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Inhomogeneous big bang nucleosynthesis and mutual ion diffusion
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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. lons
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 regidns 28t keV, leading to enhanced
destruction of deuterium and lithium. We find a region in the parameter space at1@.1<y
<5.2x 10 *® where constraintgLi/H <10 °7 and D/H< 10™** are satisfied simultaneously.
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I. INTRODUCTION In this work we study inhomogeneous big bang nucleo-

synthesis with emphasis on ion transport. We treat the pri-

Inhomogeneous big bang nucleosynthedBBN) has  mordial plasma as a fluid, and handle the dissipation of the
been studied in several papgfs-18. In IBBN the baryon baryon inhomogeneity through hydrodynamic equations.
density is assumed to be inhomogeneous during nucleosydhis allows us to take into account the effects of mutual
thesis. The inhomogeneity could be the result of a first-ordefliffusion. We discuss the hydrodynamics of the primordial
phase transition occurring before BBN, or of some unknowrPlasma in Sec. Il In Sec. lll we present results from numeri-

physics possibly connected with inflation. cal simulations. In the last two sections we compare the pre-

The effects on light element production depend stronglyd_iCted isotope yields with observations and give our conclu-

on the length scale of the inhomogeneity. It is well knownS'O"S: _ .
that there is a so-called “optimal scale,” at which the pro- Thfou_ghﬁm t_h's paper we use the natural unit system
duction of “He is reduced with respect to the homogeneous\,NhereC_h_kB_ L
case, due to differential diffusion of protons and neutrons.

The first studies on IBBN concentrated on the reduced !l DISSIPATION OF BARYON INHOMOGENEITY
“He production and disregarded dissipative phenomena other A. lons
than diffusion. Later works consider also other transport phe- . . . L
nomena. The collective hydrodynamic expansion of the highs Con_5|der the evolution of.a depsny flucuation n the
density regions was first addressed by Alcaakal. [19]. Zg{ggn;g iﬁ?ﬁggwepnérg:ut:‘: g'nné_g[dllgl R}laesvnlal' V&/gvar(\a/\}gter-
Jedamzik and Fullei20] give a de.talled study of dissipative treat each isotope as a separate fluid. We write down the
processe; at te_mper'atur.es ranging from .100 GeV.toT hydrodynamic equations for isotojie
~1 keV, including diffusion, hydrodynamic expansion, and

photon inflation. i an;
The mutual diffusion of isotopes, however, has to our E:_V'(nivi)"'ﬁ @
knowledge not been properly accounted for previously. Dif- reac
fusion of one ion species is not restricted by collisions with
another species, if both are moving into same direction with 94 —TVn+ 2, Fii+Fo+nZeE. 2)
same fluid velocity. On the other hand, momentum transfer is ot E2 R
enhanced between two fluid components flowing into oppo-
site directions. Heren; andqg denote, respectively, the number and momen-

Accurate treatment of transport phenomena has becontem density of isotopd. We have ignored second-order
increasingly important, since several estimations on the priterms in fluid velocityv; , which is assumed to be small. We
mordial ‘Li abundance indicate a low primordialLi/H, use the non-relativistic formula for pressuPe=nT and as-
which is difficult to accommodate in standard big bang nu-sume that temperature is nearly homogeneous. As pointed
cleosynthesigSBBN). Lithium is produced quite late in nu- out in[20], the fluctuations in temperature are of the order of
cleosynthesis, and its yield is therefore particularly sensitivehe baryon-to-photon ratie- 10" °.
to the late-time transport phenomena such as ion diffusion The last term in Eq(1) represents production or destruc-
and hydrodynamic expansion of the overdense regiongion of ions via nuclear reactions. Terag andF;; represent

momentum transfer due to collisions on electrons or other
fluid components. The last term in E@) represents an elec-
*Electronic address: Elina.Keihanen@helsinki.fi tric field, which is present if there is a departure from local
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charge neutrality. In the following we evaluate explicit for- where A is the Coulomb logarithn{23,24). The thermal

mulas for the collision termf. . cross sectior(8) becomesr = m(Z;Z;a)?A/(2T?). We then
Scattering between non-relativistic particldhe momen-  have

