PHYSICAL REVIEW D 104, 046013 (2021)

Effective holographic models for QCD:
Thermodynamics and viscosity coefficients

Alfonso Ballon-Bayona ,1’* Luis A. H. Mamani ,2’3’T Alex S. Miranda,“‘1E and Vilson T. Zanchin

YInstituto de Fisica, Universidade Federal do Rio de Janeiro,
Caixa Postal 68528, 21941-972 Rio de Janeiro, Rio de Janeiro, Brazil
*Centro de Ciéncias Exatas Naturais e Tecnologicas, Universidade Estadual da Regido Tocantina
do Maranhdo, Rua Godofredo Viana 1300, 65901-480 Imperatriz, MA, Brazil
3Centro de Ciéncias Naturais e Humanas, Universidade Federal do ABC,
Rua Santa Adélia 166, 09210-170 Santo André, Sao Paulo, Brazil
*Laboratério de Astrofisica Tedrica e Observacional, Departamento de Ciéncias Exatas e Tecnoldgicas,
Universidade Estadual de Santa Cruz, 45650-000 Ilhéus, Bahia, Brazil

® (Received 5 April 2021; accepted 28 June 2021; published 9 August 2021)

A finite-temperature extension of the effective holographic models for QCD (EHQCD), proposed in
Ref. [Ballon-Bayona et al., Phys. Rev. D 97, 046001 (2018).], is investigated in the present work. EHQCD
models are characterized by two parameters, the conformal dimension of the relevant operator that deforms
the conformal field theory and the associated coupling. We find that black hole solutions appear at
temperatures higher than some temperature 7',,;, and can be categorized into two classes: large and small
black holes. A large black hole is thermally stable and it is therefore interpreted as the gravity dual of a
nonconformal plasma. A small black hole, on the other hand, is thermally unstable. We show that
thermodynamic quantities such as the entropy density s, specific heat Cy,, and speed of sound c, are sensitive
to the model parameters. We investigate perturbations of the black hole solutions and calculate the viscosity
coefficients of the corresponding dual nonconformal plasma. For the shear viscosity, we confirm that the ratio
n/s is given by the universal result 1/4z. For the bulk viscosity, the ratio {/s varies with the temperature,
displaying a rapid growth close to 7',;;,, and it is sensitive to the model parameters. We compare our results for
the thermodynamic quantities with the lattice SU(N ) results and find that they are compatible as long as the
coupling is fixed appropriately as a function of the conformal dimension. We also compare our results for the
viscosity coefficients against the JETSCAPE Collaboration results that are obtained from the analysis of
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experimental data on heavy ion collisions.

DOI: 10.1103/PhysRevD.104.046013

I. INTRODUCTION

The emergence of the anti-de Sitter/conformal field
theory (AdS/CFT) correspondence [1-3] about two dec-
ades ago opened a new window to investigate the very
specific properties of the quark-gluon plasma (QGP)
produced for the first time at the Relativistic Heavy
Ion Collider [4-7]. Due to its collective (macroscopic)
behavior, this plasma may be described by relativistic
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hydrodynamics. Moreover, the QGP phase lies in the strong
coupling regime of QCD and the perturbative methods of
quantum field theory are not useful. The AdS/CFT corre-
spondence establishes a duality between strongly coupled
conformal field theories in four-dimensional (4D) flat space
and weakly coupled gravitational or string theories in
AdSs x M with M being a compact manifold. The most
notable example of this correspondence is the duality
between N = 4 super-Yang-Mills theory in 4D flat space
and type IIB supergravity in AdSs x S° (see, for instance,
Refs. [8-10] and the references therein).

Motivated by the initial success of the AdS/CFT
correspondence, phenomenological models were proposed
to investigate QCD-like theories. Since QCD is a non-
conformal theory [except in the extreme ultraviolet (UV)
region], a deformed conformal field theory (CFT) in
which the conformal invariance has been broken by a
scalar operator may be considered as a reasonable approxi-
mation for QCD. This kind of approach can be seen as a
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phenomenological bottom-up model for holographic QCD.
To mention a few previous works, Gubser and Nellore [11]
built a holographic QCD model, where the CFT was
deformed by a relevant operator, constrained by the
equation of state of QCD. Viscosity coefficients were later
obtained in Refs. [12,13]. In turn, Gursoy, Kiritsis, and Nitti
[14] built another holographic QCD model, where the CFT
was deformed by a marginal operator. Moreover, the
authors of [14] found the appropriate infrared (IR) behavior
of the gravitational background that lead to confinement
and to a linear spectrum. As a consequence, the model
of [14], known as improved holographic QCD (IHQCD),
lead to a glueball mass spectrum in agreement with the
results of lattice QCD. The unconfined phase in the IHQCD
model was investigated in Ref. [15] and the viscosity
coefficients were obtained in [16].

The holographic QCD models described above have
specific properties that make them unique. Considering the
UV properties of the Gubser-Nellore model [11] and the
confined IR characteristics of the THQCD model built
by Gursoy, Kiritsis, and Nitti [14], a simple holographic
(hybrid) model was recently proposed and explored in
Ref. [17]. The model parameters in [17] are the conformal
dimension A = 4 — ¢ of the relevant operator that deforms
the CFT and the associated dimensionless coupling ¢.
The model leads to a glueball mass spectrum in good
agreement with lattice QCD and it was also realized that
the mass spectrum is not sensitive to the variation of the
conformal anomalous dimension € as long as the coupling
&50 is fixed as a function of ¢ (for details, see Refs. [17,18]).

In relation to the QGP, its transport coefficients (for
example, the viscosity coefficients) must be finite, even if
the plasma approaches a perfect fluid. Thus, the knowledge
of their viscosity coefficients shall provide a better under-
standing of the properties and the evolution of the QGP.
One way to calculate such coefficients is to consider the
low-energy limit of the real-time spectral functions and
then, using Kubo’s formula, obtain the desired viscosity
coefficients. This procedure is followed by some of the
research groups working on lattice SU(N,.) theories (see,
for instance, Refs. [19-21]). However, as it is well known,
transport properties are still a very challenging problem in
lattice SU(N,) theories and there are large uncertainties
[22] (for a discussion on the bulk viscosity, see for instance
Ref. [23]). Using the holographic QCD approach, based
on the AdS/CFT correspondence, one may be able to
extract the viscosity coefficients of the dual plasma. One of
the methods used is turning on a source for the desired
response; for example, considering metric perturbations
of the dual five-dimensional (5D) asymptotically anti—
de Sitter (AdS) black hole. Imposing incoming boundary
conditions at the black hole horizon and Dirichlet boundary
conditions at the AdS boundary one is able to calculate
the corresponding retarded Green’s functions. Then, using

Kubo’s formula it is possible to extract the shear and bulk
viscosities of the dual plasma.

In this paper, we investigate the thermodynamic proper-
ties and viscous coefficients of nonconformal plasma in an
effective holographic QCD (EHQCD) approach, where
the CFT is deformed by a relevant operator dual to a 5D
scalar field (the dilaton). In this approach, the gravity dual
of the nonconformal plasma is given by a 5D asymptoti-
cally AdS black hole arising from Einstein-dilaton gravity
with a specific dilaton profile that matches the conformal
dimension of the 4D operator in the UV and satisfies the
confinement criterion in the IR. An important conse-
quence of the confinement scale, present in the EHQCD
model, will be the emergence of a minimum temperature
T min for the existence of black hole solutions. Moreover,
at fixed temperature 7' > T, there will be two types of
black hole solutions, namely the large and small black
holes. The large (small) black hole will be characterized
by the entropy that increases (decreases) as a function of
the temperature. The large black hole will be thermally
stable and therefore interpreted as the gravity dual of the
nonconformal plasma.

We investigate the thermodynamics and the transport
properties of the nonconformal plasma and find that they
are sensitive to the two relevant parameters of the EHQCD
model, namely the conformal dimension A = 4 — ¢ of the
scalar operator that deforms the CFT and the corresponding
dimensionless coupling ¢.

We obtain the entropy of the nonconformal plasma using
the Bekenstein-Hawking formula for the black hole entropy
whereas the plasma-free energy will be obtained by the use
of the first law of thermodynamics. Expanding the action
up to second-order we are able to extract the viscosity
coefficients. For the shear viscosity, we rewrite the pertur-
bations in terms of gauge-invariant variables describing the
transverse and traceless sector. For the bulk viscosity, we
change our strategy and rewrite the metric and equations
of motion using the dilaton field as an independent variable.
In such a procedure the dilaton field plays the role of
the holographic coordinate, allowing us to simplify the
calculations. For the thermodynamics, we compare our
results with those found in lattice SU(N,.) theories [24].
Interestingly, we find that the thermodynamic quantities
can be fit for any value of the conformal anomalous

dimension € as long as the dimensionless coupling c,?)o is
fixed appropriately as a function of e. This is consistent
with our previous results at zero temperature [17,18], where
fitting the glueball mass spectrum also led to fixing &50 asa
function of e. For the viscous coefficients, we compare our
results with the phenomenological constraints found by the
JETSCAPE Collaboration, from a model-to-data analysis
of heavy ion collision experimental data [25].

The present paper is organized as follows. In Sec. II
we describe the extension of the EHQCD models to finite
temperature and the physical interpretation of the model
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parameters. Section III deals with the thermodynamic
properties of the EHQCD models, where we describe the
two black hole solutions appearing at finite temperature
and discuss their stability. In Sec. IV we investigate the
viscosity coefficients considering the metric perturbations
dual to the stress-energy tensor components associated with
shear and expansion. Section V is devoted to comparing our
results for the thermodynamics with the results found in
lattice SU(N) theories and comparing our results for the
viscous coefficients with the phenomenological constraints
found by the JETSCAPE Collaboration. We present our
conclusions in Sec. VI, and the asymptotic analysis of the
EHQCD models in the Appendix A.

