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ABSTRACT 

We p r e s e n t a simple thermodynamic model of the quark-hadron 
t r a n s i t i o n in the e a r l y un ive r se and use t h i s model to e s t i m a t e how 
the s i 2 e of isothermal baryon number f l u c t u a t i o n s which emerge from 
t h i s epoch depend on the temperature of the t r a n s i t i o n and o t h e r 
u n c e r t a i n q u a n t i t i e s of the underlying QCD p h y s i c s . We c a l c u l a t e 
p r i m o r d i a l nuc leosyn thes i s in the presence of these f l u c t u a t i o n s and 
f ind t h a t a = J in baryons i s pass ib le only i f the measured 
abundances of Li and 2 H r e f l e c t s u b s t a n t i a l d e s t r u c t i o n dur ing the 
e v o l u t i o n of the ga laxy . 

I . INTRODUCTION 

A t r a n s i t i o n from quark-gluon plasma to confined hadronic mat te r must 
have occured a t some point in the evolu t ion of the e a r l y u n i v e r s e . There may 

be a f i r s t o rde r phase t r a n s i t i o n a t t h i s epoch a s s o c i a t e d with e i t h e r t h e 
1 ? 

color confinement t ransi t ion or the chiral symmetry breaking t r ans i t i on . It 
is of in teres t to explore whether there might be a r e l i c signature of the 
quark-hadron t rans i t ion in primordial l ight element abundances or elsewhere. 

1 || C 

There have been several recenc papers-1' , J based on the poss ib i l i ty that 
the quark-hadron phase t ransi t ion in the early universe may have led to the 
formation of isothermal baryon number fluctuations. The basis for the 
production of isothermal baryon number fluctuations from a phase t rans i t ion in 
the early universe l i es in the separation of cosmic phases scenario f i r s t 
discussed by Witten" and la ter by Applegate and Hogan. This cosmic 
separation of phases scenario has been discussed in some detai l by Kajantie 
and Kurki-Suonio.' In th is scenario isothermal density fluctuations could 
ar ise because when macroscopic regions of different phase are in thermal, 
pressure and possibly, chemical equilibrium the quark-gluon plasma phase has a 
higher baryon concentration than does the hadron gas phase. 
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We w i l l d i s c u s s the microphys ics of the f l u c t u a t i o n genera t ion mechanisms 
and we i d e n t i f y two s cena r io s . In the l im i t of chemical equ i l ib r ium between 
the two phases in coexis tence t h e r e wi l l be a d i f f e r e n t baryon c o n c e n t r a t i o n 
in each phase . In the l i m i t where exchange of baryon number a c r o s s the 
boundary between the two phases i s not rapid enough to achieve chemical 
equ i l ib r ium, the f l u c t u a t i o n s gene ra t ed a re always l a r g e r than in the 
equ i l ib r ium c a s e , s i n c e nuc lea ted confined vacuum c o n t a i n s no ne t i n i t i a l 
baryon number. These scenar ios for the generat ion of f l u c t u a t i o n s depend on 
the phase t r a n s i t i o n being f i r s t - o r d e r so tha t l a t e n t hea t i s r e l e a s e d . 

The i so the rma l dens i ty f l u c t u a t i o n s from the quark-hadron phase 
t r a n s i t i o n could be fu r the r modified a t a l a t e r epoch by a d i f f u s i v e 
sepa ra t ion of neu t rons and p r o t o n s , as pointed out by Applegate, Hogan, and 
Scherrer,-^ r e s u l t i n g in low d e n s i t y neutron rich r eg ions and high d e n s i t y 
proton r i c h r e g i o n s a t the time of nuc l eosyn thes i s . The pr imord ia l 
nuc leosyn thes i s r e s u l t i n g from a un ive r se which i s inhomogeneous in d e n s i t y 
and n e u t r o n - t o - p r o t o n r a t i o is very d i f f e r e n t from t h a t in the s tandard b ig 
bang and, in f a c t , may give a c c e p t a b l e l i g h t element abundances even wi th 
a = 1 in ba ryons . This r e s u l t i s in con t r a s t to p r ev ious s t u d i e s of 
pr imordial n u c l e o s y n t h e s i s with fl = 1 baryons in which not enough deuterium is 
p r o d u c e d . 1 0 " 1 1 4 

I I . THERMODYNAMICS OF THE QUARK-HADRON PHASE TRANSITION 

I t w i l l be most convenient for our purposes t o compute the thermodynamic 
p o t e n t i a l , Q, for both the quar togiuon plasma phase and the hadron phase . We 
caut ion t h a t we have used n for both the thermodynamic p o t e n t i a l and the 
c r i t i c a l parameter for the u n i v e r s e . Our d e f i n i t i o n of a conforms with t h a t 
in Landau and L i f s h i t z , so t h a t 

Q = - T l n ( Z ) , (1) 

where 2 i s the grand p a r t i t i o n f u n c t i o n . 

