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The two-equation of state model is used to describe the hadron-quark phase transition in dense-hot
matter formed in heavy-ion collisions. The nonlinear Walecka model is used to describe the hadronic
phase. For the quark phase, the Nambu—Jona-Lasinio (NJL) model coupled to Polyakov-loop fields is used
to include both the chiral and (de)confinement dynamics. The phase diagrams are derived from the Gibbs
conditions and compared with the results obtained in the hadron-NJL model without confinement. As in
the hadron-NJL case a first order transition is observed, but with a critical end point at much higher
temperatures, a consequence of the confinement mechanism that reduces the degrees of freedom of the
quark matter in proximity to the phase transition. Particular attention is devoted to the phase transition in
isospin asymmetric matter. Interesting isospin effects are found at high baryon density and reduced
temperatures, which are in fact also common to other quark models, like the MIT bag model and the NJL
model. Some possible observational signals are suggested to probe in heavy-ion collision experiments at

intermediate energies.
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I. INTRODUCTION

The exploration of the phase diagram of strongly inter-
acting matter and the search for the signals of the phase
transition from the hadronic to the quark-gluon phase are
very important in both theory and experiment. As a funda-
mental tool, lattice QCD provides us with the best frame-
work for investigation of nonperturbative phenomena
such as confinement and quark-gluon plasma formation at
finite temperature and vanishing (small) chemical potential
[1-7]. However, lattice QCD suffers from the serious
problem of the fermion determinant with three colors at
finite w. Although several approximation methods have
been taken to try to evade this problem [8—12], the validity
of lattice simulations at finite chemical potential is still
limited to the region u, /T <1 [13]. The results obtained
with w,/T > 1 should be taken with care.

On the other hand, many phenomenological models
[14-20], as well as the more microscopic Dyson-
Schwinger equations (DSEs) approach [21], have been
proposed to derive a complete description of the QCD phase
diagram. Among these effective models, the Nambu—Jona-
Lasinio (NJL) model is a predominant one, since it offers a
simple illustration of chiral-symmetry breaking and resto-
ration, a key feature of QCD [22-28]. Moreover, it provides
a complicated phase diagram of color superconductivity at
high density [29-31]. One deficiency of the standard NJL
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model is that quarks are not confined. Recently, an im-
proved version of the NJL model coupled to Polyakov-
loop fields (PNJL) has been proposed [32]. The PNJL
model takes into account both the chiral symmetry and
(de)confinement effect, giving a good interpretation of lat-
tice data at zero chemical potential and finite temperature.
At the same time, it is able to make predictions in regions
that cannot presently be reached in lattice calculations
[19,20,33-39].

Most effective models, including the PNJL model, de-
scribe the hadron—quark-gluon phase transition based on
quark degrees of freedom. As a matter of fact, at low
temperatures and small chemical potential, QCD dynamics
should be governed by hadrons. Therefore, it is natural to
describe the strongly interacting matter with hadronic de-
grees of freedom at low 7 and small w and quarks at high T
and large w. This picture can be easily realized following a
two-equation of state (two-EoS) model, where hadronic
and quark phases are connected by the Gibbs (Maxwell)
criteria. Such an approach is widely used in describing
the phase transition in the interior of a compact star in
beta-equilibrium (e.g., [40—46]). Recently, it has also been
adopted to explore the phase diagram of the hadron-quark
transition at finite temperature and density related to
heavy-ion collision [47-51]. Moreover, in these studies
more attention was given to isospin asymmetric matter,
and it was suggested that some observable effects can be
seen in the charged meson yield ratio and in the onset of
quark number scaling of the meson/baryon elliptic flows in
Refs. [48,49]. Such a heavy-ion connection provides us
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with a new orientation to investigate the hadron-quark
phase transition, and it can stimulate some new relevant
research in this field.

We have previously studied the hadron-quark phase
transition in the two-EoS model by using the MIT bag
model [49] and the NJL model [52], respectively, to de-
scribe quark matter. In particular, a kind of critical end
point (CEP) of a first order transition has been found at
about 7= 80 MeV and p =900 MeV when the NJL
model is considered for the quark matter. In this paper, in
order to obtain more reliable results and predict possible
observables in the experiments, an improved calculation,
within the two-EoS approach, has been performed. We
take the PNJL Lagrangian to describe the properties of
quark matter, with the interaction between quarks and the
Polyakov loop, where both the chiral and (de)confinement
dynamics are included simultaneously. We are not consid-
ering here color pairing correlations that are affecting the
isospin asymmetry [51], since in heavy-ion collisions the
high density system will always be formed at rather large
temperatures [48].

We obtain the phase diagrams of hadron—quark-gluon
phase transitions in 7 — pp and T — wp planes. We com-
pare the obtained results with those given in [52], where the
NJL model is used to describe the quark phase. The cal-
culation shows that the phase-transition curves are greatly
modified when both the chiral dynamics and (de)confine-
ment effect are considered, in particular, in the high tem-
perature and low chemical potential region. We still see a
first order transition but the CEP is now at a much higher
temperature and lower chemical potential. In fact, the CEP
temperature is much closer to the critical temperature
(for a crossover) given by the lattice calculation at vanish-
ing chemical potential. Our results seem to stress the
importance of an extension of lattice calculations up to
quark chemical potentials around /T, = 1.