II. EFFECTIVE HOLOGRAPHIC QCD MODELS
AT FINITE TEMPERATURE

In this section, we summarize the general properties of
the EHQCD models and present the ansatz for the black
hole solutions that allows for a description of the non-
conformal plasma at finite temperature. In Secs. III and IV
we will describe the thermodynamic and transport proper-
ties of the nonconformal plasma. For more details on
EHQCD models at zero temperature, see the discussion
presented in Refs. [17,18].

EHQCD models arise as asymptotically AdS solutions in
5D Einstein-dilaton gravitational theory. These 5D back-
grounds are the gravity duals of 4D deformations of a CFT
by a relevant scalar operator [11]. The Lagrangian of the
deformed CFT is given by

L = Lcpr + ¢o0, (1)

where ¢ is the source, and O is the scalar operator dual to
the dilaton field. The physical motivation behind this
approach is the possibility of interpreting the Lagrangian
(1) in terms of the Yang-Mills Lagrangian in the limit of a
large number of colors, N.. The profile of the 5D dilaton
field is constrained in the UV (close to the AdS boundary)
and in the IR (far from the AdS boundary). The UV
asymptotics are fixed by the relation m?> = A(A —4)
between the 5D dilaton mass and the conformal dimension
of the 4D scalar operator. For the IR asymptotics, we follow
[14] where it was found a dilaton field that, far from the
boundary, grows quadratically in the radial direction and
leads to an asymptotically linear spectrum for the scalar
and the tensor glueballs. Moreover, the authors of Ref. [14]
showed that such a quadratic behavior also guarantees
the key requirement for color confinement, namely that
the warp factor in the string frame presents a global
minimum [26].

The starting point in building holographic models for
QCD is the five-dimensional action for Einstein-dilaton
theory,

S = 6/ dx\/=g [R - ;lamd>amq> + V(D)
= 6/ dx\/=g(R + Loy), (2)

where @ is the scalar (dilaton) field, V(®) is the associated
potential, and ¢ = M3 N? is the effective 5D gravitational
coupling. M, is the effective Planck mass and N, is a finite
constant parameter associated with the number of colors in
the four-dimensional dual field theory. The Einstein-dilaton
equations of motion obtained from this action are

1
=T
Gmn 26 mn» (3)
41 1dv
A —gg"9,®) + = — =0, 4
3\/:§8m(\/ 99" 0n®) + 5 - (4)

where G,,, stands for the Einstein tensor and 7,,, is the
energy-momentum tensor defined by

Pom _ gamd)@,,(b + gmLlo |, (5)

with Sy, = 6 [ d°xLg being the matter action due to the
scalar field.

Let us notice that Egs. (3) and (4) are expressed in
general forms and then they apply to any spacetime
geometry. However, in order to investigate holographic
QCD models at finite temperature we consider the follow-
ing black hole metric:

ds* = ﬁ <—f(z)dt2 +

RS
f(z)

where f(z) is the horizon function (or blackening function),
and ¢ (z) is a global (inverse) scale factor for the 5D metric
related to the warp factor through the relation ¢, = e,
with A| being the warp factor [27]. The black hole solution is
characterized by the presence of an event horizon, z;,, where
the horizon function vanishes. With this, the holographic
coordinate z is restricted to the interval 0 <z <z, A
confining thermal solution can also be investigated by setting
f(z) to 1 for 0 < z < oo. This is the trivial extension of the
zero-temperature solution dual to a confining vacuum. To
describe the physics of a dual nonconformal plasma, in this
work we focus on a black hole solution corresponding to a
nontrivial f(z) that interpolates between f(0) =1 at the
AdS boundary and f(z;,) = 0 at the event horizon.

After plugging (6) into (3), the equations of motion can
be written in the form

dz? + dx,-dxi>, (6)

(T f) =0,
(7)

4
G —5®0 =0, CPV=((Er) ) =0,
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where the prime indicates the total derivative with respect
to z. The coupled equations (7) may be solved by following
different approaches. The traditional method is to build a
dilaton potential that interpolates between the UV and the
IR regime and then solve the equations for the fields ®, {|,
and f. This is the strategy considered in the pioneer works
of [11,14]. As described in our previous work [17], an
alternative strategy for solving Eq. (7) is to presuppose that
we know either the dilaton field ® (model A) or the scale
factor {; (model B). One can build simple interpolations in
any of those scenarios that satisfy the UV and IR con-
straints. The potential is then reconstructed by the use of the
second equation in (7). Any of those two scenarios are
usually known as the potential reconstruction method and
have been successfully used in previous works (see for
instance Refs. [28-31]).

In the models of type A, where the dilaton profile is
known, the (inverse) scale factor ¢, is calculated by solving
numerically the first equation in (7). Then, solving the last
equation in (7), we get an expression for the function f(z)
in terms of the warp factor. The two integration constants
arising in the blackening function are fixed by considering
two boundary conditions. Namely, a condition imposed at
the AdS boundary, where f(0) = 1, while the other one is
given by the regularity condition at the horizon, where
f(z;,) = 0. Thus, the blackening function results in

fx)=1-¢, A dz(3), (8)

where the constant C,, which guarantees the regularity
condition f(z,) = 0, is given by

1

o —
")

©)

The (inverse) scale factor {; is a non-negative monotonic
function of z and hence the constant C; is non-negative.
This in turn gives rise to a monotonically decreasing
function f(z) that goes from f(0) = 1 at the AdS boundary
to f(z;,) = 0 at the horizon.

In this work, we describe the finite-temperature exten-
sion of the EHQCD model of [17]. We restrict ourselves to
the model of type A1, where the dilaton profile is given by

. (AZ)4—€

D(z2) = po(Az)* + T+ (A (10)

As described in [17], in the zero-temperature case the
EHQCD background obtained from the dilaton profile (10)
gives rise to a glueball spectrum in agreement with lattice
QCD results [32] and the results from improved holo-
graphic QCD models [14]. As stressed in [17], the glueball
spectrum does not change significantly when we consider
the conformal anomalous dimension, ¢, in the interval

€ € [1072,107"]. One of the aims of this paper is to
investigate if the relevant thermodynamic variables are
sensitive to the variation of the conformal anomalous
dimension. The parameters &50 and A are related to the
source ¢, and vacuum expectation value G by

o =PoAS,  G=A*Yc,  C=A2 (1)
The parameter C = A? appears as a coefficient in the large
z behavior ®(z) = Cz? and it is related to color confine-
ment. The parameter A, with conformal dimension 1, plays
a role similar to Agcep and fixes the units of the EHQCD
model. The parameter f.%o is the dimensionless version of
the source (coupling) ¢y.

Thus, the relevant parameters of the model are (;50, €,
and A. Note that the parameter A controls the breaking
of conformal symmetry; in the limit A — O the dilaton field
vanishes, and conformal symmetry is restored. In this
paper, we will work most of the time with dimensionless
quantities so there will be no need of fixing A. In other
words, we work in units where A = 1.

It is worth mentioning that, although the parameters ¢
and q?ﬁo are in general independent, as shown in [17], at zero
temperature the glueball spectrum is a physical constraint
to fit (}5 as a function of e. A similar scenario occurs in
the finite-temperature extension considered in this work,
where initially we take € and g;ﬁo as independent parameters
and will find that the thermodynamic properties become a
physical constraint that fixes ¢ as a function of e. Finally,
it is also worth pointing out that in the limit 4?’0 -0 a
massless mode arises in the scalar sector [33].

III. THERMODYNAMICS OF THE
NONCONFORMAL PLASMA

In this section we investigate the thermodynamic proper-
ties of the black hole solutions arising in our EHQCD
model, which will be interpreted in terms of the 4D
nonconformal plasma.

A. Temperature and entropy

After finding the blackening function (8), it is possible to
obtain the Hawking temperature of the black hole using the
well-known relation

) Gz
r=- dr 417'[ ' (12)

According to the AdS/CFT correspondence, the black hole
temperature obtained from the gravitational solution should
be equal to the temperature of the dual quantum field
theory. In general, the temperature is determined numeri-
cally after setting the model parameters. In Appendix A we
write the asymptotic behavior of the temperature for small
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z;, (close to the boundary), see Eq. (AS5), and for large z,,
(far from the boundary), see Eq. (A19). From the asymp-
totic behavior, we conclude that the temperature is non-
monotonic and hence must have a minimum in the
intermediate region T = T';, at z;, = z;.. In the following,
we consider the case where the critical temperature for
deconfinement in the nonconformal plasma is 7. = T -
We shall see below that there are two black hole solutions
for each temperature 7 > T, although, as we will show
later, one of them is unstable.

In order to investigate the effects of finite temperature
in the dual field theory, we need to calculate some of the
thermodynamic variables, such as entropy, free energy, and
specific heat. In this paper, we follow a method commonly
used in the literature (see, for instance, [12,15], or for an
earlier study see [34]) in which the entropy density of the
5D black hole, obtained from the Bekenstein-Hawking area
formula, is identified with the entropy density of the dual
field theory. From the knowledge of the entropy density
and the use of the first law of thermodynamics, one then
obtains the free energy density which, in turn, allows us to
calculate the other thermodynamic quantities.

To obtain the entropy density, we consider the transverse
components of the metric (6) and calculate the event-
horizon area through

1 \%
A= Bx=——,
c%<zh>/ NREIED)

where V5 represents the volume of the transverse Euclidean
space. We may now calculate the entropy, using the
Bekenstein-Hawking formula,

(13)

A Vs

S ==,
4Gs  4GsC3(zp)

(14)

where G5 is the 5D Newton constant, which is given in
terms of the model parameters by G5 = 1/(16z0). Finally,
by substituting (12) into (14) we find the thermodynamic
relation for the entropy density s = S/ V53,

4ro N2 C,
=m0 _ Ne Th 15
T 0@ 42T (15)

where the relation M3 = 1/(45z%) has been used in the
last equality [15].