I t i s s t r a i g h t f o r w a r d to comDute the grand p a r t i t i o n funct ion, and 
thus 3, if we assume tha t the p a r t i c . e s are n o n - i n t e r a c t i n g except for an 
ove ra l l QC3 vacuum energy in the unccnfineo pnase. The background 
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r e l a t i v i s t i c pa r t i c l e s which are not strongly interact ing and are in thermal 
equilibrium with both the confined and unconfined phases contribute (for y = 0) 

where g b and gp are the s t a t i s t i c a l weights of bosons and fermions, 
respectively. At the epoch of the quark-hadron phase t ransi t ion photons 
(g D = 2), e lectrons ( g f = 4), muons ( g f = 4), and neutrinos ( g f = 6), yield 
g = g b * ag f = 14.25 so that the pressure contribution from these par t ic les 
common to both phases is 

P » 1.56 T 4 . (2b) 

We t rea t the unconfined quark-giuon plasma as a gas of noninteracting 
r e l a t i v i s t i c pa r t i c l e s plus an overall vacuum energy. In the limit of 
vanishing quark masses, there is a simple expression for a which is valid for 
any temperature and chemical po ten t ia l : a - e 

zLJL. M M v T 4 r I 30 , V 2 15 , V « , 
flqg = W • W T [ W 7 ^ {~T] + 74 ( ~> ] 

° lit " i t 
2 , 

- ^ NgVT4 * BV (3a) 

Here N, is the number of colors (3), Nj- is the number of relativistic quark 
flavors (2 at lower temperatures corresDonding to the u and d quarks, and 3 at 
higher temperatures where the strange quark becomes relativistic), and 3 is 
the QCD vacuum energy, or bag constant. The number of giuons is N,, = 8. The 

1 g 

quark chemical potential is \x - * u, where u. is the baryon chemical 
potential. 

Fcr the early universe (ufa/T) - 10" , so that for 2 relativistic quark 
flavors the contribution to che pressure in the unconfined phase from quarks 
and giuons is 

P = U.06 T 4 - B (3b) 
The total pressure in the early universe in the unconfined phase includes the 
contributions from equations (2b) ana (3b). 



•Joce rhat the QCD vacuum energy contributes negatively to the pressure. 
The value of this vacuum energy, or bag constant, is not known. It 
parameterizes the temperature at which the confined and unconfined phases 
coexist. We emphasize that in what follows it will be this coexistence 
temperature T c which will be the fundamental quantity of interest. The 
vacuum-energy (bag-model) approach is simply an easy and concise way to 
calculate the essential thermodynamics of the unconfined phase in a consistent 
manner. 

We caution that for two reasons it is difficult to connect the value of 
the bag constant used in various models of hadrons with the relevant value of 
B in equations (3ab). First, most current research on modeling hadronic 
properties with the bag must address the problem of treating the bag 

17 22 surface. Surface effects can be appreciable for individual hadrons. 
However, we expect the regions of unconfined quark gluon plasma which are in 
coexistence with confined hadronic matter to be of macroscopic size, so that 
surface effects are minimal. Second, it is dangerous to use a value of B in 
equations (3a) and (3b) that is derived from a particular model of hadrons 
because we are interested in the high temperature QCD vacuum energy. This 

Tfl Of) P? 
vacuum energy probably comes down with increasing temperature. '°>d-u<<:':-

For the confined, or hadronic, phase we will not use the bag model but 
rather the spectrum ^ of known masses for baryons and mesons. This is not 
inconsistent with the bag model treatment of the quark-gluon phase because the 
isothermal baryon number fluctuations we are interested in are largest at low 
coexistence temperature where the neutron, proton, pion, and other light 
hadron masses (which do not depend on 3) dominate the hadronic level 
density. At higher temperatures there may be an inconsistency and we discuss 
this limit below. 

Computing a for mesons first (note that \i -0 for the mesons), we find for 
each meson that 

„4 

n = 1 n"1 
A = "- g V

?
T • I \ K 2 (nm/T), (4a) 

where m is the mass of the meson, and g is the spin plus isospin degeneracy 
factor, g s (2J *• 1) (21 + 1). The K- is related to the modified Bessei 
function of the second order (l^), as in Fowler and Hoyle, 



2 
K2 (x) = ~ Kn (x) (4b) 

In the c o n d i t i o n s we are i n t e r e s t e d in (T - 100-200 MeV) the p ions w i l l 
make the dominant con t r ibu t ion to Che pressure in the hadronic phase ; however, 
in the numerical c a l c u l a t i o n s p resen ted below we have summed the c o n t r i b u t i o n s 
to Q in equat ion (4a) over a l l of the known m e s o n s " and ca l cu l a t ed 
a l l K? n u m e r i c a l l y . 

For baryons in the small chemical p o t e n t i a l l i m i t ( | u . | < ra) 

a T \ ° I 1 l n + 1 n U h 
a = " Y I ^~- cosh i-,f) K2 (nn/T) . (5a) 

•n n=1 n 

The net baryon number dens i ty corresponding to t h i s Q i s 

, . J - , . .n+1 nu. 
n b = s | _ i _ I i = i i s i n n (—5) K 2(nm/T) . (5b) 

it n= 1 n 
Note that n b is the number density of baryons minus that of the antibaryons. 
As above, we obtain the total Q by summing over the spectrum of known baryonic 

23 masses . 

I t i s p o s s i b l e to make a simple a n a l y t i c model of the e s s e n t i a l 
s t a t i s t i c a l mechanics of the quark-hadron system and compare t h i s to our 

2 
numerical r e s u l t s . We def ine a i n /30 and the s t a t i s t i c a l weight for the 
photons, n e u t r i n o s , e l e c t r o n s , and muons common to both phases as g = 
14.25. We then d e f i n e the i n t r i n s i c s t a t i s t i c a l weight for the quark-gluon 

plasma as g n and t h a t for the hadron soup as g^. The t o t a l s t a t i s t i c a l 
weight for each phase in coexis tence i s then defined as 

Sh s g H + g v , - ( 6 b ) 

In the model of the quark-gluon plasma discussed above gg = 37 and thus 
g = 51.25. At T c - 100 the pions dominate the contribution to Q in the sum 
of equations (4a) and (5a), so that very roughly g H = 3 and g. = 17.25. The 
essential thermodynamics is contained in this difference in statistical weight 



between the phases. 

