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Can Quark-Gluon-Plasma Formation in Relativistic Heavy-Ion Collisions
Constrain Inhomogeneous Cosmologies?
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The separation distance between droplets of quark-gluon plasma (QGP) in the early Universe and in
relativistic heavy-ion collisions is calculated in isothermal fluctuation theory. It is found that experimen-
tal information on the size of the QGP from relativistic heavy-ion collisions has the potential possibility
of constraining the degree of inhomogeneity of the baryon-number density distribution and the forma-
tion of strange-quark matter at the epoch of the cosmic phase transition in quantum chromodynamics.

PACS numbers: 98.80.Cq, 12.38.Mh, 25.70.Np, 98.80.Ft

Inflationary cosmology ' is a unique theory which
may resolve many fundamental problems of hot big-bang
expansion in the early Universe. It requires a marginally
closed universe, 0+4 =1, where 0 is the total universal
mass-density parameter and A is the cosmological con-
stant. Inflation is now being tested by both theoretical
and observational studies of the A value, which has re-
cently proved to be A =0.1-0.4, while the A value is
completely unknown. Although the standard big-bang
model ' has enjoyed success for primordial light-
element abundances, it assumes a homogeneous baryon
distribution and infers a rather dilute universe,
Qq =0.04, at the risk of the missing-mass problem. In-
homogeneous big-bang models ' have suggested a
more relaxed Qz value which is not very far from unity
from the constraint of light-element abundances. Al-
though Qg=1 inhomogeneous cosmologies are unfor-
tunately unlikely from nucleosynthesis calculations'"
unless the late-time homogenization eA'ect' is taken into
consideration, the inferred Qq value is consistent with
the total 0 observed. They still shed light on a possible
solution of the missing-mass problem without assuming
the existence of unknown nonbaryonic dark matter. In
addition, not only the lightest elements (2 (7), but also
the rare Li-Be-B species and intermediate to heavy-
mass nuclei ' could be produced in inhomogeneous
proton-neutron distributions, providing a lot of observa-
tional tests of cosmological theories. ' In these models,
baryon distributions are assumed to be inhomogeneous
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for QGP in an expanding universe as a solution of the

as remnants of a first-order' cosmic QCD phase transi-
tion which took place prior to the nucleosynthesis epoch.
All interesting consequences of inhomogeneous cosmolo-
gies, however, are subject to unknown fluctuation
shapes ' ' of the baryon distribution which was attained
at the end of the cosmic QCD phase transition. The pur-
pose of this Letter is to show that the experimental data
on quark-gluon-plasma (QGP) formation in relativistic
heavy-ion collisions, i.e., pion interferometry, ' intermit-
tency, ' and J/ttt suppression, ' etc. , can provide useful
information to constrain the degree of baryon inhomo-
geneities in the early Universe.

Let us start our discussion from the thermodynamics
of QCD. The QCD phase transition is specified by two
parameters, T~ and o., where T~ is the coexistence tem-
perature of QGP and hadron phases, and o is the surface
tension of phase boundaries. These two parameters are
common to phase transitions in both the early Universe
and relativistic heavy-ion collisions. Only the manner of
space-time evolution is diAerent in these two cases. The
time scale of the cosmic QCD phase transition, —10
psec, is long enough for the whole Universe to be in
thermal equilibrium. We can therefore apply thermo-
dynamical equations to the early Universe and obtain'
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Einstein equation. We used the MIT bag model as a toy
model for describing the QGP phase, and the latent heat
is given by L =4m /90(g~ —

gt, )Tc so that the pressure
equilibrium is realized at T =Tg. The quantity
x =gq/gt, G is the gravitational constant, and we used
statistical weights gq =gg+g~& —51.25 and g&

—gH+g~l
=17.25 for QGP and hadron phases, respectively, with

g,l =14.25 for background photons and leptons.
For linearly expanding QGP formed in relativistic

heavy-ion collisions, variation of the temperature in

time is described by

experimentally for the initial energy density as discussed
above, in order to look for a quantitative connection be-
tween the early Universe and relativistic heavy-ion col-
lisions.

