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We investigate the chemical potential effects of the equation of state and the chiral transition in an
Einstein-Maxwell-dilaton-scalar system, which is obtained from an improved soft-wall anti—de Sitter/QCD
model coupled with an Einstein-Maxwell-dilaton system. The equations of state obtained from the model
are in quantitative agreement with the lattice results at both zero and nonzero chemical potentials. The
sensible chiral transition behaviors can be realized in the model. The QCD phase diagram with a critical end

point has also been obtained from the model.
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I. INTRODUCTION

The investigations of quantum chromodynamics (QCD)
phase transition and the construction of the QCD phase
diagram are of paramount importance in the field of
theoretical physics. These inquiries delve into the funda-
mental nature of matter and the Universe, aiming to unravel
the intricate behavior of quarks and gluons that make up
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protons, neutrons, and other hadrons. Understanding the
QCD phase transition, which occurs under extreme con-
ditions of temperature and baryon chemical potential, such
as those in the early Universe or within neutron stars, is
critical for our comprehension of the fundamental forces
governing the cosmos [1]. The QCD phase diagram, on the
other hand, provides a comprehensive map of the different
phases of nuclear matter and offers essential insights into
the behavior of matter at various temperatures and den-
sities. These investigations not only deepen our under-
standing of the building blocks of matter but also have
practical applications, ranging from high-energy physics to
astrophysics, impacting the way we perceive the Universe
and its evolution.

One of the key issues is to study the nature of QCD phase
transition that takes place in hot and dense environments.
QCD is known to exhibit two distinct types of phase
transitions in these extreme conditions, namely the chiral
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and the deconfinement phase transitions. At low temper-
ature 7 and small baryon chemical potential ugz, QCD
matter predominantly exists as confined hadrons due to
strong quark confinement, with a nonzero chiral condensate
that contributes to the hadron mass. As temperature rises,
QCD matter will finally enter a deconfined phase of quark-
gluon plasma through a smooth crossover, with the chiral
condensate approaching zero and the chiral symmetry
restored [1-3]. It is commonly believed that the phase
transition between hadronic matter and quark-gluon plasma
changes from a smooth crossover to a first-order phase
transition with the increase of yp. Hence, the existence and
properties of the critical end point (CEP) of the first-order
transition line are essential for understanding the behavior
of QCD matter under extreme conditions. The location of
CEP depends on factors like the number of quark flavors
and the strength of interactions. In extremely dense con-
ditions, such as in the core of neutron stars, quark matter
may undergo color superconductivity and exhibits novel
phases [4].

Efforts to understand the QCD phase transition and to
construct the QCD phase diagram have been a focal point of
both theoretical and experimental researches in the field of
nuclear and particle physics. In the Large Hadron Collider
at CERN and the Relativistic Heavy lon Collider at
Brookhaven National Laboratory, high-energy nuclear
collisions have been conducted to recreate conditions
similar to the early Universe, allowing us to investigate
the properties of QCD matter under extreme conditions.
Neutron star astrophysics and gravitational wave observa-
tions also offer indirect insights into the behavior of dense
nuclear matter under extreme conditions. Theoretical
attempts at studying the QCD phase transition involve
lattice QCD simulations [5,6] and model calculations, such
as the chiral effective model and various other theoretical
frameworks [7—12]. However, almost all the methods come
with shortages and difficulties related to the nonperturba-
tive nature of low-energy QCD. For the lattice QCD, the
infamous sign problem exists when addressing issues at
finite baryon density, even though various systematic
schemes have been constructed to extrapolate the lattice
results to finite baryon chemical potentials [13—15].