The pressure, P , energy density, E q , and entropy density, s , in the 
quark-gluon phase are given as 

P q -- I g q aTU - B (7a) 

s q 5 | g q aT 3 , (7b) 

while for the hadron phase the corresponding quantities are 

ph • 5 s h
 a T" < 8 a> 

We define the ratio of statistical weights in the two phases to be 

R s 

x - ? . -a ( 9 ) 
g h s h 

Note that x in t h i s paper is the same as r in ref. 9. Inclusion of the 
hadronic resonances makes gi., and hence x, a function of temperature. Also, 
at high temperature, interaction corrections to g^ and x may be appreciable. 
In Figure 1 we present x as a function of temperature for the known mass 
spectrum of hadrons ^ and different numbers of r e l a t i v i s t i c quark flavors. At 
the lower temperature when baryon number fluctuations are expected to be 
largest , temperature and interaction corrections to x will be small. 

The la tent heat can be expressed as 

L = T c S q { 1 - i ] = 4 B ' ( 1 0 ) 

where the Latter approximation follows for conscant x = 2.971. 

Pressure equilibrium, or co-existence, between the phases, P h = P Q , 
occurs for a temperature, 

_ 1 T 1 1 
sq " 5 h } (a" T = (g n - g. ) " c (f T Bs . 0,72 B \ (U) 

where the l a t t e r approximations assunes x ^ 2.971. Values of B < (300 MeV) 
lead to a coexistence temperature, T < 250 Me1/, in which the separation of 
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Figure 1) The r a t io of the effective s t a t i s t i c a l weights of the unconfined 
phase to the confined phase, x, as a function of coexistence 
temperature, T . The contribution of a l l known hadronic 
resonances is included in the computation of the pressure 
equilibrium. 

phases scenario outlined above could produce isothermal baryon number 
fluctuations of appreciable amplitude. If, on the other hand, the vacuum QCD 
energy is B > (300 MeV) then no coexistence and separation of phases is 
possible because the hadronic pressure always exceeds the quark-gluon plasma 
pressure. 

Finally, even if the QCD vacuum energy is high, B - 300 MeV, i t might be 
possible that the quark-gluon plasma phase is able to supercool well below T 0 

before nucieation of the hadronic phase begins. In th i s extreme case the QCD 
vacuum energy will come to dominate the pressure of the universe and a short 
de-Si t te r exponential expansion of the universe can ensue. This mini-

N ( = 3 

N r = 2 

_ l I 1 1 I L 



inf lat ion wil l , however, resul t in only a 151 increase in the scale fac tor . 5 

I I I . NUCLEATION 

When a thermodynamic system is cooled (or heated) through the coexistence 
temperature at which a f i r s t order phase t ransi t ion occurs, the new phase does 
not appear immediately. Significant reorganization of fundamental degrees of 
freedom is needed for the creation of new phase, and the thermodynamic 
fluctuations which can produce such reorganization have low probabil i ty. 
Furthermore, i t is energetical ly unfavorable to create small volumes of new 
phase because of the free energy associated with the surface separating the 
two phases. These effects ensure that some supercooling below the coexistence 
temperature occurs before stable nuclei of the new phase are produced. These 
nuclei grow rapidly, since the old phase i s metastable, releasing latent heat 
and thus reheating the system back to the coexistence temperature. 

The physics of nucleation in the quark-hadron phase t r ans i t ion is less 
well understood than the bulk thermodynamics. However, there are three 
plausible mechanisms for th i s process. We cal l these mechanisms homogeneous 
nucleation, heterogeneous isothermal nucleation and heterogeneous non-
isothermal nucleation. In what follows we will discuss only the most likely 
mechanism, homogeneous nucleation. 

If the universe is pure and isothermal, then the new phase originates 
through spontaneous fluctuations in the metastable phase: The nucleation rate 
i s determined by the probabili ty that a spontaneous f luctuat ion in the 
metastable (quark) phase wil l produce a "c r i t i ca l nucleus" of the stable 
(hadron) phase. This c r i t i c a l nucleus has a radius, r c , determined by 

P h - V r ; • ( 1 2 ' 
where o is the free energy per unit surface area associated with the boundary 
of the nucleus, which is assumed to be spherical. 

New nuclei with rad i i less than r will collapse and disappear, while 
nuclei of radii larger than r wil l expand until a macroscopic amount of new 
phase is produced. The probability of a fluctuation of radius t' is 
exD (-W/T) wnere 



W = H rc 3 ( Pq " V + 4*° r c 2 - ( 1 3 > 
The first term in (14) is the difference between the thermodynamic potentials 
of the two phases and is negative. The second terra is the surface free energy 
of the boundary between the phases. 

The rate, p(T), at which nuclei form per unit volume per unit time is 
IE 

given by J 

p(T) = CT C
4 exp (-W/T), (14) 

where C is a coefficient of order unity, which turns out (see below) to have 
no quantitative significance when we calculate the number density of 
nucleation sites. 

The amount of supercooling is very small. Accordingly, it is convenient 
to expand about the c," existence temperature, T . We define 

(15a) p h - • P q = Ln, 

n s 
T -

0 
T c 

T 
(15b) 

where L is the l a ten t heat per unit volume of the phase t rans i t ion and n is 
the "supercooling parameter." I t follows tha t : 

3 
p(n) - CT c

U exp (- ^ ^jj^). (16) 

The important ... . a rac te r i s t i cs of Eq. (16) are that p(T) •> 0 as T + T Q , 
and that for small supercooling (n << 1) the argument of the expontential is 
large and negative, yielding a very strong increase of p with n. This means 
that almost a l l nucleation occurs at the lowest temperature achieved during 
the supercooling phase ( i . e . just prior to reheating). Furthermore, 
metastabie regions are reheated by the release of latent heat around 
individual nucieation s i t e s , and no appreciable nucieation occurs in the 
reheated regions. 