tum transfer between two non-relativistic fluid components

close to thermal equilibrium is given 4@1] 477(

iT3

2 i
ar

T\Y2(Z,Z;a)?A
T

11

ij:”kan Jdspkdgpjfk(pk)fj(pj)|uj_uk|0'{<j(pjk)pjk,
3) Scattering on electrond'he collisional force excerted on
a heavy particl& moving with velocityv, through a thermal
wheref,(p) is the momentum distribution of particke such ~ background of light particlegis given by
that n,f(p) gives the phase space density,—u is the
relative velocity,p;i is the center-of-mass momentum, and = __nkj d pp,(p)' lokj(p)p= B bik_nka- (12)
J

dO’k'

t _ i

‘Tkj_f qn (1~ cod6))d0 4 This equation relates the force to the mobility; [23,25).
Here p;(p) is the phase space density of pamq:lm the

is the transport cross section. Assuming a small deviatioframe of particlek. Assuming a thermal dlstrlbutlop, for

from the Maxwellian distributiorf? particlej in laboratory frame, we havg;(p) = p; %E+p-v),
and
Vic' P
fp)=fi(p)| 1+ —|, 5 . dpd(E) p*

wherev,=(u,) is the fluid velocity, we obtain
Neutrons interact with electrons through their magnetic mo-

Fij= = M S (V= v;) (6)  ment. The transport cross section 2
where a’k?
Tne=3m——=8.07X10"* mbarn (14)
8(2Tu\? n
i=3 oy J(T) (7)

wherex=—1.91 is the anomalous magnetic moment of the

Hereu is the reduced mass and the thermally averaged cro%eouglrlcl)tg Using MB statistics for electrons we obtain, for the

section is given by

R k50- k dk, 8
kJ( ) (2 T f d ) k] ) ( )
whereK are modified bessel functions.

wherek is the center-of-mass momentum. The differential cross section for a relativistic electron
Let us apply the above results to neutron-proton and ionscattering on an ion with chargé is given by the Mott

ion scattering. At low energiegbelow a few MeV the  formula[26]

neutron-proton interaction is dominated byvave scatter-

ing. The cross section is given (Hg22] do (Za)2E2

dO  4Ksint(612)

1/2K 5(2
Ka(2)

Thele. (15)

ne 3 T

b_1:§(2meT

(1— B2siré(612)) (16)

) wag 377at2

a = +

" (agk)?+(1—3rak®)?  (ak)?+(1—3rak?)?>  where the factor & B2sir?(6/2) is the relativistic spin cor-
9 rection. This gives the transport cross section

with ag=—23.71 fm, 8,=5.432 fm,r,=2.73 fm, andr, m2+ k2

=1.749 fm. At zero-energy limit the cross section ap- ole(K)=4m(Za)? A (17)

proaches the value 20440 mbarn. The thermally averaged
cross sectiorni8) can be evaluated numerically.
The transport cross section for Coulomb scattering bewhereA is the Coulomb logarithm. Using again MB statis-

tween nonrelativistic ions is given by tics we obtain
2 47T (Z22+22+2) (Z;)?An
= Am(Z.Z )2 bie'= : . (18)
o=4mn(ZiZja) o A (10 ie 3 K,(2)e? m2
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B. Electrons .
Thermal electron-positron pairs annihilate at temperatures AL —jEi ningS;(vi—vi) = bie mvi=0. (24)

T~1 MeV-20 keV. The remaining electrons must be
treated as one fluid component. If we ignore the motion of particle species other thafu;
For non-relativistic electrons we have ~0 for j#1i), Eq. (24) and the continuity equatiofil) to-

gether lead to a diffusion equation of the for@3), with
Jn

—e=—V~(n Vo) (19 diffusion constants given by;.=b;,,T for scattering on

ot e'e electrons, an®;; =T/(n;S;;) for scattering between nuclei.
We note here that the neutron-proton and neutron-electron

PR d?ffusic_m constants calculated this way coincide_ vyith those

ot —TVne+Fe,—neeE. (20 given in[18]. Also the proton-electron constant is in agree-

ment at the limitA>1.

