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We present a simple version of hadron-quark hybrid (HQH) model in the up-T plain, where T is
temperature and yup is the baryon-number chemical potential. The model is composed of the independent-
quark model for quark-gluon states and an improved version of excluded-volume hadron resonance gas
(EV-HRG) model for hadronic states. In the improved version of EV-HRG, the pressure has charge
conjugation and is obtained by a simple analytic form. The switching function from hadron states to quark-
gluon states in the present model has no chemical potential dependence. The simple HQH model is
successful in reproducing LQCD results on the transition region of chiral crossover and the EoS in
up <400 MeV. We then predict the chiral-crossover region in 400 < up < 800 MeV. We also predict a
transition line derived from isentropic trajectories in 0 < up < 800 MeV and find that the effect of

strangeness neutrality is small there.

DOI: 10.1103/PhysRevD.101.076011

I. INTRODUCTION

A. LQCD

The state-of-art 2 + 1-flavor lattice QCD (LQCD) sim-
ulation of Ref. [1] showed that the transition is “crossover’”
at finite temperature (7') and zero baryon chemical potential
(up = 0), where the continuum and thermodynamic limits
were carefully taken. In general, the crossover nature means
that the transition temperature depends on the choice of

observables. In fact, observable-dependent transition tem-

peratures s (ug) have been discussed in LQCD simu-

lations for zero and small up; actually, the renormalized
chiral condensate O = A, (T, up), the Polykov loop
O = ®(T, ug), the energy density O = &(T, ug), and the
trace anomaly O = (T, ug) are taken in Refs. [2-9]. In
Ref. [9], the LQCD data disfavor the existence of critical
endpoint (CEP) in pp/T <2 and T/T'™) (g = 0) > 0.9.
The equation of state (EoS) is important particularly for
relativistic nuclear collisions and neutron stars. The loca-
tion of transition region is essential to determine EoS. For
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these reasons, a lot of LQCD data have been accumulated
[1-13].

B. Effective models

As a complementary approach to LQCD simulations, we
can consider effective models such as the quark-meson
model [14] and the Polyakov-loop extended Nambu—Jona-
Lasinio (PNJL) model [15-18]. The model approach is
useful for the prediction of the transition lines, the presence
or absence of CEP and EoS. The hadron resonance gas
(HRG) model is a simple model for hadronic matter and
remarkably reproduces LQCD data on EoS in T S

13T (up = 0) [11].

As a simplified version of the PNJL. model [15-18], the
independent-quark (IQ) model reproduces 7" dependence of
the Polyakov loop calculated with 2 + 1-flavor LQCD
simulations for ugp = 0 [19,20], although the PNJL model
does not. The IQ model treats the coupling between the
quark field and the homogeneous classical gauge field, but

not the couplings between quarks.

C. Hadron-quark hybrid model

Asakawa and Hatsuda proposed the hadron-quark hybrid
(HQH) model for 4 = 0 in order to describe the coexist-
ence of quarks and hadrons [21]. The total entropy s(7', u)
of the model is s(7) = fu(T)su(T) + [1 = fu(T)]so(T),
where sy(T) = 12(2?/90)T° and sq(T) = 148(x*/90)T°
are the entropy densities of massless free gas with two

Published by the American Physical Society
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FIG. 1. T dependence of s/T> at uy = 0 MeV. The dashed line
denotes the s/T° of Ref. [21] in which s¢(7)/T° = 190(x*/90)
for three-flavor free quark-gluon gas and 7. = 172 MeV, where
T. is the chiral pseudocritical temperature at uz = 0 MeV. The
solid line stands for the result of Ref. [20]. The dotted line is
su(T)/T? = 12(?/90) of massless pion gas. LQCD data for
2 4+ 1 flavor are taken from Ref. [7].

flavors in the hadronic phase (pion gas) and in the quark-
gluon phase, respectively. The weight function fy(7)
means the occupancy of hadronic matter in the total entropy
and assumed a simple function satisfying the condition
0 < fu < 1. As shown in Fig. 1, their s(7) (dashed line)
does not reproduce sy ocp, Where the fy(7) has a width
parameter I'/T, and the value 0.2 has been determined to
reproduce the low T part of s;ocp(7). In addition, their
s(T)/T? does not vanish at T =0, but HRG does.
Therefore, we should take HRG as sy(7) and the IQ
model as sqo(7).

