B. calculations are not strongly dependent on our adopted value

A detailed analytic and numerical analysis of the actualof 7.
structure of the annihilation region, i.e., the region at the The results shown in this section have associated theoret-
domain boundaries where the bulk of annihilations occur, idcal uncertainties, due to, for example, uncertainties in the
presented in Appendix A. Our simulations do not resolve thebranching ratios of antinuclectide annihilations, not having
physical widthl,,, of this region due to the increasingly attained complete spatial resolution, as well as an approxi-
large ratioRa/l 4., and the required extreme dynamic rangemate treatment of the process #fle photodisintegration.
to resolve both scales. However, we believe, as we argue ifihe treatment of théHe photodisintegration may introduce
Appendix A, that this “flaw” of our simulations has only a factor of 2 uncertainties in the calculatéde/D and®Li/H
little impact on the accuracy of our results. This is also con-abundances, in some part of the parameter spefceSec.
firmed by the relative independence of our results on thaV B and Fig. 10 in the following sectionUncertainties due
total number of zones employed in the simulatiésse Ap-  to nuclear annihilation data and numerical resolution should
pendix B). be of much smaller magnitude;1-2 % for the*He mass

The relationship between antimatter domain sig€ and  fraction and~ 10—20 % for the other light elements.
approximate annihilation temperatufeand redshiftz of a
domain is shown in Fig. 5 and is determined by neutron
diffusion at early times and hydrodynamic expansion at late
times. Since dissipation by neutron diffusion for tempera- The key parameter which determines the primordially
turesT=Ta,~80keV is relatively more efficient than dis- synthesised amount dHe is then/p ratio at a temperature
sipation by hydrodynamic expansion at somewhat lowef T4,,~80keV. Early annihilation of antimatter proceeds
temperatures, antimatter domain annihilation does typicallymainly via neutrons diffusing towards the antimatter do-
not occur in the temperature regime betwd@ey, and 5 keV. mains and being annihilated at the domain boundaries
This implies that the “injection” of antimatter and annihila- whereas antineutrons diffusing towards the matter domains
tion between the middle and end of the BBN freeze-out promay annihilate on both neutrons and protons. The net effect
cess, as envisioned in the scenarios of R&6], may not  of both processes is the preferential annihilation of antinucle-
operate in scenarios with a matter-antimatter domain strumns on neutrons, perturbing th€p ratio towards smaller
ture in the early Universe. values as detailed in Rgf10]. (One finds this effect often to

We present the detailed numerical results of our study irbe even more pronounced since after some initial annihila-
Figs. 6 and 7. Shown are the abundances of the respectiti®on of protons close to the domain boundary the annihilation
elements and théHe/?H ratio for a number of matter- anti- region is completely void of protons. If these perturba-

A. Annihilation before weak freeze-out
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Tonn > Tveak ~ Tann Tamn > Tveak ~ Tann
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Fuod ¢ vuoed » ool <ol 1ol v o oroed 2ol ¢oond 1ol 3 10-6 & covnnl voond voond vromd 3 FIG. 6. Results of BBN calcu-
1073 gy rma ey oy b T I B AL B lations in a universe with antimat-
2 — 3 10 - 4 ter domains. Shown are tiiHe
o - - 7] % . //, ~ T mass fraction, the abundances of
a oo s S e -+ 10 E 2H, 3He, SLi, and "Li relative to
C ] g T - hydrogen and the ratio ofHe
197 v ol el E— 10-0 sl ssonl sl ssomd s o sl somd ol 3 over?H as a function of antimatter
PP B . A domain radius ;*° for several low
o 10-19 | P - = values of the antimatter-to-matter
107! - t{/ 3 L ] ratio R, (see legend
e s D Y o ——
e BT MY 10-10 ool v vvood voond o v vod v rood el vrond o ond
103 10t 10! 103 108 10-3 10t 10! 108 109
ri®[ecm@100 GeV] rio [cm@100 GeV)
R, = 0.0001  ------- R, = 0.001
———— R, =001 e SBBN

tions in then/p ratio persist down tol4y., a significant length scale of the antimatter regions to rl;}éo:OOlB cm,
reduction in the synthesizétie mass fraction may result. A corresponding to an approximate annihilation temperature of
potential effect in the reverse direction, an increase of thabout 5 meV. The/p ratio for this parameter combination
n/p ratio by preferential pion-nucleon charge exchange reacis observed to be virtually indistinguishable from thép
tions on protongcf. Eq. (19)], is subdominant as discussed ratio in a SBBN scenario. Thus the findle mass fraction

in Sec. IVB. It is of interest at which temperatures these(dashed ling coincides with the SBBN value of ,~0.24.
possibly large perturbations in timép ratio may still be rest  Only when the matter-to-antimatter ratio rises to values of
by proton-neutron interconversion via weak interactions govorder unity[panel(b)] will the n/p ratio in the presence of
erned by the rat€ yeue GemT°- In the upper two panels of antimatter annihilations deviate ~significantly from the
Fig. 8, we show th&/p ratio as a function of temperature for corresponding quantity in a SBBN scenaf&hown by the
comparatively early antimatter domain annihilation. In paneldotted ling. However, after the annihilation has been com-
(@), the antimatter fraction was chosen toRg=0.5 and the pleted, the weak interactions are still rapid enough to
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[ ";'}:o'o'; 0018 em I II;.I}:(';O':' 0018 e ] Since the primord?a‘fHe mass fr_action mostly_depends on
100 L_R, = 050 1L R, =099 d 100 then/p ratio atTaye, it may be estimated analytically when-
E o E evern/ply,, is known:
[ 2(n/p)
10! 10-t

P~ 1+ (n/p) T“He.

