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Inhomogeneous big bang nucleosynthesis and mutual ion diffusion
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Department of Physical Sciences, University of Helsinki, P.O. Box 64, FIN-00014 University of Helsinki, Finland

~Received 26 April 2002; published 16 August 2002!

We present a study of inhomogeneous big bang nucleosynthesis with emphasis on transport phenomena. We
combine a hydrodynamic treatment to a nuclear reaction network and compute the light element abundances
for a range of inhomogeneity parameters. We find that shortly after annihilation of electron-positron pairs,
Thomson scattering on background photons prevents the diffusion of the remaining electrons. Protons
and multiply charged ions then tend to diffuse into opposite directions so that no net charge is carried. Ions
with Z.1 get enriched in the overdense regions, while protons diffuse out into regions of lower density. This
leads to a second burst of nucleosynthesis in the overdense regions atT,20 keV, leading to enhanced
destruction of deuterium and lithium. We find a region in the parameter space at 2.1310210,h
,5.2310210 where constraints7Li/H,1029.7 and D/H,1024.4 are satisfied simultaneously.
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sy
de
w

gl
n

o-
u
.
e
th
he
gh

e

nd

u
if
ith
it
r
po

om
pr

u
-
tiv
io
n

o-
pri-
the
ns.
al

ial
ri-
re-
lu-

em

e
er-

the

n-
r
e

nted
of

c-

her
-
al
I. INTRODUCTION

Inhomogeneous big bang nucleosynthesis~IBBN! has
been studied in several papers@1–18#. In IBBN the baryon
density is assumed to be inhomogeneous during nucleo
thesis. The inhomogeneity could be the result of a first-or
phase transition occurring before BBN, or of some unkno
physics possibly connected with inflation.

The effects on light element production depend stron
on the length scale of the inhomogeneity. It is well know
that there is a so-called ‘‘optimal scale,’’ at which the pr
duction of 4He is reduced with respect to the homogeneo
case, due to differential diffusion of protons and neutrons

The first studies on IBBN concentrated on the reduc
4He production and disregarded dissipative phenomena o
than diffusion. Later works consider also other transport p
nomena. The collective hydrodynamic expansion of the hi
density regions was first addressed by Alcocket al. @19#.
Jedamzik and Fuller@20# give a detailed study of dissipativ
processes at temperatures ranging fromT'100 GeV toT
'1 keV, including diffusion, hydrodynamic expansion, a
photon inflation.

The mutual diffusion of isotopes, however, has to o
knowledge not been properly accounted for previously. D
fusion of one ion species is not restricted by collisions w
another species, if both are moving into same direction w
same fluid velocity. On the other hand, momentum transfe
enhanced between two fluid components flowing into op
site directions.

Accurate treatment of transport phenomena has bec
increasingly important, since several estimations on the
mordial 7Li abundance indicate a low primordial7Li/H,
which is difficult to accommodate in standard big bang n
cleosynthesis~SBBN!. Lithium is produced quite late in nu
cleosynthesis, and its yield is therefore particularly sensi
to the late-time transport phenomena such as ion diffus
and hydrodynamic expansion of the overdense regio

*Electronic address: Elina.Keihanen@helsinki.fi
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In this work we study inhomogeneous big bang nucle
synthesis with emphasis on ion transport. We treat the
mordial plasma as a fluid, and handle the dissipation of
baryon inhomogeneity through hydrodynamic equatio
This allows us to take into account the effects of mutu
diffusion. We discuss the hydrodynamics of the primord
plasma in Sec. II. In Sec. III we present results from nume
cal simulations. In the last two sections we compare the p
dicted isotope yields with observations and give our conc
sions.

Throughout this paper we use the natural unit syst
wherec5\5kB51.

II. DISSIPATION OF BARYON INHOMOGENEITY

A. Ions

Consider the evolution of a density fluctuation in th
baryonic component of the primordial plasma. We are int
ested in the temperature rangeT;10 MeV–1 keV. We
treat each isotope as a separate fluid. We write down
hydrodynamic equations for isotopei:

]ni

]t
52“•~nivi !1

]ni

]t U
reac

~1!

]qi

]t
52T“ni1(

j Þ i
Fi j 1Fie1niZieE. ~2!

