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Baryon-number Suctuations in a quark-hadron phase transition
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Isothermal baryon-number fluctuations arising from a first-order quark-hadron phase transition in the
early Universe are obtained by including the quark-gluon interactions up to the order g, in the perturba-
tive QCD coupling constant in the quark-gluon plasma (QGP) phase and the finite-size volume correc-
tions for the hadrons in the hadron-resonance gas (HRG) and their effects on the primordial nucleosyn-
thesis (PNS) are analyzed. The ratio of the baryon-number densities in the QGP and HRG phases at the
critical temperature T, is larger than one in the range 150 MeV & T, &260 MeV. However, it is far
larger than one even when T, is outside this range, thus affecting primordial nucleosynthesis

significantly.

PACS number(s): 04.40.Dg, 12.38.Mh, 98.80.Ft

I. INTRODUCTION

The nature and the critical parameters of the phase
transition between a hadron resonance gas (HRG) and
the quark-gluon plasma (QGP} are the object of active
theoretical and experimental research [1,2]. At very high
temperatures in the early Universe, we believe that the
colored quarks and gluons were unconfined and the
matter existed in the form of a QGP. As the Universe ex-
panded, the temperature dropped through the critical
temperature T, for the phase transition where the QGP
could exist in thermal, mechanical, and chemical equilib-
rium with a dense hot gas of HRG. Isothermal baryon-
number fluctuation is a natural consequence of a first-
order phase transition between a QGP and HRG. Conse-
quently, a large local fluctuation in the baryon-to-photon
ratio results and thus alters the predictions of the stan-
dard scenario for primordial nucleosynthesis (PNS). The
ratio of baryon-number densities in the two phases is
represented by

QGP/n HRG—kg Pl g

and the expression is evaluated at T=T, and baryon
chemical potential ps «T, . When R »1, the baryon
number of the Universe preferentially remained in the
QGP phase during the period of phase separation and
thus affected the PNS significantly.

Several authors have calculated [3—8] the value of R by
assuming a QGP as an ideal thermodynamical gas of
quarks and gluons and the HRG was treated as an ideal
gas of protons and neutrons. Turner [3] noticed that the
ratio R decreases significantly when other low-lying
baryon states, e.g., b, (mass 1232 MeV, J =3/2+ and
I =3/2 }, A, X+, Xc, and X (strangeness = —1 states)
were included. He found that unless T, &150 MeV, the
efFects of the phase transition upon PNS would not be
significant. However, they found R «1 for T, &250
MeV and that the baryon number resides predominantly
in the HRG phase. Recently, Murugesan et al. [4] used
relativistic quantum statistics for particles in both the

phases and Hagedorn's correction for the finite size of the
hadrons in the HRG phase. They found that these
corrections lower the value of T, and, unless T, 125
MeV and R &10, the phase transition would not have
any significant effect upon PNS. The purpose of this pa-
per is to explore the results when a phase transition from
a QGP with interacting quarks and gluons to a hadron
gas consisting of finite-sized hadrons described by hard
spherical bags is considered. We show that the incor-
poration of the interactions between the quarks in a QGP
up to g, terms in the strong interaction coupling g,
within perturbative QCD and the repulsive interactions
between hadrons in a HRG by considering volume
corrections give a unique constraint on T, . We find that
the PNS will significantly be affected if T, lies outside the
range 150 MeV & T, & 260 MeV for which R & 10. More-
over, we notice that the value of R is larger than 1 even
in the range 150 MeV &T, &260 MeV. This is a
significant result which will affect the prediction for
baryon-density inhomogeneity in the early Universe.

Recently, we have shown that the incorporation of
hard-core volumes for the hadrons and treating a QGP as
weakly interacting plasma substantially change the values
of the parameters of the phase transition and these
corrections are, in fact, essential for a realistic description
of the quark-hadron phase transition [9]. We noticed [9]
that the higher-order g, term contribution in QCD is
quite significant at lower values of the baryon-chemical
potential p,~ where the value of a, ( =g, /4m ) is large. In
this paper, we want to see how these corrections affect
the isothermal baryon-number fluctuations which are of a
vital importance for the PNS in the early Universe.