In addition, we address the discussion about the non-
coincidence of chiral and deconfinement phase transitions
at large chemical potential and low temperatures, relevant
to the formation of quarkyonic matter.

Finally, the calculation confirms that the onset density of
the hadron-quark phase transition in isospin asymmetric
matter is much smaller than that of symmetric matter, and
therefore it will be more easy to probe the mixed phase in
experiments.

The paper is organized as follows. In Sec. II, we describe
briefly the two-EoS approach and give the relevant
formulas of the hadronic nonlinear Walecka model and
the PNJL effective theory. In Sec. III, we discuss the
expected effects of the confinement dynamics. The
quark-matter phase transition is presented in Sec. IV for
the NJL as well as the PNJL model. Section V is devoted to
the phase diagrams within the two-EoS frame and to the
comparison with the results using only the pure quark
PNJL model to describe both phases. Moreover, we present
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some discussions and conclusions about the phase transi-
tion, as well as some suggestions for further study. Finally,
a summary is given in Sec. VI.

II. HADRON MATTER, QUARK MATTER,
AND THE MIXED PHASE

In our two-EoS approach, hadron matter and quark
matter are described by the nonlinear Walecka model and
by the PNJL model, respectively. For the mixed phase
between pure hadronic and quark matter, the two phases
are connected to each other by the Gibbs conditions de-
duced from thermal, chemical, and mechanical equilibri-
ums. In this section, we will first give a short introduction
of the nonlinear Walecka model for hadron matter and of
the PNJL model for quark matter; then we construct the
mixed phase with the Gibbs criteria based on baryon and
isospin charge conservations during the transition.

For the hadron phase, the nonlinear relativistic mean
field (RMF) approach is used, which provides an excellent
description of nuclear matter and finite nuclei as well as of
compressed matter properties probed with high energy
heavy-ion collisions [47-49,53,54]. The exchanged me-
sons include the isoscalar-scalar meson o and isoscalar-
vector meson w (NL force, for isospin symmetric matter)
and the isovector-vector meson p and isovector-scalar
meson 0 (NLp and NLp§é forces, for isospin asymmetric
matter).

The effective Lagrangian is written as

L= 17/[1'7#8“ “M+g,0+gsT 86— g,y 0"

— &, Yut PH1Y + 33,0040 —mko?)

—%b(g00)3 —;{c(goa)4 +%(8M56“8 —m%6?)

o, 0" G RSP, PR =P PR
where the antisymmetric tensors of vector mesons are
given by

Wyy = a,uwv - avw,w Puv = a,u,pv - al/pﬂ,‘

The nucleon chemical potential and effective mass in
nuclear medium can be expressed as
M= pi T gow t+ g,73ip (D
and
M; =M — g,0 — g5T3;0, (2)
where M is the free nucleon mass, 73, = 1 for the proton
and 73, = —1 for the neutron, and u] is the effective
chemical potential which reduces to Fermi energy Ey;, =

\/kj? + M;‘z at zero temperature. The baryon and isospin
chemical potentials in the hadron phase are defined as

H /-Lp+/-Lt1 H:Mp_:u“n
B 2 ’ /‘LS 2 N
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The energy density and pressure of nuclear matter at finite
temperature are derived as

o= ¥ s [0+ 7w

i=p,n

1 b
+omio? + 2 (g0 + z(g(,a')“ +2 m552
+1m2a)2+lmzp2 5)

e e
P 3 Lo [k + aw)

o3 2 Ji& + M2

1 b 1
—Smgo’ = 2(8,0) — —(g,ftf)“ —m§52

2 3

1 1
+ -m2w*+ = mpp2, (6)

2 2

where f;(k) and f;(k) are the fermion and antifermion
distribution functions for the proton and the neutron
(i=p,n:
1
filk) =

1 + exp{(E; (k) —

w7

1
1 + exp{(E; (k) + u})/T}

The effective chemical potentials u; are determined by the
nucleon densities

filk) = (8)

&k

;= k k 9

pi=2 [ s i) = Tk, ©

with the baryon number density p = pff = p » T p, and

isospin density p5' = p, — p,. The asymmetry parameter
can be defined as

aft = -5 =0 Fr (10)

In this study the parameter set NLpd [48] will be used
to describe the properties of hadron matter. The model
parameters are determined by calibrating the properties
of symmetric nuclear matter at zero temperature and nor-
mal nuclear density. Our parametrizations are also tuned
to reproduce collective flows and particle production at
higher energies, where some hot and dense matter is
probed; see [54] and references therein.

We take the PNJL model to describe the quark matter. In
the pure gauge theory, the Polyakov loop serves as an order
parameter for the Z; symmetry breaking transition from
low to high temperatures, i.e. for the transition from a
confined to a deconfined phase. In the real world quarks
are coupled to the Polyakov loop, which explicitly breaks
the Z; symmetry. No rigorous order parameter is estab-
lished for the deconfinement phase transition. However, the
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Polyakov loop can still be practicable to distinguish a
confined phase from a deconfined one.

The Lagrangian density in the three-flavor PNJL model
is taken as

8
L, =q(iy*D, — ig)qg + G D [(Gq)* + (GiysAq)*]
k=0

— K[det ((g(1 + ys5)g) + det (g1 — ys)q)]
— U(DP[A], D[A] T), (11)

where g denotes the quark fields with three flavors, u, d,
and s, and three colors, 7y = diag(m,, my, my) in flavor
space; G and K are the four-point and six-point interacting
constants, respectively. The four-point interaction term in
the Lagrangian keeps the SUy(3) X SU,(3) X Uy (1) X
U, (1) symmetry, while the 't Hooft six-point interaction
term breaks the U4 (1) symmetry.