Having the relation between temperature and time, we
calculate in isothermal Auctuation theory the total
number density N of hadron bubbles nucleated in the sea
of QGP in the supercooling epoch:

(3)

(T/Tp) ' =t/t p (2)

in an ideal case without entropy production, where T is
the temperature at proper time I, . In this equation, To
and tp are the initial temperature and time of the QGP.
The initial entropy density is constrained by the rapidi-
ty distribution of pions from the CERN experiment,
which gives tpTp ~ 1.0x10 (fm/c) MeV . This leads to
an initial temperature Tp=220 MeV if tp= 1 fm/c, be-
ing consistent with Bjorken's estimate. We therefore
adopted the marginal value t p Tp = 1.0 x 10 (fm/
c) MeV in the present analysis. The initial energy den-

sity ) 3 GeV/fm is su%ciently high to make it very
likely that the system rapidly comes into local thermal
equilibrium. Since the time scale, 5-10 fm/c, is com-
parable to or larger than that of the strong interaction,
—1 fm/c, though shorter than that of electroweak in-
teractions, we assume that QGP initially formed in rela-
tivistic heavy-ion collisions is also close to being in

quasiequilibrium to the strong interaction. We here in-
tend to adopt the Bjorken conjecture of local thermal
equilibrium, though its validity is only partly confirmed

p(T) = T,exp— 16m a
TLg (5)

where t, is the time at which the QGP phase was first
cooled to T TQ ff is the end of the supercooling epoch,
f(t) is the fraction of QGP (Ref. 19) unaffected by nu-

cleation at times t, ~ t ~ tf, and p(T) is the nucleation
rate of hadron bubbles per unit volume per unit time.
In these equations V~ =c/J3 is the sound velocity. tl is
the supercooling parameter defined by q = (Tc —T)/Tc.

We do not care about the prefactor of Eq. (5) because
we are interested in the relative diff'erence of N between
the two phase transitions of the early Universe and of
relativistic heavy-ion collisions. Compared with the rap-
id increase of p(T) with time, f(t) varies slowly from 1

to 0. Since the nucleation rate p(T) has a maximum
value at the lowest temperature T=Tf, we expand it

I around t =tf as a function of time. We thus obtain7

d lnp(T)
N = exp

c dT

9 tr (41trG) Tc(1+g)
(tf —t) P(Tf)dt =

6 3 6 9 2T6/( T3)33' Vs'L gf, K c to 0
(6)

for the early Universe (upper) and relativistic heavy-ion
collisions (lower), where g =3x/(x —1).

We made here several approximations: First, the
function f(t) is taken to be constant of order unity, as
shown by the exact solution. Second, we used the condi-
tion 1 ( [dlnp(T)/dT]r [dT(t)/dt], (tf —t, ) in the in-

tegration, which is justified by the following discussion:

rtf is determined by a condition f(tf ) =0. Although

f(tf) is a complicated function of Tf, tf, Tc, and t„ the
solution is found to be in the form qf = ycr /Tc/~L with
dimensionless constants 0.3 ~ yU ~ 0.45 and yU/yHI
=0.35 being introduced for a wide range of
50 & Tg & 250 MeV and 10 & cr & 10 MeV . The
solution satisfies the required condition,

1 ( [d Inp(T)/dT] r, [dT(t)/dt], (tf —t, ) .

Hereafter we use the subscript U or HI for expressing
the quantities associated with the phase transitions in the
early Universe (U) and in relativistic heavy-ion collisions lU/!HI = 6. 1 &(: 10' Tc(yv/yEII) (7)

t (HI).
The number density of nucleation sites of hadron bub-

bles is nearly equal to the number density of shrinking
QGP droplets at the latter half epoch of the phase transi-
tion if their collisions and coalescence do not occur very
frequently. It is well known ' that the scale factor in-
creases by about 40% during the cosmic QCD phase
transition. Thus we regard NU as the number density of
QGP droplets at the end of the phase transition. Since
we can define the end of the phase transition at the time
when the speed of the phase boundary reaches sound ve-

locity, ' the droplets have finite size and eventually form
high-baryon-number density zones in the early Universe.