B. The free energy and the trace anomaly

So far we have obtained the temperature and entropy
density. Now we use the first law of thermodynamics [35],
dF = —sdT, (16)

in order to calculate the Helmholtz free energy density F.
We may integrate this equation to calculate the free energy

density of the black hole. Note that the entropy density
and temperature are explicit functions of z; and therefore
we may rewrite the integration of (16) by using z; as the
independent variable,

F : dT (3
[far=-[" s<zh>( (fh))dzh,
F, g dzy

where z;, is an arbitrary initial value for the horizon radius
corresponding to the free energy F,.

One might consider the prescription where the free
energy density F, is set to zero in the limit z;, — oo, as
done in Ref. [15]. Since in this limit the horizon function
f(z) tends to unity, such a prescription is equivalent to
setting the free energy density of the (confining) thermal
solution to zero. In this work, however, we consider an
alternative scheme where we integrate from a finite value
of z;, namely, from z, =z, , so that the integral repre-
sentation of the free energy becomes

N Zho dT(?h) -
F= /Zh S<Zh)( th )dzh'

c

(17)

(18)

Furthermore, we set the free energy at the critical temper-
ature T(z;, ) = T, to zero. This assumption guarantees that
the free energy of the physical black hole solution, namely
the large black hole with z;, < z;,, satisfies the physical
constraint ' < 0. This constraint results because in that
regime the entropy density and the temperature are mono-
tonically decreasing functions of z;,. Interestingly, the free
energy density of the small black hole solution, corre-
sponding to the regime z, > z; , will also satisfy the
constraint F < 0 because an inversion of the monotonic
behavior of the temperature will compensate the inversion
of integration limits. In particular, the free energy density of
the small black hole solution will not vanish in the limit
75, — oo, where the small black hole solutions reduce to the
confining thermal solutions [36].

After integrating by parts, we can rewrite (18) in the form

F+sT= /Z :" T(z4) <ds(z")) dz,.

dzy (19)

Note that the lhs is precisely the definition of the energy
density, which is given by
p=F+sT. (20)

Therefore, the energy density may be calculated directly
from the formula

p= /ZZh T(zy) <d;(ih)>dzh-

he

(21)
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We will be interested in investigating finite temperature
effects on the trace anomaly of the energy-momentum
tensor which is given by (T%) = p — 3 p, where the pressure
is p = —F. The trace anomaly can be written in the
integral form

2 d (s ..
(Tu) = A T4d—zh(ﬁ>dzh. (22)

In arriving at this equation we have considered the differ-
ence (T%)(z;,) — (T})(z}) and used the property that the
trace anomaly vanishes in the limit z; — 0, assuring that
conformal symmetry is restored.

The behavior of the trace anomaly at zero temperature
was investigated in Ref. [17]. In the next subsection, we are
going to investigate the effects of the temperature on such
an important quantity. It is worth mentioning that even
though in some asymptotic regimes the analytic solutions
can be obtained, as described in Appendix A, in the
following analysis the thermodynamic variables shall be
determined numerically,

C. Numerical results

Let us turn the attention to our numerical results for the
thermodynamic variables. We will describe the thermody-
namic variables and coordinates in units where A = 1. For
different choices of A, for example, the values considered
in [17], the thermodynamic variables and coordinates must
be properly rescaled. For example, the temperature 7 in
units where A = 1 is actually the dimensionless ratio 7/A
for a different choice of A.

In the following analysis, we consider the parameters e
and éﬁo as independent of each other. One way of describing
the evolution of the thermodynamics quantities with the
model parameters is fixing one of the parameters and
varying the other. Consider, for example, setting the
conformal anomalous dimension to ¢ = 0.07 (the value
used in Ref. [12]) and varying the dimensionless coupling
¢, in the region 0 < ¢ < 6.

0.34F T T T T T =

0.331

0.321
Sl

[
0.31

0.301

0.29t . . . . . I

The minimum temperature for the existence of black
hole solutions, T, is obtained by solving the equation
0., T =0. On the left panel of Fig. 1, we show that T

monotonically increases with (}50. A plot of the temperature
as a function of z;, both in units where A = 1, for the few
particular values ¢, = {0,1,2} is displayed in the right
panel of Fig. 1. The two branches, one of them corre-
sponding to the large black hole regime (solid lines), and
the other corresponding to the small black hole regime
(dashed lines) are clearly seen. The inset figure displays a
zoom of the region where the temperature reaches a
minimum. We conclude that the results are sensitive to
the value of cf)o, namely the critical temperature T
increases with the increasing of (350.

The numerical results for the dimensionless entropy
s/(N2T3) as a function of the dimensionless temperature
T/T. are displayed in Fig. 2. We observe that the
dimensionless entropy is even more sensitive to the value
of the parameter (}50, it decreases with the increasing of (}50.
As before, continuous lines represent the large black hole
regime, while dashed lines correspond to the small black
hole regime. Note that the case &50 =0 reaches the
conformal limit, indicated by the dashed thin horizontal
line, faster than the other cases.

So far, we have two black hole regimes. In order to
discover which regime is physically relevant, we must
investigate the thermodynamic stability of the correspond-
ing solutions. A standard method for investigating the
stability of a thermodynamic system is to calculate the
corresponding specific heat, defined by the relation

Cy = T(S—;> ; (23)

Stable systems are characterized by a positive Cy. On the
left panel of Fig. 3 we display the results of the dimension-
less specific heat, Cy/(N2T?), as a function of the
dimensionless temperature 7/T . for different values of &50.
Solid lines represent the large black hole solutions, for

3.5q

3.0

25

2.0

1.5¢
1.0

0.5F

0.0 . . .
0 2 4 6 8

FIG. 1. Left: The critical temperature T, in units where A = 1, as a function of ¢, for € = 0.07. Right: The temperature T as a
function of z,, both in units where A = 1, for three different values of ¢, and ¢ = 0.07.
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0.5 1.0 1.5 2.0 25 3.0
T,

FIG. 2. The dimensionless ratio s/(N2T3) for the entropy
density as a function of the normalized temperature 7/T, for
three different values of g?)o and ¢ = 0.07. Solid (dashed) lines
indicate the large (small) black hole regime. The thin dashed
(horizontal) line represents the value s/(N2T3) = 472 /45.

which the specific heat is always positive (stable regime)
whereas dashed lines represent the small black hole
solutions, for which the specific heat is always negative
(unstable regime). The figure also shows the dependence
of the specific heat on the parameter &50. For the large
(small) black hole, increasing the value of (}50 leads to a
decrease (increase) of the value of Cy,/(N2T?) for a fixed
temperature.

Another relevant thermodynamic variable is the speed of
sound, which may be calculated using the formula

2 _8lnT
S Olns

(24)

Our numerical results for ¢2 as a function of the temper-
ature are displayed on the right panel of Fig. 3 for different
values of ¢y, as indicated, and e = 0.07. Interestingly,
in the region of unstable black holes (dashed lines), c?
becomes negative, meaning that the speed of sound
becomes imaginary. This is related to the fact that the
specific heat is always negative in this region. To be more

4 T T T T
3»
&
~
v
3 .
1+ $o=0 31 -1 A
0~ $o=2
0»
. il L L
0.5 1.0 1.5 2.0 2.5 3.0
TIT,

specific we may rewrite the speed of sound in a
convenient form,

2 S

5= c (25)
Since the entropy density is always positive, cf. Fig. 2, a
negative value of C gives rise to a negative value for c2,
hence the results found for the small black holes on the left
and right panel of Fig. 3 (dashed lines) are consistent. We
then conclude that the instability of the small black hole is
characterized by a negative specific heat and a purely
imaginary speed of sound. Our numerical results also show
that at T =T, ¢ crosses the horizontal axis (¢ = 0)
whereas Cy diverges. This is consistent with our for-
mula (25). Note that close to T = T, ¢2 increases rapidly
with T and far from T, it varies slowly. Last but not least,
we conclude that the speed of sound is also sensitive to the
variation of (}50. For the large (small) black hole solution ¢?
decreases (increases) for increasing (250. Note also that ¢?
converges to 1/3 for the (physical) large black holes in the
limit of very high temperatures, which is consistent with the
restoration of conformal symmetry.

Using our formula (18) for the free energy density, we
can evaluate the pressure, P = —F. Our numerical results
for the dimensionless pressure 3p/(N2T*) as a function of
the dimensionless temperature 7 /T . are displayed in Fig. 4
for ¢ =0.07 and different values of ¢,. Note that the
sensitivity to the parameter ¢, depends on the region of
interest. In the branch describing small black holes (dashed
lines), the pressure is less sensitive to (250 far from the
critical temperature 7,.. Meanwhile, in the branch of large
black holes (solid lines), the pressure is more sensitive to (250
for temperatures much higher than 7.

Our numerical results for the energy density p as a
function of the temperature are displayed on the left panel
of Fig. 5, where we plot the quantity p/(N2T*) for e = 0.07
and different values of q?)o. As the figure shows, the energy

TIT,

FIG.3. Left: The specific heat Cy/(N2T?) as a function of T/ T for three different values of &50, as indicated, and € = 0.07. Right: The
speed of sound ¢? as a function of T /T, for three different values of (7)0, as indicated, and ¢ = 0.07. Solid (dashed) lines represent the
large (small) black holes regime. The thin dashed horizontal line in the right panel represents the value ¢ = 1/3.
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0.7

TIT,

FIG. 4. The dimensionless pressure 3p/(N2T*) as a function of
the dimensionless temperature 7/T . for three different values of
&0, as indicated, and e = 0.07. Solid (dashed) lines represent the
large (small) black holes regime. The thin dashed horizontal line
represents the value 3p/(N2T3) = 372 /45.

density is also sensitive to (}50, it decreases with the
increasing of q?ﬁo for the large and small black hole regimes
(solid and dashed lines respectively). We also observe that
the energy density increases rapidly with 7T close to the
critical temperature 7. and varies slowly in the regime
of high temperatures. The right panel of Fig. 5 displays
our results for the dimensionless trace anomaly,
(p—3p)/(N2T*), as a function of the dimensionless
temperature 7/T, for ¢ = 0.07 and different values of
&50. We can see that the trace anomaly decreases with the
increasing of ¢,. Note that for the large black hole regime
(solid lines) the trace anomaly has a peak close to the
critical temperature, then, it decreases and goes to zero in
the limit of very high temperatures recovering conformal
symmetry. For the small black hole regime (dashed lines)
the trace anomaly becomes negative as T increases and
goes to zero in the high-temperature (conformal) limit.
The main conclusion of the above analysis is as follows.
When the conformal anomalous dimension ¢ is fixed, all
the thermodynamic variables describing the nonconformal
plasma in EHQCD are sensitive to the variation of the

0.8

2.0 25 3.0
TIT,

dimensionless coupling ¢o. We did a similar analysis for
the case where we fix g?)o and found that the thermodynamic
variables are sensitive to the variation of e.