The covariant derivative in the Lagrangian density is
defined as D d, —iA,. The gluon background field
A, = 8%, is supposed to be homogeneous and static,

I
with Ay = g A& 4, where 4~ are SU(3) color generators.

The effective potential U(P[A], P[A], T) is expressed in
terms of the traced Polyakov loop ® = (Tr.L)/N and its
conjugate ® = (Tr.L1)/N.. The Polyakov loop L is a
matrix in color space,

L) = ’Pexp[i fo ? araL G, T)], (12)

where B8 = 1/T is the inverse of the temperature and
A4 = le

The Polyakov loop can be expressed in a more intuitive
physical form as

P = exp[—BF,(¥)] (13)

where F, is the free energy required to add an isolated quark
to the system. So it will go from zero in the confined phase
up to a finite value when deconfinement is reached [55].

In fact, the coupling to the Polyakov-loop effective
field imposes a constraint only in the color space in the
sense that three-quark color nonsinglets are suppressed.
However, the unsuppressed color singlets are not clustered
in space-time and so the hadron dynamics is not properly
accounted for [56]. Since this contribution is expected to be
rather important at high baryon densities and low tempera-
tures [53], we can predict in this region large corrections to
the pure PNJL results when we pass to the two-EoS pic-
ture, where an equilibrium is imposed with a hadron phase
with all the baryonic interactions.

Different effective potentials are adopted in the literature
[33,57,58]. The logarithmic one given in [57] will be used
in our calculation, which can reproduce well the data
obtained in the lattice calculation. The corresponding ef-
fective potential reads
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u(qf) 1) _ “(T) D + b(T) In[1 — 6D
+ 4((1)3 + @) — 3(DDY], (14)
where
a(T) = ag + a1<%) + az(%)z (15)
and
b(T) = b3(%)3. (16)

We note that in this version of the PNJL model the
coupling between the quark condensates and the
Polyakov loop is only via the covariant derivative in
the Lagrangian density equation (11).

The parameters a;, b; are precisely fitted according to
the lattice result of QCD thermodynamics in the pure
gauge sector. T, is found to be 270 MeV as the critical
temperature for the deconfinement phase transition of the
gluon part at zero chemical potential [59]. When fermion
fields are included, a rescaling of 7|, is usually imple-
mented to obtain a consistent result between the model
calculation and the full lattice simulation which gives a
critical phase-transition temperature 7, = 173 = 8 MeV
[1,2,4]. In this study we rescale T, = 210 MeV so as to
produce 7, = 171 MeV for the phase-transition tempera-
ture at zero chemical potential.

In the mean field approximation, quarks can be seen as
free quasiparticles with constituent masses M;, and the
dynamical quark masses (gap equations) are obtained as

M;=m; —4G¢p; + 2K P p; i#j#+k, A7

with i = u, d, s, where ¢; stands for the quark condensate.
The thermodynamic potential of the PNJL model at the
mean field level is expressed as

Q= UD, D7) +2G(¢; + b + ¢3) — 4K b, badb,
B d’p S7 (iw,, p)
T; f G TrIn—t—— (18)

Here S;7'(p) = —(p — M; + yo(p; — iAy)), with
quark chemical potential, is the inverse fermion propagator
in the background field A4, and the trace has to be taken in
color, flavor, and Dirac space. After summing over the
fermion Matsubara frequencies, p’=iw,=2n+ 1)7T,
the thermodynamic potential can be written as
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Q=UD,D,T)+2G($p2 + ¢+ ) — 4K b, by,
d*p

5 N )33(Eu+Ed+E) 2T§J(2 —

X [In(1+ 3P~ E—1)/T 4 3P e~ AE—m)/T

3 _
+e_3(Ei_#i)/T)]—2TZ [(g I;g[]n(l J,-3(I)e_(Ei+Mi)/T
)

u,d,s
+ 3P 2EFm)/T o =3(Eitu)/TY], (19)
where E; = 4/p> + M? is the energy of quark flavor i.

We remark on some interesting differences with respect
to the thermodynamical potential derived within the pure
NJL model; see [27,52]. Apart from the presence of the
effective potential U(P, ®, T), the Polyakov loop is
mostly acting on the quark-antiquark distribution func-
tions, in the direction of a reduction on the way to con-
finement. This largely modifies the quark pressure, as seen
in the calculations. Moreover, in spite of the minimal
coupling introduced in the Lagrangian Eq. (11), only in
the covariant derivative will the quark condensates be
strongly affected by the Polyakov loop via the modified
q, g distribution functions. This will also be clearly ob-
served in the comparison of NJL and PNIJL phase
diagrams.

The values of ¢, ¢4, ¢, P, and ® are determined by
minimizing the thermodynamical potential

00 _ 0o o _o_ 0 g

ad)u a(bd
All the thermodynamic quantities relevant to the bulk
properties of quark matter can be obtained from (). In
particular, the pressure and energy density should be zero
in the vacuum.