Hereni andq denote, respectively, the number and mome
tum density of isotopei. We have ignored second-orde
terms in fluid velocityvi , which is assumed to be small. W
use the non-relativistic formula for pressureP5nT and as-
sume that temperature is nearly homogeneous. As poi
out in @20#, the fluctuations in temperature are of the order
the baryon-to-photon ratio;1029.

The last term in Eq.~1! represents production or destru
tion of ions via nuclear reactions. TermsFie andFi j represent
momentum transfer due to collisions on electrons or ot
fluid components. The last term in Eq.~2! represents an elec
tric field, which is present if there is a departure from loc
©2002 The American Physical Society12-1
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charge neutrality. In the following we evaluate explicit fo
mulas for the collision termsF.

Scattering between non-relativistic particles. The momen-
tum transfer between two non-relativistic fluid compone
close to thermal equilibrium is given by@21#

Fk j5nknjE E d3pkd
3pj f k~pk! f j~pj !uuj2ukusk j

t ~pjk!pjk ,

~3!

wheref k(p) is the momentum distribution of particlek, such
that nkf k(p) gives the phase space density,uj2uk is the
relative velocity,pjk is the center-of-mass momentum, an

sk j
t 5E dsk j

dV
„12cos~u!…dV ~4!

is the transport cross section. Assuming a small devia
from the Maxwellian distributionf k

0 ,

f k~p!5 f k
0~p!S 11

vk•p

T D , ~5!

wherevk5^uk& is the fluid velocity, we obtain

Fk j52nknjSk j~vk2vj ! ~6!

where

Sk j5
8

3 S 2Tm

p D 1/2

s̃k j~T!. ~7!

Herem is the reduced mass and the thermally averaged c
section is given by

s̃k j~T!5
1

~2mT!3E0

`

expS 2
k2

2mTD k5sk j
t ~k!dk, ~8!

wherek is the center-of-mass momentum.
Let us apply the above results to neutron-proton and i

ion scattering. At low energies~below a few MeV! the
neutron-proton interaction is dominated bys-wave scatter-
ing. The cross section is given by@22#

snp~k!5
pas

2

~ask!21~12 1
2 r sask

2!2
1

3pat
2

~atk!21~12 1
2 r tatk

2!2

~9!

with as5223.71 fm, at55.432 fm, r s52.73 fm, andr t
51.749 fm. At zero-energy limit the cross section a
proaches the value 20440 mbarn. The thermally avera
cross section~8! can be evaluated numerically.

The transport cross section for Coulomb scattering
tween nonrelativistic ions is given by

s t54p~ZiZja!2
m2

k4
L ~10!
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where L is the Coulomb logarithm@23,24#. The thermal
cross section~8! becomess̃5p(ZiZja)2L/(2T2). We then
have

Sij5
4p

3 S 2m i j T

p D 1/2~ZiZja!2L

T2
. ~11!

Scattering on electrons. The collisional force excerted on
a heavy particlek moving with velocityvk through a thermal
background of light particlesj is given by

Fk j5nkE d3pr j~p!
upu
E

sk j
t ~p!p52

1

bk j
nkvk . ~12!

This equation relates the force to the mobilitybk j @23,25#.
Here r j (p) is the phase space density of particlej in the
frame of particlek. Assuming a thermal distributionr j

0 for
particle j in laboratory frame, we haver j (p)5r j

0(E1p•v),
and

2bne
215E d3p

dr j
0~E!

dE

p3

3E
sk j

t ~p!. ~13!

Neutrons interact with electrons through their magnetic m
ment. The transport cross section is@2#

sne
t 53p

a2k2

mn
2

58.0731024 mbarn ~14!

wherek521.91 is the anomalous magnetic moment of t
neutron. Using MB statistics for electrons we obtain, for t
mobility,

bne
215

8

3 S 2meT

p D 1/2K2.5~z!

K2~z!
sne

t ne , ~15!

whereK are modified bessel functions.
The differential cross section for a relativistic electro

scattering on an ion with chargeZ is given by the Mott
formula @26#

ds

dV
5

~Za!2Ee
2

4k4sin4~u/2!
„12b2sin2~u/2!… ~16!

where the factor 12b2sin2(u/2) is the relativistic spin cor-
rection. This gives the transport cross section

s ie
t ~k!54p~Za!2

me
21k2

k4
L ~17!

whereL is the Coulomb logarithm. Using again MB stati
tics we obtain

bie
215

4pT

3

~z212z12!

