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Abstract Inthispaper, we extend the work on the AdS/QCD
model to quadratic gravity to gain insight into the influence
of gravity. We obtain an anisotropic black brane solution to
a 5D Einstein—Gauss—Bonnet-two Maxwell-dilaton system.
The background is specified by an arbitrary exponent, a dila-
ton field, a time component of the first Maxwell field, and a
magnetic component of the second Maxwell field. The sys-
tem in three cases has been investigated and in each case the
effect of the parameter of theory, the anisotropic parameter
has been considered. The blackening function supports the
thermodynamical phase transition between small/large and
AdS/large black brane for a suitable chemical potential and
other parameters.

1 Introduction

Quantum chromodynamics (QCD) is a non-abelian gauge
theory that describes the strong interaction between quarks
and gluons. QCD at low temperatures exhibits confinement
whereas at high temperature undergoes a phase transition to
a chiral symmetry. The investigation and understanding of
the phase diagram of QCD and the search for new phases
of matter are of attracting attention in the theoretical and
experimental communities. The gauge/gravity duality pro-
vided another way to further understand the dynamics of the
strong-couple system, where standard methods do not work
[1,2]. The quark-gluon plasma (QGP) is one such system cre-
ated in a short time in heavy ion collisions, it is believed to be
anisotropic during this time [3,4]. Therefore, various prop-
erties of QCD have been investigated in an anisotropic back-
ground [5]. In [6,7] the confinement-deconfinement phase
transition in the framework of the Einstein-dilaton-Maxwell
theory for the isotropic case has been studied. In [8], the
confinement-deconfinement phase transition in the frame-
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work of 5D Einstein-dilaton two-Maxwell theory with an
anisotropic background has been studied. In [9], the authors
extended the work of [8], by introducing a background mag-
netic field to gain insight into the influence of such field on
QCD observables.

Higher-order gravitational models have recently received
attention [10-14], in part because string theory predicts that
at low energies Einstein’s equations are subject to first-order
corrections [15]. In AdS/CFT context, higher-order gravities
have been used as tools to characterize numerous proper-
ties of strongly coupled conformal field theories [16-18].
From quantum gravity viewpoint, in order to unify quan-
tum mechanics and gravitational interactions, going beyond
the Einstein gravity is necessary [19]. The first correction
of Lovelock gravity to the Einstein-Hilbert action appears in
five and higher dimensions and is given by a precise combi-
nation of quadratic curvature terms yields the second-order
field equations known as the Gauss-Bonnet density [20-22].
Cosmological models, including in the inflation, and in the
framework of Brane cosmology have been well studied in
this theory [23]. Black hole solutions of the theory have been
studied in [24-27]. The thermodynamics of black holes has
also been studied in the framework of this theory [28]. The
Gauss-Bonnet term in 4D gives a non-zero contribution to the
field equations in the presence of the dilatonic scalar field ¢
[29-31]. In this paper, we extend the work of [8] to the Ein-
stein Quadratic Gravity, which is general relativity extended
by quadratic curvature invariants in the action to find the
effect of higher derivative terms on QCD.

The paper is organized as follows. In Sect.2 we con-
struct the anisotropic 5-dimensional solution with an arbi-
trary dynamical exponent, an exponential quadratic warp
function, a non-zero time component of the first Maxwell
field and a non-zero magnetic component of the second
Maxwell field in the framework of EGB gravity. In Sect.?2.1
first we consider zero warp function and obtain the exact
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solution for blackening function and other unknown quan-
tities. We have shown the behavior of the quantities with
plots and we discuss the thermodynamics of the constructed
background. In Sect.2.2, we consider exponential quadratic
warp function and zero chemical potential and solved the dif-
ferential equations approximatly and show that for negative
exponential warp function the dilaton field is real. Then, we
discuss the thermodynamics of the constructed background
and find out the small/large phase transition. In Sect.2.3 we
consider the non-zero warp function and non-zero chemi-
cal potential and obtained the approximatly solution for the
unknown functions. In this case we study the thermody-
namics of the black brane and find out the small/large and
AdS/large phase transitions. We finish the paper with some
concluding remarks in Sect. 3.

2 Basic formalism

We consider a 5-dimensional Einstein-quadratic-dilaton-
two-Maxwell system. The action of the system in the Einstein
frame is specified as [8]

1
S =
167 G5

/de«/—gL, 1)
where the Lagrangian is

1
L =R+ RaeaR"" + BRipR™ + aR* = 2 i@ F)

1 5 1 "
—Zf2(¢>)F(2) - Eamﬁa ¢ —V(¢), @

and F(%) = F,,F", ¢ is the dilaton field, f1(¢) and f>(¢)
are the gauge functions representing the coupling between
the two U(1) gauge fields on one hand and the dilaton on
the other hand. V (¢) is the potential of the dilaton field, and
G5 is the Newton constant in five dimensions. («, 8, y) are
coupling constants of theory. We use the metric ansatz g,
dilaton field ¢ and field strength tensor F (’;)V in the following

form:

12b dz?
ds? = EZ) (—g(z)dt2 + el +dx? + P(2)(dy} + dy%)) ;
z g()
3)
with
AD = 4,28,  Fo=qdy' AdY, ¢p=¢(), @

where b(z) is the warp function, g(z) is the metric function
and [ is the AdS length scale. z = 0 corresponds to the
boundary of the 5d spacetime. The first gauge field (F(1)
is the electric part of the Maxwell tensor which causes the
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black hole to become electrically charged. In relation (11), we
relate the charge of the black hole to the chemical potential
of the dual quantum field system. The second gauge field
(F @) is the magnetic part of the Maxwell tensor on a plane
y1y»2 and causes the anisotropy of the metric spatial part. The
variation of the action (1) over metric g, the scalar field ¢
and A; gives the field equations as follows