The baryon (isospin) density and baryon (isospin)
chemical potential in the quark phase are defined as
follows:

P =Xpu+pd.  PE=p.—ps (2D

and
pd=Np, — o) 22

The corresponding asymmetry parameter of the quark
phase is defined as

g =3y + wa)

0 _
_P_sQ:3M, (23)
Ph Pu T Pa

As an effective model, the (P)NJL model is not
renormalizable, so a cutoff A is implemented in three-
momentum space for divergent integrations. We take
the model parameters A = 603.2 MeV, GA? = 1.835,
KA% =12.36, m,,; = 5.5, and m; = 140.7 MeV, deter-
mined by fitting f, M, mg, and m,, to their experimental

al =
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TABLE I. Parameters in the Polyakov effective potential given
in [57].

do ay as as
3.51 —2.47 15.2 —1.75

values [28]. The coefficients in the Polyakov effective
potential are listed in Table I.

So far, we have shown how to describe the hadronic and
quark phases using the RMF hadron model and the PNJL
quark model, respectively. The key point in the two-EoS
model is to construct the phase transition from hadronic to
quark matter. As mentioned above, the two phases are
connected by Gibbs criteria, i.e., the thermal, chemical,
and mechanical equilibrations being required. For the
hadron—quark-gluon phase transition relevant to heavy-
ion collisions of duration about 10722 sec (10-20 fm/c),
thermal equilibration is only possible for strongly interact-
ing processes, where baryon number and isospin conser-
vation are preserved. So the strange-antistrange quark
number may be rich, but the net strange quark number
should be zero before the beginning of hadronization in the
expansion stage [60], which can be approximately realized
by requiring u, = 0 (hadronization is out of the range of
this study).

Based on the conservation of baryon number and isospin
during strong interactions, the Gibbs conditions describing
the phase transition can be expressed by

pwHpg p3, T) = 1 (pp p3, T),
wi(ps p3, T) = u(pp, p3, T), (24)
P (pg, p3, T) = P2(p3, p3, T),

where

ps = ps(x) = (1 = Y)p¥ + xpf.

(25)
p3 = ps(x) = (1 — Y)p¥ + xpf

are the total baryon density and isospin density inside the
mixed phase, respectively, and y is the fraction of quark
matter.

The global asymmetry parameter « in the mixed phase is

__ ) _ (= xpf + xpf
p(X) (1 = )l + xp§

(26)

which is a constant determined by the heavy-ion source
formed in experiments. With the definition of a given
above, a!! for the pure hadron phase and a? for the pure
quark phase can be obtained with y = 0 and 1, respec-
tively. This is evident by comparing Egs. (10) and (23)
with Eq. (26). Although a'! for the pure hadronic phase
(x = 0) and a2 for the pure quark phase (y = 1), as well
as « for the mixed phase, remain constant for a given
reaction (e.g., a 23U + 28U collision) in experiments,
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the asymmetry parameters a’’, @ inside the mixed phase

with 0 < y <1 can vary with the quark concentration y;
see also the discussion after Fig. 7 in Sec. V.

III. EXPECTED EFFECT OF THE
CONFINEMENT DYNAMICS

Before showing detailed phase diagram results within
the two-EoS approach, it is very instructive to analyze the
effects of chiral and (de)confinement dynamics in the pure
quark sector. In order to understand the physics behind
this, we will show separately the results in the NJL, with
the same parameters given before, and the PNJL model,
for isospin symmetric matter. In Figs. 1 and 2 we plot the
pressure of isospin symmetric quark matter as a function of

120 T T T -
, .
[ —— T=1MeV 4 Fa
100 [ - - - T=50 MeV S A
L~ T=75 MeV N
80 | ---- T=100 MeV DL

Pressure (MeV/fm3)
r o
o o

N
o

p/p,

FIG. 1 (color online). Pressure of quark matter as a function
of baryon density at different temperatures in the NJL model. We
show the case of isospin symmetric matter. In the shaded area we
show also the hadron (NL) curves in the temperature region
between 50 and 75 MeV.

120 T T —
——T=1MeV %
100 | - - - T=50 MeVv - R
- T=100 MeV o
g0 [~ To=1322Mev S
---=- T=150 MeV Ry

[ e T=170 MeV R

Pressure (MeV/fm3)
H [}
o o

20f

FIG. 2 (color online). Pressure of quark matter as a function of
baryon density at different temperatures in the PNJL model. We
show the case of isospin symmetric matter. In the shaded area we
show also the hadron (NL) curves in the temperature region
between 150 and 170 MeV.
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baryon density for different temperatures, respectively,
for the NJL and PNJL models. In this calculation isospin
symmetric matter with u = u, = u, and u, = 0 is con-
sidered, and ¢, stands for the chiral condensate of u, d
quarks.

The contribution of the pion gas to the hadronic pressure
has not been included in the present calculation. For iso-
spin symmetric matter, with zero 7r-chemical potential
[47], this part is rather small at the finite temperatures of
interest here; see also [53]. For asymmetric neutron-rich
matter, a 77~ condensate may appear for very isospin
asymmetric matter with u, —u, = —m, [47]. Such
larger isospin asymmetry appears well beyond the experi-
mentally accessible region in heavy-ion collisions, and so
the 7 condensate is also not considered in the present
calculation.