K2~z!ez

~Zia!2Lne

me
2

. ~18!
2-2



re
be

n

a

r
b

e
el
ric
s

rc
ld
t

ra
o

s

t-
er
tia

.
tron
se
e-

a
al
ion
e
ile
ion
m-
o-
ns.
as a
n is
ns

uid
ts
by

that

ode
dy-
se a
c-

lest
as-

ro-
gh

ol-
st

on-

re

his
of
in-

tput
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B. Electrons

Thermal electron-positron pairs annihilate at temperatu
T'1 MeV–20 keV. The remaining electrons must
treated as one fluid component.

For non-relativistic electrons we have

]ne

]t
52“•~neve! ~19!

]qe

]t
52T“ne1Feg2neeE. ~20!

The termFeg represents Thomson scattering on backgrou
photons@27#,

Feg52beg
21neve52

4

3
sTegneve , ~21!

wheresT5665 mbarn is the Thomson cross section andeg
is the energy density of background photons.

Note that formula~21! is exactly valid only well after
electron-positron annihilation, when photon mean free p
is large compared with the inhomogeneity scale. AroundT
'20 keV photons are still connected to the plasma. For p
cise treatment of this transition period, photons should
included as one fluid component.

Ions diffusing out from the high-density regions leave b
hind a negative net charge. That gives rise to an electric fi
which forces electrons to move so as to restore the elect
neutrality @28#. Electrons are thus dragged along with ion
The motion of ions is restricted by the Thomson drag fo
~21!, which acts on them indirectly through the electric fie

If we assume spherical symmetry, the electric field a
given location is determined by the total charge contained
the spherical region closer to the symmetry center. The
of change of the field is then determined by the flux
charge through the sphere,

]~eE!

]t
514paS neve2(

i
niZivi D . ~22!

The five differential equations~1!, ~2!, ~19!, ~20!, and ~22!,
together with the formulas for momentum transfer term
form the basis of our hydrodynamic simulations.

C. Diffusion approximation

It is interesting to look at how our hydrodynamic trea
ment relates to the common diffusion approximation, wh
the evolution of inhomogeneity is presented by a differen
equation of the form

]n

]t
5¹•~D¹n!. ~23!

Consider the steady-state solution of Eq.~2! in absence of
an electric field,
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2T¹ni2(
j Þ i

ninjSi j ~vi2vj !2bie
21nivi50. ~24!

If we ignore the motion of particle species other thani (v j
'0 for j Þ i ), Eq. ~24! and the continuity equation~1! to-
gether lead to a diffusion equation of the form~23!, with
diffusion constants given byDie5bieT for scattering on
electrons, andDi j 5T/(njSi j ) for scattering between nuclei

We note here that the neutron-proton and neutron-elec
diffusion constants calculated this way coincide with tho
given in @18#. Also the proton-electron constant is in agre
ment at the limitL@1.

The diffusion equation describes well the motion of
fluid if the background fluid is stationary, so that its mutu
motion can be ignored. We refer to this as the approximat
of independent diffusion. This approximation is valid in th
case of diffusion of neutrons, which are much more mob
than the ions and electrons they scatter on. The diffus
equation also describes well the motion of ions at high te
peratures (T@20 keV), where the dominant scattering pr
cess for ions is Coulomb scattering on background electro
Due to their large number the electrons can be regarded
stationary background. At lower temperatures the situatio
more complicated. Ions gain or lose momentum in collisio
on other ion components, which move with comparable fl
velocities. Thus the mutual motion of the fluid componen
cannot be neglected. The situation is further complicated
electron drag: electrons are dragged along with ions so
charge neutrality is maintained.

III. SIMULATIONS

We have written an inhomogeneous nucleosynthesis c
where a nuclear reaction network is coupled to hydro
namic equations. We assume spherical symmetry and u
non-uniform radial grid of 64 cells. The grid is adjusted a
cording to the density profile so that the cells are smal
where the gradient of the baryon density is largest. We
sume a simple initial geometry with a step-like density p
file. The inner part of the simulation volume has a hi
baryon densityhh , and the outer part a low densityh l . The
initial conditions are determined by four parameters: the v
ume fractionf v of the high-density region, density contra
R5hh /h l , the average densityh5 f v•hh1(12 f v)•h l ,
and the radius of the simulation volumer. We give r in
comoving units in meters atT51 keV temperature. One
meter atT51 keV corresponds to 4.263106 m today. The
baryon density is given as the baryon-to-photon ratioh,
which is related toVb throughh1051010h5274Vbh2.