. The diffusion equation describes well the motion of a
The termF,, represents Thomson scattering on backgroundyyq if the background fluid is stationary, so that its mutual

photons{27], motion can be ignored. We refer to this as the approximation
of independent diffusion. This approximation is valid in the

E — b lnv.—— fa € Ly 21) case of diffusion of neutrons, which are much more mobile

&y ey e’e 3 Thyeler than the ions and electrons they scatter on. The diffusion

equation also describes well the motion of ions at high tem-
wherec =665 mbarn is the Thomson cross section apd ~Peratures T>20 keV), where the dominant scattering pro-
is the energy density of background photons. cess for ions is Coulomb scattering on background electrons.
Note that formula(21) is exactly valid only well after Due to their large number the electrons can be regarded as a

electron-positron annihilation, when photon mean free patf$tationary background. At lower temperatures the situation is

is large compared with the inhomogeneity scale. Arolind More complicated. lons gain or lose momentum in collisions

~20 keV photons are still connected to the plasma. For preon other ion components, which move with comparable fluid

cise treatment of this transition period, photons should b&€locities. Thus the mutual motion of the fluid components

included as one fluid component. cannot be neglected. The situation is further complicated by
lons diffusing out from the high-density regions leave be-€lectron drag: electrons are dragged along with ions so that

hind a negative net charge. That gives rise to an electric fielccharge neutrality is maintained.

which forces electrons to move so as to restore the electrical

neutrality[28]. Electrons are thus dragged along with ions. ll. SIMULATIONS

The motion of ions is restricted by the Thomson drag force We have written an inhomoaeneous nucleosvnthesis code
(21), which acts on them indirectly through the electric field. . 9 ) y
where a nuclear reaction network is coupled to hydrody-

If we assume spherical symmetry, the electric field at a amic equations. We assume spherical symmetry and use a
given location is determined by the total charge contained i q ) p y y

the spherical region closer to the symmetry center. The ratgon-_umform radial g.”d of 6.4 cells. The grid is adjusted ac-
of change of the field is then determined by the flux Ofcordlng to the density profile so that the cells are smallest

charge through the sphere, where thg grad!en.t of the baryon density is Iargest._We as-
sume a simple initial geometry with a step-like density pro-
file. The inner part of the simulation volume has a high
— +47m< NeVe— E ”iZiVi)- (22) baryon densityy,,, and the outer part a low densigy . The
initial conditions are determined by four parameters: the vol-
ume fractionf, of the high-density region, density contrast
The five differential equationél), (2), (19), (20), and(22), R=mnu/7, the average densityy=f,- »,+(1—-f,)- 7,
together with the formulas for momentum transfer termsand the radius of the simulation volunte We giver in
form the basis of our hydrodynamic simulations. comoving units in meters af=1 keV temperature. One
meter afT=1 keV corresponds to 4.2610° m today. The
baryon density is given as the baryon-to-photon ragio
which is related td,, through ;=109 =2740h?.
It is interesting to look at how our hydrodynamic treat-  The code evolves 21 variables in each grid zone: the con-
ment relates to the common diffusion approximation, wheresentration and momentum densitye, p, D,%H, *He, *He,
the evolution of inhomogeneity is presented by a differentialé| j 7 j, and "Be, and the electric field. These variables are
equation of the form evolved by solving a set of 2164 stiff differential equations
an in time steps proportional to the age of the universe. This
—=V.(DVn). (23)  involves the solution of a band diagonal linear system of
ot rank 1344 at every time step. The nuclear reaction rates in-
clude those given in the NACRE compilatid29]. The
Consider the steady-state solution of E2).in absence of simulation is started ail=10 MeV and ends af=1 keV,
an electric field, or when all nuclear reactions have ceased. The final output

Jd(eE)
at

C. Diffusion approximation
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dq; /ot onv;.;. We also forced a steady-state solution. The
electron drag was taken into account by adding to the mo-
mentum loss of an ion with chargg the Thomson force that
would act onZ; electrons moving with the same velocity.
This approach can be written as

an;
a

an,
= V(i) + —=

reac

(29

_Tan_z ninj$jvi—biglnivi—b;ylzinivi=O. (26)
j#i

A. Separation of elements

Figure 1 shows the light element abundances plotted
against temperature, for simulation parametersl0’ m,
1n10=6, andf,=0.01. We compare results from a complete
simulation, and from a simulation where we used the
approximation(26). The complete simulation shows a sec-

FIG. 1. Evolution of the abundances of light isotopes as a funcond burst of nucleosynthesis at=20-10 keV, leading to
tion of temperature, for simulation parametars 10’ m (at 1

destruction ofLi, D, and 3H.

keV), 710=6, f,=0.01, andR=10°. The solid lines show results
from a complete simulation. The dashed lines represent a simulatior
where the approximation of independent diffusion was applied.