From the two figures, we can see that the pressure has a
local maximum and a local minimum at low temperatures.
The local extrema will disappear with the increase of
temperature. The temperature with the disappearance of
the two local extrema corresponds to the CEP of the first
order chiral transition; for a more detailed discussion
please refer to [27,34]. It is interesting to note that the
critical temperature of the chiral transition is rather differ-
ent in the two cases, around 70 MeV in the NJL model and
around 130 MeV in the PNJL model, while the density
region of the mixed phase is not affected much. This is due
to the fact that for a fixed baryon density (or chemical
potential) the NJL model presents a much larger pressure
for a given temperature, as clearly seen from Figs. 1 and 2
[61]. This is a nice indication that when we have a coupling
to the confinement, even in the minimal way included here,
the quark pressure at finite temperatures is reduced since
the quark degrees of freedom start to decrease.

All that will imply important differences at higher
temperatures since above the chiral restoration the quark
pressure will rapidly increase, reaching an end point in the
two-EoS approach where the matching to the hadron pres-
sure will not be possible. This will happen at different
points of the (7, ), (T, p) planes for the hadron-NJL
[52] and the hadron-PNJL models, and higher temperatures
will be requested in the PNJL case. In fact, this can also be
clearly seen from Figs. 1 and 2, of the NJL and PNJL
pressures, where we also plot the corresponding curves of
the hadronic EoS in the end-point regions (shaded area).
The Gibbs (Maxwell) conditions have no solution with
decreasing density (chemical potential) and increasing
temperature if we encounter a crossing of the hadron and
quark curvesinthe T — pp (T — up) plane, with the quark
pressure becoming larger than the hadron one. We see that
this happens for T =75 MeV and p/py = 1.8 in the NJL
case and for 7=~ 170 MeV and p/p, = 1.6 in the PNJL
quark picture.

Of course a similar effect on the variation of the CEP can
be obtained by inserting a phenomenological bag pressure
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parameter B(T, ug), which is temperature and chemical
potential dependent, in the quark EoS. The point is that this
will not have any consistent physics foundation, while the
relation between the CEP and chiral dynamics in the NJL
scheme is very clear [52], as is the further contribution of
the confinement dynamics described here.

In conclusion, due to the noticeable quark pressure
difference at finite temperatures, besides the critical end
points, we expect, in general, rather different phase dia-
grams given by the hadron-NJL and hadron-PNJL models.
This will be seen in Sec. V, Figs. 8 and 9.

IV. PNJL PHASE DIAGRAM IN THE
QUARK SECTOR

In order to better understand the effects of the coupling
between quark condensates and the Polyakov loop and also
to compare with the two-EoS results, we also discuss here
the phase diagram in the pure quark sector obtained from
the PNJL model.

We plot in Fig. 3 the temperature evolution of the chiral
condensate ¢; and the Polyakov loop ® for various values
of the quark chemical potential. ® and @ have the same
values at zero chemical potential, and their difference is
very small at finite chemical potential; hence, we only
present the results of ® in Fig. 3 and later in the discussion.

First, we can see that the chiral condensate and Polyakov
loop @ vary continuously at u = 0 and 200 MeV, and
there exist sharp decreases (increases) at high temperatures
indicating the onset of chiral (deconfinement) phase tran-
sitions. These characteristics show that the corresponding
chiral and deconfinement phase transitions are crossovers
for small chemical potential at high temperatures. At vari-
ance, for large chemical potentials, e.g., u = 350 MeV,
the chiral condensate varies discontinuously with the tem-
perature, which indicates the presence of a first order chiral
phase transition, as already seen in the pure NJL approach,

T T T ! '
1.0 e
\,\. ‘s“
0.8} B 4)1/ ¢1(Vac) 4 =55
e — w0 ; =5
R g =200MeV XA
i 0.6 F ---- p:350MeV "f.'/' ;’ / T
] - - - u=400MeV s
S 04} ' |
=
7 7
0.2t s |
27l
AT s A

<! 3=
200 250 300
T (MeV)

FIG. 3 (color online). Chiral condensate ¢; (normalized to the
vacuum value) and Polyakov loop @ as functions of temperature
for various values of the quark chemical potential. We show the
case of isospin symmetric matter.
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although at much lower temperatures [27], as discussed in
the previous section. The Polyakov loop always shows a
continuous behavior, indicating that we have only cross-
over transitions. The jump observed for the dash-dotted
curve corresponding to a u = 350 MeV chemical poten-
tial is just an effect of the coupling to the sharp variation of
the quark condensates at the first order chiral transition.
Moreover, this happens in a region of very small values of
the ® field at lower temperatures. As a matter of fact, such
a discontinuity disappears for the results at . = 400 MeV,
i.e. above the chiral transition; see the dashed curves for
both the ¢ and @ fields.

Finally, in Fig. 4 we plot the phase diagram of the PNJL
model in the 7' — u, plane (always for isospin symmetric
matter). The phase-transition curves are obtained by re-
quiring that d¢,;/dT and 0d/dT take the maximum val-
ues. For the deconfinement phase transition the use of the
maximum value of d®/dT as the phase-transition tracer is
a good choice when u is not too large. In fact, we see from
Fig. 3 a sharp increase of ® for x =0 and 200 MeV.
However, with the increase of chemical potential, although
we are still able to observe the maximum of d® /4T, the
width of the maximum increases. The peaks of 9®/dT are
more smoothed and the maximum value will not be a
well-defined phase transition tracer anymore as u is
large. Therefore, some authors take ® = 1/2 as the
phase-transition parameter [58,62,63]. In conclusion,
from Fig. 3 we can see that the chiral phase transition is
continuous at high temperatures and relatively smaller
chemical potential, while a first order phase transition takes
place at low temperatures and larger chemical potential.
The CEP of the chiral transition appears at (132.2,
296.6) MeVin the T — u, plane, in agreement with similar
calculations [63]. At variance, the deconfinement phase
transition is always a continuous crossover in the PNJL
model, but the peak of d®/dT becomes more and more
smooth with the increase of baryon chemical potential.