The code evolves 21 variables in each grid zone: the c
centration and momentum density ofe, n, p, D,3H, 3He,4He,
6Li, 7Li, and 7Be, and the electric field. These variables a
evolved by solving a set of 21364 stiff differential equations
in time steps proportional to the age of the universe. T
involves the solution of a band diagonal linear system
rank 1344 at every time step. The nuclear reaction rates
clude those given in the NACRE compilation@29#. The
simulation is started atT510 MeV and ends atT51 keV,
or when all nuclear reactions have ceased. The final ou
2-3
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consists of the average concentrations ofp, D, 3He ~includ-
ing 3H), 4He,6Li, and 7Li ~including 7Be).

For comparison we also made a set of simulations wh
we mimicked the approximation of independent diffusio
We removed from the matrix all elements corresponding
mutual diffusion, i.e., terms that represent dependence

FIG. 1. Evolution of the abundances of light isotopes as a fu
tion of temperature, for simulation parametersr 5107 m ~at 1
keV!, h1056, f v50.01, andR5106. The solid lines show results
from a complete simulation. The dashed lines represent a simula
where the approximation of independent diffusion was appli
Separation of elements leads to a second burst of nucleosynt
below T,20 keV.

FIG. 2. Light element abundances as a function ofr, for simu-
lation parametersh1056, f v50.01, andR5106. The solid lines
show results from a complete simulation. The dashed lines re
sent a simulation where mutual diffusion was ignored. The heli
mass fractionYp ~dash-dotted line! is shown on linear scale~right y
axis!. Other isotopes are shown on logarithmic scale~left y axis! as
ratio of number density to that of hydrogen.
04351
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]qi /]t on vj Þ i . We also forced a steady-state solution. T
electron drag was taken into account by adding to the m
mentum loss of an ion with chargeZi the Thomson force tha
would act onZi electrons moving with the same velocit
This approach can be written as

]ni

]t
52“•~nivi !1

]ni

]t U
reac

~25!

2T“ni2(
j Þ i

ninjSi j vi2bie
21nivi2beg

21Zinivi50. ~26!

A. Separation of elements

Figure 1 shows the light element abundances plot
against temperature, for simulation parametersr 5107 m,
h1056, and f v50.01. We compare results from a comple
simulation, and from a simulation where we used t
approximation~26!. The complete simulation shows a se
ond burst of nucleosynthesis atT'20–10 keV, leading to
destruction of7Li, D, and 3H.
-

on
.
sis

e-

FIG. 3. Separation of elements. Number density~left! and nv
~right! are shown for a run with only protons and4He present.
Nuclear reactions were turned off. The simulation started with
initial profile with R510, r 5107 m, f v50.43, and uniform helium
mass fractionYp50.25 ~uppermost frame!. We show the density
profile and flux of4He ~solid line!, p ~dashed line!, and e ~dash-
dotted line! along the radial axis of the spherical simulation volum
Helium begins to concentrate in the high-density region atT
,20 keV. The concentration of4He in the center reaches a max
mum aroundT'6 keV. The inhomogeneity is finally erased b
collective hydrodynamic expansion against Thomson drag~last
frame!.
2-4
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FIG. 4. Isotope yields as a function of the inhomogeneity length scaler and the volume fractionf v of the high-density region. Othe
simulation parameters wereh56310210 and R5106. At the left the results converge towards SBBN yields D/H52.931025, 3He/H
51.031025, Yp50.2483, and7Li/H54.1310210.
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This can be understood as follows. Diffusion of electro
is inefficient at temperaturesT@1 keV due to the frequen
Thomson scattering on background photons. Thomson d
then resists the diffusion of ions which must drag electro
with them to maintain electrical neutrality. However, if w
divide the motion of ions into two components, one th
obeys the condition( iniviZi50 and thus carries no charg
and one that does carry charge, only the latter is resiste
Thomson drag. Protons and helium ions, for instance,
allowed to diffuse into opposite directions in such a way t
the total charge flux vanishes. This leads to a separatio
elements. Heavier elements tend to get enriched in the h
density regions, while protons diffuse out. The nucleosynt
sis process in the high-density region is enhanced by
increased concentration of heavier nuclei. This effect is
sponsible for the modified nucleosynthesis yields that
simulations show.