In our previous papers [19,20], we improved the HQH
model of Ref. [21] for finite yp, taking the HRG model for
the hadronic part and the IQ model for the quark-gluon part.
The total entropy s(7', ug) reads

S(T.pp) = fu(T.up)su(T.ug) +[1 = fu(T.pug)]sq(T. ug).

(1)

The result (solid line) of Ref. [20] reproduces LQCD data
[7], as shown in Fig. 1.

Another type of HQH model was proposed in
Refs. [22,23]. The HQH model considers the pressure
instead of the entropy. As an advantage of our approach,
sLocp automatically satisfies the thermodynamic inequality
and the Nernst’s theorem [24],

9s(T. up)

- S0 STl = 0. (2)

up=0

In our previous papers [19,20], the fy (7T, up) was deter-
mined from LQCD data on s gcp and the second-
order susceptibilities at pp = 0. For this reason, the
approach is applicable only for small uz. We could not

show the chiral-transition line, since A ; becomes negative
in T2 170 MeV.

In the HRG model, the interactions between baryons
(antibaryon) are neglected, but it should be taken into
account for yp dependence of thermodynamic quantities. A
simple way of treating volume-exclusion effects (repulsive
force) [25] was suggested in Refs. [26,27]. This model is
called “excluded-volume HRG (EV-HRG) model.”
Furthermore, a method of treating an attractive force in
addition to the repulsive force was proposed in Ref. [28].
The volume-exclusion effects are included by fitting the
volume parameter b = 4 - 477> /3 [24] to either LQCD data
or the core radius r of nucleon-nucleon force [26,27]. In the
framework of Refs. [26-28], the interaction between baryon
and antibaryon and the radius of meson are neglected.

D. Our aim

In this paper, we improve the HQH model of Ref. [20],
taking the EV-HRG model for the hadron piece and the
simple IQ model for the quark-gluon piece. The EV-HRG
model taken yields the pressure as a simple analytic
function and guarantees that the pressure is yp even. We
refer to the present version of HQH model as “simple HQH
(sHQH) model.”

The present sHQH model has only six parameters, i.e.,
one parameter r in the EV-HRG model and five parameters
in the IQ model. In the IQ model, the parameters are fitted
to spqcp in 400 < T < 800 MeV and up = 0 [20]. In our
EV-HRG model, as a value of r, we take the hard-core
radius r = 0.34 fm of the Hamada-Johnston nucleon-
nucleon interaction [29], since the other nuclear forces
do not have the hard core. We have also supposed that the
hard core universally emerges in the other baryon-baryon
interactions between hyperons or excited baryons, and their
core radii are assumed to be the same as that of nucleon. We
then determined the switching function fy from sy ocp at
up = 0. The sHQH model with the f(7,0) reproduces
LQCD data on the Polyakov loop at zero chemical potential
and the EoS in finite x5 up to 400 MeV. The present sHQH
model thus has no up in fy; namely, pp dependence of
physical quantities come from the EV-HRG and the 1Q
model. We thus succeed in simplifying the HQH model by
taking r = 0.34 fm.

The A signals the chiral transition. The A, calculated
with the HRG model becomes negative in 7" 2 170 MeV
[5], whereas the corresponding LQCD result is positive.
The present model has this problem. We circumvent this
problem in the following way.

As an interesting result of LQCD simulations in Ref. [5],
the chiral-crossover region determined from dA, /dT
agrees with that from de/dT at ug = 0. In LQCD simu-
lations of Ref. [7], furthermore, the transition region is
obtained by de/dT for finite u . Therefore, we use the peak
and the half-value width of de/dT as a transition region in
up-T plane. We show that the transition region determined
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from e agrees with the chiral-transition region calculated
with LQCD simulations [8].

