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Late-Time Dissipation of Primordial Baryon-Number Fluctuations and Nucleosynthesis

C. R. Alcock, ' D. S. Dearborn, ' G. M. Fuller, ' G. J. Mathews, ' and B. S. Meyer '

' 'Institute of Geophysics and Planetary Physics, University of California,
Lawrence Livermore National Laboratory, Livermore, California 94550

"'Department of Physics and Center for Astrophysics and Space Science,
University of California at San Diego, La Jolla, California 92093

(Received 17 October 1989)

Primordial baryon-number Auctuations can be damped at temperatures =20 keV when the photon
mean free path becomes larger than the high-density-region length scale. This dissipation process may
result in mixing of the high- and low-density material on a time scale comparable to or shorter than that
of the universal expansion. The nucleosynthesis yields in inhomogeneous cosmologies can be altered by
this process for any Ab. Li can be reduced to an abundance consistent with observations of Population
II halo stars and the abundances of Be and ' B can be reduced by several orders of magnitude.

PACS numbers: 98.80.Ft, 12.38.Mh, 98.80.Cq

Recent studies have outlined how isothermal baryon-
number fluctuations could be generated in a cosmic
quark-hadron phase transition, how, subsequently, these
fluctuations would be modified by neutron diffusion, and
ultimately how primordial nucleosynthesis yields could
be altered from those of the standard, homogeneous big
bang. ' " In this Letter we point out that an important
process, hydrodynamic expansion of the ions against
Thomson drag, can dissipate baryon-number fluctuations
and modify the nucleosynthesis yields of inhomogeneous
cosmological models for any Qb (fraction of closure den-

sity contributed by baryons). We call this previously
overlooked process hydrodynamic- Thomas-drag dissipa-
tion.

First we follow Ref. 2 and note that if isothermal
baryon-number fluctuations are created by a cosmic
QCD phase transition at high temperature (T) 100
MeV), they would not remain strictly isothermal for very
long and would be expected to expand. If we idealize a
baryon-number fluctuation as consisting of a high-
density region of spatial scale lt, and a low-density re-

gion, then the initially isothermal nature of the radiation
distribution implies that the photon contributions to the
pressure in each region are equal. However, there is
clearly a baryon-number pressure difference, the magni-
tude of which depends on the amplitude of the fluctua-
tions, R =nt, /nt, where nt, and nt are the baryon-number
densities in the high- and low-density zones, respectively.
It is not yet possible to predict with confidence the value
of R that emerges from the QCD transition and values
from unity to 10 have been discussed. ' In any case,
the very large photon-to-baryon ratio observed in the
Universe today (ri=3.5&10 hioo Qb ', where hloo is the
Hubble constant in units of 100 kms 'Mpc ') will en-
sure that radiation dominates the pressure in both the
high- and low-density regions.

The photon mean free path is short compared to lI, im-

mediately following the phase transition so that the

f

hT
T 30

1

g(3)

= 7.8x 10
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fy(R —1)+1

where g(3) is the Riemann zeta function and fy is the
volume fraction of the high-density region. Again it is

difficult to predict ft but values between 0.5 and 10
have been discussed. ' For T ) 1 MeV, we note that
neutrino pressure is important, and the temperature gra-
dient will be smaller than as given in Eq. (I). For T ( 1

MeV, neutrinos play no role in fluctuation dissipation.
This temperature gradient can drive neutrino and pho-

ton diff'usion. Neutrino diffusion before weak decoupling
(T= 1 MeV) can inflate the fluctuations, driving down

the amplitude to R = 10 —10 from higher values at the
end of the phase transition. ' In this Letter, we will con-
centrate on photon diffusion and inflation.

We can identify two limits in the subsequent expan-
sion and dissipation of the fluctuations. In the high-
temperature limit (T» 50 keV), the photon mean free
path is short compared to the high-density length scale,
A, „&II„and the fluctuations are inefficiently dissipated

by photon diffusion driven by the temperature gradient
in Eq. (1). The other limit to dissipation is reached
when the temperature drops to 20 ~ T ~ 50 keV where
the photon mean free path becomes comparable to or
larger than the high-density length scale, k, » lI, . In this

high-density region can expand adiabatically until pres-

sure equilibrium is attained. Since the radiation pressure
is proportional to T and rl is so large, only a very small

expansion of the high-density region is required to con-

vert the fluctuation from isothermal to isobaric in nature.
The result is a temperature gradient from the low-

density to the high-density zones. The fractional change
in temperature between these regions can be shown to be
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limit temperature gradients are completely erased and
the dissipation is driven by any residual baryon pressure
gradients left after neutron diffusion.