In Fig. 2 we show the isotope yields as a function
inhomogeneity length scale, forf v50.01 andh1056. Again,
we show results both for a complete simulation~solid lines!
and for a simulation with same parameters but with the
proximation of independent diffusion. The complete simu
tion shows a clear decrease in the abundances of D,3H, and
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7Li, as compared to the diffusion approximation. Also t
yields of 3He and 7Be are reduced, but not as clearly. Th
yield of 4He is hardly affected.

Lithium is destroyed via reaction7Li( p,a)4He. The mean
destruction channel for 7Be, instead, is via
reaction7Be(n,p)7Li. As this reaction requires free neu
trons, which are not available after the main phase of nuc
synthesis,7Be is affected little in the second nucleosynthe
phase. The same holds for3He, whose main reaction chann
is 3He(n,p)3H.

The reduction in D,3H and 7Li due to element separatio
is most efficient at scales somewhat smaller than
‘‘optimal scale’’ at which the4He yield is minimized. The
maximal 4He reduction occurs at a scale at which neutro
diffuse maximally out from the high-density regions, but t
later back-diffusion is not too efficient. At a somewh
smaller scale, back-diffusion of neutrons leads to synthe
of nuclei in a narrow zone surrounding the high-density
gion. There are then plenty of nuclei to be transported dee
into the high-density region, once the separation of eleme
begins atT;20 keV.

Some analytic considerations may be in place here. C
sider the steady-state solution of Eqs.~2! and ~20!,
2-5
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FIG. 5. Isotope yields on the (r,h) plane for f v51021.5 andR5106.
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2T“ni2(
j

ninjSi j ~vi2vj !1niZieE50 ~27!

2T“ne2beg
21neve2neeE50.

~28!

We are interested in the temperature regimeT,20 keV and
have ignored terms that represent scattering on electron
measure of the distance over whichne can deviate from
( iniZi is given by the Debye shielding distanceh
5(4pane /T)21/2 @28#, which is orders of magnitude
smaller than the inhomogenity length scale. We can there
assume that electrical neutrality holds at the scale of the
homogeneity (ne'( iniZi), and based on that eliminate th
field E.

The evolution of the inhomogeneity is particularly simp
in two limiting cases. If the interaction between ions
strong compared with the electron-photon interaction (niSi j

@beg
21), as is the case at late times (T!1 keV), the plasma

behaves as a single fluid, moving with a collective veloc
ve . Taking the sum of Eqs.~27! and ~28! and using the
electrical neutrality we find

2T~“nB1“ne!2beg
21neve50. ~29!
04351
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This represents collective hydrodynamic motion of t
plasma against Thomson drag@19,20#. With the approxima-
tion nb'ne it leads to the diffusion equation for the baryo
density, with diffusion constantDhyd52begT.

In the opposite limiting case, when electron-photon sc
tering dominates over ion-ion scattering, the motion of el
trons is suppressed by the Thomson drag. Ions then m
under the condition that the net current carried by ions v
ishes,( iniZivi50. Consider for simplicity a system of two
ion species only, say hydrogen and4He. The steady-state
solution now simplifies into

TS Z1

“n2

n2
2Z2

“n1

n1
D5~v12v2!S12~n1Z11n2Z2!.

~30!

It is now easy to see that if two isotopes have the same in
inhomogeneity (“n1 /n15“n2 /n2), then the one with
smaller charge will flow into the direction of negative de
sity gradient, while the one with larger charge will move in
the opposite direction. The isotope with larger charge w
get concentrated into the high-density region.

In order to illustrate the separation of elements, we ma
a run with only protons and4He present. We started with
step-like initial profile with uniform helium mass fractio
2-6
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INHOMOGENEOUS BIG BANG NUCLEOSYNTHESIS AND . . . PHYSICAL REVIEW D66, 043512 ~2002!
Yp50.25. The concentration profiles of the two elements a
electrons, as well as density times velocity, at various te
peratures are shown in Fig. 3. Helium begins to concent
in the high-density region atT,20 keV. At T56 keV the
initial high-density region contains 62% of all helium nucle
while in the beginning it contained 41%. The inhomogene
is erased when Thomson scattering becomes inefficien
restricting the collective motion of the plasma.