If one assumes that annihilation occurs instantaneously, the
10-2 n/p ratio in a scenario with annihilating antimatter domains
may be estimated by

e
8
I
—.
'S
2
:
L

neutron-to—proton ratio
—
o
[

100 = R, = 0.10 L+ R, =020 4 100
: ¥ ] n (no/np)exd — Aty /7] — xR
C T 1 o ~ o/!lp Fi 1 n] AeX[’[—AtZ/Tn],
I N ——— -, ] P, (Po/Np) = (1=X)Rp
10-1 | (R o 4100 He
: S E (34)
: wherex is the fraction of antibaryons annihilating on neu-
(e) (d) Lt
102 Llune s b bk o |ty e b 4. trons,ng andpy are the(preannihilation neutron and proton
10! 100 10! 10t 00 10t densities aff~0.2 MeV, andn, is the actual baryonic den-
T [MeV] sity in the matter region. Neutron decay is taken into account

by the two exponentials, whetkt is the time interval be-
tween the moment after which the neutron fractiorfapart
from annihilation$ only affected by neutron decayT(

FIG. 8. The neutron-to-proton ratitsolid line) and the*He
mass fractiondashed lingas a function of temperature for differ-

ent sizes of the antimatter dom_aim_&?o, and different values of the ', MeV) and the moment of annihilation, whit, is the
matter-to-antimatter rati®, as indicated in each panel. For com- . - i t . ted iftde at
parison, the dotted line shows the unperturbed neutron-to-protoﬁllme remaining until neu rons are incorporated | a
ratio in a universe without antimatter. 4™ SQ keV. Thus the two I|m'|t|ng cases between which
this estimate should hold are identified Byt,~0 s, At,
~130 s (annihilation atT~0.2MeV) andAt;~130s, At,

reestablish weak equilibrium and thus the fiftdle mass ~0's (annihilation atT~80keV), respectively. Note that
fraction and the other light element abundances emerge urkq. (34) neglects the increase in proton density due to neu-
affected. In Figs. 6 and 7 one observes that a significantron decay. The fractiox is well approximated byx~1,
impact on the synthesizetHe mass fraction occurs only for since there are practically no protons present in the annihila-
rioo larger than 5107 ?—10 ' cm, depending ofR, . tion region such that most antibaryons annihilate on neu-
trons. The results of the above estimate agree remarkably
well with the numerical results.

It is apparent from Eq(34) that then/p ratio at T4y,

The situation changes when annihilation occurs during ofot only depends on the antimatter fracti®p, but also on
after weak freeze-out, when neutron-proton interconversiothe time when annihilation of the antimatter domains takes
ceases to be efficient. Annihilation continues to proceeglace. The reason for this behavior is that the number of
mainly via neutrons and antineutrons, since proton diffusiomeutrons annihilated is roughly independent of the annihila-
is still hindered by the abundaat pairs. However, neutrons tion time, but for early annihilation this number is subtracted
and antineutrons which have diffused out of their respectivédrom a larger initial number than in case of later annihilation.
regions may now not be reproduced anymore. Antimatter The above estimate, E¢34), also predicts that it is pos-
regions of typical size larger than the neutron diffusionsible to completely avoidHe and, in that case, alséi, °H,
length at the cosmological epoch of weak freeze-out thu§He, and’Li synthesis, namely, if/p|r, =0.[For antimat-
provide a very efficient sink for neutrons. Tinép ratio is  ter fractions which yield negative results fofp, Eq. (34) is
strongly affected in such models as is apparent from thebviously not applicablé¢. Thus there is no lower limit to
lower two panels of Fig. 8. In a model with, e.qR,=0.1  the production of*He. An example of such a scenario is
andr x2°=0.55 cm, annihilation proceeds at a temperature oshown in paneld) of Fig. 8. The antimatter fraction dR,
~0.8 MeV [panel(c)]. At this temperature, the weak inter- =0.2 exceeds the neutron fraction at the time of annihilation
actions are not rapid enough to reestablish the equilibriunt~0-5 MeV), and thus practically all neutrons are annihilated
n/p ratio. Thus the finafHe mass fractiony,, will be de- and no light element nucle_osypthess is poss{bfealso the
creased compared to its SBBN value. This is also eviderf€Sults forRa=0.2 shown in Fig. J. This is to our knowl-
from Figs. 6 and 7 for antimatter domains with length scale€dge the only baryoasymmetric scenario in which light ele-
between~5x 10 2 and about 6 cm. For small antimatter MeNt nucleosynthesis is abs¢ao].
fractions R,<0.1, the other light element abundances are
comparatively less affected thdrle: only for larger values
of R, is production of?H, 3He, and’Li also strongly sup- Essentially all free neutrons and antineutrons will be
pressed. bound into*He and anti*He nuclei afT4.,. At this time, the

B. Annihilation after weak freeze-out, but before “He synthesis

C. Annihilation after “He synthesis
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neutron diffusion length is about 6 cm: thus, antimatter do- T T
mains which are larger thass6 cm may not annihilate in- 10-4 |
duced by mixing of matter and antimatter via neutron diffu- = :
sion. Further annihilation is delayed until transport of ™
protons and light nuclei over this distance is effective. The =
proton diffusion length does not grow to this value until the

temperature drops down to a few keV. But at this low tem- 1075 b
perature, the photon mean free path has already increaser 10-1 |
enormously and thus baryonic density gradients in the pri- E
mordial fluid may not be supported anymore by opposing =z :
temperature gradients. Thus the regions far away from they~ 107 ¢

o-1 ;_

annihilation region, which are at higtantjbaryon density, 10-19 [

quickly expand towards the baryon-depleted and thus low- : : I

density annihilation region and thereby transport matter and 10105 " T oS l0n T 10w 100 1o
antimatter towards the boundary. The annihilation time is T [MeV]

thus controlled by the hydrodynamic expansion time scale at
late times. Only the actual mixing, i.e., the transport over theﬁLi

boundary, is still described by baryon diffusion. fects. Left column all effects included.Middle column only