In the last two decades, the gauge/gravity duality, also
known as the AdS/CFT correspondence [16—18], has been
established as a promising approach to solve various
strong-coupling related problems, especially the nonper-
turbative aspects of QCD [19-21]. Indeed, it has been a
long desire to construct a holographic dual of QCD, which
is called the anti-de Sitter (AdS)/QCD program, aiming
to provide quantitative descriptions for the low-energy
QCD properties that is intrinsically nonperturbative. This
includes the study of the hadron spectrum, the thermody-
namic properties and also the phase structure of QCD.
Many holographic QCD models have been constructed by a
bottom-up approach, in consideration of the basic features

of low-energy QCD, such as the spontaneous chiral
symmetry breaking and the linear confinement property
[22-66]. The well-known ones include the hard-wall and
soft-wall models [23-25], the modified versions of which
could produce the light hadron spectra in agreement with
measurements, and could also realize the proper chiral
transition behaviors in the case of both two and 2+ 1
flavors [67-75]. The equation of state and the associated
deconfinement phase transition at 4 = 0 have been studied
in the holographic framework by an Einstein-dilaton system
with a suitable dilaton potential [76-93], while the Einstein-
Maxwell-dilaton (EMD) system has been used to investigate
the properties of QCD phase transition at pz # 0 and to
construct the QCD phase diagram [94-96]. However, the
chiral and deconfinement phase transitions, as two sides of
one coin, should be realized simultaneously in a consistent
way. For that, some efforts have been made to characterize
these two kinds of phase transitions in a single holographic
framework [97-102].

In this work, we attempt to construct a holographic QCD
model with the aim to provide a proper description for both
the equation of state and the chiral transition at finite yp in
the two-flavor case. The matter part of this model will be
given by an improved soft-wall model that could generate
spontaneous chiral symmetry breaking and realize the right
chiral transition properties, at least qualitatively. The bulk
background will be given by an EMD system which could
describe the equation of state and the expected deconfine-
ment properties of QCD. By integrating these two sectors
into an Einstein-Maxwell-dilaton-scalar (EMDS) system,
we find that the properties of deconfinement and chiral
transitions could be characterized consistently in this
holographic framework. Furthermore, we find that the
model results of the equation of state at finite pp are in
good agreement with the lattice results of two flavors, and
the QCD phase diagram containing a CEP can also be
obtained. After fixing the model parameters, we also
investigate the equation of state in the reduced EMD
system with the coupling f# =0, and we find that the
phase transition is a first-order one at up = 0, which is
consistent with that of the pure gauge sector of QCD
[103,104]. This feature is very different from that given in
the previous work [101], where we only gave a qualitative
investigation on the phase transition in a simple Einstein-
dilaton-scalar system at zero chemical potential.

The paper is organized as follows. In Sec. II, we outline
the holographic QCD model, and then focus on the EMDS
system that will be mainly addressed. The equation of
motion will be derived from the action of the model, and the
boundary condition will be given for numerical calculation.
In Sec. 111, we investigate the QCD phase transition at finite
up in the EMDS system and show the numerical results.
The model parameters will be fixed by fitting the two-flavor
lattice results of the equation of state at uz = 0. We then
obtain the equation of state and the chiral transition at
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finite pp. The QCD phase diagram will also be obtained
from the model. In Sec. IV, we give a conclusion on our
work with a few discussions.

II. THE IMPROVED SOFT-WALL AdS/QCD
MODEL COUPLED WITH AN EMD SYSTEM

The action of the two-flavor holographic QCD model
can be divided into two parts: S = Sz + Sj,. The part of
gravitational background is an EMD system that can be
written in the string frame,

Se dx\/=ge PR — h(p)FynFMN

5.2
2k

+4(0)* = V(9)]. (1)

where K% = 8zG5 is the effective Newton constant. The
chemical potential effects can be introduced into the system
by the Abelian gauge field A,; of the action. The dilaton ¢
has been included to break the conformal symmetry, in
order to give a sensible description for QCD phase
transition [76]. Later we will specify the form of the
dilaton potential V(¢) and also the gauge kinetic function
h(¢) that characterizes the coupling strength of the gauge
field Ay,.