1
E/w = Gu.v + |:2R(R/l.v - Zg/LvR) + Z(g/wD - V/LV\))R]

+8 [(guvD - VuV)R + DGuv + 2R)Lp(R;Mvp

1 1
‘Zguva)] ty [ - quvRaﬁmR“ﬁ Y4 2Ryspe RO

+4R30p R — 4R, R + 400R,,, — ZVMVVR]
1 0 pp _ 1 26)
= Ef(i) FMFV - Zgle

L (5,00 L0 14
+2 b U¢_2guv( ¢)" — guv s

Vi = v 1ofe (F20)y
o 4 ¢ '

Y, <f(,~)F”“(”)> -0, (=12 5)
where G, is the Einstien tensor. Using the ansatz of the
metric, the Maxwell fields and the dilaton field (5), itis easy to
obtain the equations of motion for the background fields. The
explicit components of the field equation are large and bulky
and we have not included them here. The field equations for
¢ and A; are given by:

df, dv
_ PZ 4 /h/z 2 4_ 2b214P2—
Z fih”+q°z 6 + a9
—312P2g ¢’ — 2°b P g + 61°2bP?g¢
—222%hP?¢s' =0, ©)

fLAID zP —2f1AbP +2fibPA)z +2bPzf] A, =0,
O

where prime is differential with respect to z. One can check
that the equation of motion for the second Maxwell field will
not give any additional equation. To find the solution for the
field equations, we assume [8]

2

b)=e" T, fi=:2, P =20, ®)

where v is a parameter that specified the anisotropic back-
grounds. To solve the background, we also impose the bound-
ary conditions in the form

b(0) =1, gO)=1, g =0, A0 =upu,
A(zp) =0 ©))
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where zj, is the horizon and p is the chemical potential of the
boundary theory. The boundary conditions are used to fix the
integration constants. Now, we are going to solve the field
equations. First, by solving the differential Eq. (7), one can
get

2

(4

Ai(@) =c + e+, (10)
where
o2
je I
o = — o=—t— (11)
et e

By inserting solution (10) into the equation E;;, one can
obtain V (¢). Then, by inserting V (¢) into the field equa-
tion E,, one can obtain f>(¢). By inserting f>(¢) and V (¢)
into E;; one can obtain ¢'. Finally, from equation Ey, ,, the
differential equation for g(z) obtains as follows

(’22 (,’22
W4 (4o + Ble” T g(2)g" — M T
x [(da + B)(vez? —2v + 4)g — 2zv(a — ¥)g'1g"

22 2
—6vzle” T [—4lPp3e T — 4v2z2g'(20y —4a + 48

(‘ZZ
—4vZ%la(2 4+ vez?)le T g
—2z0((2 4 vez?) (2% e?v? — 6¢z2v? + 6vez? + 4v + 8)
czz 522
xg()ae 4 + 212"2(4 +2v + 3ch2)e_3T)8/

2 cZ?
—cA3Id v e T =0. (13)

In the following, we solve the above differential equations in
special cases:

2.1 Thecasec =0

In this case the warp function b(z) = 1 and the field equation
for g(z) becomes:

PV —4ag(2)g" g (4vazg'+(2+v) (1*v2 —4ag)) = 0,
(14)

one can exactly solve it and obtain analytic solution for g(z)
as

8@ = i+ v

2(1+v) 200+D)

(12?4 1203 — \/141)4 + 20405 41406 — d2aciz” v — l6vacy — 8v2acy —dacivzT v — 8acsl,

(15)

+ (10 + 68 + 14y)v + cvz2(58 + 3o + 17y))
+vg (2?58 + 24y) + 4cvZ2(16y + 28 — 4o + v(4a + B))
+ 2208 + 320 + 48y) + 16v(8 + 4y)

2

cz

+ 48y — 32a)1g” — vale= S [Pv2e= 5 4y + 6ve® + 8)
—g(BB + 12y +2a)v328 + 21?24 80y + 16a + 208

— (198 + 160 4 72y) + 4cvz2(B(B + 2a + 2y)v?

—v(12a +48 + 8y) + 120 + 108 + 38y)

+4(v +2) (V2 (5B + 8a + 12y) + v(16y — 8a +28)

+4B + 12y + 8a))1g’ — 4z 12y + B+ 2a)e—#g”2 —v

2

x 22le™ T g2 (1120 + 328 + 32y + (128 + 328 + 8¢z2(18a
+58 +4y))v + (48a + 208 + 32y — 16¢zBa + B+ ¥)

4v42

CZZ
+ P40 + 8y + 118 0?) — czc%v3leTz v =0. (12)

For generic coupling constant «, § and y this fourth order
differential equation analytically cannot be solved, therefore
we consider the case where y = «, 8 = —4«. In this case,
the theory reduced to Einstien-Gauss-Bonnet gravity (EGB),
and the field Eq. (12), reduced to second order differential
equation for metric function g(z) as follows

02_2 ~022
—4z1((2 + 1)cz2)2zvg(z)ote_T - Zv3lze_%)g//

and by taking into account the boundary conditions (9), we
get

200312 + 22 = 2av — 2a)

cl = = V2% — 2a.