Separation of elements leads to a second burst of nucleosynthesf

below T<20 keV.

consists of the average concentrationgob, 3He (includ-
ing 3H), “He,%Li, and ’Li (including "Be).
For comparison we also made a set of simulations where

we mimicked the approximation of independent diffusion. f
We removed from the matrix all elements corresponding tof
mutual diffusion, i.e., terms that represent dependence o}
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FIG. 2. Light element abundances as a functiom,dbr simu-
lation parameters);;=6, f,=0.01, andR=10°. The solid lines

FIG. 3. Separation of elements. Number dengigft) and nv
(right) are shown for a run with only protons arftHe present.
Nuclear reactions were turned off. The simulation started with an
initial profile with R=10, r=10" m, f,=0.4%, and uniform helium
mass fractionY,=0.25 (uppermost frame We show the density
profile and flux of*He (solid line), p (dashed ling and e (dash-
dotted ling along the radial axis of the spherical simulation volume.

show results from a complete simulation. The dashed lines repredelium begins to concentrate in the high-density regionTat
sent a simulation where mutual diffusion was ignored. The helium<20 keV. The concentration dfHe in the center reaches a maxi-
mass fractior¥ , (dash-dotted lingis shown on linear scalgighty

axis). Other isotopes are shown on logarithmic sdéét y axis) as

ratio of number density to that of hydrogen.

mum aroundT=6 keV. The inhomogeneity is finally erased by
collective hydrodynamic expansion against Thomson dfagt

frame.

043512-4



INHOMOGENEOQOUS BIG BANG NUCLEOSYNTHESIS AND . .. PHYSICAL REVIEW B6, 043512 (2002

16'¢ —— _
F Y g
I 025 [
fv H H fv
10-2__ """""""""""""" § """""""""""" '“. 10-2_—
. i :
= v i e L
[~}
-3 I |/ / 3
16 R 1
10° 10° et ko™ oB 10°
rma e
(a) ()
16" — T 16",
s fogw(aHe/H) -
re 51 r
fv fv
1627 """"""""""""""""""""""""""""""""""""""""""" 10'2__
© ! © i
o | i .
10° 5 10°
10 10 10 10 0 10
(b) r(mat1keV) (d) r(mat 1 keV)

FIG. 4. Isotope yields as a function of the inhomogeneity length scated the volume fractiori, of the high-density region. Other
simulation parameters werg=6x10 10 and R=10°. At the left the results converge towards SBBN yields B/#19x10 5, 3He/H
=1.0x10"°, Y,=0.2483, and'Li/H=4.1x10"",

This can be understood as follows. Diffusion of electrons’Lj, as compared to the diffusion approximation. Also the
is inefficient at temperatureb>1 keV due to the frequent yields of *He and ‘Be are reduced, but not as clearly. The
Thomson scattering on background photons. Thomson dragield of “He is hardly affected.
then resists the diffusion of ions which must drag electrons Lithium is destroyed via reactloﬁ_|( p,a)*He. The mean
with them to maintain electrical neutrality. However, if we destruction channel for ‘Be, instead, is via
divide the motion of ions into two components, one thatreaction’Be(n,p)’Li. As this reaction requires free neu-
obeys the conditiorz;n;v;Z;=0 and thus carries no charge, trons, which are not available after the main phase of nucleo-
and one that does carry charge, only the latter is resisted bsynthesis,’Be is affected little in the second nucleosynthesis
Thomson drag. Protons and helium ions, for instance, arphase. The same holds féile, whose main reaction channel
allowed to diffuse into opposite directions in such a way thaiis *He(n,p)3H.
the total charge flux vanishes. This leads to a separation of The reduction in DH and ’Li due to element separation
elements. Heavier elements tend to get enriched in the highis most efficient at scales somewhat smaller than the
density regions, while protons diffuse out. The nucleosynthe“optimal scale” at which the*He yield is minimized. The
sis process in the high-density region is enhanced by theaximal “He reduction occurs at a scale at which neutrons
increased concentration of heavier nuclei. This effect is rediffuse maximally out from the high-density regions, but the
sponsible for the modified nucleosynthesis yields that outater back-diffusion is not too efficient. At a somewhat
simulations show. smaller scale, back-diffusion of neutrons leads to synthesis