The flavor part of the action comes from an improved
soft-wall AdS/QCD model with an additional coupling
term of the Abelian gauge field and the bulk scalar field:

Sy = —K/dsx —ge“/’Tr{|DX|2 + Vx(X, )

- 1
L)X+ o (7 + F%)}, @)

where the covariant derivative DYX = oMX —iA¥X +
iXA¥ and the chiral gauge field strength takes the form
FYR=0MAY o —0VAY , —i[A) . A} g]. The coupling term
5(¢) will be fixed below. The potential for the bulk scalar
and the dilaton takes the form

Vx(X.$) = m3|X]? = 2,|X]* + h|X

0

where the bulk scalar mass is determined by the mass-
dimension relation miL? = Ay(Ay —4) with Ay =3
being the scaling dimension of the dual operator grq;
of the scalar field in the boundary [24].

The potential Vy in Eq. (3) has been applied to
investigate thermodynamic properties of QCD in the case
of up = 0 [100,101], which shows that such a form of Vy
could provide a good description for both the equation of
state and the chiral transition, at least on the qualitative
level. Thus it seems natural for us to generalize to the finite
chemical potential case in order to check whether this type
of holographic QCD model could still produce consistent

results of QCD phase transition with other models or lattice
simulations. The coupling term of the Abelian gauge field
and the bulk scalar field in Eq. (2) has also been considered
in previous studies with the aim to realize the correct
behaviors of chiral transition at finite pp [105]. We remark
that the role of this coupling term is in some sense like that
in Ref. [105] but in a rather different model setup.

The holographic QCD model is built in a gravitational
background with the metric ansatz

LZeZAS(z) D de
ds? = — <—f(z)dt2 + dxidx’ + m) (4)

where L is the curvature radius of the asymptotic AdSs
spacetime. Without loss of generality, we just take L = 1
below. At finite temperature, this metric represents an
asymptotic AdS black hole to be solved from the equation
of motion of the system. We require f(z;,) = 0 at the event
horizon z;, of the black hole.

A. The Einstein-Maxwell-dilaton-scalar system

According to Ref. [24], the vacuum expectation value
(VEV) of the bulk scalar field X can be written as (X) =

)@I » with I, denoting the 2 x 2 unit matrix, and the chiral

condensate ¢ is embodied in the UV expansion of the scalar
VEV (X). In order to investigate the properties of chiral
transition, we only need to consider the vacuum part of
matter fields represented by (X) in the bulk action (2) and
neglect the vacuum fluctuations corresponding to the
meson fields. Thus the holographic QCD model is reduced
to an EMDS system:

§S=8;+S,.
—ons [ ExvEae (R b + 09
2ks
- V(@) - pet (007 + Vire)
S e | 5

where f# = 162Gk controls the coupling strength between
the bulk background and the matter part, and the potential
for the scalar VEV y and the dilaton ¢ takes the form

Vx.#) = TrVx((X). ¢).
1

A
=5 (M=) + gz)(“- (6)

For convenience, we usually transform to the Einstein
frame by taking the metric ansatz
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L2 2A(2) o d 2
ds* = 672 (—f(z)dt2 +dx'dx’ + i) (7)
z f(z)

with the warp factor A (z) related to the string-frame factor
Ag(z) by Ap = Ag — 3 . The bulk action (5) in the Einstein
frame can then be written as

1
S = F/ds)m/—gE |:RE - (U(¢)FMNFMN
Ks

~ 2087 = Vi) - pe? (% (@) + Vilr.9)

+&2¢»FMNFMNZ2):|a (8)
where
o(¢) = h(¢)e*,
Vi(p) = V().
Ve(r.¢) = €5V (z. ).
A3(p) = I3(p)e ™. (9)

We could do a rescaling ¢, = 1/8/3¢ to convert the
kinetic term of the dilaton ¢ to a canonical one. Following
Ref. [76], we adopt a simpler form of the dilaton potential

Velge) = 3 (-12coshrd + badd + bidt), (10)

and take Vg(¢p) = V.(¢.). This guarantees the bulk
geometry to have an asymptotic AdS structure near the
boundary:

12, b6

Vc(¢c - 0) = 12 + 12

¢; +O().  (11)
The mass-dimension relation gives

b, :672—1—#, (12)
where A denotes the scaling dimension of the dual operator
of the dilaton field. As shown in Ref. [101], the specific
value of A in the Breitenlohner-Freedman bound actually
does not affect the qualitative behaviors of phase transition.
Thus we just take A = 3 for simplicity.