As mentioned above, the present SHQH model well
reproduces LQCD data on the EoS and the chiral-crossover
region in 0 < pp <400 MeV. We can then predict the
transition region of chiral crossover in 400 < up <
800 MeV. LQCD data will become available for up =
400 ~ 800 MeV by development of LQCD simulations
such as the complex Langevin method [30-33].

Finally, we present a transition line derived from
isentropic trajectories in 0 < up < 800 MeV. When we
calculate the isentropic trajectories, we switch on and off
the strangeness neutrality. We find that the effect is small
there. For this reason, we do not consider the strangeness
neutrality for the chiral-crossover region and the EoS.

This paper is organized as follows. In Sec. I, we show
the model building. Numerical results are shown in Sec I11.
Section IV is devoted to a summary.

II. MODEL BUILDING

We present a simple version of the HQH model. The
model is composed of an improved version of EV-HRG
model for hadronic states and the IQ model for quark-gluon
states.

For the 2 + 1 flavor system, we can consider the chemical
potentials of u, d, s quarks by pu,, 4, t, respectively. These
potentials are related to the baryon-number (B) chemical
potential pp, the isospin (/) chemical potential y;, and the
hypercharge (Y) chemical potential uy as

Hp = Hy + Hq + U,

Hp =y — Has
1
Hy =5 (g + pg = 2us). (3)

As for y; and py, the right-hand side of Eq. (3) comes from
the diagonal elements of the matrix representation of Cartan
algebra in SU(3) group: u; = (1,—-1,0)(py, g, ps)' and
py = (1/2)(1, 1, =2)(4y, pa. ps)". Equation (3) yields

1 1

1
Mo = 3HB +§/41 +§ﬂy,
L
ﬂd—3ﬂB 2#1 3,UY,
1 2
= g — =y 4
Hs = JHB = SHY 4)

A. HRG model

For later convenience, we start with the HRG model. In
the model, the pressure Py is divided into the baryon
(B) part Pg, the antibaryon (aB) part P,z, and the meson
(M) part Py,

Py =P+ Pgp+ Py, (5)
with

Py = ZdiT/IOg(l + e_(EB.i_ﬂB,,‘)/T)’ (6)

i€eB

Py = ZdiT/10g<1 + e~(Bnitmn)/TY, (7)

icaB

Pu== 3 ;T [ {log(1 = e a7y

jEMeson

+ log(l — e_(EM,j+MM,J)/T)} (8)

for Eg; = \/p* + mp ;> and Ey; ; = \/p* + my >, where

mg; (myy ;) and pg; (py ;) are the mass and the chemical
potential of the ith baryon (jth meson), respectively. Here,
we have used the shorthand notation

[=] 0

for the integration over 3d-momentum p. In Eq. (5), all the
hadrons listed in the Particle Data Table [34] are taken.

B. Improved version of EV-HRG

We first explain the EV-HRG model of Refs. [26-28].
The pressure Ppy.y is obtained by

Pev. = Pev + Pevas + Pums (10)
with

PEV;B = ZdiT/log(l + e_(EB.i_ﬂEV:BJ)/T)’ (11)

ieB

PEV;aB = ZdiT/10g<1 + e—(EBﬁLIlEv:aB.i)/T)_ (12)

i€aB

Here the effective baryon and antibaryon chemical poten-
tials, ppy.p; and pgy..p;, are defined by

ﬂEV:B.i/T = ﬂB,i/T - BPEV;B/T41 (13)
ﬂEv:aB,i/T = ﬂB,i/T - BPEV;aB/T47 (14)

where b = bT? for a positive volume parameter b. It is not
easy to obtain Pgy. and Pgy.,p, since pgyp; (Ugv.as.;)
includes Pgy.p (Pgy..p) and self-consistent calculation is
necessary. Actually, Pgyp and Pgy.,p are obtained by
solving Egs. (11) and (12) numerically.
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In QCD, the pressure is charge-conjugation even (up
even). Hence, Pgy.y should be yu5 even, because itis a model
of explaining QCD in T < T'... Since pigy . ; includes a pp-
odd term, pup;/T and a ug-even bPgy./T*, the resulting
Pgy.y is not g even. It is not natural.