Other important lessons that can be learned from the
analysis presented in this section are the following.
Holographic QCD models that describe CFT deformations
consistent with confinement at zero temperature lead to
the formation of nonconformal plasmas only above a
certain temperature 7'.. In other words, there is a minimum
temperature for gluon deconfinement due to the CFT
deformation. Moreover, above T, the black hole solution
splits into two branches: a large stable black hole charac-
terized by a positive specific heat and a real speed of sound
and a small black hole characterized by a negative specific
heat and an imaginary speed of sound. In our bottom-up
framework, CFT deformations have been described by an
effective 5D Einstein-dilaton theory. Interestingly, qualita-
tively similar results can be obtained considering a top-
down approach, e.g., [37,38]

IV. VISCOSITY COEFFICIENTS OF THE
NONCONFORMAL PLASMA

There are at least three methods for calculating transport
coefficients of a fluid arising from a strongly coupled
theory within the framework of holography. One of them is
through the hydrodynamic limit of the black hole quasi-
normal modes, where one calculates the dispersion rela-
tions of field perturbations on the gravitational side of the
duality [9,39]. These relations are then compared to the
ones obtained from the linearized hydrodynamic modes.
In general, the dispersion relations arising from the rela-
tivistic hydrodynamics are constructed by using the gra-
dient expansion method (see, for instance, Refs. [40-43]).
Notice that in order to calculate the viscosity coefficients
we need to consider first-order hydrodynamics.

A second method consists of the direct evaluation of the
retarded Green’s functions for the components of the stress-
energy tensor associated with the transport coefficients.
Using the AdS/CFT correspondence, one identifies the

0.5 1.0 1.5 2.0 25 3.0
TIT,

FIG. 5. Left: The energy density p/(N2T*) as a function of T/T. for three different values of ¢y, as indicated, and ¢ = 0, 07.

Right: The trace anomaly (p — 3p)/(N2T*) (right panel) as a function of T/T, for three different values of ¢, as indicated, and
€ =0, 07. Solid (dashed) lines represent the large (small) black holes regime.
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dual 5D gravitational perturbations. Then, the action is
expanded up to second-order in the perturbations to read off
the retarded Green’s function. Finally, Kubo’s formula is
used to calculate the desired transport coefficients. This is
the approach used in the seminal work for the shear
viscosity [44] and for the bulk viscosity [13].

A third method is based on the fluid/gravity correspon-
dence [45], where the full stress-energy tensor can be
obtained from the 5D metric by solving the full nonlinear
Einstein equations via a gradient expansion. In this paper,
we will follow the second method described above to
calculate the shear and bulk viscosities of the nonconformal
plasma arising in our EHQCD model.

A. Shear viscosity

In the case of the shear viscosity (1), considering the
direction of propagation k¥ = (®,0,0,q), the relevant
retarded Green’s function is given by

Grlw.q) = —i / At xe =197 0(1) ([T o o (1, %),

T,.2(0,0)]), (26)

where T',1,2 is one of the energy-momentum tensor com-
ponents and w (g) is the frequency (wave number) of the
perturbation. From the holographic dictionary, we know
that the source of the shear viscosity is related to the metric
perturbation /,1,2, which couples to the component 7,12 of
the energy-momentum tensor, relevant for calculating 7.
In the following, we develop a general procedure to
calculate the shear viscosity in the holographic model we
are working with. Let us start with a general ansatz for the
black hole metric in holographic QCD, which we write as

ds> = i(—fdt2 + dx;dx") + d—2 (27)
& &of

where f, {;, and {, are functions of z only. We use this
ansatz for the metric in order to compare with previous
results in the literature and check the consistency of our
procedure and results. The corresponding background
equations are

€1C2 /2 // 4 n
—2L g2l g2 ),
ao ety o
35’{+3C’(§—5§1 g§)+%:0,
o4 Cz
L4l =0. 28
f ¢ Cz (28)

As expected, these relations reduce to (7) for {; = 5.
In order to calculate the shear viscosity, the next step is to
consider a perturbation on the background black hole

metric, g,,, = Gmn + My To calculate the shear viscosity
we need to consider the component 4, only, and this
perturbation decouples naturally from the others. The
relevant equation governing this sector is obtained from

o _ oo
lexz - _Txlxzv (29)
where GSZ@ and Tfjlz are first-order contributions to the
Einstein and energy-momentum tensor expansions in /1,2
Since x? is the direction of propagation of fluctuations

in the transverse space, the differential equation for
hae(t,x3, ) may be written as

f/ C 2](‘/(:/ C/Z >
O?hy +2210.h, 2 q>’2h1_
”+<f c) “*(ﬂ:l g +o®" s

S(fPh e =) =0, (30)

fZCQ

However, this equation is not gauge invariant. As discussed
in Refs. [9,39] we may write it in terms of a gauge-invariant
master field, the so-called Kovtun-Starinets master varia-

ble, defined by Z; = e h,i 2. In doing so, we obtain
CZ
G

! f//

2 -
f f/ (fax3 ZT

(31)

622T+( >8ZT+

Considering the Fourier transform

dqda) —iwt+igx’
ZT(t,x3,z)=/(2”)2e e Zr(w,q9,2),  (32)

the fundamental equation becomes

210 - (%)) 20+ f—é (@~ )2s(2) = 0.

(33)

At this point, it is interesting to observe that considering &,
and {, appropriately, Eq. (33) reduces to the previous
results presented in the literature. For example, in the
conformal case, the dilaton field is zero and one may
compare this equation with Eq. (6.6) of Ref. [9]. It is also
interesting that Eq. (33) takes the same form as Eq. (2.11)
of Ref. [13], setting ¢ = 0. Finally, following the procedure
implemented in Ref. [46], we may write this equation in
terms of the Regge-Wheeler-Zerilli master variable [47].

To find the retarded Green’s function (26) we now
expand the action up to second-order in the fluctuation,
h,1 2. Then, we write the resulting on-shell action in terms
of the gauge-invariant field Z; in the form
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SO — o / BrLO), (34)

where the Lagrangian is given by

LO =L@ 1 9,L+ 9L +0.L5  (35)
with
A 1 1 ¢
LP = ——(0,Z7) — —5—(0:Zy)} =227} 2,
it O gy O
-2
Y= fag 0
¥ _ 2
ﬁ Czé' ZTa ?ZT,
L7 = 2? fz 2.z, -1 iff LZ2. (36)
1

As discussed in Ref. [13], it is possible to include the
contribution of the Gibbons-Hawking-York surface term to

the Lagrangian £ by adding a nontrivial scalar function
G(z), such that we rule out contributions of the form Z2
and Z7Z;. In turn, as G(z) is an arbitrary (unknown)
function, this will generate an ambiguity. However, the
profile of G(z) may be fixed by phenomenology, elimi-
nating the aforementioned ambiguity. Then, adding the
contribution of this function to the Lagrangian we get

N 1 1 [
LY = ——(9,Z¢)? OpZr)? 2277
2f¢%cz( =2 2&3( ) 23"
1
+5 0.(GZ%). (37)
Nevertheless, the additional term of the “improved”

Lagrangian will not contribute to the imaginary part of
Green’s function. As we shall see, the shear viscosity
coefficient depends on the imaginary part of Green’s
function; then, the explicit form of G(z) does not matter
for our calculation.

The next step forward is to promote Z; to a complex
function, and this is because, in general, an arbitrary solution
of Eq. (33) might be complex, depending on the boundary
conditions of the problem. Thus, we rewrite the Lagrangian
using the master variable and its complex conjugate,

5 w’ fC
ﬁ 2 _ Z 2 _ 2 Z 2 + G Z 2
+ G(sz*T/ + Z’}Z’T). (38)

The form of this Lagrangian provides the same equation of
motion (33). It is also possible to rewrite the last Lagrangian
in a form where the presence of a surface term is evident,

A(2) A(2)
F(2) (OLc _ dILc
=0.J+7Z: = -~ ——=C ), 3
Lol =00+ T(az; dz 073 (39)
where
J J; 4;2 7570 + GZiZr. (40)

At the boundary, J must be related to the retarded Green’s
function. To calculate the imaginary part of the Green’s
function (26) we need to define the number flux of gravitons,
JF, which is related to the imaginary part of J through

1 /&

= —I =
F mJ = % C4

(232 — Z1Z3)). (41)

As described in [13], the quantity F represents the number
flux of gravitons in the radial direction and it is the conserved
charge associated with the U(1) symmetry of (38). We shall
use this expression in the last part of this section.