We adopt a form of the gauge kinetic function

_C0pep 170
(#) 4°¢ +4sech(c3c4)

sechlcs (¢ —cq)l.  (13)
which approaches 1/4 as ¢p. — 0 in the UV limit. Such a
form of w(¢) is inspired by those considered in
Refs. [94,95], which provide a suitable description for

the quark susceptibility at up = 0. For the last unfixed
function A5(¢), we will adopt a simple exponential form

J3(¢p) = A3¢* in order to produce proper chiral transition
behaviors at finite uz. We remark that the coupling term

related to 45 has few influences on the equation of state at
finite pp.

B. Equation of motion and boundary condition

By the variational method, the Einstein field equation
and the equations of motion for the Abelian gauge field A,,
the dilaton ¢, and the scalar VEV y can be derived from the
action (8) as

1 1
Ry _EQMNR +CU(¢) <29MNFABFAB - 2FMAFNA)
471 1
+§ EQMN51¢5J¢—5M¢0N¢ +§gMNVE(¢)

B, (1 p b
+5e ( 59un 0 ®x = Owxonx ) +50une’Vi(r-¢)

p

R 1
+§/13 (p)e? <5FABFABQMN - 2FMAFNA))(2 =0, (14)

V@ et | <o, )

8
gvMVM‘f’ — 0yw(P)Fyun FMN — 04V (o)

L Voot ~ oy el )

L0y la () Fan 2 = 0, (16)

VM(e(vaZ) - ;13 (¢)6¢FMNFMN)(
- e’/’dXVE(;(, ¢) =0. (17)

At finite chemical potential, we only keep the time-
component A, of the Abelian gauge field to be nonzero. In
terms of the metric ansatz (7) and the assumption that the
bulk fields depend only on the fifth-dimension coordinate
z, Eqs. (14)—(17) can then be simplified to the following
five independent equations:

3
A 3ALf =S = 422w () e A

— 222 03(p)e et 2 AR = 0, (18)

2 4
AL+2Ap— AR S0P e =0, (19
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A
2t o(¢) + Bads(¢) ey [
+2ze?0,0(P)p' + Pze** 03 (h) P 1
+ Bhs ()€ (P (zAL + 29/ — 1) + 23¢/)] =0, (20)

"

20(¢)e? (A - 1)

1" / L,_é / / ¢ n 362AE0¢VE(¢)
P+ <3A + 7 >¢ sy
N 32 e AR 0, 0(9) 3ﬂ62A56,/,(e‘/’VE(;(, b))

4f 82°f

G275 2 A2 .
IR o) =0, (1)

8f
A+ <3A’ ro+L 3);{’ 0 Vilr-9)
E B T
[z =f
2.2 —2Ag
n < 3(?)6 APy =0, (22)

where the function f(z) and the electrostatic potential A,(z)
are required to satisfy the following boundary conditions:

f(zy) =0, (23)
A0) = pup.  Azy) =0. (24)

The UV asymptotic solution for Egs. (18)—(22) can be
obtained as

f2)=1=fazt+---, (25)
Ag(z) = 108 (3pm3¢* +8p7)2°
—ﬁﬁplmgéz(% +1D)Z3 +---,  (26)
A(z) = pp — K2ngz® — TIMK%”B[COCI
+ (co — 1)cztanh(czey)]z® + -+ (27)

3
#(z) = piz+ Eﬁmééz(ll +6)2% + p32’

1
- [Eﬁplm§€2(9/1% + 1114, + 286)
4 . . X
_§pi(12b4_67 +1) z?lnz+---, (28)
x(z)= my{z +p1mqg“(,11 +5)Z2 +§Z3
1
- [9—6"1253 (B(943 + 1084, +308) —241,)

1
gt qC(%%-Hll/Il+286)}z3lnz+..., (29)

where { = ‘/_ is a normalization constant [27], m, denotes
the current quark mass, o the chiral condensate, and np the
baryon number density. From the UV expansions (25)—(29),
we read another two conditions:

¢0)=pi.  X(0)=my. (30)

In terms of the boundary conditions (23), (24), and (30), the
bulk fields can be solved numerically from Egs. (18)—(22)
(see the Appendix). The baryon number density ny and the
chiral condensate ¢ can then be extracted from the UV
asymptotics of A, and y, respectively.