The important parameter for the purpose of primordial nucleosynthesis 
will be the mean comoving distance between nucieation sites. We estimate this 
distance from £q. (16) for a given nucieation rate, using an analysis similar 
to that of Kajantie and Kurki-Suanio . In this analysis, each expanding 
volume of hadronic phase acts as a piston driving a weak shock wave which 
expands into the quark phase at Just above the sound speed 
V = 3~3- These shocks reheat the quark material. No further nucieation will 
occur once a region has been crossed by one or more shocks. Then it follows 
that the fraction of the universe which is unaffected by nucleatian during 
this period is: 

f(t) = exp - f£ f(t') P(T') dt' |i V 3 (|,)3 (t - t') 3 (17) 
G 

The t o ta l number of nucieat ion s i t e s i s 

Nn = Ft f ( t ) p (T) dt (18) 
c 

In these equations t is time, t is the time at which the universe first 
cools through T = T , T is the teraperature at time t and T' the temperature at 
time t'. 
An approximate (±1011) solution of for the nucieation parameter is, 

3/2 
V = 1 - u j T 7 2 7 - ^ 

c 
The nuniDer dens i ty of nuc iea t ion s i t e s i s given by 

r 3 ° 
"s 'C 

.3 _ _2 , 8 
"n" "-' = » <g • v T l^ i> • ( 2 0 ) 

The mean s e p a r a t i o n , i , between nuce ia t ion s i t e s is 

-i i e 
l ; N i = 0 . 8 -°,- - - ( 2 1 a ; 

n T r L 

c 
r 3/2 

i = ( 5 . ^ 3 x ' 0 *; 9 - • - - . - , ( 2 i b ; 
i 

c 
wnere tr.e secona equa t ion fo^.'^ws Crim the thermodynamic moaei of the l a s t 



section. This length scale should be greater than the eomoving proton 
diffusion length in order that the fluctuations not damp out entirely before 
the onset of nucleosynthesis. In addition, should this length turn out to be 
greater than the comoving neutron diffusion length, then the approximate 
treatment of diffusion and nucleosynthesis that is described in section VI is 
inadequate; however, there will still be significant modification of the 
nucleosynthesis yield and our broad conclusion will be qualitatively correct. 

This length scale depends on two bulk properties of the phase transition 
(T Q and L) that may be calculated in terms of our model equations. In 
addition, this length scale depends on the surface tension, o , for which we 
have no model calculation. Following Farhi and Jaffe" and Alcock and 
E'arhi, r we expect the "intrinsic" contribution to a to be small (i.e. a, << 
B 1 / 4 ) and the "dynamical" contribution to a to be o D < (70 MeV)3. jf a -X3 

near this upper limit, the length scale is long compared to the neutron 
diffusion length, which is - 30m.' 

More important for our analysis would be a lower bound to a since this 
would establish whether or not proton diffusion is important. The only strict 
lower bound is o > 0 , since o < 0 would not result in separated phases. It 
is unlikely that a is very small compared to the relative contributions of the 
bulk free energies of the phases, but this possibility cannot be excluded. 

IV. DYNAMICS OF THE UNIVERSE DURING THE CONSTANT TEMPERATURE COEXISTENCE EPOCH 

The last section described the supercooling/nucleation scenario in which 
the quark-gluon plasma phase is separated from the hadron phase. The duration 
of this nucieation epoch is short compared to the Hubble time since the 
fractional supercooling is small (n - 10~->). Again, because the duration of 
this epoch is short, the entropy generation associated with reheating to T Q is 
expected to be small compared to the initial entropy. At the end of this 
nucieation epoch the universe is left with bubbles of hadron phase surrounded 
by quark gluon plasma, all in pressure equilibrium at T c. Since the hadron 
bubbles were nucleated through random thermal or quantum processes they 
contain, en average, no net baryon numDer; all of the net baryon number 
resides in the quark-gluon plasma phase. 

The subsequent evolution of this configuration of phases takes place at 



constant temperature, T . " ' The hadron bubbles grow with time and the 
fraction of the to t a l volume of the universe which is in quark-gluon plasma, 
fv, decreases from f = 1.0 to fy = 0 at the end of the phase t r ans i t i on . The 
un.werse remains a t constant temperature by trading volume from the urconfined 
vacuum to the confined vacuum, and thus releasing the latent hea t . We 
summarize the dynamics and special ize our discussion to baryon-number 
transport in what follows. 

If we denote the scale factor in the Robertson-Walker metric by A, then 
the Einstein equation and energy-momentum conservation can be used to solve 
for A(t) . 

Ait) u W V 3 [ e o S ( 3 X ( e ' V , a r c c o s - l t ) l 2 / 3 , (22a) 
i 2 (x-1) z 2x* 

where the beginning of the constant-temperature epoch (end of the nucleation 
epoch) i s taken at time tj_, corresponding to a scale factor fl( t^) = A .̂ 
Similarly i t can be shown that the volume fraction of the universe in quark-
gluon plasma is 

i , 2 , 3x ( t , - t ) 
f „ = ii / n 1 t a n (arctan (4x - 1 ) J + r ) -1 (22b) 

v t U - i ) 2 ( x . n i 

where we have assumed that f = 1 at the end of the nucleatian phase. This 
approximation will be adequate for our purpose of following the baryon number 
transport propert ies . 