2(v+1) ’
vz, v
(16)
For o « 1, the metric function is given as
2(v+1) 5 2(v+1)
Z v a Z v
~1—[— - | =
8@ (Zh ) v2[2 (Zh )
2(v+1)
x| 1- <i> 1+ 0@, (17)
Zh

The second term is the correction from the Gauss-Bonnet

gravity and in the case of @ — 0 the metric function goes to
[8] for Einstein gravity.

The behavior of the metric function is depicted in Fig. 1.
The main feature is that the metric function values decrease
faster for larger o (Fig. 1a). In the isotropic case (v = 1)
the metric function values are larger than in the anisotropic
ones (v # 1) (Fig.1b). In this panel by increasing v the
metric function values decrease faster. Changing the values
of @ and v does not influence the horizon position. In the
following we look at the behavior of Ricci and Kretschmann
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Fig. 1 Plot of g(z) in terms of z fora = 0, 0.5, 1,

scalar K = Rypeq R4 of the black brane. The Ricci scalar
is given as follows

1
R =

3

242 w2\ 2
20212 ((v212 —da)?z) "+ Ba(v22 — 2a)7 2)

x [ — 2V @ + 307 + 1)

3

242 b2 2
X <(v212 — 4¢x)zzh V4 8a (v — 2a)22 U+2>

3v+3

x B2+ 1) + 40022 —da)tz, "
+ 4021 = 2a) (12 = 4e)* (O + 11y + 10)(22) T
+ 8a (V212 — 2a) (202

—v=1 oy,
+v+3)z, z“v“)]. (18)

The scalars are smooth inside the black hole and start to
diverge for z > zj,. In larger « it happens earlier for R, while
for K it happens earlier for smaller «.

By inserting (15) in E;;, one can obtain ¢ as follows:

¢(2) =

(b) a:O.l,l:I,zh:2

(¢) a=0.1,l=1,vr=45

(left), v = 1,2,3,4, 5,6 (middle) and z;, = 1,2, 3,4, 5, 6 (right)

The first term is the contribution of the Einstien term and
the second term is from the Gauss-Bonnet term. In Fig. 3,
the real and imaginary parts of the scalar field in terms of z
for different values of parameters have been shown. As can
be seen the imaginary part of scalar field inside and outside
the black brane has a non-zero value and is unstable. By
increasing v in 0 < z < z;, the real part and imaginary part
of the scalar field increase and decrease respectively and for
z > zp vice versa (Fig.3a). In panel b, by increasing the
coupling of theory in 0 < z < z; the real and imaginary
parts decrease and increase respectively, and for z > z;, vice
versa.

By inserting (20) into Ey, one can obtain f as follows:

2

fr=- — =
? q2a + DA 220 + 1) — V.A)

x [=6v(v — D + 1)2aci Cw** — 8acy) (vi? <v - %)

X \/E— l@)z¥ — 80[36%61}2(21)2 —50 =241
2460

x (v + 1)3z : + 2141)(\1 + 1)4a2c%C_(v212\/71

—2/2K(Ww —1) (\/ H~/D arctan (@) — L+/F arctan (@) — 2\/1)}'9(14\;4 — 80[6‘2))

v + DIVGFED/IP* — 8acay/12v3 + 1202 — JE

+c3, (19)

by imposing the condition ¢ (z;,) = 0, one can obtain c3 = 0.
The constants K, H, ... are provided in (59). In the case of
o K 1, one can get

_2«/\)—11 z da/v —1
o0 =200 (2) -y
2042
x |:(v +1)In (i> + 2 <1 - (i> )} + 0.
Zh 2 Zh

(20)
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X Q2 +5-50) — F)+770 B(uzﬂ(u +1)2EA3)

+ %(vzlz(vz — DBA?) + v = v + 1)°

x (v - %)C_\/z_l(v“l“ — 8aea)? — vISI3CG — 5uM48CG
—B3BCG —5028CG + 5v'I*CG

16 == 80 ==
(14 + ?acz> +9v1074¢g (14 + Eacz> +501°C¢G
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Fig. 2 Plot of Ricci scalar and Kretschmann scalar in terms of z fora = 0.1, 0.2, 0.3, 0.4,
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Fig. 3 Plots of imagenary (solid lines) and real part (dashed lines) of ¢ in terms of z for v = 2,3,4, 5,

(middle), for z;, = 2, 3,4, 5, 6 (right)
4, 144 4 855 14 7. 55
"+ Tacz +1*v°CG (1" + 80acr) — 80av’c2,CG
4 . 20
X <l4 + gaq) — 144aczv6cg(l4 + Eacz)
s aa(4, 30 4. 5504
— 80av 2 CGL 1™ + ?acg — 16av*c,CG (I + 20acr)
L - I N .
+ 320a2v3c§Cg +v2 L +vT + EBA3 + 64a2c%Cg], 21

where the constants A, ... are provided in (60). In the case
of @ <« 1, one can get

4202 — 1)z~
L= 5 -

v2q

8(v2 — Dzta

2

2042
2v42 =r=

q2v4<z vo—z, " )

(b) a=0.1,l=1,v =45

(¢) zn=2,=0.1,1=1

(left), for « = 0.1,0.2,0.3, 0.4,

2042 4v+4 2042
)70 76
Z Zh Zh
4v+4
Zh v 2
+v <?) + Qv +3) [+ O0(@). (22)

The first terms is the contribution of Einstien gravity and the
second term is related to the Gauss-Bonnet gravity. In Fig. 4,
the behavior of f; in terms of z are shown. As can be seen,
by increasing « and ¢, f> decreases and by increasing v, f>
increases.