III. QCD PHASE TRANSITION AT FINITE
CHEMICAL POTENTIAL

A. Equation of state and chiral transition

Once we could solve the EMDS system, the equations of
state and the chiral transition can be investigated simulta-
neously at finite ppz. The temperature and the entropy
density are given by the formulas:

|f'(z1)] 2meelan)
T = , § = 31
4r iz (31)

The pressure p can be calculated by the differential relation
dp = sdT + n,du,, (32)

and the energy density can then be obtained from the
thermodynamic relation & = —p + sT + p n,, with the
quark number density n, = 3np and the quark chemical
potential y, = pug/3.

To do the numerical calculation, we need to fix the model
parameters, which could be determined by fitting the lattice
results of the equation of state in the two-flavor case
[106,107]. First note that we can always set the back-
ground-matter coupling to be f = 1 by rescaling the scalar
VEV y and other parameters in our model. The current
quark mass will be taken as m, =5 MeV. By fitting the
equation of state at y, =0, we can fix the parameters
Gs =0.582, y =0.75, by = 0.02, and p; = 0.473 GeV.
Other parameters of the model are related to the chemical
potential effects and the properties of chiral transition. For
instance, the values of the coefficients ¢, ¢y, c3, ¢4, and 43,
k have direct effects on the equation of state at finite 4. In
order to fix these parameters, we could use the quark
susceptibility defined by

g _P(P/TY)

o(n,/T%)
22 oy T

o(uy/T)

(33)

The values of 4, 4,, 43, and k are crucial for a proper
realization of the chiral transition behaviors at finite y,.
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10 } S b 3
AT = : e/ T

0.1 02 03 04 05 06
T(GeV)

FIG. 1. Comparison of the model results for the scaled energy
density ¢/T*, the pressure p/T*, and the quark susceptibility y4
with the lattice results at y, = 0. The model results are denoted
by solid lines, while the lattice data are denoted by dashed lines or
points with error bars [106,107].

Since the background fields and the matter fields are
coupled with each other, the thermodynamic properties
at finite y, actually depend on all the parameters of the
model. By a global fitting, we can fix the remaining
parameters to be ¢y=0.725, ¢; =30, ¢3=0.47, ¢,=0.45,
A =-1, 4 =10, 3 = —-0.65, and k = —1.67.

In Fig. 1, we present the model calculations for the
scaled energy density e/T* the pressure p/T* and the
quark susceptibility y,/ T? at #q = 0, which have been used
to fix the parameters of the model. We can see that the
model results have a good match with the lattice results in
the two-flavor case [106,107]. Then we can apply our
model to investigate the properties of the equation of state
and the chiral transition at nonzero chemical potential. In
Fig. 2, we present the model results for the scaled pressure
Ap/T* with Ap = p(T.pu,) — p(T.0) and the quark num-
ber density n,/T° at fixed values of u,/T, which are
compared with the lattice results in the two-flavor case. We
find that the model results are in good agreement with the
lattice data.

We also investigate the behaviors of the equation of state
and the chiral transition with fixed values of u,. We present
the temperature 7" as a function of the horizon z,, at five
different values of y,, in Fig. 3, from which we find that for
smaller values of u,, the temperature decreases monoton-
ically with the event horizon. However, when Hq increases
beyond a critical point uJ ~ 423 MeV, the behavior of T
with respect to z, will become nonmonotonic in a small
region of z;,, which signals that the transition order of the
thermodynamic quantities obtained from the model will be
changed around the critical value ,qu . The chiral transition
behaviors with fixed p, are presented in Fig. 4, from which
we can see that the chiral transition is a smooth crossover at
smaller values of p,, yet when u, becomes larger and

ApiT*

0.0 =

1 L L L L 1
0.10 0.15 0.20 0.25 0.30 0.35 0.40
T (GeV)

My ! T

3
nglT
5

0.5F

0.10 0.15 0.20 0.25 0.30 0.35 0.40
T (GeV)

FIG. 2. Comparison of the model results for the scaled pressure
Ap/T* and the quark number density n,/ T3 with the lattice
results for y,, /T =0.2,04,0.6,0.8, 1. The lattice data are taken
from Refs. [106,108].