In Fig. 2 we show the isotope yields as a function ofof nuclei in a narrow zone surrounding the high-density re-
inhomogeneity length scale, féy=0.01 andrn,,=6. Again,  gion. There are then plenty of nuclei to be transported deeper
we show results both for a complete simulatigolid lines into the high-density region, once the separation of elements
and for a simulation with same parameters but with the apbegins afT~20 keV.
proximation of independent diffusion. The complete simula- Some analytic considerations may be in place here. Con-
tion shows a clear decrease in the abundances #iDand  sider the steady-state solution of E¢®). and (20),
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FIG. 5. Isotope yields on the () plane forf,=10"1°andR=1C°.

This represents collective hydrodynamic motion of the
—TVn— 2 ninS;(vi—v)+niZieE=0  (27) plasma against Thomson drfb9,20. With the approxima-
) tion ny~n, it leads to the diffusion equation for the baryon
density, with diffusion constar®y,y4=2be, T
—TVne— b;jneve— neeE=0. (28) In the opposite limiting case, when electron-photon scat-
tering dominates over ion-ion scattering, the motion of elec-

_ _ trons is suppressed by the Thomson drag. lons then move
We are interested in the temperature regiire20 keV and  ynder the condition that the net current carried by ions van-

have ignored terms that represent scattering on electrons. &g >.n;Z;v;=0. Consider for simplicity a system of two

measure of the distance over which can deviate from o species only, say hydrogen aféfle. The steady-state
ZiniZ; is given by the Debye shielding distance  sojytion now simplifies into
=(4man,/T) Y2 [28], which is orders of magnitude
smaller than the inhomogenity length scale. We can therefore
assume that electrical neutrality holds at the scale of the in-  T|z,——-Z,— ) (V1= V) SNy Z1+Nn5Z5).
homogeneity .~ =;n;Z;), and based on that eliminate the N2 N1
field E. (20

The evolution of the inhomogeneity is particularly simple ) . -
in two limiting cases. If the interaction between ions is!t is now easy to see that if two isotopes have the same.lnltlal
strong compared with the electron-photon interactioS( inhomogeneity V.nllnl:'Vnz/nz),. thgn the one with
>b;71), as is the case at late timeg<€1 keV), the plasma s_mallerdc_:hargehv_\lnll EOW Into t?]el d|rect|ch]n of neﬁanve d_en—
behaves as a single fluid, moving with a collective velocitys'ty gradient, while the one with larger charge will move into

: : the opposite direction. The isotope with larger charge will
\éféclilg?%et:tfaﬁtl;mwgfﬁE(;]S(Z?) and (28) and using the get concentrated into the high-density region.

In order to illustrate the separation of elements, we made
. a run with only protons andHe present. We started with a
—T(Vng+Vne)—be neve=0. (29 step-like initial profile with uniform helium mass fraction

vn, Vn,
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We have computed the light element abundances for
a range of inhomogeneity parameters. Figure 4 shows the
T ooy vields of light isotopes as a function of length scale

; “\9/'3:1 ; and volume fraction of the high-density regidp, for »
=6x10 19 At small scales the results converge towards
SBBN results. The smallestLi yield ’Li/H=10"°% was
obtained atf,~10 1°~0.032 andr~7.1 m. The SBBN
value is ‘Li/H =10 %%°

In Fig. 5 we show the isotope yields as a functiomr eihd
n, for f,=10 % and R=10°. The reduction in’Li/H is
more prominent at lowp, due to the fact that at lowy most
of the lithium is produced directly a4.i, which is sensitive
to the separation of elements. At highmost of the lithium
comes from’Be, which is not affected as much.