Finally from E;;, one can get V (z) (We did not bring it
here due to its bulk). In the case of & < 1, one can get

200+ D@v+ 1 + o

Vi) =
@ 22 w42 212\ 3
v —gz," vA4
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Fig. 4 Plots of f> in terms of z fora = 0.1, 0.2,0.3,

vrd 042
x[—4z4i4zh U (=1 = Tv 4 60 +20v%)

iy dvtd
Y2y
6v16

+(8v3 + 6407 — 36V — 12)7 v
—4v—4
Zh v

+8v(3v2 +Tv — 1)z

10v+10

+4v-1DQRv+ 1z v

—2v—!

Sv+8 2 5 6v46
—4—D@Bv+3z vz, ¢ =8P +2)z, ]

+O®@?). (23)

In Fig.5, the behavior of scalar potential in terms of z for
anisotropic case has been shown. In the left panel, between
0 < z < z; by increasing «, the potential decreases. In the
right panel, between 0 < z < z; by increasing v the scalar
potential increases.

2.1.1 Thermodynamics of the background

In this subsection, we explore the thermodynamics of the
black brane solution (15). In order to investigate the ther-
modynamic properties of the black brane we need to obtain
some relevant thermodynamic quantities. The temperature of
the black brane is obtained as follows:

2u

v+ 1
= 1——=).
2wz, v2]2
It is noticed that, the temperature monotonically decreases
with the increase of the horizon. By increasing «, the tem-

perature is decreased, and for « = 0, one can get the result
of [8]. The entropy is given as follows [32,33]

/

8

4

(24)

1
S=— [ a2 €La€By, 25
8/2 8R;/,aﬂv no€ By (25)
where
8L 1
—_( = R uB v v aff
SRoups (2+a )(g g —g"g™)

@ Springer

T
2

(by v=45,l=1,2,=2,a=0.1

(left), ¢ = 0.1,0.2,0.3,

T T T T T T T T T
3 4 5 0 1 2 3 4 5
¥4 z

(c)l=1a=01,¢g=05,2,=2

(middle), v = 1, 2, 3, 4, 5 (right)

1
+ 58 (RHPgev — RoP gy _ RIV gab | Rav ghf)

+ 2y RMBY (26)
and €, = _2“/_}15{#85]' For ¢ = 0 we have
3
S PP(zp)b(zp)2 &
g S _PPGwbGr)? 2’ 27
% 473 v
h 4z,"

which is independent of parameter of the EGB gravity. In
terms of the temperature, the entropy is given as

_ 13 27 Tv3[2 v
TTA\0F D02 2 20

(28)

For isotropic case s &~ T3 and for anisotropic case s &~ T v .

The free energy density F(7T') can be calculated from the
entropy density s(7) by integrating as follows

F:/SdT = _U TS,
2w+ 1)
2v+1

which is related to temperature as F ~ T v . The sound
velocity cf which can directly measure the conformality
of the system, can be obtained from the temperature and
entropy:

(29)

o dlogT _ v

. 30
s V42 (30)

"~ dlogs
For isotropic case (v = 1), c? = 1/3, the system is con-
formal, for anisotropic (v # 1), 052 # 1/3 the system is
non-conformal. The heat capacity is given as

S =

2
CV=T——(V+ )

ar ~ v GD

N
—-
Cs
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Fig. 5 Plots of V in terms of z 1000

fora =0.1,0.2,0.3, 0.4,
(left), v =1,2, 3,4, 5 (right) 2001
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Fig. 6 Plotsof s, F and Cy in terms of T fora = 0.1,0.2,0.3, 0.4,

In terms of temperature,

Cv _ Bw+2) ( 271312 ) s 32
T3 4v v+ (V22 - 2a)

For isotropic case, the right hand side of (32) has a constant
value and for v > 1 depends to the temperature and at high
temperature goes to zero. Since entropy is positive therefore
Cy is positive and the black hole is stable. In Fig. 6, the behav-
ior of s, F and Cy in terms of T for isotropic (dashed lines)
and anisotropic (solid lines) and different values of « have
been shown. As can be seen, by increasing o, the thermody-
namical quantities s, F,and Cy increase. For T < T! . the
entropy, free energy, and heat capacity of anisotropic case is
larger than isotropic, and for T > T! vice versa. Where

Cross
i=s,F,CyandT,,, are given as follows

1

3042 2(1-v) w42 T

. 2 =20)3v" v 777 2 )Y
eross T A (v 4+ (202 — 20))2(v + D (202 — 2a)Y ’
(33)

and v = 4.5 (solid line) and v = 1 (dashed lines)

—=3v—6 + —4v—6
Vo v Voo
chos = (34)

U+ D202 — 2a) 20D

1
7Cv |:l4(v+1)((12v2 —2a)3(v + 2)v2<vv+1) nwzv%z)v :| -2

((12 — 204 ) D

cross — V(v + 1202 — 2a)vt2
(35)

2.2 Thecasec #0,u =0

In this case A; = 0 and the differential equation (12),
becomes

CZZ ('12
le T (PP T —a+vez?)g(2)g”

(‘22
—22le™ T WV PA + 2+ 320))
— a2+ vez?) (8 + 4v + 6vez? — 6cv? 2% + Pvizhe)g

(‘22
—davzPle™ T 2+ vez?)?g? = 0. (36)
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In order to solve Eq. (36), we assume g(z) as follows
g(2) =1+ e€gi(z) + O, 37)

by inserting it into the (36), one can achieve a homogeneous
differential equation for g1(z) as

[—12v3(2 + 3cz?) — 402 (1 + dacz?) + 4av(2 + cz?) + 16alg)