FIG. 3. The temperature 7 as a function of the horizon z; at
#g = 0,250,350,423,500 MeV.

larger, the chiral condensate ¢ descends more and more
rapidly with the increase of temperature 7 in the transition
region, until y, reaches the critical point xZ, at which the
chiral transition becomes a second-order phase transition,
and then it converts to a first-order phase transition when s,
is larger than /ﬂqf . These behaviors of chiral transition with
respect to the chemical potential are consistent with that of
the T — z,, curves in Fig. 3.
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g (MeV)
0.15 —0
— 250
— 350
< — 423
010}
[ —
é 500
5
005}
0.0 . ; : : . 0
0.05 0.10 0.15 0.20 025 0.30

T (GeV)

FIG. 4. The behaviors of the chiral condensate ¢ with respect to
the temperature 7 at Hg = 0,250,350,423,500 MeV.

Note that the change of the transition order is not that
obvious from the chiral transition behaviors shown in Fig. 4.
We then calculate the scaled entropy density s/7> and the
free energy F = —p around the critical point x5 . InFig. 5, we
present the model results for three neighboring values of x,,,
from which we can see clearly that the free-energy line
displays a swallow-tail shape at y, = 443 MeV, which is a
clear signal for a first-order phase transition. The intersection
point of the free-energy line determines the critical temper-
ature of the first-order transition.

g (MeV)

40 — 403
— 423
35 — 443
30
i
®
25
20
15
10 T L L L L
0.080 0.085 0.090 0.095 0.100 0.105
T (GeV)
-3000 1
Hq (MeV)
— 403
— 423
~3050 — 443
=30
% -3093
g -3100F *
'S
Dy -3100
o 0.08237 0.0824  0.08243
-3150
-3200
0.085 0.090 0.095 0.100
T (GeV)
FIG. 5. The behaviors of the scaled entropy density s/7°

and the free energy F around the transition temperature for
ug = 403,423,443 MeV.

B. QCD phase diagram

We can obtain the QCD phase diagram as long as we could
determine the transition temperature at each chemical poten-
tial, which can be attained from the analysis of the equation of
state and the chiral transition. As mentioned above, the
critical temperature 7', for the first-order phase transition at
large p1, can be determined by the intersection point of the
free-energy line. As u, decreases to qu ~ 423 MeV, the
swallow-tail shape of the free-energy line disappears, with
the critical temperature TE ~91.2 MeV, at which a second-
order phase transition occurs. The phase transition turns into
a smooth crossover below ug. There is no unique way to
determine the transition temperature 7', for the crossover
case. We may use the minimum of the speed of sound cy,
which is a suitable probe to characterize the drastic change of
degrees of freedom between the confinement phase of
hadrons and the deconfinement phase of quark-gluon
plasma. In addition, we may also use the maximally
decreasing point of the chiral condensate ¢ to signify the
chiral transition temperature.

The model prediction for the QCD phase diagram is
presented in Fig. 6, where we use the baryon chemical
potential up, instead of the quark chemical potential .
Note that there is a CEP located at (uf,TF)=
(1268 MeV,91.2 MeV), which links the first-order tran-
sition line in the range of ug > uk with the crossover
transition line in the range of uz < uk. It seems that the
critical point u£ of our model with two flavors is larger than
those obtained from other models including a recent
holographic study on the phase structure of two-flavor
QCD [109-113]. It can be seen from Fig. 6 that the two
crossover lines given by the minimum of ¢; and the ¢
inflection do not coincide, with the chiral transition temper-
ature greater than the deconfinement transition temperature
at smaller values of up, and they converge gradually to the
CEP with the increase of upz. At ugp =0, the transition