The to t a l proper surface area, =, of the domain wail which separates the 
confined and unconfined phases is 

H = Un r 2 N V (23a) 
n o 

where N n (-10"' cm"^) is the number of nucleated sites per unit volume from 
equation (20), V is the proper volume of the universe (horizon volume) at the 
end of the nucleation epoch and r is taken to be a typical radius of a hadron 
bubble. Since we have approximated f v s 1 at the beginning of the constant 
temperature epoch we must take r = 0. As f drops from 1.0 to 0.5 the radius 
of a typical hadron bubble increases from 0 to some maximum value r m a x. At 
this point, f - 0.5, the bubbles of hadron phase percolate with the quark 



gluon plasma. As f v drops from 0.5 to 0 we interpret r as the radius of a 
shrinking bubble of quark-gluan plasma. The assumption of spherical bubbles 
is strictly correct only near the beginning and the end of the phase 
transition where the bubble surface energy dominates the volume energy. 
Nevertheless, the typical bubble radius remains a usefui parameterization of 
the total surface area in the boundary separating the phases, even if the 
actual surface area is larger than that given in equation (23a) because of 
bubble nonsphericity. During the phase transition the proper bubble radius is 

r(t) « (̂  i M n) . — . f v 

where f is defined by 

1 - f if f < 0.5 
f . v v 
v 

f if f > 0.5 v v 

The mechanism of heat transport will be discussed briefly below as 
regards fluctuation size. We note however, that hydrodynamic heat transport 
is favored when the supercooling is small'. The neutrino mean free path is of 
the order - 1 m, so that a neutrino can random walk - 1 km, or 10% of the 
horizon distance, in a Hubble time. On the other hand, the nucleon mean free 
path is - 10 cm (where the density of mesonic and baryonic states has been 
estimated using equations 4a through 5a) so that a nucleon moves only - 10"^ 
cm in a Hubble time. In the simple model of noninteracting quarks and gluons 
presented here we expect the quark mean free path to be roughly comparable to 
that of the neutrino. 

V. BARYON NUMBER TRANSPORT ACROSS THE PHASE BOUNDARY AND CHEMICAL EQUILIBRIUM 

The coexistence of the two phases across a boundary is shown 
schematically in figure 2. Note that the latent heat transport is by the 
motion of the boundary wall, converting volume from one vacuum to another. 
This vacuum energy difference can drive particle creation. Neutrinos or 
photons could carry heat or entropy across the phase boundary, but baryon 
number is not thermally created in the hadron phase, and thus must actually 
flow across the boundary if the hadron phase is to have any net baryon number 

(23b) 

(23c) 
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Figure 2) ft schematic i l l u s t r a t i o n of a phase boundary separating confined 
vacuum on the l e f t from unconfined vacuum on the r igh t . The 
cipproximate i n t r i n s i c s t a t i s t i c a l weight of r e l a t i v i s t i c degrees 
of freedom is shown for each phase. Entropy can be readily 
carr ied across the wall by photons, neutrinos, and other l igh t 
leptons. Saryon number is transported across the boundary only 
by strong interaction processes. The indicated processes are 
revers ible , 

a t a l l . Any t ra rspor t of baryon number across the phase boundary must be due 
to strong interact ion processes. We therefore consider two limits to the 
efficiency of baryun number t ransport . The f i r s t is that the baryon number is 
rapidJy and eff ic ient ly transported across the front to achieve chemical 
equilibrium; and the second involves an inefficient transport process in which 
chemical equilibrium is noc necessarily achieved on the timescale of the 
phase-coexistence evolution. We wi l l show that In both of these l imi ts 
isothermal baryon number f luctuations can resul t . 

If we define, 

R S ( n g / n j ) , (24) 

where the ra t io of baryon number densi t ies (n? and n are the baryon densi t ies 
in the quartc-gluon plasma and hadron gas respectively) is to be taken 
immediately af ter decoupling of the bubbles of quark-gluon plasma, then R is a 
measure of the amplitude of the isothermal baryon number fluctuations. In the 
limit of chemical equilibrium across the front, the baryon chemical potent ia ls 
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Figure 3) The equilibrium baryon number density r a t i o . R, as a function 

coexistence temperature, TQ. Curves are given for 2 and 3 

r e l a t i v i s t i c quark f lavors. 

of 

are equal in the two phases and 

I <F>> ' " I ' 3 ' 2 e "'Tc (25) 

The sum over baryonic resonances expected to be in equilibrium in the hadron 
soup tends to decrease the value R by providing a higher statistical weight 
for baryon number in the hadron phase. This effect is smallest at low 
temperature where R will be largest. Figure 3 gives this equilibrium 
amplitude R a.3 a function of T c, including the hadronic resonances. As we 
showed in our previous paper, when T c < 125 MeV, R > 20 ana these flucuations 
will have a significant influence en nucleosynthesis. The difference in 
baryon number concentration in the two phases results from the difference in 
the mass of the particles which carry baryon numDer: nonreiativistic 



neutrons, protons, and other baryons on the one hand; and relativistic quarks 
on the other. 

The amplitudes of isothermal baryon number fluctuations generated in the 
chemical equilibrium case represent, to some extent, lower limits when the 
actual baryon number transport processes are considered. The baryon content 
af the universe is initially in the shrinking bubbles of the high-temperature 
phase, so that unless the baryon transport rate is efficient, chemical 
equilibrium will never be reached. 