250 T T

Clhiral crossmller (PNJL)
—— Chiral first order (PNJL)
200 [ ———— Deconfinement (PNJL) ]
---------------- Chiral crossover (NJL)
—— Chiral first order (NJL)

150 [ T ]

T (MeV)

100 B
Quarkyonic
matter
50 + B
0 100 200 300 400 500

Hq (MeV)

FIG. 4 (color online). Phase diagram of the PNJL model. The
corresponding chiral phase transition for the pure NJL model is
also shown. We show the case of isospin symmetric matter.
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In addition, at large chemical potential, chirally restored
but still confined matter, the hypothetical quarkyonic mat-
ter suggested by McLarren and Pisarski [64], can be real-
ized in the PNJL model. We remind the reader again that
the confinement here means only the three-quark color
singlet correlation, without any space-time clustering.
The interaction between these three-quark color correlated
compounds is then different from the baryon interaction
(with chiral restored constituent quarks) [56]. All this is
reported in Fig. 4, where we plot the full phase diagram of
the PNJL approach.

Here we give a short discussion about the coincidence of
chiral and deconfinement phase transitions, as well as the
presence of quarkyonic matter. The temperature depen-
dence of the chiral condensate and of the Polyakov loop
of Fig. 3, as well the PNJL phase diagram of Fig. 4, are
obtained with the rescaled parameter 7, = 210 MeV. The
coincidence of chiral restoration and deconfinement takes
place at about u, = 290 MeV. If we take T, = 270 MeV,
the approximate coincidence, with the different phase-
transition temperatures less than 10 MeV, will move
down to pu = 0. In any case, there is only one crossing
point of the two phase transitions. Up to now, the relation
between chiral-symmetry restoration and the deconfine-
ment phase transition is still an open question. It is possible
that the coincidence of chiral and deconfinement phase
transitions takes place in a wider range of chemical poten-
tials. Such coincidence has indeed been realized recently
by considering a larger coupling (entanglement) between
the chiral condensate and Polyakov loop with a chemical
potential dependent T, and/or an explicit ® dependence of
the condensate coupling G(d) [62,63].

Also in Fig. 4, we report the chiral transition curve for
the pure NJL model (same parameters). We note the cou-
pling between the chiral condensates and the Polyakov-
loop fields (®, ®) mostly affects the temperature of the
chiral CEP as expected from the pressure discussion of the
previous section.

From Fig. 4 we can see that the deconfinement phase-
transition temperature is still high at large chemical poten-
tial, and so the region of quarkyonic matter appears very
wide. On the other hand, the signature of a deconfinement
transition disappears at large chemical potentials and lower
temperatures. Because of the lack of lattice-QCD data at
large real chemical potentials, more investigations are
needed to study the physics in this range. The results in
[62] also show that the range of quarkyonic matter shrinks
when a u-dependent 7, and/or a larger entanglement
between the quark condensate and Polyakov loop is
considered.

We remark that this (7" — u) zone just represents the
nuclear matter phase diagram region possibly reached in
the collision of heavy ions at intermediate energies.
Therefore, it is of large interest to perform two-EoS pre-
dictions with a good connection to the more fundamental
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results of effective quark models. This is the subject of the
next section.

V. HADRON-QUARK PHASE TRANSITIONS

In the following we will discuss the phase diagrams
obtained in the two-EoS model, i.e., explicitly considering
a hadronic EoS with the parameter set NL for symmetric
matter and NL p 6 for asymmetric matter at low density and
chemical potential [48,65].

We present first the phase transition from the hadronic to
the deconfined quark phase in the 7 — pp plane in Fig. 5
for symmetric matter and in Fig. 6 for asymmetric matter
with the global asymmetry parameter & = 0.2. For sym-
metric matter at a fixed 7', the first order phase transition
takes place with the same pressure and up in both phases,
but a jump of p¥ to pg, just as shown in Fig. 5. In the
mixed phase, the pressures of both phases remain un-
changed and @ = aff = @? = 0 for any quark fraction
X- These features are quite different for the mixed phase

200 T T T T T T T T T T
NL-PNJL a=0

150 |

100 |

T (MeV)

50 |

10 11 12

FIG. 5. Phase diagram in the T — pp plane in the two-EoS
model for symmetric matter.

200 T T T T T T T T T T
NLp3-PNJL a=0.2 ——4=0.0 ]
---%=0.2 ]
150 - N\ TS r — M e %=0.5

—x=1.0 ]

100

T (MeV)

50

FIG. 6 (color online). Phase diagram in the 7 — pp plane in
the two-EoS model for asymmetric matter with the global
asymmetry parameter « = 0.2. y represents the fraction of
quark matter.