We then redefine Pgy.g and Pgy.,p so that Pgy.y can be
up even. The redefined Pgpy.p and Pgy,p are denoted by
Pi.yvg and Py,,..p, respectively. Namely,

Pivn = ZdiT/ log(1 + e~Evimmms)/T) (15)

ieB

Pinv;aB fg Zle/log(l + e_<EB,[+ﬂinv;aB,[)/T), (16)

icaB
with
finy:B.i/ T = pi/T — bPinyp/T*, (17)
Hinv:a8.i/ T = pp.i/ T + bPinyap/T*. (18)

The sum of Py,,.5 and Pj,,.,5 are yp even, since the sum is

invariant under up — —pup. For this reason, we take

Eqgs. (15)—(18). These equations show that Pj,,.5 > Piyy.ap-
P;,.5 and P;,, .,z can be rewritten into

© (_l)erl

P'v:

« K2 <Lﬂ;’:lz> exp (l/ﬂﬂi;:/;B,i)’ (19)

for

d; (m;\?
A; py <?> (21)

LQCD data on the EoS are available for 7 < 400 MeV
and up < 400 MeV [5,7]. We then consider this region. We
consider Py, because of P;,,.p > Pj,y..p- The £ convergence
of Eq. (19) becomes worse as |(ug — m;)/T| becomes larger;
note that K, (x) is proportional to exp(—x) for large x and
up — m; is negative. Therefore, the convergence is worst for
the smallest case (939 —400)/400 where T = up =
400 MeV and my = 939 MeV. Taking the £ = 1 term only
is a 3% error in Eq. (19). In actual calculations, nucleon
contribution in Py is only 3%, so that taking the £ = 1 term
only corresponds to 0.1% error. We can identify Py with its

¢ = 1 term and P,z with its £ = 1 one. This approximation
is called “Z = 1 identification” in this paper.
Using the £ = 1 identification, we can rewrite Pj,,.p as

Pinv:B <mz) </’tiHV'B i)
—_— = A K> — ) exp| —— |]. (22)
4 ™2 p

Multiplying both the sides of Eq. (22) by b exp(bPiny.5/T*)
and using the # = 1 identification, one can obtain

I Pinv:B T Pinv;B
b ) exp(b 7 )
m; KB,
=b A,K2<—) exp( >
2 Ak e (T
S (_l)ﬁl ‘m; HB.i
=b A K :
- Py
=b mv’]]fz;(ﬂB)’ for up = pp,. (23)

Noting that the Lambert W(z) function is the inverse
function of We" =z, one can get Pj,,.p as a simple
analytic function. Namely,

Pinv;B — W(BPinV;B (.uB)/T4> (24)
T4 b '

In the limit of b =0, P,,.p tends to Py, because of
W(z) — z. Parallel discussion is possible for antibaryon.
The result is

Pinv;aB o W(I;PaB (ﬂB)/T4)

= = . 25
T b 25)

Hence, the hadronic pressure becomes
Pinv;H = Pinv;B + Pinv;aB + PM! (26)

with Eqs. (24) and (25). The entropy density sj,,.y 1S
obtained from Py, .y as
Po—— or inv:H
inv:H oT .

(27)

This improved version of EV-HRG model is referred to as
“improved EV-HRG model,” but the difference between the
improved EV-HRG model and the original EV-HRG model
is not large for the pressure.

Figure 2 shows T dependence of the total pressure P for
ug = 0, 400 MeV. The results of improved EV-HRG and
HRG models are compared with LQCD ones [13]. In the
improved EV-HRG model, we take the core radius 0.34 fm
as a value of r, i.e., b =0.63 fm?. For ugz = 400 MeV
(lower panel), the EV-HRG result (solid line) agrees with
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FIG. 2. T dependence of pressure P at up = 0 MeV (upper
panel) and pp = 400 MeV (lower panel). The solid and dashed
lines stand for the results of improved EV-HRG model and HRG
model, respectively. LQCD data are taken from Ref. [13].