The baryon number density in each phase can be followed in time as baryon 
h a number moves across the phase boundary. If n" and n^ are the net baryon 

number densities in the hadron and quark-gluon plasma phases, respectively, 
then 

"b » - n h Xq + % \ ' "b <?> ( 2 6 a ) 

% - * "b *q - "£ \ ~ ̂  <$> ( 2 6 b ) 

where n/J and n are the time rates change of baryon number density in each 
phase, x and x, are characteristic baryon number transfer rates from quark-
gluon plasma to hadron phase and the reverse, respectively. The last terms in 
equations (26a) and (26b) are volume redshift factors. The total baryon 
number per comoving volume is constant at N , 

(27) 

The total baryon number swept up by the wall in the quark-gluon phase, 
and pusned through to the hadron phase, divided by the total volume in the 
quark phase is .. 

n£ X = 4irr2 . N . -~ . V- . F, (28a) 
b q n f V f 

where r is a typica l bubble radius, Nn i s as in equation (26a), v f l is the 
horizon volume a t the end of the nucieation epoch, and F is the fraction of 
baryon number passed by the wall. I t can be shown from simple phases space 
arguments that 

N 
0 = «2 f + n w < ] -- f ) 

V b v b V 



=• n M , > - /MeV. . 938 MeVv -1 , _ „ , , 
F = (413) E h ( — ) exp ( ^ ) v f (28b) 

where v f is the speed of the wall in units of c and 2, i s the probability that 
the three quarks in a proton, neutron or other bound hadron will pass through 
the wall into the free quark-gluon plasma regime. Detailed balance can be 
used to show that probabili ty for 3 quarks to recombine at the wall, 2 , i s 
related to 2. by 

Using the above we can show that , 

i, in ,n13 -K /MeV, ,-938 MeV. ,cm, . / - , Q J \ 
X * (1.24 x 10 J s ) ( — ) e x p ( - ^ i ) (—) . 2 h . (28d) 

c c 

By reasoning similar to that employed above it can be shown that 

. Hnr 2 . N . V 
% \ = 3%\- ( T v " a > • E h - ( 2 9 a ) 

where V̂  is a typical thermal velocity for a nucleon, V, = (3T/m)*, from which 
we derive, 

T 
Xh = (1.70 x 109 s" 1 ) ( ^ ( S ) . E h . (29b) 

The f i r s t order di f ferent ia l equations for a? and n are easily 
integrated. In the limit of a s t a t i c universe, TT = 0, which corresponds to a 

v _1 
s t a t i c phase boundary, after a sufficiently long time t >> X we obtain the 
equilibrium baryon number density ra t io , 

<-sWr • ( 3 0 ) 

which is the same ratio given in equation (28). In the expanding universe 
case, figure 4a and 4b present the ratio R= r3 /n as a function of time from 
the onset of the constant temperature epoch to the end of the phase 
transition. Figure 4a corresponds to T c = 100 MeV, while figures 4h 
corresponds to T = 200 Me1/. The baryon numoer density ratio, R, is computed 
at each T for several values of the nucleon transmission probability: E,= 1, 



10"^ 10"3 10 _ i* 10"^ and 10"^ • W e n o 6 e c h a C f o r ^h = 1 ' b a r y ° n number 
chemical equ i l i b r i um i s r ap id ly e s t a b l i s h e d , with R being dr iven to the 

equ i l ib r ium value on a time sca l e s h o r t compared to e i t h e r the Hubble time or 
t h e dura t ion of t h e cons tan t temperature epoch. For t. << 1 chemical 

equ i l i b r i um is no t obta ined and R can be much l a rge r than R o n . 

The a p p r o p r i a t e value of the baryon t ransmission p r o b a b i l i t y , 
E . , depends on t h e na tu re of the phase boundary s e p a r a t i n g the confined 
vacuum from the unconfined vacuum. Any ca l cu l a t i on of £ . , t h e r e f o r e , w i l l be 
h igh ly model dependent . 

The ba s i s for i so thermal baryon number f luc tua t ion g e n e r a t i o n l i e s in the 
d i f f e r e n c e in baryon number concen t ra t ion between the unconfined nnd confined 
pha s e s ; R = " u ^ h • **" equ i l ib r ium i s not es tab l i shed a c r o s s the phase 
boundary then R i s l a r g e r than the equ i l ib r ium va lue . The ampli tude of the 
i so thermal baryon number f l u c t u a t i o n s has been considered in our previous 
papeH and was shown to be order R. 

VI. BARYON DENSITY FLUCTUATIONS AND PRIMORDIAL NUCLEOSYNTHESIS 

The isotherrool baryon number d e n s i t y f luc tua t ions d i s cus sed in t h i s paper 
can have i n t e r e s c i n g e f f e c t s on p r imord ia l n u c l e o s y n t h e s i s . There a re two 
in f luences which muse be cons idered . One i s the fac t t h a t more than one 
baryon to photon r a t i o must be averaged to produce the f i n a l nuc l eosyn the t i c 
y i e l d . Such an averag ing by i t s e l f can s i g n i f i c a n t l y a l t e r the y i e l d s from 
pr imord ia l n u c l e o s y n t h e s i s . The second in t r i gu ing e f fec t - 3 i s t h a t the 
neutron and proton components of t h e s e dens i ty f l u c t u a t i o n s w i l l d i f fuse 
d i f f e r e n t l y a f t e r the weak r e a c t i o n s f a l l out of e q u i l i b r i u m . E s s e n t i a l l y , 
t h e neutron c o l l i s i o n mean free path i s much l a rge r (by more than an order of 
magnitude) than t h e proton mê .n f ree path since the neut ron only i n t e r a c t s 
wi th the background plasma via nucleon s c a t t e r i n g or via the small neutron 
d i p o l e momment. The d i f fus ion of p ro tons , on the o the r hand, i s slowed by the 
more dominant p r o t o n - e l e c t r o n s c a t t e r i n g . This d i f fus ion»of neutrons leads to 
a f i l l i n g of the low dens i ty voids between the high d e n s i t y f l u c t u a t i o n s with 
neu t ron - r i ch m a t e r i a l . T.,e h igh -dens i ty regions a re cor responding ly pro ton-
r i c h r e l a t i v e to s t andard big bang n u c l e o s y n t h e s i s . ' 

In t h i s paper we extend our prev ious war*-3 to cons ide r the e f f e c t s of 



T c = 100 MeV 

I Usee) 

Figure U) The baryon number ratio, R, as a function of time during the 
phase transition for T c = 100 MeV and 200'MeV. Curves are 
labelled by the value of the nucleon transmission 
probability, z. ; The lowest curve corresponds to I. = 1. 



these baryon inhomogeneties in a universe with Q * 1, and as a function of the 
ratio of the baryon densities in the two phases. Our aim is to delimit the 
parameter space of this model which is consistent with the constraints from 
light element abundances. 