During the course of late time annihilation, not only production by photodisintegratiddashed lingand only direct pro-

nucleon-antinucleon, but also antinucleon-nucleus anr"h"""c'iuction by annihilation and escape from the annihilation region

tions may take place. The elemental qbundanc_e_s produced (@Blid line) taken into accountRight column only direct produc-
the BBN epoc_h_ma_ly now be substantially modified not onlytion by annihilation is taken into account: secondaries remain either
by direct annihilations, but also due to the effects of theygpfined to the annihilation regiofdashed ling or are homoge-
secondary nuclei produced in antinucleon-nucleus annihilayeoysly distributed throughout the simulation volugselid line).

tions. In particular, annihilations ofHe prodl_JcezH, *H, _ See text for detailed discussion. The antimatter fraction in the simu-
and>He nuclei, which, since they are energetic, may fuse viaations shown here iR,=10"2 and the length scale}°=5.5

nonthermal nuclear reactions to foffhi (cf. Sec. I\). Fur-  x 102 cm.

thermore, the photodisintegration &fle by energetic pho-

tons arising in the annihilation process becomes possibléiuclei will predominantly be annihilated subsequently. In
These effects are evident from Figs. 6 and 7. Whenevegontrast, when the annihilation occursTat60eV, for do-

FIG. 9. Abundance yields fotH and *He+3H (upper row and
(lower row) obtained in consideration of different physical ef-

r1%=6 cm, the yields for?H and ®He, as well as fofLi,  main sizer .~ 10%cm, the stopping length has increased to
show a strong increase. The abundancélafis not much ~ ~4x10° cm, implying that most annihilation producétie

affected by late-time annihilation, since fBj not too large  survives. These trends are evident from Figs. 6 and 7 where
there is no efficient production channel leading to this isofor the sameR, one observes a rapid increase of production
tope and destruction via direct annihilation is insignificant.of ?H, *He, and®Li with increasing antimatter domain size.
The slightly elevated value fdiLi/H compared to the SBBN The increase is enhanced also due to the additional produc-
result is only due to our initial conditions, which lead to ation of ?H, He, and®Li via photodisintegration of'He,
higher value ofy during the BBN epoch for late annihilation which becomes possible at low temperatures.
of high antimatter fractions.’(i/H is an increasing function In order to gauge the relative importance of the two ef-
of » for »=3%x10 19) fects which yield energetiéHe nuclei, namely, direct anni-
Since annihilation of antimatter in a scenario where anti-hilation on “He and photodisintegration dHe we show in
matter is distributed in well-defined domains is mainly con-Fig. 9 results for simulations witR,=10"° andr,°=5.5
fined to the region close to the matter-antimatter boundaryx 107 cm, in which annihilation occurs close to the tempera-
one may speculate that secondary nuclei which are producedre where the photodisintegration yields are maximgl (
inside the annihilation region are also annihilated. But this is<50 eV). Shown are the abundance yields e and *He
not necessarily the case. The secondary nuclei gain a kinetigpper row and forfLi (lower row). In panels(a) and(d) all
energy of the order of a few tens of MeV in thele disrup-  effects—production by photodisintegration as well as direct
tion procesg25]. The fraction which may survive the anni- production by annihilation and escape from the annihilation
hilation depends on the distance the nuclei may free streamegion—are included. In the middle column, pangds and
away from the boundary before they thermalize. This frac<(e), only one of the mechanisms is active at a time. The solid
tion is initially small, but increases rapidly due to an increasdine shows the results faiH, *He, and®Li when only direct
of the stopping length for energetic nuclei with cosmic time.production by annihilation is taken into account, while the
(Of course, nuclei which travel into the antimatter domainsdashed line only considef${e-photodisintegration-induced
and thermalize there will always be annihilajedin par-  production of these elements. We find that the photodisinte-
ticular, according to Eq25), an energeticHe nucleus of 50 gration yields for*He are larger by nearly a factor of 2 than
MeV produced via annihilation ef~3 keV has a stopping the direct annihilation yields. This is not surprising, given the
length of ~1.5 cm. This should be compared to the typicalpeak photodisintegration yield of about O*fle nuclei per
domain sizeri®>~10cm of domains annihilating af  annihilation(cf. [35]) and the probability of directHe pro-
~3keV (cf. Fig. 5, illustrating that the synthesizetHe  duction in ap-*He annihilation weighted by the relative
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abundance ofHe to protons: Psye.34(*He/p)~0.05 (cf.  cleosynthesis. Given the presofteH ratio [49], we may
Table ). For the production ofLi from energetic®He and  impose the limit fHeH),=<1.

®H nuclei, both effects are of the same importance, since the Only traces of®Li are produced in the framework of
yields for ®Li production via energetic nuclei generated by SBBN, and until very recently the observational data were
photodisintegration ofHe and annihilation ofHe are simi-  very sparse. For this reasofi,i was not considered to be a
lar over a wide range of redshifts }x210*<z<4x10°. The  cosmological probe. With the confirmation %fi detections
remaining two paneléc) and (f) demonstrate once more the in old halo stars[50] and disk starg51] on the level
importance of the escape of the energetic secondaries frofiLi/H ~7x 10 *? this may change. Nevertheless, since detec-
the annihilation region. The dashed line shows the results dion of such smalfLi/H abundances requires operation close
a simulation where all annihilation generated nuclei are conto the detection limits of current instruments and possible
fined to the annihilation region, while the solid line corre- stellar depletion ofLi is not well understood, the use 6fi
sponds to a simulation where the secondary nuclei are disss a cosmic probe may be controversial at present. In this
tributed homogeneously throughout the simulation volumelight, we adopt a tentative upper bound on the primorglial
Note that photodisintegration dHe was ignored in these abundance of abo(t.i/H~7x 102 This limit may be used
calculations. We may thus compare the solid lines in panelso constrain some nonstandard BBN scenarios, which greatly
(c) and(f) to the solid lines in panel&) and(e). From this,  overproduceé’Li [36].