II. METHOD OF CALCULATION

Numerical simulation studies have revealed that the
quarks and gluons in QGP are not asymptotically free
states but they experience weak interactions even at tem-
peratures T & T, . Therefore, it is worthwhile to investi-
gate the effects of the interacting plasma on the quark-
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hadron phase transition. We assume that the QGP phase
can be described by perturbative QCD up to g, terms to-
gether with a bag constant B to account for the nonper-
turbative influence of the vacuum. The total thermo-
dynamic potential 0 or the partition function lnz for an

I

interacting QGP can be written [10,11]as

0= —Va ( r,p, g ) T = —T lnz

and

(2)

a(T p, g)= 8+
45

+ gs
2 3

4 "f
2 2 ~ T2 2 2T4q=l

3/2f p1+ nf +——g
q

—l 77 T

8 2 5 9 I Pq Pq
g, 3+ nf—+ g +

4 2m'
q

—l T 2m T

(3)

where T is the temperature, V the volume, p the quark
chemical potential (=—,'pz), and nf is the number of
quark flavors. Following Turner [3], we assume that p
is flavor independent (p„=pd =@,) and the u, d, s quarks
are light or massless. The running coupling constant a,
accounts for the interactions between the quarks and
gluons. Its dependence on p and T is given by

2
gs 12m

u, (JLt, T) =
4m. 33—2nf

X [ ln[(0. 8p + 15.622T ) /A, ] ]

(4)

where A, is the scale fixing parameter in QCD. We can
obtain the quark number density from (2) by using the re-
lation

theorem to write 4B =m /V where mz is the proton
mass and B is the bag constant. Thus the bag constant is
related to the hard-core radius of the proton. Here, one
point is noteworthy. Even i.f HRG also consists of pions,
the expression for baryon-number density is not affected
in our model.

The use of Eq. (7) as the volume-corrected baryon-
number density has been widely discussed in the litera-
ture [12,13]. It differs significantly from the original sug-
gestion of Hagedorn to use the correction for the finite
extension of the hadrons. Cleymans and Suhonen [12] in-

corporated the nonvanishing volume in the statistical
mechanics formalism of the HRG and the effect of the
hard core of the nucleon as an excluded volume effect
was included. Recently, Kuono and Takagi [13] have
considered the strong repulsive forces existing between a
pair of baryons as well as a pair of antibaryons. We have
used in Eq. (7) the volume correction proposed by Kuono
and Takagi.

Finally, ng =(n~ n)/3—.
q

The hadronic gas consists of nucleons, antinucleons, 5,
6, A, A, X, X, etc. We can use the partition function for
the grand canonical ensemble of HRG as

4

(5)

where g is the degeneracy factor, k is the momentum, m
is the mass of the hadron, and f+ and f are the fer-
mion and antifermion distribution functions, respectively.
Thus the density of a pointlike baryon b can be given as

T ai~
(6)

V a~

Similarly, the density of pointlike antibaryons b can be
obtained and, finally, the baryonic density ns is [12,13]

HRCr

1+gi, ng'Vb 1+g~nq&'Vq
(7)

where summation over b and b extends over all baryonic
and antibaryonic states being considered and Vb is the
hard-core volume of the baryon b. We consider hard-
core volume Vb =

Vb
= V =—', mr, where r is the proton

hard-core radius. Assuming the bag volume as the hard-
core volume of the proton, we can involve the virial

III. RESULTS AND DISCUSSION

The early Universe evolves with a value of JMs /T of ap-
proximately 10 ' so that only the first term in the ex-
pansion of thermodynamic quantities needs to be re-
tained. In Fig. 1, we have shown the result for the varia-
tion of R with the critical temperature T, . Here we have
considered u and d massless quarks in the QGP phase
and E and N in the hadronic phase. Furthermore, we
have taken the value of A, =100 MeV and r =0.8 fm.
We have also compared our results with those of Turner
[3] and Murugesan et al. [4], respectively. As a result of
incorporations of the interaction terms in the QGP and
the hard-core volume corrections for HRG, our curve
lies below Turner's curve [3) but is quite a bit above the
curve of Murugesan et al. [4]. However, at T, ) 160
MeV, our values of R exceed by a large amount from
those obtained in both of these references.