For the purposes of this parameter study we utilize the two-zone complete 
diffusion scenario discussed in ref. 5 which reduces the parameter space to 
three quantities, the total average baryon denisty, Q, , the ratio of 
densities in the two regions, R, and the volume fraction, f , in the high-
denisty regions Just before nucleosynthesis. 

We have utilized the big-bang nucleosynthesis code of Wagoner with 
three neutrino flavors, a neutron half life of 10.6 min., and a number of 
nuclear reactions updated from the original version. We begin the 
nucleosynthesis calculations with relative baryon densities in the high 
density and low density regions (Q, or a.) as a function of f and average a. 

2h = f (R-1) , 1 ( 3 1 a ) 

v 
fl1 = Q^/R (31b) 

We assume that the neutron diffusion occurs between the freezout of the weak 
q 

reactions (at T = 1.3 x 10 K, 0.11 MeV) and the onset of nucleosynthesis 
Q 

(a t T = 0.9 x 10 K) about 100 sec l a t e r . Note that by weak "freezeout" we 
mean that temperature at which free neutron decay dominates a l l other 
n - p reactions. The weak interaction drops out of equilibrium at a much 
higher temperature, T < 1 MeV, when typical weak rates become small compared 
to the universal expansion rate . As nucleosynthesis begins after neutron 
diffusion, the universe consists of a high baryon density proton-rich region, 
(1) with 

a { 1 ) = X n + a h [ i - X I , (32) 
n n n 

X < 1 ) = X / a ( , \ (33) 
n n ' 

where X is the neutron mass fraction before nucieon diffusion at T = 1.3 x 
10°K, and a low baryon density neutron-rich region, 2, with 



Q ( 2 ) = X n > Q h [1 - X n] (3U) 

(2) (2) X^; = V f l (35) 

The final averaged mass fractions for each nuclide are then, 
f v x [ 1 )

0
( 1 )

 + d - f v ) x [ 2 > f l
( 2 ) 

* i = f a ^ + (1 - /) r^ G 6 ) 

V V 
In the s tandard b ig bang, a t high baryon d e n s i t i e s , e s s e n t i a l l y a l l of 

t h e a v a i l a b l e neu t rons a r e quickly conver ted in to 4He a t t - 100 s e c . In the 
low-dens i ty r e g i o n s , the neutron mass f r a c t i o n i s s e t to c l o s e to un i ty when 
t h e baryon d i f fus ion i s turned on a t t "50 s e c . I t i s then the proton mass 
f r a c t i o n which i s absorbed to make He. Further He p roduc t ion must await the 
decay of neutrons i n t o p r o t o n s . Thus, t h e r e i s a s i g n i f i c a n t neutron mass 
f r a c t i o n u n t i l much l a t e r t imes . H i s t h e r e f o r e produced a t lower d e n s i t i e s 
and survives f u r t h e r n u c l e a r r e a c t i o n s . Since J H , J He and He a r e l a r g e , 
t h e r e i s a l so s i g n i f i c a n t product ion of ' L i in these r e g i o n s . 

In f igures 5a-b we show averaged nuc leosynthes i s y i e l d s and nucleo­
s y n t h e s i s in the p r o t o n - r i c h and n e u t r o n - r i c h regions for n = 0.1 and 1.0 
when R = 50. This corresponds to the r a t i o of on.ryon d e n s i t i e s for chemical 
equ i l ib r ium when the coex i s t ence tempera ture i s 110 MeV wi th t h r e e 
r e l a t i v i s t i c quark f l a v o r s , or when T c > 110 MeV and l. < 1. The in t r i gu ing 
f e a t u r e of these r e s u l t s i s t h a t , for n =1, over a broad range for the 
parameter fv, the main abundance c o n s t r a i n t s from pr imord ia l nuc leosynthes i s 

( i . e . He, and ^H) can be s a t i s i f i e d . There i s , perhaps , a s l i g h t under 
product ion of ^He and a l a r g e r over production of ' L i . Th i s overproduct ion of 

'L i i s due to the f ac t t h a t 'Li can be produced in s i g n i f i c a n t amounts in both 
t h e neu t ron- r i ch and p r o t o n - r i c h r e g i o n s . However, t h i s overabundance may not 

27 7 
be too s i g n i f i c a n t due to the u n c e r t a i n t i e s in the 'L i abundance, the 
n u c l e a r reac t ion r a t e s , and s t e l l a r d e s t r u c t i o n of ' L i . The overabundance 

3 7 
appears to be a consequence of the l a rge con t r ibu t ion from the He (a, v) Be 

r e a c t i o n in the high baryon-densi ty r eg ions and the 
o 7 
J H ( a , y ) Li r e a c t i o n in the low baryon dens i ty r eg ions . However, d i f fus ion 

T Oft 
dur ing nuc leosyn thes i s may dep le te L i . 

In f igures 5 a , b t h e r e i s l i t t l e dependance of the average f Li mass 
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Figure 5) Primordial nucleosynthesis for the high and low density regions 
and their average yields as a function of volume fraction, fy, 
for a fixed fluctuation amplitude, R = 50, and with: 
a) a b - o . ' b) n. = 1.0. Note t h a t the average y i e l d s for H b 
are r e l a t i v e l y i n s e n s i t i v e to a^. Note a l s o t ha t the y i e l d s do 

not depend .much on f for most of the range, 0.2 < f < 0 . 8 . 



fraction with fy, although &H decreases dramatically when fv i s near the 
extrema, fv = 0. or 1. , where the results of standard big bang nucleosynthesis 
are reproduced. For t h i s reason we r e s t r i c t our discussion to the f in the 
range fv = 0.5 ± 0.4 for which the abundances are largely insensi t ive to fv 

and there is suff icient production of H. 