The photon mean free path is approximately
k„= I/n, o, where n, is the number density of electrons
and positrons and a is a characteristic cross section. For
the purpose of the calculations here it is sufficient to use
the Thomson cross section (crT = 6.65x 10 cm ). At

temperatures greater than 50 keV, electron-positron
pairs make contributions to, or dominate, the electron
density, whereas at lower temperatures the electron den-

sity can be derived from the requirement for charge neu-
trality.

The high-density-region length scale lp depends on the
volume fraction fy and the mean spacing of the fluctua-
tions, l. Neither fv nor l is well determined since they
appear to depend on the detailed evolution of the QCD
phase transition. A range of l/, characteristic of re-
cently discussed inhomogeneous models is

(5 km)f / l
2o keV

(1 125 k ) 20 keV
T T

(2a)

where the comoving mean spacing I is in meters at
T =100 MeV. At low temperatures ((50 keV) we can
show that

by a factor of 2 is id;f = 1000 s, whereas the Hubble time
is r, p 100 s. Diffusive damping of the fluctuations is
inefficient and fluctuation characteristics will change
only slightly due to this process over the range 100~ T
~ 0.05 MeV.

By contrast, fluctuations can be substantially altered
by expansion in the low-temperature limit where A, ,~ lp, .
In this limit the diffusive approximation for photons is
not valid on scales of lq. The material in the high-
density regions now responds directly to the baryon pres-
sure gradient. This proton-rich material can stream out
into the low-density neutron-rich regions with a fiux set
by the balance of hydrodynamic pressure due to the
baryon-number gradients, on the one hand, and Thom-
son drag from the photon fluid, on the other. The high-
density material does behave as a fluid since ion-electron
and ion-ion collisions are more effective at transferring
momentum than are photon-electron and photon-ion col-
lisions. This is due to the high degree of isotropy of the
photon field. This isotropy is broken once the high-
density material begins to move. If the velocity of the
fluid is v, then the momentum transfer rate per electron
from Thomson drag is'

F= 4P, aT(v—/c), (4a)

and this must be balanced against a driving hydro-
dynamic force per electron,

fv(Rp 1)+1
4 lf l/3

h Rp
2

= (o.os-s)
T

2

20 keV
Qb

(2b)

F= —VP/n, . (4b)

Equating these forces and noting that the pressure gra-
dient is roughly 2'/l/, yields an instantaneous terminal
velocity

where l is as above and Rp is the post-neutron-diffusion
(T & 1 MeV) density contrast which is related to R by

Rp R[1 Y„(1 fy)(1 1/R)]

x [1+Y„fy(R —1)] (2c)

v/c = (ky/r)3Pg/P, , (3)

where Pg is the pressure due to the baryons inside the
fluctuation and P, is the radiation pressure including
contributions from neutrinos and muons at high enough
temperatures. In general, this diffusive dissipation time
scale is very slow compared with the universal-expansion
time scale. For instance, at a temperature of 100 keV
the time scale for the fluctuations to increase in radius

where the neutron fraction characteristic of neutron
diffusion is Y„& —,'.

In the first limit to the expansion, where T» 50 keV
and X,« 1I„photons can diffuse down the temperature
gradient in Eq. (1) into the high-density region, thereby
increasing the pressure and causing expansion. If the ra-
dius of the high-density region is r =I/, /2 then the veloci-

ty of expansion v =dr/dt is

v/c =
2 (k„/lp, )Pg/P, . (4c)

We expect from Eq. (2b) that the dissipation of fiuctua-
tions by this process should become important when
T = 20 keV. Taking account of the increase in A, „/l/, and
decrease of Pg/P, with time, Eq. (4c) can be integrated
to give the increase offy with time,

f/23 (f2/3) 10 2l
—2

TQ
(s)

where l is as in Eq. (2a), and ht is the time elapsed in

seconds since the onset of expansion at temperature TQ,

when the volume fraction is (fy)p. There can be a sub-
stantial increase in the volume fraction of the high-
density region on a time scale comparable to or shorter
than the Hubble time ( = (2500 s) [(20 keV)/Tp] ) and
the nucleosynthesis time scale. This expansion and dissi-
pation of the fluctuations can result in enhanced diffusive
coupling of baryons between high- and low-density re-
gions.