In Fig. 2, we have demonstrated the effects of the in-
clusion of the massless s quark in the QGP and strange as
well as nonstrange baryons and their resonances in the
HRG phase. The baryonic resonances and their parame-
ters are shown in Table I. We obtain a very surprising re-
sult. We find that the value of R decreases very rapidly
from a value of 100 approximately at T, =100 MeV and
reaches a minimum value which is slightly larger than
one at T, =200 MeV, and then it again increases rapidly
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————A (Tur ner 's res ul t )

9 (Our calculation)
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FIG. 1. The variation of the baryon-number
density ratio R with critical temperature T, .
Here the QGP phase consists of u and d
quarks and the HRG phase consists of N and
N baryons. Our calculation is represented by a
solid line, Turner's calculation is shown by a
dashed line, whereas the dash-dotted curve
represents the calculation of Murugesan et al.

TABLE I. List of baryonic resonances taken into account.

Baryons

N

N

N

N
N
N
N

N
N

A

A

A

X

Mass (MeV)

939
1232

1440

1520

1535

1620

1650
1675

1680

1700
1700
1710
1720

1905

1910
1930
1950
1116
1405

1520

1670
1690
1820

1830
1890
1193
1385
1670
1775
1915
1318
1530
1672

Strangeness

—3

Spin

1

2
3
2
1

2
3
2
1

2
1

2
1

2
5
2
5
2
3
2
3
2
1

2
3
2
5
2
1

2
5
2
7
2
1

2
1

2
3
2
1

2
3
2
5
2
5
2
3
2
1

2
3
2
3
2
5
2
5
2
1

2
3
2
3
2

Isospin

1

2
3
2
1

2
1

2
1

2
3
2
1

2
1

2
1

2
1

2
3
2
1

2
1

2
3
2
3
2
3
2
3
2

Degeneracy
(2s + 1)(2I+ 1)

4

16

4

8

4
8

4

12

12

8

16

4
8

24

8

24

32

2

2

4
2

4

6
6
4

6
12

12

18

18

4
8

4
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10.5 OUR CALCULATIONS
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FIG. 4. Our calculations for the dependence of the reduction
factor Rf on T, with and/or without volume corrections as well

as interactions in QGP. The curves marked (A) and (B)
represent the QGP containing u, d, and s quarks only, and the
HRG phase containing all strange and nonstrange baryons. For
this Rf =R~„„„/R. For -the-curve (C) QGP phase consists of u

and d quarks and the HRG phase consists of all the nonstrange
baryons. For this case Rf =R»/R.

value ( ))10) when T, does not fall in the range 150 MeV
& T, &260 MeV. This illustrates the importance of ob-
taining a more accurate value of T, from QCD lattice
gauge calculations. In the past, calculations of R have
been made by several groups neglecting the interaction
between quarks in QGP and hadrons in HRG. Muruge-
san et al. [4] have taken Hagedorn's finite-size correc-
tions for the hadrons and included many hadrons in the
HRG spectrum. Kapusta and Olive have considered [14]
a simplified treatment for the repulsive interactions be-
tween hadrons by parametrizing the mean-field potential
energy. They noticed that the baryon-density ratio R is
=7 for 160 MeV & T, &240 MeV. We have considered
the repulsive interactions between baryons as the finite
hard-core volume corrections which have frequently been
used by several authors in the recent past. Moreover, we
find that bag constant B does not remain an arbitrary pa-
rameter in our calculation [9] and is linked with the
hard-core radius r of the baryons. We also notice that
merely changing the values of r (or, in other words, B)
as well as the strong interaction scale parameter A, does
not alter the results of our calculations to any significant
extent. We conclude that our present ignorance of the
exact values of many relevant parameters (e.g., T, ) of the
quark-hadron phase transition leads to much larger un-
certainties in the predictions of PNS. We thus hope that
a more detailed as well as realistic treatment for the cal-
culation of the baryon-density ratio R as given here will
remove these uncertainties and a clear picture for the iso-
thermal baryon-number fluctuations in the early Universe
will emerge.

value obtained by Murugesan et al.
In conclusion, the ratio R of the baryon-number densi-

ties in the QGP and HRG phases have been obtained by
incorporating the interactions up to g, (i.e., a, i

) order
terms in QGP and the volume corrections, which takes
care of the repulsive interactions in the dense HRG
phase. Our calculation reveals that R reaches a very high
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