LQCD one [13] in T <210 MeV, while the HRG result
(dashed line) is consistent with LQCD one in
T <150 MeV. For pup = 0 MeV (upper panel), both the
EV-HRG and HRG results are consistent with LQCD one
[13] in T <210 MeV. The difference between the EV-
HRG and HRG results means a repulsive nature of baryon
and baryon.

C. Independent-quark model

We have to consider quark-gluon states in the region
T Z 200 MeV. The Lagrangian density of the IQ model is

Ly = Z{Qf(i}’”Dﬂ —myp)qp} =UT, @), (28)
f

where m; is the current mass of f quark and D, = 9, —

igA;, ’17 8% with the Gell-Mann matrix 4, in color space. See
Refs. [17,18] for the definition of the Polyakov loop @ and
its conjugate ®.

Making the path integral over quark fields leads to

Po=-U(T,®,®)+ ZZ {/(Tlogz; +Tlogzz)|. (29)
f

where

TABLE I. Parameters in the Polyakov-loop potential.
ao aj a bs Ty
2457 —2.47 15.2 -1.75 270 [MeV]

Z]Jcr =1 4+ 3D Ertu)/T 1 3e=2Es+1s)/T
+ e 3(Ertup)/T (30)

=1+ 3De—Er—0)/T 4 3de=2Er—n)/T
+ e 3BT, (31

with E; =, /p* + mzf In Eq. (29), the vacuum term has

been omitted, since the pressure calculated with LQCD
simulations does not include the term. The ® and @ are
obtained by minimizing Qg = —P,.

The entropy density s, is obtained from P, as

OP,
We take the Polyakov-loop potential of Ref. [20],
U(T, D, D) _ _a(T) o
T 2
+b(T)log{l — 60D + 4(®> + ®3)
-3(00)*}, (33)
(1) =ay+a(2) +ar (20 (34)
a(T) =ay+a,| = a | =
ot a7 2\ 7 )
T\ 3
b(T) = by (%) . (35)

The parameters a, a;, a,, bs, and T were fitted to 2 + 1
flavor s gcp in 400 <7 <500 MeV; see Fig. 1 of
Ref. [20] for the fit. The resulting values are tabulated in
Table 1.

D. sHQH model
The total entropy reads

s(T,ug) = fu(T)Siny:u(T. up) + [1 _fH(T)]sQ(T’,“B)
(36)

in the sHQH model. We consider that f (T, ug) has no pug
dependence, since si,,.y and s depend on . This allows
us to determine fy(7) from s = s;ocp [13] at pg = 0.
Namely,
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1.4

—e— LQCD
— fitting

100 150 200 250 300 350
T [MeV]

FIG. 3. T dependence of the switching function fy(7). The
dots with error bars are fy(T) of Eq. (37). The solid line is a
fitting function for the fy(T); see the text for the fitting.

_ stoep(T) = so(T)

fH(T) Sinv:H(T) - SQ(T) .

(37)

In Fig. 3, fu(T) of Eq. (37) is shown by dots with error
bars. The errors come from sy gcp. The solid line is a fitting
function for fi4(T) of Eq. (37); in the » fitting, the line is
assumedtobe 1in 7 < 180 MeV. From now on, we regard

0.8

—— LQCD

—— sHQH

0.6 [

S 0.4

0.2

0100 150 200 250
T [MeV]
0.8 T
—— ug=100MeV
—— ug=200MeV
0.6 | — Hp=300MeV

—— up=400MeV

S 04}

0.2

0‘IOO 150 260 250
T [MeV]

FIG. 4. T dependence of the Polyakov loop ®. The upper panel
is for pup = 0 MeV, and the lower panel is for up = 100, 200,
300, 400 MeV. The sHQH model results are shown by the solid
lines. In the lower panel, four lines correspond to the cases of
ug = 100, 200, 300, 400 MeV from right to left. LQCD data are
taken from Ref. [5].