/ vz(I2v? — 4a) =0
(33)
Solving (38) give g1(z) as
1 [c(—=61%v* — 32va + 8a)
= f - b
81(z) = ¢1 + coer 2\/ (V2 — 4a)
(39

where c¢1 and c¢; are constants of integration. Using (39), the
metric (37) becomes

-6 22 v —6
erf( 7 CZ) 4Q2v + 1)/ —6ca (ze32erf (%) - zherf(

The conditions (9) give us ¢; and ¢; as

1
c1 =0, c¢p=-—
ot ! c(—6[%v? — 32va + 8a)
2 (202 — 4a) h
41)
Finally, using (41) the metric function becomes
1 |e(—61%v? — 32va + 8a)
erf | =
2 (%v2 — 4a)
g =1~ 42)
¢ 1 |e(—=612v% — 32va + 8a)
erf | =
2 2 —da)

In the case of ¢ <« 1 and ¢ < 0, the blakening function
become

g@)~1— -

3J/mi2v2erf

Ve
2

1 |e(—61%v% — 32va + 8a)
=1 if | =
g(2) +c1r+ee 2\/ 57— da)

(40)

and for « <« 1 and ¢ > 0, we have

@) 2acQu 4 1) 2(22 —z}) 2@z
~ h
gl ~1— ;e 2 — 22 e

Zh

+0(?). (44)

Fig. 7 Plots of g(z) in terms of
zforc=0.5,0.4,0.3,0.2,0.1
(dashed lines) and

—-0.5, 0.4, 0.3, ~0.2, 0.1 087
(solid lines) (left),
v=1,2,3,4,5,6,¢c=0.5and

¢ = —0.5 (right) 67

g(Z) 0.4

0.2

0.8

0.6

g(Z) 0.4

0.2

(a) v=45,0=01,l=1,2,=2
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InFig. 7, the behavior of g(z) for positive and negative values
of warp function is depicted. As c increases, the metric slope
becomes more decreasing. Also, changing the value of ¢ has
no effect on the value of the horizon. By substituting the
obtained metric (42), we arrive at the differential equation
for the scalar field as:

o?
2 _ e:?

In Eq. (47) the exact coupling function f, and approxi-
matly to first order in « in Eq. (48) has been obtained. In
Fig. 9, f> for positive/negative ¢ and for different values of
parameters has been plotted. The important feature of the fig-
ures is that for the negative ¢, f> goes to the negative values

B 22120327 (1202 — 4oc)erf< v 72261&“') [erf (—WZZ'SAZ”) — erf(%&)]

[zwmz@ e

J=2eA 3cA .2
x |:—erf (%) +erf (#)] ¢ (225120 + 32av — 4a) — 4(v + 2) (122 — 4a)

+20e22 GV + 200y 4 31202 + 4a)) — 8cavz (2 4 vez?)2 BI2V? + 16av — da)ehe?

/_2 A czzu(u12+8a)
+ 2120272/ =2c7 Aerf <#) e

— (V% — 4a)

—2ch J=2ch e J=2cA
<erf<—2c Z) —erf(—zc Z’“))(z%e—zerf(—zc el

2240 (vez? (3120% + 32av + da) — 2(v 4 2)(1Pv? — 4a))

)(—8 + 8v + 3v2c2?

—2cA v =2cA
+ 18v%e®) + a2 + vcz%(erf(#) - erf(#))(—m + 16v 4 3v275¢ + 2ve%2*

x (14 11v) +4ez2(6v* — 2 + 5v)))i|

(45)

where

31202 + 16va — 4a
A= : 46
1202 — A (46)

In Fig. 8, the behavior of imaginary and real part of ¢ (z) in
terms of z for different values of parameters has been shown.
As can be seen, the imaginary part of scalar field inside the
black hole is zero and outside the black hole the scalar field
is unstable, and by increasing « instability increase.

by increasing z, while it does not become negative anywhere
for the positive c.

(1- v)z’%

2
n%v3q2(lzv2 — 4a)erf (7V_22CAZ’1)

c. 12 _2 A V _2 A
X [nza et |:erf<2CZ) — erf(zczh):|

(€2Pv*(cz? — 6) + 13 (322 7%

—21%(cz% + 10)) + v2(=81% + a(12c2z* + 88¢z?))

=

Fig. 8 Plots of real (dashed 15
lines) and imagenary (solid
lines) part of ¢ in terms of z for
c=-0.1,-0.2,-0.3, -0.4,
(left), « = 0.1, 0.2, 0.3,
, 0.5 (right) 10

o ===

(a) v=45,0=0.1,l=1,2, =2

(b) v=45,l=1,2z, =2,¢=—-0.5
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4ymacz?v(2 + vez?)
(120% + 160w — da)e™ 4 (12v? — 4a)

(«/ —2cAz;, )
2

+ 400v(cz? +2) + 32a) —

5 5 cz2v(2v+8a) 3
x | —2[7v°mza/—2chAe 1Pv-4a erf + 2

X |:erf <_2CAZ) —erf <_26Azh >i|
2 2

(\/—ZCAZh>
2

LZ2
X (lzverf e 7 (31)cz2 +4v +4)

+erf —2cAz
Cr 2
J=2A
—erf (;Zh) } (16 + 8¢2% + v2(25¢% — 26224

16+ 6c2t + 120z2))], 47)

In the case of « < 1 and ¢ < 0 one can get

2w —1e” 5 [2«/—6czue 22 _7-[2 (4+4v +3vez )( rf( —26cz> .