PHYSICAL REVIEW D 84, 034028 (2011)

in isospin asymmetric matter. As already noted in [52],
where the NJL quark EoS has been used, also in the PNJL
case we see a clear isospin distillation effect, i.e., a strong
enhancement of the isospin asymmetry in the quark com-
ponent inside the mixed phase, as reported in Fig. 7, where
the asymmetry parameters in the two components are
plotted vs the quark fraction y. As a consequence, the
pressure in the mixed phase keeps rising with y, more
rapidly for quark concentrations below 50% [52].

From Fig. 7 we remark that this isospin enrichment of
the quark phase is rather robust vs the increasing tempera-
ture. This is important since color pairing correlations at
low temperatures will decrease symmetry energy effects
[51]. We have to note that such large isospin distillation
effects are due to the large difference in the symmetry
terms in the two phases, mainly because all the used quark
effective models do not have explicit interaction isovector
fields [49].

Such behavior of the local asymmetry parameters will
possibly produce some observational signals in the follow-
ing hadronization during the expansion. We can expect an
inverse trend in the emission of neutron-rich clusters, as
well as an enhancement of 77~ /7", K°/K™ yield ratios
from the high density n-rich regions which undergo the
transition. Besides, an enhancement of the production of
isospin-rich resonances and subsequent decays may be
found. For more details one can refer to [49,52].

An evident feature of Fig. 6 is that at lower temperatures
the onset density of the hadron-quark phase transition for
asymmetric matter is much lower than that of the symmet-
ric one, and therefore it will be easier to probe in heavy-ion
collision experiments. At variance, the CEP, at T =
170 MeV and p/p, = 1.6, appears almost unaffected by
the isospin asymmetry of matter, as we see by comparing
Figs. 5 and 6. The reason is that the hadronic symmetry
energy is largely reduced at very high temperatures for the
large smoothing of the fermion distributions, in the kinetic

1.8 ; . : :

1.6 ] .
) —T=10 MeV
1413 ---T=50MeV ]
12BN e T=100 MeV

e T=150 MeV

oM and a@

x

FIG. 7 (color online). The behavior of local asymmetric pa-
rameters a” and o€ in the mixed phase for several different
temperatures. The parameter set NLp§ is used in the calculation.
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as well as in the interaction contributions. This effect is
in fact present in all the other hadron-quark two-EoS
models [49,52,53].

We plot the T — up phase diagrams in Fig. 8 for sym-
metric matter and in Fig. 9 for asymmetric matter. Figure §
clearly shows that there is only one phase-transition curve
in the T — wp plane. The phase-transition curve is inde-
pendent of the quark fraction y. However, for asymmetric
matter, the phase-transition curve varies for different
quark fractions y. The phase-transition curves in Fig. 9
are obtained with y = 0 and 1, representing the beginning
and the end of the hadron-quark phase transition,
respectively.

In Figs. 8 and 9 we also plot the phase-transition curves
with the hadron-NJL model. For the NJL. model with only
chiral dynamics, no physical solution exists when the
temperature is higher than ~80 MeV. The corresponding
temperature is enhanced to about ~166 MeV with the
hadron-PNJL model, which is closer to the phase transition
(crossover) temperature given by the full lattice calculation

200 T T T T T
o= H=0LQ=O.0

150 NL-PNJL 1
3
3 100f ]
g L

NL-NJL
50 [ ]

0 300 600 900 1200 1500 1800

Hg(MeV)

FIG. 8 (color online).
symmetric matter.

Phase diagram in the 7 — up plane for

200 T T T T T
] o=a"=0%=0.2
0L T i
NLps-PNJL .
= 100 - N
o, .. 4
ol NLps-NJL ]
|
1 1 1 1 1 1
0 300 600 900 1200 1500 1800
1 (MeV)

FIG. 9 (color online). Phase diagram in the T — up plane
for asymmetric matter with the global asymmetry parameter
a =0.2.
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at zero or small chemical potential [1,2,4]. In this sense the
hadron-PNJL model gives significantly different results
and certainly represents an improvement with respect to
the hadron-NJL model of Ref. [52]. From Fig. 9 we remark
that in both cases the region around the critical end points
is almost unaffected by isospin asymmetry contributions,
which are relevant at lower temperatures and larger chemi-
cal potentials.

From the detailed discussions of the previous two sec-
tions we now nicely understand the large difference be-
tween hadron-NJL and hadron-PNJL phase transitions and
the important role of the confinement dynamics.

Finally, in Fig. 10 we present, together, the phase dia-
grams obtained with the PNJL model and the hadron-PNJL
model. We find that the deconfined phase-transition curve
in the PNJL model is close to that obtained in the hadron-
PNJL model at high temperatures and intermediate
chemical potential. At larger chemical potential, the decon-
finement phase-transition curve in the PNJL model still has
a high temperature. On the other hand, in the previous
section we have seen that the deconfinement phase-
transition order parameter ® cannot describe well the phase
transition at larger chemical potential and lower tempera-
tures. We must rely on the predictions of the two-EoS
approach, which in fact nicely show a good connection to
the results more reliable in the PNJL quark model, at high
temperatures and small or vanishing chemical potential.
The two-EoS hadron-(P)NJL model also shows that the
phase transition at low temperatures takes place at much
larger chemical potential, consistent with the expectation of
a more relevant contribution from the hadron sector [53].