it is evident, that for annihilations occuring beloW ‘Li is inferred at a remarkably constant abundance of
=<100eV~80-90% of all secondary nuclei are able to es-A(’Li) =log, o ‘Li/H) —12=2.238+ 0.012+ 0.05% [52] in
cape from the annihilation region and will thus survive sub-old POP Il stars, referred to as the Spite plateau. Neverthe-

sequent annihilation. less, stellar models which depléefa considerably have been
proposed53,54]. Recently, it has been claimed that the pri-
VI. DISCUSSION OF THE RESULTS mordial 'Li abundance should even be lower than the plateau

value[55,56. As in the case ofH, the ’Li abundance is,
however, not useful to derive limits on our models. In the
Any valid scenario for the evolution of the early Universe parameter range where the observationally infeftébun-
has to reproduce the observationally inferred values of thelance yields are violated, limits derived from other elements
light element abundances, which we will summarize in theare more stringent.
following. The primordial*He mass fraction is commonly
inferred from observations of old, chemically unevolved B. Constraints on antimatter domains in the early Universe
dwarf galaxies. Two distinct values are reported for the pri- |4 order to derive conservative limits on the amount of
mordial “He mass fractionY,=0.234-0.003*£0.005"°  gntimatter in the early Universe, we first discuss our results
[42] andY,=0.244+0.002'*'[43]. Very recently, two of the  with respect to generally accepted observational constraints.
pioneers of the field have determined tiée mass fraction \while there is currently a lively debate about which of the
in the Small Magellanic CloudSMC) by observing 13 areas two independentfHe determinations reflects the primordial
of the brightest H Il region in that galaxy: NGC 3484].  value, it seems reasonable to assuriel@ mass fraction not
There observations are extrapolated to a value Ygf  lower thanY,~0.22[42,57. No reliable limit on the®He
=0.2345+0.0026(%). While in excellent agreement with abundance alone may be invoked: we therefore use the con-
the above quoted lower valjd2], it is in conflict with the  straint®He”H< 1 [48]. These two values constitute our con-
higher value advertised in Rg#3] and also not compatible servative data set as displayed in Fig. 10. High antimatter
with the currently favored primordiaPH determination. fractionsR,=0.1 may only be consistent with the observa-
There are three claimed detections 8fi{H) ratios at high  tionally inferred light element abundances if annihilation oc-
redshift from observations of quasar absorption line spectrecurs close to weak freeze-out, i.e, <10 *cm. In this
Similar to the case ofHe, two conflicting values for the case, the weak interactions are still rapid enough to at least

primordial H/H) have been derived®H/H=20+5x10"°  partially reproduce the annihilated neutrons and thus drive

[45] and ?H/H = 3.39+ 0.25/2% 105 [46], with stronger ob- then/p ratio back towards the SBBN value. Antimatter frac-

servational support for the lofH/H ratio. Using a new ap- tions larger thanR,=a few 1072 on length scales 3°

proach in analyzing the spectra, Levshakov, Kegel, and Ta= 10 cm result in an unacceptable lofiHe mass fraction
kahara reported a common value #fi/H=4.4+.3x10° Y,<0.22, which is indicated by the black shaded region in
[47] for all three absorption systems. Concerning the primor+ig. 10. Even larger antimatter regior#’ozG cm annihilate
dial ®He abundance, the situation is even less clear since onlgt least partially vigp-*He disruptions. Since the destruction
the chemically relatively evolvedHe/H abundance in the of only a minute fraction ofHe leads to an observationally
presolar nebula is available, and the chemical evolution ofinacceptable enhancement of fiéeH ratio, the limits on
®He is poorly understood. It is, however, reasonable to asthe allowed antimatter fraction in this regime may be as
sume that the cosmitHeH ratio is an increasing function stringent asRy<a few 10* for length scalesr; =2

of ime. WhenevefHe is destroyed in stars, the more fragile X 10? cm (dark gray shaded region in Fig. JLORecently,

2H will certainly also be destroye@48]. Thus €HePH), Kurki-Suonio and Sihvold11] derived similar limits based
A>V(3He/2H)p should hold for any time after big bang nu- on the constrainfHe/H=10"%°. We feel that this choice is

A. Observational constraints
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100 on scenarios where antimatter is homogeneously injected
into the plasma, for example, by the decay of a relic particle
after the nucleosynthesis epoch, since they rely on the pro-
duction of secondary nuclei frofHe disruption and photo-
disintegration. Both processes are generic for scenarios with
injection of antimatter. The competition of annihilation
within, and escape from, the annihilation region of the pro-
duced light isotopes is, however, particular to a scenario with
individual domains. Escape of the annihilation products is
inefficient for domain sizes betweenl0 and 100 cm, cor-
responding to the “injection” of antimatter between tem-
peratures~3 and 0.4 keV. In this regime more stringent
constraints would apply to a homogeneous injection of the
antimatter. Furthermore, the reduction of tivg ratio prior
to “He synthesis and thus of tfele mass fraction also only
applies to models where antimatter is confined to well-
I R I I I R R I defined domains. Only in this case does annihilation proceed
102 10-' 10° 10! 102 108 104 10° via baryon diffusion and thus the differential diffusion of
ri®[cm@100 GeV] charged and neutral baryons may provide an efficient sink
for neutrons. In contrast, a homogeneous injection of anti-
FIG. 10. Limits on the presence of antimatter in the early Uni-matter at temperatures aboVey.~80 keV (corresponding
verse. Parameter combinations within the black shaded region resuipproximately to the scaleil’’~6 cm in Fig. 10 may be
in a “He mass fraction below 0.22, while in the dark gray shadedconstrained by an increase yjt) due to proton-neutron con-
region the bound®HePH<1 is violated. The excluded range is version induced by pion charge excharigé].
extendaeql by the Iightlgray shaded re_gion,_if one adopts the tentative For comparison, we have also shown in Fig. 10 the limits
bound'Li/H <7>10 ", The dashed lines indicate the results when o anpihilation which may be derived from the upper limits
He pho_tO('jlsmtegratlon is ignored. _Also shown are the usgallyOn distortions of the spectrum of the CMBR. The very pre-
wgaker limits on thg presence of antimatter from CMBR con3|der-ciSe CMBR data allow us to place constraints on the amount
ations(hatched region of nonthermal energy input at redshifts belaws 3 1¢P.
Each annihilation transforms about one-half of the rest mass
%f the particles into electromagnetically interacting particles:
thus, the limits given in Ref.58] may directly be converted
into a limit onR,, which is indicated by the hatched region
study. in Fi i he ab tive data set, we find
If we employ the new and still slightly speculatii In Fig. 10. Using the above conserva Y
Lo o ) stronger limits from BBN than the ones provided by the
limit discussed above, we may significantly tighten the con-