X |:1222CU5 (5cz2 +3c% 4+ 6)

+ 4 (=322 2% + 12(20cZ2 + 20 + ¢22*))
+ 03 (4% + 10%¢z% — a(88¢cz?

+ 427 +12632%) — v2(81% + (80 + 36¢%z* + 48¢72))

— va(8cz? + 48) + 32a] + v[scaz2ﬁ(1
- 4a)eCA12

— V)2 + vez2)(312VE + 16av

+ (%2 — 40()[ — 27 vzlP/=2¢A(Bvez? + 4v + 2)erf

/_ZCAZh ('V12(12v+8a)
X [ X e 1202 —4q
2

—2cA —2cA

4 lerf [ YEEERE Y o [ T2
2 2

v —2cA 2

X |:12erf (;Zh> e 2 (84 1)2(96224 +12¢2% + 16)

+ v(6cz2 +8)+ 2+ czz)oz

()

f~
vzqzzngn%er’f (—_sczh>
(V - l)a 2 2 3612 CZZ 2 3ezy 5
o 1 /=6 | — 12z%7%cv 24+ vez)e —4Q2v + 1)ze 4rcvzpe 2 4 w2
> —6c
viq2mizy erf(TZ")
v —6 2 4 3es2
—6c¢erf <%) (vc12 - gv - 5) + ngx/—6cvz)egz

><(c242 6cv27% — 2vez? —20v—8)x<e (

4 4
—4Qv + 1)\/—6cn%zh (5 + v+ vcz x erf

3

—b6c¢cz

)= (=)
2
) 2 362‘7‘2 +vr? <erf< _6CZ> —erf (_—6czh>>2
2 2

x (16 4 8¢z> + v(16 + 16¢%z* + 12¢22) + v2 (23 — 2c2z4))i| + O(@a?). (48)
From equation E;; we get the expression for the scalar poten-
tial V as a function of z as follows: |: ( —2cAz) (mZh >:|

x |etf| ——— | —erf | ———
2 2
. e x (V1 (3253 — 2622 + v(20cz + 16
- — . \2
4\)3147'[%02\)2 —40l)erf (772261%“') + 14C2Z4 +32+ 16C22))]]]] (49)

C. 22
X |: — 20mzeAT v =2cA

|: ( —ZCAz) <«/ —2cAzy, ):|
x |letff| —— | —erf| ———
2 2
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Regardless of the sign of ¢, V(z) is negative under the hori-
zon. In panel a, with the increase of |c|, |V| decreases. In
panel b, as « increases, |V | increases.
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(a) v =
2,q=0.5

R

Fig. 9 Plots of f>(z) in terms of z for ¢ = 0.1,0.2,0.3,0.4,

lines) (right)

45, =011 =1,z = (b) a=0.1,l=1,2,=2,¢4=0.5

(solid lines) and ¢ = —0.1,—-0.2, —0.3, —0.4,
v=2,3,4,,c=0.5(solid lines) and ¢ = —0.5 (dahsed lines) (middle), « = 0.1, 0.2, 0.3,

(c)l=1,2p=2,q=0.5,r=45

(dashed lines) (left),
,0.5, ¢ = 0.5 (solid lines) and ¢ = —0.5 (dashed

Fig. 10 Plots of V (z) in terms
of z for

¢c=0.1,0.2,0.3,0.4,

(dashed lines) and ¢ = -2
-0.1,-0.2, —-0.3, - 0.4,
(solid lines) (left),
a=0.1,0.2,03,04, ",
¢ = 0.5 (dashed lines) and
¢ = —0.5 (solid lines) (right) V64

104

124

(a) v=45,a=0.1,l=1,2, =2

2.2.1 Thermodynamics of background

The Hawking temperature can be obtained by using the sur-
face gravity interpretation

CAZ%
! 7 /—=2cA
r=r=|&|- YT (50)
21 4r 4m 2erf (7«/ —20A>

where A provided in (46). In the case of small @ and ¢ < 0,
one can get

b)) a=0.1,l=1,2, =2

The behavior of temperature is shown in Fig. 11. In Fig. 1 1a,
the variation of temperature with respect to the horizon radius
zj, for different values of the coupling of theory « is shown. As
can be seen there exists a minimum temperature 7;,;, below
which no black hole solution exist (thermal gas). However,
for T > T,n, there are two black hole solutions, a large
and a small one (deconfined quark gluon plasma phase). The
small black hole phase for which 7 increases with z;, whereas
the large black hole phase for which T decreases with zj,.
In Fig. 11b, to study the stability of the solutions, we have
shown the behavior of heat capacity Cy and temperature. As
can be seen the large black hole has positive heat capacity

3(7z2 3CZ21
g 36;;21 v + De on a|:7r«/—6c(cz% + %)erf (—V}M’) —2/mczpe ba i|
T~ YT I ; +O<a2). (51)
4 2erf ( _26“" ) 73 1202erf (\/?Zh )
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Fig. 11 Plots of T in terms of 0.6
zp fora =0.1,0.2,0.3,0.4,
and v = 4.5 (left). Plots of Cy
and 7 in terms of z; for
a=0.1,0.2,0.3,0.4,

(right) 0.4

0.5

T 03

0.2 1

0.1+

100+

800
7004
600
5004
C. 4004
" 300

200

(a) l=1,¢=-05,a=0.1

Fig. 12 Plots of scaled entropy density s/77 (left),cs2 (middle)
and Cy/T3? (right) in terms of scaled temperature T/T,,;, for
v = 1,T,, = 0.19457 (dashedlines),v = 4.5 T, =

and therefore is stable and small black hole is unstable and
thus not physical.