Figures 6a,b i l l u s t r a t e how the nucleosynthesis yields vary as a function 

of R for fixed fy and Qb = 1.0 or 0 .1 . Note, however, for R > 20 (1/R < .05) 

the yields become essen t ia l ly independent of fluctuation amplitudes. 
7 2 

Typically the average 'Li and 6H mass fractions can increase by as much as an 

order of magnitude over the interval of 8 = 1. * 20. (Note that R = 1 

corresponds to standard big-bang nucleosynthesis with no neutron diffusion). 
7 2 

The slight increase for both 'Li and H with increasing R is basically due to 
the fact that the relative baryon density in the low-density neutron-rich 
region decreases with 3. For a. = 1, one can see the effect of the minimum 
in 'Li production as a function of baryon density due to the increased 'Li 

7 7 7 
destruction before 'Be production from the JHe (a, y) Be reaction. 

In figure 7 we delimit the regions of the R - 0. plane which are 
consistent with the constraints from light element abundances in the two-zone 
model. Contours are drawn on this figure which show the values of R 
and n. which satisfy the constraint noted in the figure captions. Curves are 
drawn corresponding to both deuterium production and 'Li production. Due to 
the large uncertainties in the primordial 'Li abundance, contours are shown 
for a number of different upper limits to primordial 'Li ranging from the 
lowest values from Pop II halo stars to the highest values corresponding to a 
large fraction of the primordial abundance having been destroyed in stars. 
Two different 2H constraints are shown to illustrate the sensitivity to the 
deuterium abundance constraint. 

From,this figure several interesting conclusions can be drawn. One is 
that the deuterium constraint can only be satisfied in an Q = 1 universe if 
the fluctuation amplitude, R > 20. Perhaps more useful is the observation 
that if the smallest upper-limits to the 'Li abundance are correct then this 
constraint can only be satisfied in a universe with R < 2 , which would 
correspond to standard big bang nucleosynthesis without fluctuations. Thus, 
if the Pop II or even Pop I disk 'Li abundances are ever accepted as firm 
upper limits to the primordial lithium, then one could use this constraint to 
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Figure 7) Regions of the R - a plane which are consistent with th*i 'Li and 
'H abundances. The solid l ines denote regions allowed by the 'Li 
abundance corresponding to upperlimits taked from: a) 'Li/H 
< 1.8 x 10" 1 0 (Pop II halo abundance); b) 7Li/H < 8 x 1 0 " 1 0 

(Pop I disk abundance); c) 7Li/H < 2.6 x 10~9 (CCI metor i t ic 
abundances); d) 7 Li/H < 8 x 10" 9; e) 7Li/H < 8 x 10~9 (Astration 
factor = 10 x Pop I abundance). The dashed lines are from the 
lower limit to the 2H abundance: f) D/H > 10" 5 ; g) D/H > 10~ 6 . 

set an upper l imit to the magnitude of baryon density fluctuations to emerge 
from the quarlc-hadron phase t r ans i t ion . On the other hand, if the primordial 
Li abundance is a t least 3-5 times the meteoritic value, then th i s constraint 

could be sa t i s f i ed for R > 15. This suggests that if 7 Li destruction in 
s tars (as t ra t ion) has been s ignif icant over the history of the galaxy, then 
the l ight element abundances could be consistent with Q = 1 in baryons. 

If 'Li has been significantly astrated then i t follows that 2H must also 
have been as t ra ted since this nuclide is less t ight ly bound than 7 L i . I t is 
therefore encouraging that deuterium is overproduced along with 7 Li in models 
with R > 50. I t is useful to consider the constraint based upon the r a t io of 
7 3 - 3 
Li/ H in which the effects of astration cancel out to first order'1' by 



choosing the highest present day 'Li abundance, and the lowest deuterium 
abundance a firm upper l imit to th i s ra t io can be derived ( \ i / 2 H ^ 3 x 10 ) . 
We find that for suf f ic ient ly large values of R i t i s possible to have Q. very 
close to unity and s t i l l sat isfy t h i s constraint. 

VII. CONCLUSION 

We have shown in th is paper that isothermal baryon number density 
fluctuations are a plausible and perhaps unavoidable consequence of the 
t ransi t ion from quark-gluon plasma to confined hadronic matter. We identify 
the coexistence temperature, T c > and the nucleon phase boundary transmission 
probabil i ty, z. , as the main determinants of fluctuation s i ze . 

We have calculated the effect of isothermal baryon number fluctuations on 
primordial nucleosynthesis and have shown that the l ight element abundance 
yields in a high baryon content universe could reproduce accepted primordial 
abundances, in a r e l a t ive ly parameter independent way, with the exception of 
'L i . The point i s that the limit on Q. from primordial nucleosynthesis now 
r i s e s or fa l l s on the basis of what is taken to be the primordial 'Li 
abundance. The measurements of the 'Li abundances and the 'Li/°Li isotopic 
r a t i o s , when coupled with self-consis tent models of ga lac t ic chemical 
evolution, now seem to point to a low primordial Li abundance. . If one 
takes the view tha t the measured Li abundance is primordial then the present 
study might constrain the physics of the QCD t rans i t ion . However, given the 
uncertaini t ies in the prin 
study of n, = 1 universes. 
uncertaini t ies in the primordial 'Li abundance i t is premature to exclude the 
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