015} ~'

T (GeV)
3
/

— — Minimum of ¢¢
005 e o inflection

1st order line
e CEP

0.00 ‘ ‘ ‘
0.0 05 10 15
ps (GeV)

FIG. 6. The QCD phase diagram obtained from the model. The
minimum of the speed of sound ¢, and the maximally decreasing
point of the chiral condensate ¢ are denoted by the dashed and
dotted lines, respectively. The first-order transition is denoted by
a solid line. The CEP is marked by a red point.
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temperature determined by the minimum of ¢, is about
162 MeV, while the chiral transition temperature is about
190 MeV.

C. Pure gauge sector

With suitable choice of parameters, the EMDS system
with the action (5) is capable of describing both the
equation of state and the chiral transition at finite chemical
potential, and the properties of phase transition obtained
from the model are consistent with the lattice results and the
common expectations. Now we would like to decouple the
matter part with the bulk background by setting # = 0. It is
interesting to see how the equation of state and other
thermodynamic quantities behave in the reduced EMD
system which may holographically characterize the gluon
dynamics of QCD.

We calculate the scaled entropy density s/77, the energy
density e/T* and the pressure p/T* at zero chemical
potential in this EMD system with the fixed parameters.
The numerical results are presented in Fig. 7. Clearly, the
EMD system of this model exhibits a first-order phase
transition at u, =0, which is qualitatively consistent
with the lattice simulations for pure Yang-Mills theory
[103,104]. The free-energy line in this case has been shown

0.15 0.20 0.25 0.30 0.35
T(GeV)

FIG. 7. The scaled entropy density s/7T°, the energy density
€/T*, and the pressure p/T* at #g = 0 in the case of § = 0.

0.00

-0.02

-0.04 0.00003
0.00002
0.00001

. 0.00000

~0.06f  -0.00001

—-0.00002

—-0.00003

0.130 0.135 0.140 0.145

-0.08 T (GeV)

0.15 0.20 0.25 0.30 0.35 0.40
T (GeV)

F (GeV?)

FIG. 8. The free energy F at u, = 0 in the case of = 0.

in Fig. 8, from which we can read the critical temper-
ature 7. ~ 137.5 MeV.

IV. CONCLUSION AND DISCUSSION

We investigated the properties of phase transition and
phase diagram in an improved soft-wall AdS/QCD model
coupled with an EMD system in the two-flavor case. With
fixed parameters, this model yields the equation of state in
quantitative agreement with the lattice results of two flavors
at both zero and nonzero chemical potentials. It also
generates sensible chiral transition behaviors consistent
with the equation of state at finite chemical potential. Note
that the deconfinement and chiral transitions are interre-
lated with each other, and occur simultaneously in the first-
order transition region of large y5. This is a natural result of
the fact that the bulk background fields and the vacuum
scalar field have been coupled together. But in the cross-
over region, because of different order parameters being
used, the transition temperatures obtained from them are
also different. In addition, we find that the first-order phase
transition beyond 5 is actually very weak in our model, as
can be seen by the free-energy lines in Fig. 5.

The QCD phase diagram in the 7 — up plane has been
obtained, with a CEP located at (u%, TF) = (1268 MeV,
91.2 MeV). The large value of the critical point % in our
model forms an obvious contrast to those obtained from the
previous studies [109-112]. By the equation of state, we
also find that the reduced EMD system of our model
generates a first-order phase transition at zero chemical
potential, which is consistent with that of the pure gauge
theory [103,104]. To sum up, all these features indicate that
the phase structure of our model is quite similar to that of
QCD, at least on a qualitative level, as long as yp is not too
large. We may wonder whether a more quantitative
description for the phase structure of QCD could be
obtained from such a holographic framework.