It is not clear if the high- and low-density material
will be completely mixed by the expansion itself. Simple
estimates show that any interface between high- and
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low-density regimes will be Rayleigh- Taylor stable.
Furthermore, the photons provide a high-viscosity envi-

ronment so that the Reynold's number is low on the scale
of I and any fluid flows will probably not be turbulent.
Nevertheless, it is likely that the Universe will be ho-

mogenized by the expansion because of baryon diffusion.
Once the high-density regions expand they provide a

larger target for back diffusion of neutrons. An extreme
limit is where there is no mixing at the interface between
high- and low-density material and the low-density ma-
terial is swept up and compressed. As the neutron-rich
material is compressed, neutrons will diff'use through the
interface on a time scale short compared to both the
Hubble time and the nucleosynthesis time scale. " In
effect this process of expansion and enhanced diffusion
looks very much like the proposal for Be destruction
from neutron diff'usion by Malaney and Fowler.

We can get an idea of the effects of dissipation of fluc-

tuations on primordial nucleosynthesis by homogenizing
the Universe at a temperature T . This temperature
will be chosen to be characteristic of the onset of expan-
sion when X, =lq. At temperatures much higher than
20 keV we note that instantaneous mixing is not correct
as the dissipation time scale is longer than the Hubble
time, though some enhanced diff'usion may occur and our
calculations serve as upper limits to the effects of dissipa-
tion on nucleosynthesis. We have modeled the fluctua-
tions with two spatial zones: a high-density proton-rich
zone and a low-density neutron-rich zone. Nucleosyn-
thesis and neutron diffusion are solved implicitly for
these zones as described in Ref. 11. The process de-
scribed in this paper is not included in any other work,
including Ref. 11. Figure 1 shows the mass fractions of
He, 'Li, D, "B, Be, and ' B to emerge from an inho-

mogeneous nucleosynthesis epoch as a function of the
temperature at which the Universe is homogenized, T .
As a particular example we take R =10 at the end
of the QCD transition at T=100 MeV, fv =0.25,
I =(100m) [(100 MeV)/T], and Qb = l. If the Universe
is mixed at a temperature in excess of 50 keV then the
abundance yields look very much like those of an initial-

ly homogeneous universe. If T & 10 keV then, al-
though the Universe is mixed, the temperature is too low

for significant nuclear reactions and we recover the usual
results of inhomogeneous nucleosynthesis. "

In the temperature range 50 ~ T ~ 10 keV, where we

predict expansion, several of the light-element abun-

dances may be substantially altered. In the large-R and
small-fi limit, characteristic of the best fits of inhomo-

geneous models to the light-element abundance for high

Qb, most of the Li is made as Be in the high-density
regions. In the rapid-dissipation and neutron-diffusion

epoch Be is destroyed by the very fast Be(n,p) Li re-

action and, subsequently, Li is destroyed by Li(p,
He) He down to very low levels, n( Li)/n(H) = 10

which is consistent with the lowest estimates for the pri-
mordial Li abundance. '

Beryllium has been discussed as a possible indicator of
inhomogeneity or constraint on inhomogeneous models

of nucleosynthesis, ' '6 since Be is produced at a mass
fraction of 10 ' in the homogeneous big bang but at
substantially larger values in inhomogeneous models
with large Rfy. Recent observations indicate that it may
be possible to put stringent limits on primordial Be. '

Most of the production of Be in the inhomogeneous

models is in the low-density neutron-rich zones via
the Li( H, n) Be reaction. On mixing in the range
10( T~ ( 50 keV, Be is effectively destroyed by
Be(p, a) Li down to an abundance at or below the

homogeneous big-bang value.
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FIG. l. Indicated elemental mass fractions emerging from
primordial nucleosynthesis calculations in an inhomogeneous
cosmology with R =10, I =(100 m) [(100 MeV)/T], f&

'
=0.25, and Ab =I as a function of the temperature at which

the Universe is homogenized, T, . Note that ' B is synthesized
as ' Be and ' B, while ''B is synthesized as "C and ''B.
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FIG. 2. Time evolution of indicated elemental mass frac-
tions in an inhomogeneous universe with parameters as in Fig.
1, but for mixing at T=20 keV. Dashed lines indicate evolu-
tion in the absence of mixing.
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FIG. 3. Elemental mass fractions from in homogeneous
primordial nucleosynthesis with Qb I, i (100 m) [(100
MeV)/T], tv' 0.25, and mixing at T„, 20 keV for a range
of fluctuation amplitude R (given at T 100 MeV).

the baryon-number contrast at T = 20 keV and that, in

turn, depends on the initial R. The effect on light-
element abundances of mixing at T =20 keV for Qp =1
for a range of R is shown in Fig. 3. The expansion has
the effects in light-element abundances indicated above
for R ~ 10 . Detailed coupled hydrodynamics and nu-

cleosynthesis calculations are required in order to pin
down the effects of expansion and dissipation of baryon-
number fluctuations in the early Universe. Any attempt
to constrain R and l from inferred primordial abun-
dances of the light elements must take this effect into ac-
count.