Using Eq. (6), the ratio of mean separation distances
between the QGP droplets, lU/lHI=(NU/NHI) ', is

calculated to be



VOLUME 66, NUMBER 2 PHYSICAL REVIEW LETTERS 14 JANUARY 1991

where T& is in MeV. This quantity is independent of the
surface tension. Let us examine what length scale lU
will result from the calculated value of T~ in a lattice
QCD simulation if l Ht is observable in relativistic
heavy-ion collisions and gives —1 fm. Taking a range of
Tp, 100 MeV ~ T~ ~ 250 Me V, l U turns out to be
25~lU~ 65 m. This scale at the epoch of the QCD
phase transition is to be compared to —30 m which is an
optimal length scale for neutrons to diA'use out of the
fluctuations and leads to an interesting inhomogeneous
nucleosynthesis. The laboratory experiments will thus
provide useful information on the early Universe.

Let us examine the possibility of constraining the
baryon inhomogeneities in more detail. The separation
distances between the QGP droplets are given by

200

150

100

r
/

r
/

/

/

/
/

/r

3/2

lU = 2.7x10 m, (8a)
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Tc

where o is in MeV, tp in fm/c, Tp in MeV, and we
adopted here the typical values of yU =0.35 and yH~ =1.
Figure 1 displays these relations in two-QCD-parameter
space. Thick and thin solid curves show lU and lH~, re-
spectively, and the dotted curve is gy =1, below which a
severe supercooling occurs and the present approxima-
tions are not justified. We also plot Rfz =200~ (dashed
curve) from the theoretical study' of time evolution of
baryon-number densities during the cosmic QCD phase
transition, where R is the ratio of baryon-number density
in high-density zones to the baryon-number density in
low-density zones, and fz is the volume fraction of high-
density zones at the end of the phase transition. A num-
ber of theoretical studies of primordial nucleosynthesis
infer that, if the baryon-number density fluctuation is as
large as Rfv ~ 200~ (below the dashed curve)
and if lU has a length scale comparable to 10 ~ IU ~ 100
m, ' then the primordial nucleosynthesis is very dif-
ferent from that predicted in the homogeneous standard
big-bang model. The lH~ =1 and 10 fm lines are located
in a very crucial region of cosmological interest (the
shaded region) which satisfies both conditions.

There are several data' ' ' from relativistic heavy-
ion collisions that the size of the QGP-droplet-containing
region is 1-7 fm. If the whole central rapidity region
forms a single QGP droplet, the rapidity distribution of
hadrons will show a rather smooth plateau and lH~ must
be larger than the inferred size, 4-7 fm, of the droplet.
This leads to a marginally important density fluctuation
in the early Universe near lU —100 m in Fig. 1. If, on
the other hand, there are many small QGP droplets
formed in relativistic heavy-ion collisions, evaporating
hadrons will show highly fluctuating rapidity distribu-
tions like those indicated by the CERN experiments and
others. When each droplet is comparable in size to —1

fm, which is extracted from pion intermittency, 1 fm

a (MeV3)

FIG. 1. Calculated mean separation distance between QGP
droplets in the early Universe, lU (thick solid curves), and rela-
tivistic heavy-ion collisions, lH~ (thin solid curves), as a func-
tion of Tc and cx. The dashed curve is for Rfv =200' with
Qz =1 below which baryon-number density Auctuations have
appreciable amplitude in the early Universe. A&=0.04 de-
scribes a similar curve slightly above the dashed curve. The
dotted curve is for gI U=l below which severe supercooling
occurs. The shaded region leads to interesting inhomogeneous
primordial nucleosynthesis.

~ lH& leads to possibly large inhomogeneities in the ear-
ly Universe. Although interpretation of the QGP size is
not yet convergent, we can hopefully constrain the T~-o.
plane in Fig. 1 by combining them with forthcoming ex-
periments of dilepton production and classify how large
or small the baryon inhomogeneities were in the early
Universe.