TABLE II. Comparison between lattice transition temperature
and transition region calculated with sHQH model for iz = 0.
Te TCA,_,‘ :LQCD

137-204 [MeV] 157(4)(3) [MeV]

the solid line as the switching function fy (7). The weight
function f(7) means the occupancy of hadronic matter in
the total entropy, and the condition 0 < fi; < 1 should be
satisfied.

The pressure P with no vacuum contribution is obtain-
able from sy ocp of Eq. (36),

P(Topy) = / AT ). (38)

The energy density is obtained by &(T,up) = sT—
P + ugn, where n is the baryon-number density.

III. NUMERICAL RESULTS

As mentioned in Sec. I, we can consider the transition
region determined from with the peak and the half-value
width of de(T,pug)/dT as a chiral-transition region. This
statement is confirmed explicitly by analyses shown in this
section.

A. T dependence of the Polyakov
loop for up =0~ 400 MeV

Figure 4 shows the Polyakov loop @ as a function of T
for the cases of upz =0, 100, 200, 300, 400 MeV. The
LQCD result is available only for gz = 0 MeV [5]. In the
upper panel for up = 0 MeV, the sHQH result (solid line)
well reproduces LQCD one in which the continuum limit is

350

LQCD
300 | —=— sHQH 1

250 | 1
> 200
(]

=
= 150

100

50 [ b

0 0 100 200 300 400
pg [MeV]

FIG. 5. Crossover region determined from de/dT in ug-T
plane. The blue band is the chiral-transition region determined
by analytic continuation of LQCD simulations from imaginary to
real p [8]. The horizontal line with cross stands for the transition
region determined from de/dT and is calculated with the sHQH
model. The transition line (red solid line), obtained by connecting
the crosses, is expressed by T = 172(1 — 0.038(p5/172)?) MeV.
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taken. We then predict @ for up = 100, 200, 300, 400 MeV
in the lower panel. up dependence of @ is small.

B. Transitions

We first consider the case of up = 0. Table II shows
results of sHQH model for the transition region T%
determined from the peak and the half-valued width of
de(T, pg)/dT. The result is compared with LQCD data [5]

on the chiral-transition temperature 7% -LQCD Obviously,

A LQCD . . .
75D s in the region T¢.

Figure 5 shows the transition region determined from the
peak and the half-valued width of de(T, ug)/dT and the
lattice chiral-transition region in ug-T plane; the former is
calculated with the sHQH model and the latter is analytic
continuation of LQCD simulations from imaginary to real u

800

700

[MeV]

200

100

0 100 200 300 400 500 600 700 800
ug [MeV]

800

700

600 |-
— 500
5

S 400
300

200 -

A SN

0 100 200 300 400 560
ug [MeV]

600 700 80

FIG. 6. Isentropic trajectories, n/s = const, in ug-T plane
where the strangeness neutrality is imposed for the lower
panel and not for the upper panel. In the upper panel, the
solid curve is a line connecting the points at which the curve of
trajectory becomes maximum; the resulting curve is T =
170(1 — 0.025(up/170)?) MeV. The isentropic trajectories
are shown by n/s = 0.014 ~ 0.072 from top left to bottom right.
In the lower panel, the dashed line stands for a transition line with
the strangeness neutrality, i.e., T=165(1-0.023(uz/165)?) MeV.
For comparison, we also show the solid line 7=170(1-0.025(up/
170)?)MeV in which the strangeness neutrality is not imposed.
The isentropic trajectories are shown by n/s = 0.012 ~ 0.07 from
top left to bottom right.

0

[8]. The transition region determined from de(T, ug)/dT is
shown by a horizontal line with cross for each of uz = 0,
100, 200, 300, 400 MeV; the cross is a maximum value of
de/dT and the horizontal line means the half-value width of
de/dT. The red solid line is made by connecting the
crosses. Meanwhile, the blue band indicates the width of
the chiral-transition region extrapolated from the imagi-
nary-up region [8]. The transition region calculated with
the sHQH model is consistent with the LQCD result. We
can thus regard the transition region determined from
de(T, pug)/dT as a chiral-crossover region.