Following the standard Bekenstein-Hawking formula
(27), one can easily read the black hole entropy density s,
which is defined as

2
3‘“h
7
1

Be™
§ = v+

4z,"

(52)

The scaled entropy density s/ T3 as a function of scaled tem-
perature T/ Tyin is shown in Fig. 12a. The red lines corre-
spond to the large stable solution and blue lines are for the
small unstable solution. The numerical result of the square
of the sound velocity is shown in 12b. At T,;,, the sound
velocity square is around O which is in agreement with lat-
tice data 0.05. At high temperature, the sound velocity square
goes to 0.45 for v = 1, which means that the system is
approximatly asymptotically conformal, while for v = 4.5,

@ Springer

(b) l=1,¢=-0.5,a=0.1 (c) !

0.1357 (solid lines). In each panel red lines correspond to the large
stable solution and blue lines correspond to unstable small solution

the sound velocity square goes to 0.8. The numerical result
of the specific heat is shown in Fig. 12c. It can be clearly seen
that the specific heat Cy diverges at Ty,in,. At T — o0, the
scaled specific heat Cy /T> approaches to the zero for this
approximate solution [34].

In Fig. 13, the behavior of c% and Cy have been shown.
As can be seen from the figure and obtained the result in the
previous section, it can be concluded that the heat capacity
has an inverse relationship with the speed of sound.

2.3 Thecasec #0,u #0
In this case the differential equation (12), becomes

L'zz (12
e T (22T —a@+vezd)?g(2)g”

sz
—2zle= T (VP4 + 2+ 32%)v)—
a(2 4 vez®) (8 + 4v + 6vez® — 6cv? 2% + PP zhg)g!
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1.5
] |

(a)l=1,¢=—-0.5,=0.1

Fig. 13 Plots of cf (red lines) and Cy (blue lines) in terms of z; for
v = 1 (dashed lines), 4.5 (solid lines)

sz
—davz?le” T 2+ vez?)?g”?

w42 2
— AW e T =0 (53)

in order to solve the above differential equation, we assume
8(x) = 14€g1(2) + O(?), (54)

by inserting it, one can achieve a non-homogeneous differ-
ential equation as

14

N (=232 + 3¢z?) — 42 (1% + dacz?) + 4av(2 + cZ?) + 16a]g] cvc%z%e 2

202
hy = ———,
8a(v —2)
i 33 (=20av + 1203 + 1202 — 120)
4= 160 (v — 2)(v42 + 31203 — 4ov? + 21202 — 1200 — 8a)’
422
vicTe
he 2

T 3202+ 3032 —4a)2(1 1 20)(1 + 112 — 4)
BI*0 + 619V — 4004120 + 30 + 2560203
— 5603 1% + 624v20% — 240212 + 44802y + 11202),
(57

where ¢, used from (11). Therefore, the metric function by
considering a particular solution becomes

1\/c(—612v2 — 32va + 8a)
erf | =

2 (%v? — 4ar)
2@ =1-
¢ 1 |e(—=612v% — 32va + 8a)
erf | -
2 (2v2 — 4a) ch
2 20-1) .
+e T v Y i, (58)
i

with A; are provided in (57). In Fig. 14, the effect of u on the
behavior of f> and V have been shown. As can be seen in
left panel by increasing chemical potential, f> decreases and
in right panel V increases.

In Fig. 15a, the behavior of entropy is shown in terms
of temperature. The figure shows the minimum and maxi-
mum temperature. As p increases, the minimum tempera-
ture decreases. This plot also shows that for 0 < p© < e,
there are minimal 7;,;, and maximal 7., temperatures,
between which the entropy is a function of 7 with three
branches. When we decrease the temperature, the entropy
decreases along the first branch (7;,;; < T < 00). Then the
entropy decreases along the second branch with an increase
of temperature from 7},,;;, to Tjpq4y, i.€. here the black holes

(.‘22

! vz(12v? — 4a)

da(4 + cvz?) =0 (53)

In order to solve the non-homogeneous differential equation
(55) in the case of ¢ < 0, ¢a # 0, we consider the following
particular solution:

? _20-D) ;
p@ =TT Y Wi, (56)
i

where h; are coefficients of expansions. By inserting the
above solution into the differential equation (55), and solving
order by order for coefficients, one can get

hg=h;y =h3=h5=0,

are unstable. Finally the entropy increases along the third
branch with an increase of temperature for 0 < T < Tj,4x.
Such a behavior in terms of event horizon, one can see in
the Fig. 15b and c. In each panel, the critical point has been
shown in red color curve. Upon varying the Hawking tem-
perature, a phase transition from the large black hole phase
to the thermal AdS phase takes place at a critical temper-
ature T, = 0.1242. This is the famous black hole-thermal
AdS Hawking-Page phase transition which occurs in the
presence of chemical potential ., = 0.22728. In Fig. 16
by using the approximate analysis, the phase diagram of the
holographic QCD model for anisotropic background and for
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Fig. 14 Plots of f, and V in 40
terms of z for

n=0,0.05,0.1, ,0.2, 304

20

Sy 101

101

~20

20

-104

~20

0.034

(a) v =45l = 1,c = =05,a = (b) v = 4.5,
0.1 0.1

Fig. 15 Plots of s, T and Cy in terms of zj, for u =

Einstien gravity (long dashed line), Einstien-Gauss-Bonnet
gravity (solid line) has been shown. As one can see at u = 0
the system undergoes a black hole to thermal gas first order
phase transition so that T E9B) (y = 0) > TE) (u = 0).
For 0 < u < p, (in the transition lines), the system under-
goes a large black hole to a small black hole first-order phase
transition. For 0 < u < uj, the temperature of the black
hole to black hole transition of Einstien gravity (T(E)(u))
is less than Einstien-Gauss-Bonnet gravity (T(EGB) (w)) and
for uy < @ < p, vice versa. The first order phase tran-
sition stops at the critical point (i, T;.), where the phase
transition becomes second order, herewith TC(EGB) < TC(E),
MEEGB) < /,LEE). For u > ., the system has a sharp but
smooth crossover. These thermal AdS and black hole phases
in the usual language of gauge-gravity duality are dual to the
confinement and deconfinement phases in the dual boundary
theory.