From Fig. 10 we also see that at temperatures below
100 MeV there is room for the existence of the hypotheti-
cal quarkyonic matter, in the PNJL sense, i.e. in any case
not a pure baryonic matter, since the chemical potential of
the deconfinement transition is well above the chiral res-
toration line for the quark matter. However, this cannot be
definitively stated until we are unable to get a unique EoS

250 T T T T T
200 E
< 150 E
O
=3
~ 100 E
\
1
50 b
1
1 1 1 1 1 :
0 300 600 900 1200 1500 1800
Ly (MeV)

FIG. 10 (color online). Phase diagram of the PNJL model and
the two-EoS model (dashed curve). The shaded area is just a
guide for the eye.
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that can describe all phases, hadronic as well as quark
chiral restored and deconfined.

We notice that at 7 = 0 there is no difference between
the hadron-NJL and hadron-PNJL models. This is due to
the fact that there is no dependence of ® on up; therefore,
it vanishes and the PNJL model reduces to the NJL model.
This may cast some doubt on the reliability of the present
calculations at T = 0 and large up. However, our main
interest is in the 7 = 50-100 MeV region that can be
reached by heavy-ion collisions at relativistic energies.

It interesting to remark that our two-EoS phase diagram
of Fig. 10 is very similar to the results obtained in [19];
see Fig. 3 of that work, where a hadronic model has been
phenomenologically extended to include quark degrees of
freedom, with chiral and confinement dynamics. An ex-
tension of the Polyakov-loop @ potential has been used,
even dependent on the chemical potential, which allows us
to better account for deconfinement at higher baryon den-
sities. It seems that one- and two-EoS models nicely give
similar results if the same physics effects are included, a
good perspective for the future and also for possible ex-
perimental suggestions.

Moreover, the results obtained by the hadron-PNJL
model at high 7, small wp and at low T, large wp may
be improved with the consideration of a stronger entangle-
ment between the chiral condensate and Polyakov loop
and/or a chemical potential dependent 7). The relevant
investigation will be performed as a further study. In any
case, since we lack reliable lattice data at large chemical
potential, more theoretical work, in general, is encouraged.

VI. SUMMARY

In this study, the hadron-quark phase transitions
are investigated in the two-EoS model. The nonlinear
Walecka model and the PNJL (NJL) model are used to
describe hadron matter and quark matter, separately. We
follow the Gibbs criteria to construct the mixed phase with
baryon number and isospin conservations, likely reached
during the hot and dense phase formed in heavy-ion colli-
sions at intermediate energies. The parameters in both mod-
els are well fitted to give a good description of the properties
of nuclear matter (even isospin asymmetric), at saturation as
well as at higher baryon densities, or lattice data at high
temperatures with zero/small chemical potential.

The main problem of the two-EoS scheme is that the
Gibbs equations to link the two phases give only the
conditions to have the hadron/quark system in equilibrium
with the same intensive thermodynamical variables, tem-
perature, pressure, and chemical potentials. We can inter-
pret it as the possibility for a first order phase transition,
but we do not have access to other important information,
like discontinuities of order parameters and/or the detailed
space-time structure of the mixed phase. In order to get
all that, it is essential to have both phases described
by the same EoS, as we have nicely seen for the low

PHYSICAL REVIEW D 84, 034028 (2011)

energy liquid-gas transition of nucleonic matter [65].
Unfortunately, this is not presently available, but properties
of the coexistence zone can already supply valuable pre-
dictions. In this sense it is also nice to have cross-checks
with other one-EoS effective QCD models with similar
physics content, like Ref. [19].

The phase diagrams for both symmetric and asymmetric
matter are explored in both the 7 — pg and T — wp planes.
In both hadron-(P)NJL calculations we get a first order
phase transition with a critical end point at finite tempera-
ture and chemical potential. In the PNJL case the CEP is
shifted to larger temperatures and a smaller chemical po-
tential, to the (166 600) MeV point in the (7, wp) plane.
This appears to be a nice indication of a decrease of the
quark pressure when confinement is accounted for. Such a
result is particularly interesting since the CEP is now in the
region of u,/T.=~1 (where w, is the quark chemical
potential), so it could be reached with some confidence
by lattice-QCD complete calculations.

Another interesting result is that isospin effects are al-
most negligible when we approach the CEP. At variance,
the calculation shows that the onset density of asymmetric
matter is lower than that of symmetric matter. Moreover, in
the mixed phase of asymmetric matter, the decrease of the
local asymmetry parameters a”/ and ¢ with the increase
of the quark fraction y may produce some observable
signals. In particular, we remark that there is a noticeable
isospin distillation mechanism (isospin enrichment of the
quark phase) at the beginning of the mixed phase, i.e. for
low quark fractions, that should show up in the hadroniza-
tion stage during the expansion. We also see from Fig. 7
that this effect is still there even at relatively large tem-
peratures, certainly present in the high density stage of
heavy-ion collisions at relativistic energies [48,54]. All this
supports the possibility of an experimental observation
in the new planned facilities, for example, FAIR at GSI-
Darmstadt and NICA at JINR-Dubna, with realistic asym-
metries for stable/unstable beams. Some expected possible
signals are suggested.

Because of the lack of lattice data at larger, real chemical
potentials, we are left with the puzzle between chiral-
symmetry restoration and deconfinement. More investiga-
tions on the chiral dynamics and (de)confinement, as well
as their entanglement, are needed. The improvement of the
understanding of the quark-matter interaction is beneficial
to get more accurate results in the two-EoS model.
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