straints on the amount of antimatter by requiring that prega—C'vIBR data for annihilations ‘occurring at temperatures

lactic production ofLi not exceed®Li/H=<7x10 12 This above Ton=1 eV (" °<10°cm), cor\:\(?egponding o a red-
leads to an improvement of the limit oR, for late-time shift of 2224 16°. If we adopt the nevfLi bound, the pres-

annihilation, i.e.,r,ﬁ°°26 cm, by up to two orders of magni- ence of antimatter is more tightly constrained by BBN con-

tude. This is evident from the light gray shaded region in Fig siderations, rather than by CMBR considerations, for the
10. Nevertheless, as a result of the loophole of possibie ‘whole parameter range down to the recombination epoch at

S - e z=10°.
depletion in stars and as a result of the still preliminary na- o

ture of Li observations, this limit should be regarded as
tentative at present.

The limits derived from annihilations beloW=<45eV, It is of interest to contemplate if a BBN scenario with
corresponding to antimatter domain sizesrgi®=10°cm,  matter-antimatter domains may reconcile the observationally
have to be interpreted with care, since the photodisintegranferred element abundances with the theoretically predicted
tion yields in that regime are uncertain due to the unknowrpnes for a baryonic density exceeding the upper bound from
photon spectrum, as we discussed in Sec. IV B. But even i8BBN, Q;h3,,<0.02. Possible alternative solutions to BBN
we completely ignore photodisintegration, meaningful limitswhich are in agreement with observationally inferred abun-
due to direct production ofHe (and subsequerfLi synthe-  dances for higher values &b, have recently received re-
sis) via antiproton annihilation oiHe may still be obtained. newed attention due to the results of the BOOMERANG and
These limits are indicated by the dashed lines in Fig. 10MAXIMA experiments [59,60 on the anisotropies in the
Because of the increasing inefficiency of photodisintegratiofCMBR, which favor a baryonic density exceeding the SBBN
at low temperatures, both limits converge for large antimattevalue [61]. In the standard BBN scenario, such a universe
domain sizes. suffers from an overproduction dHe and’Li, and from

Note that the limits derived here on the basis of thesevere underproduction éH. In a scenario with annihilat-
3HePH and®Li data should be similar in magnitude to limits ing antimatter domains, there exist two possibilities to reduce

10-2

10-4

not optimal, given the large uncertainties in understandin
the galactochemical evolution &He. Furthermore, they find
a production ofHe about a factor of 3 higher than in our

C. Upper limit on Q, in matter-antimatter cosmologies
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the primordial*He mass fraction to the observed value. Earlyfactor of 1.5. We thus conclude that it seems difficult to relax
annihilation, prior to*He synthesis, may reduce thép ratio ~ the SBBN upper bound of2;, by the existence of antimatter
and thus the finafHe mass fraction. During late-time anni- domains in the early Universe.

hilation, “He nuclei may be destroyed via antiproton-induced A further result of our study is that the putative presence
disruption and via photodisintegration. At first sight, the pos-Of antimatter in the early Universe may provide some relief
sibility to achieve observationally acceptalitée mass frac- for the tension between the lower of the two values for the
tions at high baryon-to-photon ratios looks promising. Butprimordial “He mass fractionY,=0.234[42] and the low
upon closer inspection, some severe shortcomings of suci determination’H/H=3.39x10° [46]. In view of the re-
models arise. Scenarios at high net baryon-to-photon ratigently reported value of, derived from observations of the
and with annihilation prior to*He formation still overpro- SMC[44], which coincides with the low value, this discrep-
duce “Li relative to the observational constraints. Further-ancy has received new attention. In a universe at a compara-
more, no additional source 8H exists in this model, which tively high baryon-to-photon ratio of~5x10~'° with an

is thus ruled out. In the complementary case, where annihiantimatter fraction of a few 10 distributed on length scales
lation is delayed until after the epoch fifle synthesis, pro- smaller than 6 cm, the abundance yieldsfde and’H may
duction of ?H and ®He due to disruption and photodisinte- both be “low” and thus the two observational constraints
gration of “He results. Even though it is possible to find mentioned above may be satisfied simultaneously.