IV. IBBN COMPUTATIONS AND CONFRONTATION
WITH OBSERVATIONS

The best way to evaluate the primordial7Li has for a long
time been the so-called Spite plateau@30# observed in halo
stars. There is still debate on how much the7Li in Spite
plateau stars has depleted from the primordial abunda
and consequently, on the primordial7Li abundance. While
some authors obtain a relatively high upper limit7Li/H
,4310210 @31#, a number of authors argue for a low
value @32–34#. Ryan et al. @33# derive the range210.04
, log10(

7Li/H) ,29.72 for the primordial abundance. I
SBBN this corresponds toh1051010h,4.2. Suzukiet al.
obtain an even tighter range29.97, log10(

7Li/H) ,29.77.
A recent study @35# gives an intermediate estima
log10(

7Li/H) 529.7660.05660.06.
The tight lithium limits of Ryanet al. and Suzukiet al.

are in conflict with the low deuterium estimations from qu
sistellar object~QSO! absorption systems@36–38#. O’Meara
et al. obtain the range D/H5(3.060.4)31025 from a com-
bined study of four such systems. In SBBN this correspo
to 5.4,h10,6.4. The tight lithium limits are also in conflic
with the recent Boomerang resulth;6310210 @39#.

In light of the above, it is interesting to note that th
separation of elements due to Thomson drag leads to si
taneous destruction of7Li and D.

FIG. 6. Observational constraints on the (r,h) plane. The shaded
region satisfies the constraints 0.23,Yp,0.25~thick dashed lines!,
1024.8,D/H,1024.4 ~thick solid lines!, 7Li/H,1029.7 ~thin solid
line!, and 3He/D,1 ~dash-dotted line!.
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We have computed the light element abundances
a range of inhomogeneity parameters. Figure 4 shows
yields of light isotopes as a function of length scaler
and volume fraction of the high-density regionf v , for h
56310210. At small scales the results converge towar
SBBN results. The smallest7Li yield 7Li/H51029.55 was
obtained atf v'1021.5'0.032 andr'7.1 m. The SBBN
value is 7Li/H51029.39.

In Fig. 5 we show the isotope yields as a function ofr and
h, for f v51021.5 and R5106. The reduction in7Li/H is
more prominent at lowh, due to the fact that at lowh most
of the lithium is produced directly as7Li, which is sensitive
to the separation of elements. At highh most of the lithium
comes from7Be, which is not affected as much.

In Fig. 6 we compare our results to a set of observatio
constraints on light element abundances. The simulation
rameters are the same as in Fig. 5. For4He we choose
conservative limits 0.23,Yp,0.25. For deuterium we selec
constraints 1024.8,D/H,1024.4. The lower limit here
comes from the present D/H abundance in interstellar m
dium @40#. The upper limit is based on the two-sigma upp
limit of the O’Meara estimation@36#. For lithium we choose
a low limit 7Li/H,1029.7. We also include the constrain
3He/D,1. The lithium and deuterium constraints we ha
chosen are in conflict in SBBN. The upper limit to deuteriu
implies h10.4.8 while the upper limit to7Li implies h10
,4.2. In IBBN we find a region in the parameter spac
where all constraints are satisfied simultaneously. The
lowed region falls in the range 2.1,h10,5.2, corresponding
to 0.008,Vbh2,0.019. We note that if we apply the ap
proximation of independent diffusion, the allowed regio
disappears.

V. CONCLUSIONS

We have studied inhomogeneous big bang nucleosyn
sis with emphasis on transport phenomena. We combine
hydrodynamic treatment to a nucleosynthesis simulation.
found an effect that to our knowledge has been overloo
before: separation of elements due to Thomson drag. Th
son drag prevents the diffusion of the electron fluid shor
after electron-positron annihilation. Hydrogen and multip
charged elements then diffuse into opposite directions so
no net charge is carried. Helium and lithium get concentra
into high-density regions, which leads to enhanched nuc
synthesis and destruction of7Li, D, and 3He. The effect is
important at length scales from 105 to 109 meters at 1 keV
temperature, corresponding to 102520.1 pc today.

We computed the light element yields for a variety
initial inhomogeneity profiles and found a region in the p
rameter space where a low lithium constraint7Li/H
,1029.7 and a low deuterium constraint D/H,1024.4 are
satisfied simultaneously forh5(2.125.2)310210.
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