As shown in the right panel of Fig. 4 of Ref. [35],
Nonaka and Asakawa showed that in ug-T plane the
isentropic trajectories are focused to the CEP. They con-
cluded that the CEP acts as an attractor of isentropic
trajectories, n/s = const.

In the upper panel of Fig. 6, the solid curve is a line
connecting the points at which the curvature of isentropic
trajectory becomes maximum. The curve is connected to
the CEDP, if it exists [35]. We can thus regard the curve as a
transition line in up-T plane.

In the lower panel, we impose the strangeness neutrality.
Comparing the two panels, we can find that the effect of
strangeness neutrality is small. Hence, the transition calcu-
lated with n/s may be deduced from relativistic nuclear
collisions. There is no evidence of focusing (attractor) of
isentropic trajectory in the sHQH model.

Figure 7 shows the transition line determined from s/n
by a solid line and the chiral-crossover region from the peak
and the half-valued width of de/dT by two dashed lines in
ug-T plane. Here we do not consider the strangeness
neutrality, because the effect is small. The transition line
obtained from s/n passes in the vicinity of dots (the peak of

250

+—e—i from ¢

from n/s

200

0 \ \ \ \ \ \
0 100 200 300 400 500 600 700 800
ug[MeV]

FIG. 7. Chiral-crossover region determined from de/dT
and transition line determined from n/s in up-T plane. The
chiral-crossover region determined from the peak and the
half-valued width of de/dT is denoted for ugz = 0, 100, 200,
300, 400 MeV by dots with error bars. The upper and
lower sides of chiral-crossover region are shown by two
dashed lines. The transition line determined from n/s is T =
170(1 — 0.025(u/170)?) MeV.
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de/dT) and is in the chiral-crossover region. This allows us
to regard the transition line determined from s/n as a chiral-
transition line. The quantity s/n is quite useful, since it is
obtainable from not ony LQCD but also heavy-ion
collisions.

C. EoS

In this section, we do not consider the strangeness
neutrality, because the effect is small.

In order to compare the present model with the previous
model [20], we take the same assumption “f(7") has no up
dependence” in the previous model. The resulting switch-
ing function f5°"(7T) is shifted to the left by about 10 MeV
from fy(T) in Fig. 3. The difference between the present
model with f(T) and the previous model with 5 (T)

16
14
12+
10+
Sef
6 L
4t —e— LQCD
2 —— sHQH
— — HRG-HQH
0 150 200 250 300 350
T [MeV]
4
3 L

—e— LQCD

sHQH
— — HRG-HQH
0 150 200 250 300 350
T [MeV]
14
12
10
5.
6 L
4+
—e— LQCD
2L sHQH
— — HRG-HQH
0 150 200 250 300 350

T [MeV]

FIG.8. T dependence of s, P, e at uy = 0 MeV. See the text for
the definition of lines. LQCD data are taken from Ref. [7].

shows EV effects. The previous model with /5™ (7) is
referred to as “HRG-HQH model” in this paper.

Figure 8 shows T dependence of s, P, €, at up = 0 MeV.
The solid and dashed lines are the results of sHQH and

16
14+
12}
10 -
S
6
4t +—— LQCD
o —— sHQH
— — HRG-HQH
0 150 260 250 360 350
T [MeV]
4
3l

+—— LQCD

sHQH
— — HRG-HQH
0 150 200 250 300 350
T [MeV]
14
12+
10
5.
6 L
4 L
+—— LQCD
2 — sHQH
— — HRG-HQH
0 150 200 250 300 350
T [MeV]
5
s |
3 L a
2 L
1k .
1I
oo rRET T T
.1 L i
2t i
'i I +—— LQCD
-l —— SsHQH |
5 — — HRG-HQH |
6 150 200 250 300 350

T [MeV]

FIG. 9. T dependence of s, P, €, n at uzp = 200 MeV. See the
text for the definition of lines. LQCD data are taken from Ref. [7];
note that n is deduced from s, P, &.
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HRG-HQH models, respectively. The difference between
the two lines shows EV effects. We can find that the effects
are small for yuz = 0 MeV. We find that the fitting of f(7')
is good, since the sSHQH result agrees with LQCD data [7].