Let us now focus on the case we are dealing with, where
{1 = &,. To calculate the shear viscosity we follow the
procedure implemented in Ref. [13]. First, we solve
Eq. (33) in the limit of zero frequency and wave number,
ie., (w,q) - 0, where the resulting differential equation
has an exact solution, given by

Zr=C,+C,Inf. (42)

Here C; and C, are integration constants, and in the limit
o — 0 we must set C; =0 in order to guarantee the
regularity condition at the horizon, where f(z;,) = 0.
Without loss of generality, we also impose the Dirichlet
boundary condition Z; =1 at the boundary, so that
C, = 1. Now consider the case of small @ (with g = 0)
where we solve Eq. (33) perturbatively, considering @ as
the expansion parameter. In that case, the solution takes
the same form as Eq. (42), where C| (@) depends on the
frequency. Then, expanding this solution close to the
horizon we obtain the approximate solution,

Zr~Cy+ Ciln(z, — 2). (43)

The next stage is to solve the differential equation (33)
close to the horizon, for arbitrary @ and ¢. To do so, we use
the ansatz Z; = f”, where f takes the values

iow iw

h=rey = 7@y

(44)

where f'(z,) = —4xT with T being the black hole temper-
ature. We choose the solution associated with f; because
it represents waves falling into the black hole. This
condition is also related to the retarded Green’s function.
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Then, considering the first subleading term close to the
horizon, Z; is given by

oo i(@*f (@) +20°f"(zn))
ko Sy e
(45)
or, expanding f(z) around z = z,,
) Ll A + 207 ()
i B ey
(=) oo (46)

where F, and A_ are constants. Considering ¢ = 0 and
expanding the leading term around w = 0, we get

(47)

This approximate solution must be equal to Eq. (43). Thus,

we identify the corresponding coefficients:
iwA_
4nT

.A_ - C2 - 1, Cl == (48)
Note that C; vanishes in the limit @ — 0, as expected.
Having found the asymptotic solution for Z; near the
horizon in (46) we can evaluate the (conserved) graviton
number flux F in the limit z — z;,. Plugging the result (46)
for Z; into the number flux formula (41) we get (setting
q=0)
1)
F =" (49)
& (zn)

The imaginary part of the retarded Green’s function takes
the form

F 0]

ImG (a)’q:()):— = — .
R 162G 167Gs3(z,)

(50)

Finally, we extract the shear viscosity using Kubo’s
formula:

1 1
n = —lim —ImGg(w,q = 0) =
®

- (51
®=0 162G (z)

Just like the entropy density, the shear viscosity coefficient
n depends on the (inverse) scale factor evaluated at the
horizon. In Fig. 6 we display our numerical results for the
shear viscosity, normalized as 7/(N2T?), as a function of
the dimensionless temperature 7 /T . for different values of
the dimensionless coupling (}50, for a fixed value ¢ = 0.07
of the conformal anomalous dimension. We observe that
close to the critical temperature the shear viscosity
increases rapidly with the temperature whereas far from

0.08

0.06}
-
~
3 004 \
\% A

0.02} bo=2

0.00 s

05 1.0 15 2.0 25 3.0

TIT,

FIG. 6. The normalized shear coefficient 1/(N2T?) as a

function of T /T, for different values of ¢, and e = 0.07. Solid
(dashed) lines indicate the large (small) black hole regime.

the critical temperature it varies slowly. We conclude that
the shear viscosity is also sensitive to the value of &50,
for fixed e.

It is worth pointing out that the ratio /s does not change
under the variation of (}0 or e. This can be shown by
plugging (14) in (51); thus, we get the famous result

T_ — (52)

This ratio is expected to change when higher curvature
terms are added in the five-dimensional action, see for
instance [48]. We would like to remark that, in contrast with
Ref. [13], we did not need to redefine our radial coordinate
z in terms of the dilaton field ®. This is true whenever we
express the perturbation in terms of a gauge-invariant
master field. In conclusion, the master field Z;(z) is
equivalent to the field H,(®) used in Ref. [13].

B. Bulk viscosity

Following the conventions of Ref. [13], the retarded
Green’s function related to the bulk viscosity is given by

Gr(w.q)
=—i / dzd3xeiwf-iqx39(z)<BT;I(z,ﬁ),%T’,g(O, 0)]>,
(53)

where T! is the trace of the spatial part of the energy-
momentum tensor. The holographic dictionary then indi-
cates that the source of the bulk viscosity is related to the
trace of the metric perturbations.

The bulk viscosity has been investigated previously in
holography (see, for instance, Refs. [13,16,49-58]). This
transport coefficient is associated with the expansion scalar
term J,u* of the fluid stress-energy tensor and associated
with conformal symmetry breaking. Here we follow the
procedure implemented in Ref. [13] adapted to our case.
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The gauge where the dilaton field becomes the holographic
coordinate simplifies dramatically the problem of calculat-
ing this transport coefficient. Such a choice is possible
whenever the dilaton is a monotonic increasing function.
Thus, within this gauge the metric (27) becomes

1  d®?
(=fdf* + dx;dx") + ——

2 2
i 2

ds? = (54)

It is worth pointing out that the metric (54) reduces to (6)
considering ¢, = ®'(z){;. In this gauge, we do not need
to care about the perturbation of the scalar field, which
naturally shall be coupled to the trace of the metric
perturbations. We restrict ourselves to the zero spatial
momentum case (g = 0); thus, the perturbed metric
depends on the time and dilaton field only, and the metric
components are given in explicit form by

9mn = diag(gtt’ Gxlxts Gxlxls Gxlxls gd)CD)’ (55)
where
A
I = _Ci% <1 +§HOO(Z’®))’
1 A
Gyixt = C_% (1 +§H1](l, (I))),
1 A
Joo = a7 1 +5H55(f7 D) ). (56)

Here 5, {1, and f are functions of the dilaton field, whereas
A (A< 1) is a small parameter introduced to control the
expansion. In turn, the background equations are:

9o¢1 098s _ (0081)* | 95 _f

:0,
L& & g o
(00l1 )2 4> (00f)@ol))  V
12 ~2) 3%l %es) T,
/ < a 3 o &
Bf el Ools
— - =0. 57
Wf 0 TG (57)

Plugging (56) into the Einstein equations (3), and then
performing a Fourier transform, we get the corresponding
perturbation equations:

8q> lnf

1
0=- -
205108, "' 9gInd,

OpH,y| + Hss,  (58a)

Og In f)? 204 In
0= <(26 lnfc)l ~20a10f 455 @f)z
+w25?> Ho 4 <1_4
f30mgy)) 9(0g Ing;)?
Og In f

- m) OpH 11 — OpH . (58b)
0= (901 f)(Bgng,) — 0ol f 1\
= o In f)(Je Ing, 99 In ¢ fzé'g 11
+ L—k@ In 4 OpH iy — 0%H ;. (58¢)
99gmnc, 9ot |zp) )Pethn ~ Jatn-

As can be seen from the equations, once we solve the
differential equation (58c) we may automatically calculate
Hyy and Hss. Using the background differential equa-
tions (57) we may rewrite Eq. (58c) in the reduced form

O%H1 — 0 In[(0g In f)(9g In¢y)*|0eH
0?2

* Pz

+ (0 In f)(0g In[0p In{]) [Hyy = 0. (59)

To obtain the bulk viscosity we need to calculate the
retarded Green’s function related to these metric perturba-
tions. Thus, analogously to what has been done with the
shear viscosity, we substitute the metric (56) in the action
(2) and then expand up to second-order in 4. The resulting
on-shell action may be written as

S? =¢ / dxL?, (60)

The Lagrangian is given by
LO = 2O 49,0 + 9,L%, (61)
where

A I P SR I
Lo = 3 0,H™M"9,H + 5 doH M®® 0 H + EHTMH

1 e o=
+3 OpH M®H. (62)

To get this Lagrangian we have used the equality
OoH M®H = H" (M®)794H. The matrices are given by
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Hyo ; 0 00 ; 0 % 0
Ifl Hll ’ M" = _€2C f 1 % ) M(D(D = ffz % 1 01,
2
His ! 010 "\o o o
0 % 0
M =220, 1n¢,) (901 4(1 =90 4 1 0
3€4[(¢n4’1)(¢nf)—|— (1=9(0eIng)?)]| 3 )
0 0 —%
0 _%(2(?7@1;]; ) 1) %
3/¢2(9aIn ) c
o __ Jg In
M ¢t : ! ~3 ety —3) | (63)
0 0 0
whereas £® and £’ can be written as
_3f¢ /¢ 3f¢ 3f¢
L = 24142 Oo(HooH 1) + 25 Hs50pHoo — 3] 21"11184)15’11 + 2§]2H553¢H11
C f 36 f Gf
424 (OpInf =80 In{)HssHg + 45 (OpInf —80pIn{)HssHyy — act (OpInf =80 In{)HssHss,
1 1
L= g o.H (HH)LHﬁH 1H8H
NE ZfCZCz B ST VTS TR
In this case, G is a symmetric matrix whose elements F— _ImJ — i [ g7 (M99 4B 171)
may depend on the dilaton. Such a function has the same n ) @
role as the one introduced in Eq. (38). Thus, it will not _ (a(DfI*T(MCDCD)*T +fI*TB*T)fI]. (68)

contribute to the imaginary part of the retarded Green’s
function (53). In analogy to what was done in the previous
section, we write down the improved Lagrangian,

A

LY = 0,H ™M 0o H + H''KH + 0o H BH

+ H' "B 94H, (64)
where we have promoted the functions to complex ones and
also defined

K = o’M" + M + 094G, B=M®+G. (65)
The next step is to rewrite this Lagrangian in an analogous
form to Eq. (39), where a surface term is evidenced. The
result is

R _ - (L® a4 or®
S J+H*T< ~c _° “~cC ) 66

where

J = H"(M®*®9,H + BH). (67)
Therefore, the flux number of gravitons associated with
rotationally invariant perturbations, i.e., the imaginary part
of J, is given by

Finally, this equation may be reduced by plugging
Egs. (58a), (58b), and (63) into (68), resulting in

i&f

F=
3800l )?