models where late-timéH production may reproduce the

observationally inferred value, the ratio dfefH will ex- VII. CONCLUSIONS
ceed unity. This is observationally unacceptable. Further, _ . o
such a scenario would produégi in abundance, which is In this work we have studied the mixing and subsequent

most likely in conflict with recent observations. This remainsannihilation of antimatter domains in the early Universe dur-
true, even if we drop the assumption of a universe in whiching @ period from a cosmological temperature of about 10
the baryon-, or antibaryon-, to-photon ratio has initially theMeV, well above the epoch of weak freeze-out, down to the
same value throughout the Universe and, furthermore, alloformation of neutral hydrogefrecombination at about 0.2
the antimatter fraction and domain length scale to take dif€V. Such distinct domains of antimatter may possibly arise
ferent values at different locations in space. Let us assumi@ some electroweak baryogenesis scendric8, as well as
that the Universe consists of two different types of regionsin other proposed solutions to the baryogenesis proltfem

In regions of type A with net baryon-to-photon ratigf,,, @ review see, e.g.62]). We have shown that the annihilation
the antimatter fraction is highR,=<0.25, and mixing is ef- ©Of antimatter domains may have profound impact on the light
fective between weak freeze out afigi,. Irrespective of the ~ €lément abundances. Depending on the time when annihila-
exact value forﬂﬁep that region consists of protons only tion occurs, we |Qent|fy two main e.ffects. Ann|h|Iat|9n prior
after the annihilation is complete. In region B, with net to the Incorporation of all neutrons '”ﬁ“e. resul}s mainly n
baryon-to-photon ratiaz2,,, antimatter domains are larger, a reduction of the neutron-to-proton ratio, vv_hlch determines
so they annihilate after the BBN epoch and light elememthe amount ofHe synthesaed. Such scenarios are thus con-
synthesis may take place. If we further assume that region étrgmed by the p.ossuble underproductlorf‘Hfs. Even. more

s at high baryonic densityy®.> 7ssay, the production of ~SUINJENt constraints on the antimatter-to-matter ratio may be

2H andHe is negligible prior to anninilation. Mass-2 and -3 derived if antimatter resides in slightly larger domains and

) . annihilation proceeds after the formation“fe. In this case,
elements will, however, be produced in the course of late:

time annihilation of5 on *He. It is then easily feasible to the dominant effect is the production of secondary energetic

. : P : Y. nuclei °H, °H, and®He), which may increase their respec-

find a ratio between the volumes of the two regions such tha}t S ot
ive abundances, but may also lead to the productiofLbf

the averagéHe mass fractionY, is diluted to the observed pyclei. Further, energetic photons originating from the anni-
value of Y,~0.25: hilation process may produce additional energetic nuclei via

(Yo) the photodisintegration dfHe.
_p~ A—pBB, (35) In a second aspect of our work, we demonstrated that the
1+ 7nef al Tnef e presence of small amounts of antimatter, separated from mat-

ter within some length scale regime, may, in fact, even im-
where f, g are the fractions of space occupied by the twoprove the agreement between BBN theory and observations
different types of regions, respectively. TAde mass frac- by reducing the amount of synthesizéde while leaving
tion converges tor,~0.36 for high baryonic densities: the other light isotope yields basically unaffected. Finally, we
required dilution factor is thus at mos¥()g/Y,~1.5 in  argued that the SBBN upper bound on the cosmic baryon
order to obtainY,~0.25. While the*He mass fraction may density(), is very unlikely to be relaxed in a scenario with
agree with the observational constraints for an arbitrarilyannihilating antimatter domains in the early Universe.
large average baryon density, we face the same problems
with production of?H, He, and®Li via late-time annihila-
tion as discussed above for a one-zone model. Furthermore,
in region B, "Li is produced well in excess of the observed We want to thank K. Protasov for helpful discussions and
values and the dilution by mixing with the proton-only zonesfor providing the annihilation data for the variop reac-
of type A may not reduce th&.i abundance by more than a tions. This work was supported in part by the “Sonderfors-
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APPENDIX A:  STRUCTURE OF THE ANNIHILATION
REGION

PHYSICAL REVIEW D63 043509

Tey  (Teupn,) ™t (6.7x10° mb T/my) ™"
Tan  (Tandply )+ (32mb MeV/T 7400 ~*

(A3)

~6x107[ - B _ am
4x10719)

keV

In this appendix we will develop a detailed picture aboutwe find that the scattering time scale is again much shorter
the structure of the annihilation region at the boundaries bethan the annihilation time scale. In both cases, the width of
tween matter and antimatter domains. We will also illustratehe annihilation region|®™, is thus given by the distance
why the numerical resolution of this thin layer is not essen-d( 74, nucleons can diffuse into the respective antiregion
tial for making fairly accurate prediction on the light element during their typical lifetime against annihilation,,,[cf. EQ.
nucleosynthesis in an environment with matter-antimattef11)]:

domains.
In case of annihilation via neutrons, i.€T = Taqe

~80keV, diffusion within the annihilation region is—

according to the local baryon-to-photon

ratign—

Tann 12
|an%2d(ran,9~2(f 6D(t)dt) ~2\6D 7oy
0
(A4)

dominated either by magnetic moment scattering on elec- , o
trons and positronsz,,.=<10~8) or by nuclear scattering on We have included a factor of 2 to allow for diffusion of

protons (7.,+=10%). In both cases, the typical scattering

matter into the antimatter region as well as of antimatter into

time for neutrons is much smaller than the annihilation time:N€ matter region. The diffusion constebtcan be taken to

Tnet  (TpapNer) 1 (8X107*mb T/my) ™"
Tann (O'anrpbn%nr571 (40 mb’?ann)_l

6x10 4 T | __am Al
~ox Mev] |4x10 D (A1)
and

Top  (onpupnp) ™t (2X10'mb \T/my) ~*

Tann (U’anr{)nn%nn)fl (40 mb)‘l

—1/2
~ — 2
6x 10 (Mev) . (A2)

Hereuy, is a typical baryon thermal velocityy?™" the anti-
baryon density in the annihilation regiomy, is the nucleon
rest mass, and the relevant cross sections atg
~8x10 “mb and o,,~2x10"mb (see, e.g., Ref[20]).