Also, for P and ¢, the sHQH model reproduces LQCD
data.

Figures 9-11 show T dependence of s, P, ¢, n for
ug = 200, 300, 400 MeV. The results of sSHQH model well

16 -
14+
12+
10 -
E 8l 8t
6 6
4 —— LQCD 4t —— LQCD
of —— sHQH ol —— sHQH
— — HRG-HQH — — HRG-HQH
0 1 50 260 2;50 360 3‘50 0 1 éO 260 2‘50 360 3‘50
T [MeV] T [MeV]
4 4 ——
3r 3+

(]
SHQH !!:! sHQH
— — HRG-HQH — — HRG-HQH
0 150 200 250 300 350 0 150 200 250 300 350
T [MeV]
16 | -
Ve ~
| / T~ | 20
14 / ——— ]
12
ol 15
5 o 5
10 |
6 L
4 —— LQCD 50 4 —— LQCD
2 —— sHQH [1] —— sHQH
— — HRG-HQH — — HRG-HQH
0 150 200 250 300 350 0 150 200 250 300 350
T [MeV] T [MeV]
5 5
4t . 4t .
3t . 3t .
2t . 2t .
1} 1
"% 0 E 0
.1 L | _1 L i
2t | Ry i
'i I +—— LQCD 'i | +—— LQCD
) —— sHQH ) —— sHQH
5 — — HRG-HQH | 5 — — HRG-HQH |
5 ‘ ‘ ‘ ‘ ) 5 ‘ ‘ ‘ ‘ )
150 200 250 300 350 150 200 250 300 350

T [MeV]

FIG. 10. T dependence of s, P, ¢, n at up = 300 MeV. See the
text for the definition of lines. LQCD are taken from Ref. [7];

note that n is deduced from s, P, e.

T [MeV]
FIG. 11.

note that n is deduced from s, P, &.
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reproduce the LQCD data [7]. EV effects become large as
up increases from 200 to 400 MeV. This means that the
interaction between baryons becomes non-negligible as pp
increases.

IV. SUMMARY

We have constructed a simple-HQH model in the pp-T
plain, improving the EV-HRG model [26,27] for the hadron
piece and using the simple IQ model for the quark-gluon
piece. The improved EV-HRG model yields the baryon and
antibaryon pressures as simple analytic functions of
Egs. (24)—(25) and ensures that the pressure is up even.

As an interesting result of LQCD simulations for up = 0
[5], the chiral-crossover region determined from dA,/dT
agrees with the region from de(T,up)/dT. In LQCD
simulations for finite pp [7], furthermore, a transition
region is obtained by de(T,ug)/dT. We may regard the
transition region determined from e as a chiral-crossover
region. In fact, the crossover region determined from
de(T, pg)/dT of sHQH model agrees with the lattice result
for the chiral-crossover region [8] in up <400 MeV. We
have then predicted the chiral-crossover region in 400 <
up < 800 MeV.

In this work, we have considered that fy (7, up) does
not depend on pp, since si,.y and sg depend on up.
This allows us to determine the switching function fy(7)
from s;ocp at pp = 0. The present sHQH with fy(7T) is
successful in reproducing LQCD data on not only the chiral-
transition region but also the EoS in pp <400 MeV.
In addition, the present sHQH model accounts for LQCD
data on the Polyakov loop at up = 0 MeV. We have then
predicted the Polyakov loop for up = 100, 200, 300,
400 MeV.

Using the simple-HQH model, we have also predicted a
transition line derived from isentropic trajectories in
0 <up <800 MeV. We found that there is no evidence
of attractor of isentropic trajectories and the effect of
strange neutrality is small for the transition line derived
from isentropic trajectories. Further analyses of these
properties seem to be important for both LQCD and
relativistic nuclear collisions.
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