5 [H31(OoH 1) — (0oH7,)H . (69)

As observed in Ref. [13], the flux number F is proportional
to the Wronskian of the complexified solution Hy;.
Therefore, in order to calculate F, we only need the
solution of H{;. Moreover, asymptotic solutions may be
obtained considering the asymptotic behavior of the back-
ground. Close to the horizon, H;; behaves like H; « f¢,
where f is a function of the dilaton field ®. Plugging this
ansatz into Eq. (60) we find two possible solutions:

o iof, (®,) o — io¢, (Py)
V00 f(@)0(®,) 0 Oef (@1)E(®))]

where @, is the location of the horizon. In terms of the
temperature, defined by

Do f (D) {>(P),)
dr ¢ (q;h)’

the first solution in (70) represents waves falling into the
black hole horizon, while the second solution represents

(70)

T=-—

(71)
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waves coming out from the horizon. Thus, we choose «;
and we may write H;(®) close to the horizon as

Hy = B_(®, - @)_4%, (72)

where _ is a constant. Expanding the last function around
w =0, we get

Hy, zB_(l —%m@h—@)). (73)
Note that for @ =0, the function H;; becomes regular
(constant) at the horizon. On the other hand, close to the
boundary we consider the ansatz H,; o« ®’. Plugging in
Eq. (58¢c) we get two solutions: #; = 0 and 8, = (4 — 2¢)/e.
Thus, the leading term in the asymptotic solution close to
the boundary must be a constant, which can be fixed as

H,,(0) = 1. (74)

Now we are able to find an expression for the flux
number F. Plugging (72) in (68) we get the simplified
expression

2w |B.P
VAT WA (73)

Note that F depends on the (inverse) scale factor, its
derivative, and the constant |B_|. The imaginary part of the
retarded Green’s function takes the form

F o B_?
162Gs  247Gs5 {1 (@) (0l (®y))?
(76)

ImGg(w) =

To calculate the bulk viscosity we follow the procedure of
Ref. [13] and find that

{= —‘—‘lim iImGR(w) _ 2 (&)

9% 0 = T alr(@y B

(77)

To write the last result we have used the entropy density
relation (15).

A few comments are now in order. The bulk viscosity
depends on the value of the inverse scale factor (and its
derivative) evaluated at the horizon. Moreover, in contrast
with the shear viscosity case, the bulk viscosity depends
on the constant |5_|. It is worth mentioning that in the
high-temperature regime the constant reduces to |B_| = 1.
Thus, in this region, the result (77) is in agreement with
the formula obtained in Ref. [53]. However, there is a

0.08r
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S
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FIG. 7. The bulk viscosity to entropy density ratio {/s as a

function of 7/T, for different values of (250 and ¢ = 0.07. Solid
(dashed) lines represent the large (small) black hole regime. The
results were obtained considering |B_| = 1.

subtlety when one compares both results (see the discus-
sion in Ref. [54]). This is also true in the adiabatic
approximation [16,53] (see also [54]). Considering
|B_| =1, we display our numerical results for the bulk
viscosity to entropy density ratio {/s in Fig. 7. The solid
lines represent the stable large black holes while the dashed
lines represent the unstable small black holes. We conclude
that in the case |[B_| = 1 the ratio {/s is less sensitive to the
value of cf;o. Note that the bulk viscosity has a sharp rise
close to the critical temperature. This result was previously
reported in the QCD literature; see for instance Ref. [59]
where a semi-analytic study is presented.

On the other hand, we may calculate the constant |5_|
using the boundary conditions of the problem, the Dirichlet
condition at the boundary H,,(® = 0) = 1, and the incom-
ing wave condition at the horizon given by (72). Following
this procedure, we calculate numerically |B_| as a function
of @,,. The results are displayed on the left panel of Fig. 8.
Meanwhile, the right panel of Fig. 8 shows the bulk
viscosity using |B_| obtained numerically for ¢, =2
and e = 0.3, solid lines represent the large black hole
regime, while dashed lines small black hole regime. It is
worth pointing out that depending on the combination of
the parameters {e, ¢ }, we found values of |B_| that do not
satisfy the condition |B_| > 1. In fact, it is possible to get
|B_| =0 in the region close to the critical temperature
for the combination of parameters ¢ = 0.1 and éﬁo =2,
for example.

Knowing the asymptotic form of the inverse scale factor
we are able to find an expression for the bulk viscosity to
entropy density ratio in the regime of large black holes. In
this regime the derivative of the horizon function may be
neglected, this means that the coefficient of H;;(®) in
Eq. (59) is zero in the limit of zero frequency. Thus, we may
solve the resulting differential equation, getting the asymp-
totic solution

4-2¢

Hy (@) =c; + @7 (78)
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FIG. 8. Left: The constant |B_| as a function of ®,, for &0 =2 and ¢ = 0.3. The vertical dashed line represents the place where the
critical (minimal) temperature is reached. Right: Bulk viscosity to entropy density ratio as a function of 7'/ T, calculated using Eq. (77).

Hence, the boundary condition H,;(0) — 1 reduces the
solution to ¢; = |B_| = 1. Plugging this result and the
leading term of the asymptotic warp factor (A2) into (77),
we get

5_2(512’0)2 A%
s 27z (al)*”

(High temperature)  (79)

From this expression, it is easy to see the role of the
parameter A. Notice that the bulk viscosity vanishes in the
limit A — 0 where the dilaton field (10) vanishes, recov-
ering conformal symmetry. We obtained numerical results
for (77) considering |B_| =1 and |B_| obtained numeri-
cally, an overlap of both results is displayed in Fig. 9, where
the blue line represents the case |B_| = 1, while the red line
represents the case where |B_| is obtained numerically. As
it can be seen from the figure, both results are in agreement
in the region of high temperatures for both the large black
holes (solid lines) and small black holes (dashed lines).

V. COMPARISON WITH LATTICE SU(N,)
THEORIES AND HEAVY ION COLLISIONS

In this section we compare our results for the thermody-
namics quantities against the results from lattice SU(N,.)
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FIG. 9. The figure shows the bulk viscosity to entropy density
ratio as a function of 7'/T, for ¢ = 0.3, and &)0 = 2. The result of
Eq. (77) is displayed with a red line, while the result considering
|B_| =1 is displayed with a blue line.

theories [24,60,61] and we also compare our results for the
viscosity coefficients against the results from the JETSCAPE
Collaboration [25], obtained from a model-to-data analysis
of heavy ion collision experimental data. For this compari-
son, we will only be interested in the (physical) stable black
hole solution, namely the large black hole.

A. Thermodynamic quantities

Let us start this subsection by describing the critical
temperature for the formation of a nonconformal plasma
in our EHQCD model. In our approach, we identify the
critical temperature with the minimum temperature for the
existence of black hole solutions.

Considering the parameters fixed by the glueball spec-
trum, obtained in Ref. [17], we calculate the critical
temperature and observe its dependence on the conformal
anomalous dimension €. The critical temperature is
obtained by solving the equation 0,7 =0, and it is
represented by a black dot in the plot displayed on the
left panel of Fig. 10. The plot describes the variation of the
temperature (in MeV) as a function of z;, where (350 and A
(in MeV) were fixed for a given ¢ from a fit to the glueball
spectrum, as done previously in Ref. [17]. For the particular
case shown in the figure, we have ¢ = 0.1, c}ﬁo = 5.6, and
A =743 MeV. As described in the previous sections, there
are two branches: one corresponds to the large black hole
(solid line) and the other corresponds to the small black
hole (dashed line).

In turn, the right panel of Fig. 10 shows the critical
temperature (in MeV) as a function of the conformal
anomalous dimension €. For each value of e the parameters

g?)o and A (in MeV) were fixed appropriately from the
glueball spectrum [17]. The interval considered here is
€ € [1073,0.5], extending the fit to the glueball spectrum
performed in [17]. As the figure shows, the critical temper-
ature is a slowly growing function of the conformal
anomalous dimension ¢ and varies from 7.~ 263 MeV
to T, ~ 274 MeV. It is worth pointing out that the present
results for the critical temperature are very close to the
recent results found in lattice SU(N,) theories [60,61],
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FIG. 10. Left: The temperature as a function of z;, for ¢y = 5.6 and ¢ = 0.1. The black dot shows the location of the minimum.
Right: The critical temperature as a function of the conformal anomalous dimension.

namely T, = 0.595,/6 ~ 262 MeV where ¢ ~ (440 MeV)?
is the phenomenological value for the string tension. It is
remarkable that a holographic model with the metric
coupled to a single scalar field provides such a result.
This analysis also suggests an alternative approach for
fixing the parameter A. We will see later in this section that
for a given value of the anomalous conformal dimension e
we can use the lattice results for the trace anomaly to fix the
dimensionless coupling ¢. Then we can also use the lattice
result for 7, to fix A in MeV units. In conclusion, the
parameters (}50 and A can be obtained as a function of ¢
considering either the glueball spectrum at zero temper-
ature, as done in Ref. [17], or the thermodynamics of the
nonconformal plasma at finite temperature.

Next, we compare our results for the pressure of the
nonconformal plasma against the results obtained in lattice
SU(N.) theories [24]. Our results for the pressure, properly
normalized, as a function of 7/T, are displayed in the left
panel of Fig. 11 (solid lines) and compared against the
lattice results (dotted lines with error bars). As the figure
shows, the pressure in our EHQCD model is sensitive to
the value of the parameter q;ﬁo, once the parameter € is kept
fixed. We present results for two values of (250: one of them
being fixed with the glueball spectrum at zero temperature,

3P/(N2T?)

TIT,

FIG. 11.

as in [17], and the other being fixed by matching the
maximum value for the dimensionless trace anomaly
(p—3p)/(N2T*) with the lattice result 0.381 found for
SU(8) [24]. Although displaying a qualitative agreement
with the lattice results, we observe that the values of the
pressure in the case of parameters fixed by the glueball
spectrum, i.e., for {e, g?)o} = {0.3,2} (orange dashed line),
are far from a quantitative agreement. This apparent short-
coming was also observed in other holographic models for
QCD, see for instance [62]. In turn, the results for the
pressure in the case of the parameters were fixed by the trace
anomaly condition, i.e., for {e, ¢} = {0.3,0.9} (orange
solid line), and are in quantitative agreement with those
obtained from QCD on the lattice in the limit of large N..