Recent data of lattice QCD simulations, including
the efI'ects of dynamical quarks, suggest 100 ~ Tc ~ 150
MeV, although the simulation in pure gauge' indicates
a little higher temperature, 200~ T~~ 250 MeV. At
the former allowable temperature, 100~ T~ ~ 150
MeV, with 1 ~ l H~ ~ 10 fm, the inhomogeneous primor-
dial nucleosynthesis could occur if a were of order —10
MeV . If, however, T& is relatively high, 200 ~ Tg~ 250 MeV, as indicated from pure-gauge simulation,
and o.—10 MeV, nothing interesting could happen in
primordial nucleosynthesis. The o value was calculated
to be a =(0.1-1)Tc in pure-gauge lattice QCD simula-
tions, ' which is marginally consistent with o =10
MeV . Recent calculations including dynamical quark
efIects ' have suggested that evidence for first-order
character is not easily found although they do not ex-
clude the possibility of very weak first-order phase tran-
sition. This means that the o. value should be smaller
than 10 MeV, raising a hope of finding interesting phe-
nomena of in homogeneous nucleosynthesis. Further
large-scale lattice QCD simulations are desirable in or-
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der to determine the precise values of these parameters.
Let us finally discuss the strange-quark matter which

was suggested by Witten to be formed at the epoch of
the cosmic QCD phase transition. It has recently been
confirmed ' quantitatively that strange-quark matter
could be really formed at this epoch if a ~ 5x10 MeV
and 80 ~ Tg ~ 150 MeV, and the study of the sur-
vival ' ' of such objects until the present time is under
way. To confirm this theoretical prediction one needs
lH ~ 0. 1 fm in relativistic heavy-ion collisions from Fig.
1.

To summarize, we have calculated the mean separa-
tion distance between QGP droplets formed in the cosm-
ic QCD phase transition and in relativistic heavy-ion col-
lisions. If the size of the QGP droplets is determined
from relativistic heavy-ion collisions, then the two QCD
parameters, T~ and a, will be constrained in the present
theoretical calculations of mean separation distance be-
tween the droplets. These constrained parameters will
also indicate if in homogeneous primordial nucleosyn-
thesis could occur or strange-quark matter could be
formed in the early Universe.

In the present study, we have taken several approxi-
mations which are not completely established. One of
the biggest assumptions is the local quasiequilibrium
condition of QGP initially formed in relativistic heavy-
ion collisions. Although this condition has been used in

many theoretical studies of QGP formation since the
benchmark paper of Bjorken, its applicability must be
examined first in future high-energy heavy-ion collision
experiments of QGP hunting. Other important physics
concerns which have not been included in the present
work are complicated hydrodynamical processes such as
collisions or merging of QGP droplets near the end of the
phase transition. Although it is beyond the purpose of
this Letter to refine these approximations, they should be
addressed in future experiments and theoretical studies.

I am very grateful to G. F. Bertsch for stimulating dis-
cussions on QGP formation, pion interferometry, and in-
termittency in relativistic heavy-ion collisions. Valuable
comments by S. Nagamiya on the experimental aspects
of heavy-ion collisions and useful discussions with C. R.
Alcock, M. Fukugita, K. Kusaka, 6. J. Mathews, K.
Sumiyoshi, and A. Ukawa on the QCD phase transition
are also gratefully acknowledged. This work is partly
supported by a Japan Society for the Promotion of Sci-
ence-NSF Cooperative Research Grant (No. EPAR-
071) and a Grant-in-Aid (No. 01540253) of the Minis-
try of Education.

'A. H. Guth, Phys. Rev. D 23, 347 (1981).
K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981).

30n the 0 value, see, for example; M. Fukugita, in Proceed-
ings of the IUPAP Conference on Primordial Nucleosynthesis
and Evolution of Early Universe, Tokyo, 1990 (to be pub-

lished). On the A value, see, E. Turner, ibid ;.and M. Fukugi-
ta, F. Takahara, K. Yamashita, and Y. Yoshii, Astrophys. J.
361, L 1 (1990).

4R. V. Wagoner, W. A. Fowler, and F. Hoyle, Astrophys. J.
148, 3 (1967).