For a convincing description of the QCD phase tran-
sition, we actually need to give the information of hadron
spectrum. It remains to be seen whether the mass spectra of
light hadrons could be reproduced in this holographic QCD
model. It will be interesting to generalize the two-flavor
investigations of this work to the 2 + 1 flavor case by
introducing another vacuum scalar field related to the
strange flavor, in which case we may have other ways to
obtain the QCD phase diagram containing a CEP. With the
rise of the astronomy of neutron stars and gravitational
waves, it will also be interesting to apply this holographic
QCD model to investigate the equation of state and other
properties of neutron stars.
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APPENDIX: IMPLEMENTATION OF SPECTRAL
COLLOCATION METHOD IN OUR MODEL

We now detail the implementation of the spectral
collocation method for the numerical calculation. First
we change the form of Eqgs. (18)—(22) by applying the
following two transformations successively:

cmuz fQ) =, As) Ac)
AR AL, B b 2@ =2 (AD
w2 Fw) = 700,
e = (51) A0 A~ A0
P - "150) )~ 0. (a2)

Equations (18)—(22) are then transformed into the desired
form with ¢ as the independent variable. Since the final
expressions are too lengthy to be presented here, we just
show the changed form of Eq. (19),

ar (NAR(t) + ay ()AL (1) + as(1)Ag(1) A% (1)
+ ay () A%(1)* + as(1)Ag(1)

+ag()Ag (1) + as (1) = 0, (A3)
where 7€ (-1, 1) and the coefficient functions are
a(t) =36(t+ 1), (A4)
as(1) = 216(t + 1), (AS)
as(t) = =36(t + 1)3, (A6)
as(t) = =9(t+ 1), (A7)
as(1) = 216, (A8)
ag(t) = =36(t+ 1), (A9)
ar () = 2{8(1) + 3e3+ 100 (1)
+16(1+ 1)g(1) (1) + 600 (1 4+ 1)B7(1)7 (1)
(it + 128 (12 + 3207 (102}, (A10)

The boundary conditions (23), (24), and (30) now become

(Al1)

)= (A12)
A(=1) = g, (A13)
A(1) =0, (A14)
$(=1) = piz, (Al5)
¥(=1) = {myzy. (A16)

Next, let us first select a set of distinct collocation points
{t;}¥, (N > 1 is an integer) on [—1, 1] with {7;}), being
the N + 1 roots of the equation

(-2

S Ly()=0 (A17)

where Ly (¢) is the Nth Legendre polynomial. The deriva-
tive matrix D is an (N + 1) x (N + 1) matrix, which is

given by
_N(AQJFI)’ i:j:()
0, 1<i=j<N-1
| ) - Al
ij N(A?—l)? l:]: N ( 8)
Ly(x;) i#j

(xi=x;)Ly(x;)

Note that the range of each index of the matrix D is [0, N].
For a general function f(7), f(t;) denotes the value of f(7)
at the collocation point #;. The value of the derivative
function f’(¢) can be calculated by the differential matrix

F/(t) = DI(t). (A19)
where
f(to) f'(to)
. f(t) . f'(t)
=] | r= (A20)
f(ty) f'(ty)

The matrix of the second-order differential operator is
defined as D, = D
Then we can build the discretization scheme of Eq. (A3),

N

Z t;) + a(t;) Z
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with 0 <i < N. For f At, (Z ¥, they satisfy the boundary
conditions (A11)—(A16), which now turn into

f(t) —1=0, (A22)
fty) =0, (A23)
A(to) = pup =0, (A24)
A,(ty) =0, (A25)
d(to) = p12s = 0. (A26)
X(tg) = Emyz), = 0. (A27)

Hence, the discretized equations for f and A, should take
values from i € [I, N — 1], while the discretized equations
for ¢ and 7 take values from i €1, N]. Note that the IR
boundary conditions of ¢ and 7 are natural boundary
conditions which are satisfied implicitly in the equations of
motion after discretized.

Then putting the discretized equations and boundary
conditions together, we have in total 5(N + 1) equations
which can be solved numerically to obtain the values of
F(1:), Ap(1:), Ai(1), @(1;), and j(1;), (0 < i < N). For more
details about the spectral collocation method, one can refer
to [114,115].
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