be constant over the lifetime against annihilation. In order to
calculater,,,, we need to estimate the density in the anni-
hilation region. We assume that a steady state between dif-
fusion of baryon number into the annihilation region and
annihilation of this baryon number is established. The con-
cept of a steady state is only appropriate for times somewhat
shorter than the Hubble time, since the densities and diffu-
sion constants vary with the expansion of the Universe. A
typical baryonic density gradient some distance away from
the annihilation region will however always be of the order
of Any/dp(ThHuppids With dp(ThHupe the diffusion length
scale over one Hubble time. The difference in baryon density
is given by An,=Ti,—ni"", with Ti,, the baryon density far
away from the annihilation region and"" the baryon den-
sity within the annihilation region. The baryon density in the
annihilation region will typically be much smaller thé ;
therefore, we replacAny, by Ti,. This leads us to approxi-
mate the baryon number flu, into the annihilation region

by
Any Ty,

——A=D——A.
db( THubbie db( THubbie)
(A5)

Fb: DanA%D

Neutron scattering is thus always more probable than annifhe number of annihilations in a volume with surfasand
hilation. Note that Eqs(Al), (A2) assume an electron den- width 12""should then be equal to the flux of baryons into the

sity roughly equal to the photon density,~~n,,, which is
appropriate at early times, i.e., befa@& annihilation, when

neutron diffusion is important. In the numerical computa-
tions, however, we follow the exact densities of the species.
Annihilation via induced by protons diffusion occurs only

volume:

Tip
TanpNg hp AIRM=D A

dp( THubble) (A6)

in the keV era, where proton diffusion is limited by ThomsonAs long as the diffusion length is considerably smaller than
scattering of the electrons in the “electron-proton system”the size of the antimatter regiofi, is equal to the initial
off the ambient photons. Even though transport of the promatter densityfi,=n"*A°, where A° is the initial baryon
tons may now be controlled by hydrodynamic expansion, the@verdensity and™® the initial average net baryon density
movement of the particles over the boundary and inside thésee Eq.(1)]. We may now compute the baryon density in
annihilation region is still described by diffusion. Comparing the annihilation region. Inserting the annihilation lengith,

the Thomson interaction time with the annihilation time for Eq. (A4), into Eqg. (A6) and using an=(Tan®pna™) ~*

protons[cf. Eq. (22)],

yields
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FIG. 11. Left panel: snap-
shot of the neutrogsolid line) and
antineutron(dotted ling overden-
sity A, andAj at a temperature of
T~10MeV. This distribution was
obtained with a high-resolution
simulation; the antimatter param-
eters wereR,=0.9 andr;°=1.5
X10"2cm. Right panel: zoom
into the annihilation region. See
text for discussion.
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I'ypo lcm @ 100 GeV] Tieo lem @ 100 GeV]
ann 6D neiA 0 der to check the validity of the assumption of a steady state,
TanpNp N 2A =D A. we had to let the code evolve at least over the period of one
o b OanrV bn%nn VD Thubble

Hubble time. The two snapshots of the neutron and an-
(A7) tineutron overdensitied, andA4 (cf. Fig. 11 were obtained

The baryon and antibaryon densities within the annihilatiori™ @ Simulation which was started &t=20 MeV and evolved

region should be of the same magnitude: thus, we finalydown toT~10MeV. The left panel shows the whole simu-

obtain, for the baryon density in the annihilation region, lation volume, while the right panel is a zoom into the anni-
hilation region of the same simulation. The resolution is fine

ann [ (MTEA0)Z 1B enough to describ&@ntjneutron diffusiorwithin the annihi-
b — m@) (A8)  Ilation region. We find an overdensity in the central region of

A3~ a few10 3, which may be compared to the above es-
This may be written in terms of the local baryon overdensitytimate A2"™~3x 10" 3. The width of the annihilation region

A?"Min the annihilation region as is 1500~10"® cm, following Eq.(A11).
Since the two relevant processes—transport of particles
A ﬁ;: 2 ax 10‘3(A0)2/3< Tan'b )1’3 '([jhfrfough the.ir own regioq tovyard_s the annihilation region and
n 40mb ¢ iffusion within the antiregion—proceed on length scales
which differ by orders of magnitude, it is very time consum-
MeV\¥3[ 5 ing to run simulations with the resolution necessary to ad-
T 4% 1010/ (A9) equately describe both processes. The numerical results pre-

sented in this work were obtained at a resolution which
Interestingly, the overdensity in the annihilation region,properly resolves the transport processes over the distance of
A2 is independent of the diffusion constant. We may noworder of the domain size, but does not resolve the diffusion
calculate the width of the annihilation region in our comov- within the annihilation region. This should, however, affect

ing units: our results little, since the exact composition of the annihi-
lation region is not decisive for the final abundances.
|ann_3( 6D )1/2 (A10) In case of annihilation beforéHe synthesis, the exact
100 R\ g pn"eAM annihilation time is crucial for our results. Protons hardly

play a role in case of early annihilation due to their very
Using the relevant diffusion constants and annihilation crosshort diffusion length. The protons which are originally
sections and further assuming.=4x 10 1° we obtain present in the annihilation region are quickly annihilated.
Additional protons may not be transported into the annihila-
tion region and their density profile remains frozen in. The
annihilation region is thus populated by neutrons and an-
tineutrons only, and further annihilation may only proceed
for annihilation via neutron diffusion and via neutrons and antineutrons. All particles which reach the
annihilation region will inevitably be annihilated on a very
short time scale compared to the transport time. Thus the
time scale for annihilation of all antimatter is set by the
transport of neutrons and antineutrons towards the annihila-
for annihilation via proton diffusion. We have numerically tion region, hence over considerably longer distances than
verified Eq.(A11) for a scenario with antimatter regions of the annihilation region, which are properly resolved.
size r}f’o: 1.5x10 2cm and an initial overdensity %~ 10, In case of annihilation after the disappearance of free neu-
corresponding to a matter-antimatter ratioR)f=0.9. In or-  trons at a temperature df,.~80keV, the dominant chan-