It is also very interesting to compare the trace anomaly
against the lattice SU(N.) results. Our results for the trace
anomaly, properly normalized, as a function of 7/T.., are
displayed in the right panel of Fig. 11 (orange lines) and
compared against the lattice results [24] (dotted lines
with error bars). The figure shows that the results provided
by the combination of parameters {e,,} = {0.3,0.9}
(orange solid line) are in quantitative agreement with those
of the lattice theory. In turn, the set of parameters {e, ¢} =
{0.3,2} (orange dashed line) consistent with the glueball

(0-3P)(N2T*)

1.0 1.5 2.0 25 3.0 35
TIT.

Left: The normalized pressure as a function of 7/T .. Right: The normalized trace anomaly as a function of 7//T ... The lattice

results (discrete/dotted lines) include error bars, while the results of the holographic model are represented by orange lines. Both figures

were obtained for ¢ = 0.3.
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spectrum are not in quantitative agreement with those
obtained on the lattice.

We have found in this section that our EHQCD model
with parameters g?ﬁo and A fixed as a function of ¢ from a fit
to the glueball spectrum provides at finite temperature a
good result for the critical temperature for deconfinement
and pressure that displays a qualitative agreement with
lattice SU(N,) theories. However, for the pressure we
could not obtain a quantitative agreement; the pressure in
our EHQCD model is lower than the lattice result when the
parameters are fixed by the (zero-temperature) glueball
spectrum. We also found a trace anomaly that has a
qualitative behavior similar to that obtained in lattice
SU(N,) theories but presents a peak that is lower than
the corresponding lattice result. Since the main goal of
holographic QCD models is to provide an effective
description of QCD in the limit of large N, the fact that
we found a discrepancy with the lattice SU(N.) results for
the thermodynamic quantities suggests that some more
ingredients may be needed in our EHQCD approach.

A phenomenological solution for the discrepancy was
considered in Ref. [63], where additional parameters were
added to control the curve of the pressure in the region of
high temperatures and the height of the peak of the trace
anomaly close to the critical temperature. Our analysis
suggests the following alternative approach. Once the
parameter € is fixed, we can fix the dimensionless coupling
¢o imposing the condition (p—3p)/(N2T*) = 0.381,
which corresponds to the maximum value of the dimen-
sionless trace anomaly obtained in the lattice SU(8) theory
[24]. The running of ¢ as a function of ¢ is displayed on
the left panel of Fig. 12 (solid line) and is compared to the
case where ¢, was fixed from a fit to the glueball spectrum
(dashed line). In turn, the parameter A can be fixed by
matching the critical temperature for deconfinement 7',
with the value 262 MeV obtained in lattice SU(N..) theories
in the limit of large N.. The dependence of A on € is
displayed on the right panel of Fig. 12 (solid line) and

6 —r————

Finite Temperature
----- Zero Temperature 7]

compared to the case where A was fixed from a fit to the
glueball spectrum (dashed line).

We therefore reach the following conclusion. In our
EHQCD model, when one fixes the conformal anomalous
dimension e there are two possible methods for fixing the
parameters (}0 and A. The first method uses a fit to the
lattice results for the glueball spectrum at zero temperature
to fix ¢ and A. This is the method we followed in our
previous work [17]. The parameters fixed in that way are
displayed as dashed lines in Fig. 12. The second method,
found in this work, uses the results for some thermody-
namic quantities describing the gluon plasma in lattice
SU(N,) theories to fix ¢, and A, namely the maximum for
the dimensionless trace anomaly to fix &50 and the value for
the deconfinement temperature to fix A. The parameters
fixed by following the second method are displayed as solid
lines in Fig. 12.

Note that the behavior of ¢ (e) is qualitatively similar for
both methods (solid and dashed lines). As regards the
behavior of A(¢), in the first method we find that A is a
slowly growing function of ¢ whereas the second method
yields A as a slowly decreasing function of €. On physical
grounds, since the parameter A represents a dynamical
mass gap similar to Agcp it is expected that it should be
independent of the parameter e. The fact that we find a slow
variation for A(e) suggests that some further improvement
would allow us to satisfy this physical condition.

We would like to remark that the numerical errors for
the thermodynamic quantities in our model are very small.
This is because the only differential equation that is solved
numerically is the first equation in (7) that allows us to find
the (inverse) scale factor {; as a function of z for a given
dilaton profile ®(z). Considering a moderate numerical
precision, the uncertainty in ¢, is of order 107%. The
entropy density is inversely proportional to {;(z;,)? and
therefore has an uncertainty of the same order. All the
other thermodynamic quantities were obtained from the
entropy density.
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FIG. 12. The behavior of q;bo (left panel) and A (right panel) as a function of ¢ with the other parameters fixed by the available data from
SU(8) theory on the lattice is shown by the solid blue lines, in comparison to the results obtained when the other parameters are fixed by
the glueball spectrum at zero temperature, represented by the dashed blue lines.
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Left: Shear viscosity to entropy density ratio as a function of the temperature. The black solid line represents the

holographic result. The region bounded by dashed blue lines corresponds to the interval constrained by the JETSCAPE
Collaboration [25]. Right: Bulk viscosity to entropy density ratio {/s as a function of 7 for ¢y = 2 and ¢ = 0.3. The black line was
drawn by taking |B_| = 1. The red line represents the results for /s by taking the value of |B_| determined numerically from the

corresponding critical temperature 7. = 0.269 GeV.

B. Shear and bulk viscosity

We end this section by comparing our results for the
viscosity coefficients in the regime of large black holes
against the results obtained by the JETSCAPE
Collaboration [25] (see also [64]), from a model-to-data
analysis of heavy ion collision data. The universal result for
the shear to entropy density ratio #/s, reproduced in this
work, is displayed by the solid black line on the left panel
of Fig. 13, while the dashed blue lines represent the upper
and lower bounds found by the JETSCAPE Collaboration.
As can be seen from the figure, the universal result
n/s = 1/(4x) fits well within the region bounded by the
lines drawn from the experimental data, except in the small
interval of temperatures 0.15-0.20 GeV where the solid
line lies below the lower dashed line.

The bulk viscosity to entropy density ratio {/s is
displayed on the right panel of Fig. 13. The sharp rise
close to the critical temperature is in agreement with
previous calculations on the lattice [23] (see also [65]).
Using Eq. (77) with |B_| = 1, the maximum value of the
ratio is /s ~ 0.0695 (black line). Meanwhile, consider-
ing | B_| obtained numerically, the maximum value of the
ratio is /s~ 0.125 (red line) for the set of parameters
{e.¢h. A} = {0.3,2,759 MeV} fixed by a fit to the
glueball spectrum. Compared against the lattice results
of [23], our results are within the error bars. In turn, our
results are a bit larger than the results of [65]. However,
our results fit very well into the expected region
presented recently by the JETSCAPE Collaboration
[25,64] enclosed by dashed blue lines. Compared against
the holographic models of Refs. [13,16], the result for
|B_| =1 is of the same order, but for |B_| obtained
numerically our result is larger than the one obtained in
these papers (see also Refs. [16,55-57] for additional
discussions). Hence, we conclude that our results are in
agreement with those results obtained previously in the
literature.

We would like to remark that our result for the shear
viscosity to entropy ratio n/s = 1/(4x) is exact whereas
our result for the bulk viscosity to entropy ratio {/s is
obtained numerically using the formula (77). According to
this formula, the bulk to entropy ratio /s only depends on
powers of the inverse scale factor |, its derivative, and the
coefficient B_. For a moderate numerical precision, we find
that the uncertainty in the scale factor {; is of order 107°
and the uncertainty in the coefficient B_ is of order 107,
Thus, the uncertainty in /s is approximately of order 107,
This uncertainty is very small compared with the uncer-
tainties found in lattice QCD.

VI. CONCLUSIONS

We have described the finite-temperature extension
of the EHQCD models proposed in [17] in order to describe
the physics of a nonconformal plasma. At zero temperature
the EHQCD model provides a spectrum of scalar and tensor
glueballs in agreement with results obtained in lattice QCD
[32]. The finite-temperature extension consists of embed-
ding a black hole solution into the gravitational Einstein-
dilaton theory, which is equivalent to creating a thermal
state in the dual quantum field theory. We calculated some
of the relevant thermodynamic variables, which are
required to investigate the stability of the black holes.
We showed that the large black holes are thermally stable,
while the small black holes are thermally unstable. The
unstable black hole is characterized by a negative specific
heat and an imaginary speed of sound. We also showed that
all the relevant thermodynamic quantities are sensitive to
the variation of the model parameters, namely the dimen-
sionless coupling ¢, and the conformal anomalous dimen-
sion e. These two parameters characterize the breaking of
conformal symmetry in EHQCD. Interestingly, we found
that the pressure and the trace anomaly display qualitative
behaviors that are similar to the ones found in lattice
SU(N,) theories. In particular, the trace anomaly displays a
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peak near the critical temperature for deconfinement. In the
limit of very high temperatures, all thermodynamic quan-
tities reach the corresponding conformal values.

We also investigated the viscosity coefficients associated
with the transport properties of the nonconformal fluid. We
recovered the universal result for the ratio between the
shear viscosity and the entropy density /s = 1/(4x). This
result was found by writing the relevant equations for the
metric perturbations in terms of a gauge-invariant variable,
calculating the retarded Green’s function, and extracting the
shear viscosity through Kubo’s formula. Our numerical
results show that the shear viscosity and the entropy density
behave almost identically with the temperature, rising
rapidly close to the critical temperature and then varying
slowly in the region of high temperatures. We verified that
the shear viscosity is sensitive to the variation of q;ﬁo for
fixed e, and vice-versa, while the ratio #/s remains
constant, as expected for this class of holographic models
arising from Einstein-dilaton gravity. To study the bulk
viscosity we followed a different approach, by adopting a
gauge where the dilaton field plays the role of the holo-
graphic coordinate. After calculating the retarded Green’s
function we were able to find an expression for the bulk
viscosity by using Kubo’s formula. The numerical results
indicate that the holographic bulk viscosity increases
sharply close to the critical temperature. This result is in
agreement with previous predictions from lattice QCD and
other holographic models of QCD. We also showed that the
bulk viscosity is sensitive to the parameters of the model éﬁo
and e. It is worth mentioning that our results were obtained
using model A1 proposed in Ref. [17]. However, we have
also considered model A2 proposed in that work and
obtained equivalent results. We decided not to present
the results of model A2 in this paper to avoid redundancy.
We believe that models B1 and B2 would provide equiv-
alent results to those obtained from models Al and A2.