~J. Yang, M. S. Turner, G. Steigman, D. N. Schramm, and
K. A. Olive, Astrophys. J. 281, 493 (1984).

J. H. Applegate and C. J. Hogan, Phys. Rev. D 31, 3037
(1985); J. H. Applegate, C. J. Hogan, and R. J. Scherrer, As-
trophys. J. 329, 592 (1988).

C. R. Alcock, G. M. Fuller, and G. J. Mathews, Astrophys.
J. 320, 439 (1987); G. M. Fuller, G. J. Mathews, and C. R. Al-
cock, Phys. Rev. D 37, 1380 (1988).

8R. A. Malaney and W. A. Fowler, Astrophys. J. 333, 14
(1988).

9R. N. Boyd and T. Kajino, Astrophys. J. 336, L55 (1989);
T. Kajino and R. N. Boyd, Astrophys. J. 359, 267 (1990).

' T. Kajino, G. J. Mathews, and G. M. Fuller, Astrophys. J.
(to be published); T. Kajino, G. J. Mathews, and G. M. Fuller,
in Proceedings of the International Symposium on Heavy Ion-
Physics and Nucleal. Astrophysical Problems, edited by S. Ku-
bono, M. Ishihara, and T. Nomurs (World Scientific, Singa-
pore, 1988), p. 51.

''H. Kurki-Suonio, R. A. Matzner, K. A. Olive, and D. N.
Schramm, Astrophys. J. 353, 406 (1990).

' G. J. Mathews, B. Meyer, C. R. Alcock, and G. M. Fuller,
Astrophys. J. 358, 36 (1990).

' C. R. Alcock, D. S. Dearborn, G. M. Fuller, G. J. Mathews,
and B. S. Meyer, Phys Rev. L. ett. 64, 2607 (1990).

'4M. Fukugita and A. Ukawa, Phys. Rev. D 38, 1971 (1988).
' K. Sumiyoshi, T. Kajino, C. R. Alcock, and G. J. Mathews,

Phys. Rev. D (to be published).
'6G. Bertsch, Nucl. Phys. A498, 173 (1989).
'7D. Seibert, Phys. Lett. B 240, 215 (1990).
'ST. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).
'9K. Kajantie and H. Kurki-Suonio, Phys. Rev. D 34, 1719

(1986).
2OJ. D. Bjorken, Phys. Rev. D 27, 140 (1983).
'G. Bertsch, M. Gong, L. Mclerran, V. Ruuskanen, and E.

Sarkkinen, Phys. Rev. D 37, 1202 (1988).
22H. Strobele et al. , Z. Phys. C 38, 89 (1988).
z3L. D. Landau and E. M. Lifshitz, Statistical Physics (Per-

gamon, New York, 1969).
24G. J. Mathews, G. M. Fuller, C. R. Alcock, and T. Kajino,

in Dark Matter, Proceedings of the Eighth Recontre de
Moriond, edited by J. Audouze and J. Tran Than Van (Gif-
sur-Yvette, Edition Frontieres, 1988), p. 319.

~5M. Fukugita, H. Mino, M. Okawa, and A. Ukawa, Phys.
Rev. Lett. 65, 816 (1990).

26Z. Frei and A. Patkos, Phys. Lett. B 222, 469 (1989).
K. Kajantie, L. Karkkainen, and K. Rummukainen, Nucl.

Phys. B333, 100 (1990).
F. R. Brown, F. P. Butler, H. C. Chen, N. H. Christ, Z.

Dong, W. SchaAer, L. I. Unger, and A. Vaccarino, Phys. Rev.
Lett. 65, 2491 (1990).

29E. Witten, Phys. Rev. D 30, 272 (1984).
30C. R. Alcock and E. Farhi, Phys. Rev. D 32, 1273 (1985).
'T. Kajino and K. Sumiyoshi, in Proceedings of the IUPAP

Conference on Primordial Nucleosynthesis and Evolution of
Early Universe (Ref. 3); K. Sumiyoshi, T. Kajino, C. R. Al-
cock, and G. J. Mathews (to be published).

128