@ Springer

,0.15,0.2,0.22728,

(left) and p = 0.2, 0.22728, 0.3 (middle and right)

3 Conclusion

In this work, we extended the AdS/QCD model to quadratic
gravity to gain insight into the influence of gravity on QCD.
To do so, we considered an anisotropic black hole metric as a
solution to a system of 5D Einstein-quadratic-two Maxwell-
dilaton fields. The anisotropic background is specified by an
arbitrary exponent, a non-zero dilaton field, a non-zero time
component of the first Maxwell field, and a non-zero lon-
gitudinal magnetic component of the second Maxwell field.
The field equations for the considered theory are coupled
and bulky differential equations for six unknown functions.
Therefore, obtaining the solution to such field equations is
too hard, this is why we considered the special case of field
equation, i.e. y = «, 8 = —4«a (Einstien-Gauss-Bonnet
gravity). The differential equation for the metric function
in EGB gravity is a nonlinear second-order equation that has
been solved in special cases. At the first, we obtained the
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0.3
0.2
—_— _\D (H(E) T(E))
\\ c ¢
T ..
(EGB)*® (EGB
0.11 (" g Ee)
04 ‘ ‘ — ‘ ‘
0 0.1 0.2 0.3 0.4 0.5
m

(a) v=4.5,l=1,c¢=-05

Fig. 16 The phase diagram in 7" and p plane for anisotropic back-
ground. At small p, the system undergoes a first order phase transition
at finite 7. The first order phase transition stops at the critical point
(te, T) ~ (0.22728, 0.1242), where the phase transition becomes sec-
ond order. The solid line is for @ = 0.1 and long dashed line is foro = 0

exact solutions for the differential equations with zero warp
functions. In this case, it doesn’t occur any thermodynamical
phase transitions to the black brane. The second case that we
have considered is the case with zero chemical potential. The
blackening function in this case supports the Van der Waals-
like phase transition between small and large black holes for
suitable values of parameters. The third case that has been
considered is nonzero warp function and chemical potential.
In this case, in addition to the small/large phase transition,
the blackening function supported the phase transition from
the large black hole phase to the thermal AdS phase at a criti-
cal temperature. Holographically, this phase transition corre-
sponds to the confinement-deconfinement phase transition in
QCD. In each case, we investigated the anisotropy influence
and the effect of parameters of theory on the thermodynamic
properties of our background, in particular, on the small/large
black holes phase transition diagram. In Fig. 16, the effect
of the Gauss-Bonnet term on the phase transition has been
shown. This figure shows that before/after the intersection
point for constant chemical potential, the temperature of a
black hole in EGB gravity is more/less than that of Einstien
gravity. Clearly, before the intersection point, & has a dom-
inant impact on the temperature (compared to the effect of
(1 on the temperature). In the isotropic case corresponding
to v = 1 (zero magnetic fields) and ,a — 0 reproduces
previously known results [8].

For future work, one can consider the Weyl-squared term
by using the combination y = 6« and 8 = —4/3y for the
parameters of the theory. But since in this case, the field equa-
tion for the metric has a 4th-order derivative, the differential
equations should be solved numerically. Also, following the
paper [9], one can study the effect of the magnetic field on
the system in the framework of EGB.
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Constants

The constants related to Eq. (19):

2v+42

E=w+ D+ DHO** = 8acy) —daveiz ),
D = vi? — V2% — VA4 — 8acs,
F =vl? =% + Vv44 — 8ac,

G- w32 —vi2 - JE
- v+1 ’
H=—1*v(v — DVV44 — 8acy + v** — 8acs,

2042

1
K=—1% <v - 5) VE = 2acivzTv + wv+1)
l4 3
X <v4l4 —docy — _v) ,
2

L =120 — D44 — 8acs + v** — 8ac. (59)
The constants related to equation(21):

_ 2042 474

A=+ D(—4acivz v + @+ DO = 8ac)),

i , 3
B =—4av?e; 25 + (v + 1)<v + 5)(\;414 — 8acy),
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c
g

H

G
K
L

J

= —davez 5 + v+ DM = 8acy),
= 42?23V — 4 3v 2
+ 2c1voz(v2 — 1)(1;414 + 243 — 16avcy — 80{62)Z2VT+2

+ =D+ D*** = 8acy)

474
(40[02 VP — M3 — %) s

7 5
F=v*- Ev614 + 203014 + 51)414 + 4v3acz

+ 24av2cz — 36avcy — 8acs,
202042

= 40%(12(51) +2—22 4+ v3)z v

— 4c1a(v2 — 1)(141)3 — 8avey +4acy)z 2

1

—w+ DX = 1 <v2 -5V 1) WH* = 8acy),
=+ 20y + l\)414 — l\1314
2 20

1 1
vt 4 5\)414 — 514\13 + dacy,

- |
= 576a2¢3GC + 5AZH,

= 3202%c3GC — %(AZ(AB —H)). (60)
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