Finally, we compared our results on the thermodynamics
against the data available from lattice SU(N,) theories.
We also compared our results for the viscosity coefficients
against those found by the JETSCAPE Collaboration.
Regarding thermodynamic quantities, we found that our
results for the pressure and trace anomaly are in qualitative
agreement with the results found in the literature for lattice
SU(N.) theories. However, we found that the value of the
parameters adjusted to fit the glueball spectrum does not
provide a quantitative agreement with the thermodynamics
of lattice SU(N,.) theories. We found, however, that a
quantitative agreement with lattice SU(N,.) theories is
possible if one fixes the model parameters q;ﬁo and A, for
a given value of €, by using the lattice results for the
maximum value of the dimensionless trace anomaly and
the critical temperature for deconfinement, respectively. We
concluded that the results for the viscosity coefficients
provided by our EHQCD model are consistent with the
phenomenological constraints obtained by the JETSCAPE

Collaboration from the model-to-data analysis of the heavy
ion collision data. Although the shear viscosity did not
always belong to the region bounded by the JETSCAPE
Collaboration, the bulk viscosity fits very well in the region
of parameters considered by the collaboration.

A possible extension of this work would be by including
flavor degrees of freedom in order to investigate chiral
symmetry breaking. This task shall be reached by adding a
non-Abelian SU(N); x SU(Ny) gauge symmetry (dual
to the chiral currents) and a bifundamental scalar (dual
to the chiral condensate). Another interesting direction
would be investigating the role of a nonminimal coupling
in the phase diagram of QCD in the same line of
Refs. [29-31,66-68]. From the gravitational point of view,
a natural next step would be the investigation of the
quasinormal modes of the black hole solutions found in
this work. This would allow us to describe the melting of
scalar and tensor glueballs in a nonconformal plasma.
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APPENDIX: ASYMPTOTIC ANALYSIS

Here we present some details regarding the asymptotic
analysis of the present model, close to the boundary (UV)
and close to the horizon (IR). We use these results as
“boundary conditions” to get numerical solutions of the
differential equations for the complete model.

1. Close to the boundary
The starting point is the asymptotic expansion of the
dilaton field (10) close to the boundary, i.e., in power series
for small z,

@ = Pz + Gz + -+, (A1)
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where A_=¢ and A, =4 —¢, and ellipses denote
higher powers on z. Hence, by plugging this expression
into the first differential equation of (7), we get the
asymptotic expansion for {;(z) and for the warp factor

Ai(z) = =In¢;(2),

z 20 2A_A
_ 2 2 2A. = b Gt
e Ty N LTI A
24,

9(1+24,)

G?72 + ..,

A(z) = —1In(z/¢) —9(12+A2_A_) 2728

2A_A,

4 _
45 ¢0GZ

(A2)

The asymptotic form of the horizon function is straight-
forwardly obtained by plugging (A2) into (8), which gives

_ Gt AgoA_ )
f@=1-25 (1 METCEwNRTE +2A_)Z2A +>

(A3)

Similarly, the asymptotic form of the constant C, is
determined by substituting (A2) into (9) and by integrating
from z =z to z;,, with zy being a UV cutoff, and by
neglecting the divergent terms that include z,. The result is

443 4A_(]52 A
C, = _ 0 - 4.
" ( 32+a(i+2a)h T

)

where the ellipsis stands for higher power on z,,. Notice that
the leading term in (A4) corresponds to the AdS contri-
bution, while the subleading term reveals the deformation
introduced by the nontrivial dilaton field.

One may also write f(z) in terms of z;, by plugging (A4)
into (A3). It is clearly seen that the horizon function
reduces to unity in the limit of zero z, as expected.

Let us now calculate the asymptotic expressions of the
thermodynamic variables close to the boundary. The
asymptotic expansion of the temperature is obtained by

plugging (A4) and (A2) into (12),
> (AS)

Again, the leading term is due to the AdS warp factor and
the subleading term is the deformation generated by the
dilaton field.

It is worth pointing out that in the above analysis the
natural independent parameter is the coordinate zj,.
However, in thermodynamics one usually uses the temper-
ature as being the fundamental degree of freedom. With this

1 2A% 3 2A
T—_— -4
nzh< T3vayir2a) T

in mind, we invert the asymptotic expression (A5) to get z,
as a function of the temperature in the form

1 2022
AT <1 HETEn A_)(10+ 28 (aT) )
(A6)

With this relation, we may express all thermodynamic
variables as a function of the temperature.
Let us then apply the procedure to the entropy density.
By plugging (A4) and (A2) into (15) it follows that
drt 30 1 2A_¢% 2A
( 3(1+2A)

s =— '+'-->. (A7)
Zh

Now substituting (A6) into the last equation, we get the

entropy as a function of the temperature,

5 4T 1673 A_¢p}

- 3ara) DT A

(A8)

Once again the leading term corresponds to the AdS warp
factor contribution, which is equivalent to recovering
conformal symmetry, while the subleading terms corre-
spond to the deformation from such symmetry.

To get an asymptotic expression for the free energy we
write the integral representation (18) in the form

F= / :”C s(Zp) (dz(zih))dzh + / °° s(Zy) (ﬁg’”) dz,

(A9)

where z;, is the value where the temperature reaches its
minimal value, 7(z;_) = T.. Equation (A9) indicates that
we may split the free energy into two parts, the first one
corresponding to large black holes, Z, € [z 2, ], and the
second one related to small black holes, 7, € [Z;w o). To
guarantee the validity of the following analysis we rewrite
the free energy of the large black holes in the form

e dT(Zh)> ~
Fliree = / s(Z ( — dz
It g 2 < h) th h
Zhe dT Z
+/ h S&h)(#)dzh’ (A10)
Zhy Zh

where z;, < z;, < z,.

In the large black holes regime, the main contribution is
expected to come from the first integral in Eq. (A10),
and then we may use the asymptotic expressions for the
temperature and entropy density to evaluate it. Thus, the
result for Fi,. is given by
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Lo SA_(1+A2)¢3  oa )
Fare:_— 1- Tt
R ( 3 —az)(1+240)"

+ O(zu,), (A11)

where O(z,,. ) stands for the result of the integral evaluated
at zj,_, which is a subleading constant term in the limit of
zero z;,. Hence, as a function of the temperature the free
energy becomes

Flarge — AT & 8f3A—¢(2)

. 3@_az) T

(A12)

Now one may fix the factor (M ,¢)* by comparing F
with the corresponding value obtained by using the
Stefan-Boltzmann approximation of pure Yang-Mills,
Fym = —%N%T“. Thus, from the leading term of (A12)
we get

(M,¢) = .

4577 (Al3)

which is the same value obtained in Ref. [15]. It is worth
pointing out that the subleading term in (A12) may be of
the same order as the leading term if the value of A_ is
small enough, such that 7% ~ T4-24-

In turn, the asymptotic form of the trace anomaly is
given by

_ 16 £ggA

3 - az T

(Th) (Al4)
As it can be seen, the leading term of the trace anomaly is
T4~2A-_ In the particular case where the leading term of the
dilaton is linear in the UV, i.e., for A_ = 1, this expression
reduces to the result obtained in Ref. [69], with the trace

anomaly being (T%) ~ T°.

2. Far from the boundary

So far we have dealt with the asymptotic analysis close to
the boundary, and from here on we perform the asymptotic
expansion of all relevant quantities far from the boundary,
for large z.

Far from the boundary, the dilaton field behaves like the
zero-temperature asymptotic form

O=C7?+---. (A15)
Thus, plugging this expression into the Einstein equa-
tion (7) we get the asymptotic form for the warp factor,
&= A1)

&= (VCz2)™exp <§ C12> +---.  (Al6)

Now, we may rewrite (9) in the form

Zn Zhe Zh 1

/ dzg?(z)—/ dzC?(2)+/ dZ5(z)=—. (Al7)

0 0 Z, Ch
Additionally, we may split up the second integral in the
intervals z, <Z <z, and z, <Z < z,. Hence, by plug-
ging (A16) into (9) and expanding the result in the region
7 > 75, , Where z;, is the value where the temperature
reaches its minimum, the integration constant may be
approximated by

ch:4c7/4zz/ze_zcz§ (1_ +> +0(zy,), (A18)

8Cz2

where O(z), ) is the same result evaluated at z), .

The asymptotic expansion for the temperature close to
the singularity is obtained by plugging (A18) and (A16)
into expression (12), which yields

- CZh 5

T (A19)

r  8mz,

This approximate expression confirms the linear behavior
observed in our numerical results, as shown by the dashed
lines in the left panel of Fig. 2.

In turn, analogously to what we have done in the large
black holes regime, we may invert the series (A19) in the
region of large temperatures. Hence, we get

AT 5 25C

=Ty T T A20
SOOI Vel L (A20)

The entropy density in this region is given by
s = 4moe 264 (V/Cz, )32, (A21)

By plugging (A20) in the last result we get the entropy
density in terms of the temperature,

15C1/4ﬂ,’l/2
4T'/?

) 5/273/2
S = o <4”c3/€ + - ) (A22)
The leading term is exponentially suppressed, this behavior
can be seen in the right panel of Fig. 2 with dashed lines.
It is also worth mentioning that the entropy density is
always positive.
Following the same procedure, it is easy to show that the
free energy is given by

F 2n7)? 17¢C5/4

e CYVA VP =), (A23

Foe < (T2 4 e (A23)
The exponentially suppressed leading term is also observed
in our numerical results, as it is shown by the dashed lines
in the left panel of Fig. 4.
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