IT60=2x10"*em (A%) ™1 -

—19/12
) (A11)

ah=1.3x10 tem (A0)~13 Y

—17/12
) (A12)
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nels arepp andp*He. The ratio of annihilations on either 0.208 |
“He or on protons is important, since this ratio determines §0.206 d
how many secondary nuclei, which arise‘ide disruption, 0.204 |
are produced for a given antimatter fraction. This ratio de- -
pends again on the transport of the nuclei over the whole ~ , 2*197F
matter region into the annihilation region. The transport time a 1'2:8_4 i
scale may either be set by charged particle diffusion or by 1 4x10-4 b
hydrodynamic expansion. For both processes, resolution of 0o [
the whole simulation volume is important, but since again all g :
nuclei which reach the annihilation region are inevitably an- g 810y
nihilated, the spatial distribution of the nuclei within the an- Bx107 =

L . s 20 30 40 50 60 70
nihilation region should be of negligible importance. number of zones

The effect of not resolving the annihilation region is that radius of the antimatter region:
matter and antimatter may travel further into the respective N el o © 100 GeV
antiregion than is physically correct. But since in both cases R, = 0.10
discussed above the number of annihilations on a specific N e e e e -
nucleus at a specific time is set by the transport processes, o, 021 E 3
this lack of resolution should not be relevant. The relative T
independence of the results on the exact structure of the an- 0.209 £ E
nihilation region is also evident by resolution studies given o
in Appendix B. o 9-624x107° |-
Energetic secondary nuclei arising in tfide disruption B 9.622x10-5 |-

process may only escape from the annihilation region and b
thus influence the final abundance yields if their stopping 3.406x107¢ &
length is much larger than the annihilation region. The cor- % :
rect treatment of this effect is therefore independent of & 3.405x107

whether or not diffusion within the annihilation region is 50 50 40 50 80 20"

resolved. number of zones
radius of the antimatter region:
ri% = 0.183 cm @ 100 GeV

APPENDIX B: NUMERICAL METHODS ;ntimoatlt:r fraction
T
The task of performing detailed numerical BBN calcula- e e e e e aF
tions was first fulfilled by Wagoner, Fowler, and HoYlE8]. o 0.24
Jedamzik and Fullef20,41 developed an inhomogeneous ¥ 0239 - 3
BBN code to describe the evolution of subhorizon-scale E ;
baryon-to-photon fluctuations in the early Universe and the L 08x10-4 |-
.p . . .08x10-*
resultant modifications of the light element abundances. To & L oex104 |
[a) . X =

this end, a Lagrangian grid of zones was introduced in which
the various thermodynamic quantities and the nuclear densi- 1.04x107

ties may deviate from the respective horizon average value. o 1.2x1074

The BBN network is coupled to all relevant hydrodynamic E 1o |

processes, such as diffusion of baryons, photon diffusive @ L ;
heat transport, neutrino heat transport, and late-time hydro- 20 30 40 50 60 70
dynamic expansion of high-density regions. The nuclear re- ) number of zones

action network and the thermodynamic evolution of the ho- ragius of the antimatier region:
mogeneous radiation background are treated as in an updated antimatter fraction

version of the original BBN codg63,19. Baryon diffusion R, = 0.01

&.md mcorpqrguqn of baryons into nuclei proceeds on f‘.aSt FIG. 12. Light element abundances obtained in simulations with
.tlme. scales. it is thus necessary to treat baryon dlfquIOI?hree different combinations of the antimatter parametses leg-
implicitly. Further, neutrino and photon heat transport andeno). The number of zones was varied between 20 and 70 to check
hydrodynamic processes are included in the code. for convergence of the results.

We extended the inhomogeneous c$@e,41 to include
antielements and adapted it to the present problem. We usevargence in the final abundancese Fig. 12 The region
set of concentric spherical shells to describe the distributionvhere most of the annihilations occur, on the other hand, has
of matter and antimatter. The number of zones in the simunot been resolved in our simulations. The results should
lations has to be chosen such that the spatial resolution of tHeowever be fairly insensitive to the actual structure of the
volume is sufficient to adequately describe the relevanthin annihilation layer, as we discuss in Appendix A.
physical processes. It turned out that 30 zones are sufficient The whole procedure of solving the nuclear reaction ma-
to resolve diffusion of the nuclei and obtain reasonable contrix and the treatment of the hydrodynamical processes is
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included in a second order Runge-Kutta scheme: i.e., it hasumber deteriorate. It seems, however, very unlikely to find
to be done twice per time step. The results of the two Rungean observationally acceptable scenario for combinations of
Kutta steps are averaged at the end of each time step. Sintige parameters in that range such that the simulation of such
not only the densities within each zone, but also the radii okcenarios is of little interest.

the zones, may change, this has to be done very carefully in The escape ofLi and the mass three nuclei from the
order to minimize errors. An adequate independent check ddnnihilation region was treated as follows. We keep track of
the numerical simulations is the achieved accuracy in baryothe number of*H, 3He, and®Li nuclei produced inp-*He
number conservation. Generally, the baryon number is corannihilations during a single time step. Using the stopping
served on the level aN,/N,=<O(10 °) for those regions length for these nuclei according to E&5), we may calcu-

of the parameter space relevant for the derivation of our lim{ate the fraction of those thermalized within the matter region
its. Only for large antimatter fraction&,=0.5 on length by geometrical considerations. This fraction is then added to
scalesr,ﬁooz 10cm, does numerical conservation of baryonthe number density of the respective nuclei.
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