In Fig. 6 we compare our results to a set of observational
5 ot constraints on light element abundances. The simulation pa-
10 10 10 10 rameters are the same as in Fig. 5. Féte we choose

r{miat 1 keV) conservative limits 0.23 Y,<0.25. For deuterium we select

FIG. 6. Observational constraints on thier) plane. The shaded constraints 10*®<D/H<10"*% The Iow_er _I'm't here
region satisfies the constraints 0:28,<0.25(thick dashed lings comes from the presgnt_ D/H abundance in '”t?VSte”ar me-
10" *8<D/H< 10 ** (thick solid lines, "Li/lH<10"97 (thin solid  dium [40]. The upper limit is based on the two-sigma upper
line), and ®*He/D< 1 (dash-dotted ling limit of the O’Meara estimatioi36]. For lithium we choose
a low limit ‘Li/H<10"%’. We also include the constraint

3 . . . .
Y,=0.25. The concentration profiles of the two elements and He/D<1. The “th.'“”.‘ and deuterium constraints we hgve
electrons, as well as density times velocity, at various tem_g:hos_en are In confhgt in SBBN. The_ “Ppe§ “.m.'t to_deuterlum

peratures are shown in Fig. 3. Helium begins to concentratd"Plies 710>4.8 while the upper limit to’Li implies 2,

in the high-density region ak<20 keV. AtT=6 keV the =4.2. In IBBN we find a region in the parameter space,

initial high-density region contains 62% of all helium nuclei, where all constraints are satisfied simultaneously. The al-

while in the beginning it contained 41%. The inhomogeneitylm’ve‘j region falls in the range 217,0<5.2, corresponding

2 .
is erased when Thomson scattering becomes inefficient ifp 0'.008.<Qbh <.0'019' We hote that if we apply the ap-
restricting the collective motion of the plasma. proximation of independent diffusion, the allowed region

disappears.

=9
10 T T ||q’|||! T T T T T 1T

RN -GN TR 1.

R i
oo /H=10§4\8

4
1 Lo atl

IV. IBBN COMPUTATIONS AND CONFRONTATION
WITH OBSERVATIONS V. CONCLUSIONS

We have studied inhomogeneous big bang nucleosynthe-
sis with emphasis on transport phenomena. We combined a
hydrodynamic treatment to a nucleosynthesis simulation. We
%ound an effect that to our knowledge has been overlooked

efore: separation of elements due to Thomson drag. Thom-
son drag prevents the diffusion of the electron fluid shortly
after electron-positron annihilation. Hydrogen and multiply
charged elements then diffuse into opposite directions so that
no net charge is carried. Helium and lithium get concentrated
into high-density regions, which leads to enhanched nucleo-
synthesis and destruction &fi, D, and *He. The effect is
important at length scales from 3@ 10 meters at 1 keV
temperature, corresponding toT0-0.1 pc today.

We computed the light element yields for a variety of
initial inhomogeneity profiles and found a region in the pa-
rameter space where a low lithium constraifiti/H
<10 °7 and a low deuterium constraint DAHLO ** are
satisfied simultaneously fop=(2.1-5.2)x 10~ 10

The best way to evaluate the primordf4li has for a long
time been the so-called Spite platd@0] observed in halo
stars. There is still debate on how much thd in Spite
plateau stars has depleted from the primordial abundanc
and consequently, on the primordiéli abundance. While
some authors obtain a relatively high upper lifit/H
<4x10 10 [31], a number of authors argue for a lower
value [32-34. Ryan et al. [33] derive the range-10.04
<log,o('Li/H) <—9.72 for the primordial abundance. In
SBBN this corresponds tay;;=10'%9<4.2. Suzukiet al.
obtain an even tighter range 9.97<log,o('Li/H) <—9.77.

A recent study [35] gives an intermediate estimate
log,o('Li/H) = —9.76+0.056+ 0.06.

The tight lithium limits of Ryanet al. and Suzukiet al.
are in conflict with the low deuterium estimations from qua-
sistellar objec{QSO absorption systen86—39. O’'Meara
et al. obtain the range D/H (3.0+0.4)x 10" ° from a com-
bined study of four such systems. In SBBN this correspond
to 5.4< 7,(5<6.4. The tight lithium limits are also in conflict
with the recent Boomerang resujt~6x 10~ 10 [39].

In light of the above, it is interesting to note that the
separation of elements due to Thomson drag leads to simul- | thank the Center for Scientific Computiriginland for
taneous destruction dfLi and D. computational resources.
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