This work was performed under the auspices of the
)0 U.S. Department of Energy by the Lawrence Livermore
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LLNL 90-08 and NSF Grant No. PHY-8914379 at
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Beryllium and lithium may still be interesting indica-
tors of inhomogeneity. Since Be and 'Li are made in

different regions, their primordial abundances taken to-

gether give an indication of inhomogeneity and the de-

gree to which the Universe is completely mixed. Low
'Li and high Be might, for instance, indicate an inho-

mogeneous universe in which expansion and enhanced
diffusion destroyed Li but in which the ions in the low-

density zones were not completely mixed in the expan-
sion thus allowing Be to escape destruction. In a simi-

lar fashion, "B and ' B could be made in substantial
amounts in the low-density neutron-rich zones '

by
Li(a, y)''B and Be(n, y)' Be(e v, )' B and we find

these species effectively destroyed by mixing. The pri-
mordial ' "Babundance would be an indicator of inho-

mogeneity and mixing in a manner similar to Be.
The abundance of Li, Be, and ' ''B is shown as a

function of time in Fig. 2. In this calculation T =20
keV and the dashed lines indicate what would happen
without mixing. We note that the principal limit to Aq

in inhomogeneous cosmologies comes from the abun-
dance of He. " In the rapid expansion and mixing
scenario discussed here He might increase by less than
1% thus pushing down the limit on Qb. There is not a
larger increase in He on mixing because the tempera-
ture at mixing is too low to allow much H to be burned
to He. There is also a slight decrease in the abundance
of H.

The results presented give an indication of the
modifications to light-element abundances due to rapid
dissipation of fluctuations for any Ap and a range of R
and fv Clearly, the expansion a. nd mixing depend on

'E. Witten, Phys. Rev. D 30, 272 (1984).
2J. H. Applegate and C. Hogan, Phys. Rev. D 30, 3037

(1985).
J. H. Applegate, C. Hogan, and R. J. Scherrer, Phys. Rev.

D 35, 1151 (1987).
4C. R. Alcock, G. M. Fuller, and G. J. Mathews, Astrophys.

J. 320, 439 (1987).
~G. M. Fuller, G. J. Mathews, and C. R. Alcock, Phys. Rev.

D 37, 1380 (1988).
H. Kurki-Suonio, R. A. Matzner, J. Centrella, T. Rothman,

and J. R. Wilson, Phys. Rev. D 3$, 1091 (1988); see also H.
Kurki-Suonio, Phys. Rev. D 37, 2104 (1988).

7R. A. Malaney and W. A. Fowler, Astrophys. J. 333, 14
(1988).

~N. Terasawa and K. Sato, Prog. Theor. Phys. 81, 254
(1989).

J. H. Applegate, C, J. Hogan, and R. J. Scherrer, Astro-

phys. J. 329, 592 (1988).
' T. Kajino, G. J. Mathews, and G. M. Fuller, in Proceedings

of the Symposium on Heavy Ion Physics and iVuclear Astro
physical Problems, edited by S. Kubono, M. Ishinara, and T.
Nomura (World Scientific, Singapore, 1988), p. 51.

''G. J. Mathews, B. S. Meyer, C. R. Alcock, and G. M. Full-
er (to be published).

'2C. Hogan, Mon. Not. Roy. Astron. Soc. 185, 889 (1978).
'3P. J. E. Peebles, Physical Cosmology (Princeton Univ.

Press, Princeton, 1971),p. 200.
'4A. M. Boesgaard and G. Steigman, Annu. Rev. Astron. As-

trophys. 23, 319 (1985).
' R. N. Boyd and T. Kajino, Astrophys. J. Lett. 336, L55

(1989).
' R. A. Malaney and W. A. Fowler, Astrophys. Lett. (to be

published).
'7S. G. Ryan, M. S. Bessel, R. S. Sutherland, and J. E.

Norris (to be published).

2610




