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We disclose the effects of the logarithmic nonlinear electrodynamics on the holographic conductivity
of Lifshitz dilaton black holes/branes. We analyze thermodynamics of these solutions as a necessary
requirement for applying gauge/gravity duality, by calculating conserved and thermodynamic quantities
such as the temperature, entropy, electric potential and mass of the black holes/branes. We calculate the
holographic conductivity for a (2 + 1)-dimensional brane boundary and study its behavior in terms of the
frequency per temperature. Interestingly enough, we find out that, in contrast to the Lifshitz-Maxwell-
dilaton black branes which have conductivity for all z, here in the presence of nonlinear gauge field, the
holographic conductivity does exist provided z < 3 and vanishes for z > 3. It is shown that independent of
the nonlinear parameter j, the real part of the conductivity is the same for a specific value of frequency
per temperature in both AdS and Lifshitz cases. Besides, the behavior of real part of conductivity for large
frequencies has a positive slope with respect to large frequencies for a system with Lifshitz symmetry
whereas it tends to a constant for a system with AdS symmetry. This behavior may be interpreted as
existence of an additional charge carrier rather than the AdS case, and is due to the presence of the
scalar dilaton field in model. Similar behavior for optical conductivity of single-layer graphene induced
by mild oxygen plasma exposure has been reported.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The idea of correspondence between gravity in an anti-de Sit-
ter (AdS) spaces and a conformal field theory (CFT) living on its
boundary (AdS/CFT) [1-3] has been successful in many theories
like superconductors, quark-gluon plasma and entanglement en-
tropy. In recent years, the extension of AdS/CFT correspondence to
other gauge field theories and various spacetimes (gravity theories)
have got a lot of enthusiasm and usually is called gauge/grav-
ity duality in the literatures. It has been well established that
the gauge/gravity duality provides powerful tools for exploring dy-
namics of strongly coupled field theories and physics of our real
Universe. Recently, an interesting application of gauge/gravity du-
ality in condensed matter physics was suggested by Hartnoll, et al.
[4,5] who demonstrated that some properties of strongly coupled
superconductors have dual gravitational descriptions. Such strongly
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coupled superconducting phases of the boundary field theory are
termed holographic superconductors in the literatures.

On the other hand, the dynamics of many condensed matter
systems near the critical point can be described by a relativistic
CFT or a more subtle scaling theory respecting the Lifshitz sym-
metry [6]

t— Mt, X— AX. (1)

The spacetime which supports the above symmetry on its r-infinity
boundary is known as Lifshitz spacetime and has the line element
(6]

12z 12dr?

ds? = ——dt® +

2452
2z ) +redxe, (2)

where z is dynamical critical exponent. Black hole spacetime
with asymptotic Lifshitz symmetry has been widely investigated
in the literature. For example, thermodynamics of asymptotic Lif-
shitz black solutions in the presence of massive gauge fields have
been studied in [7]. The generalization to include the higher curva-
ture corrections terms to Einstein gravity and thermodynamics of
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asymptotically Lifshitz black hole spacetimes was explored in [8].
The studies were also extended to dilaton gravity. In this regards,
thermal behavior of uncharged [9] and linearly charged [10] Lif-
shitz black holes in the context of dilaton gravity has been ex-
plored. When the gauge field is in the form of power-law Maxwell
field, a new class of analytic topological Lifshitz black holes with
constant curvature horizon in four and higher dimensional space-
time were constructed in [11]. A class of black brane solutions of
an effective supergravity action in the presence of a massless gauge
field, which contains Gauss-Bonnet term as well as a dilaton field,
with Lifshitz asymptotic have been investigated in [12].

It is also interesting to study other physical properties of sys-
tems with Lifshitz symmetry such as conductivity by applying
the gauge/gravity duality [13-17]. The holographic conductivity of
an Abelian Higgs model in a gravity background which is dual
to a strongly coupled system at a Lifshitz-fixed point, was ex-
plored in [14]. Other studies on the holographic superconductors
with asymptotic Lifshitz symmetry were carried out in [18-21].
The behavior of holographic conductivity for linearly charged Lif-
shitz black branes has been studied in [22,23] for 1 <z <2. It
is also of great importance to investigate the effects of nonlinear
electrodynamics on the holographic conductivity. In [17], the holo-
graphic conductivity for 4-dimensional Lifshitz black branes in the
presence of nonlinear exponential electrodynamics [24]| has been
explored. The pioneering study on the nonlinear electrodynamics
was done by Born and Infeld (BI) in 1934 [25] who considered a
Lagrangian of the form [25]

FZ
Lp=4p>|1- 1+ﬁ : 3)

where 8 is called the nonlinear parameter with dimension of mass,
F = FyuyF*’ and Fy,, = 9, Ay in which A, is the gauge potential.
It has been shown that BI nonlinear electrodynamics is capable to
remove the divergency of the electric field of a point-like charged
particle at its location as well as the divergency of its self-energy.
In addition to BI Lagrangian, other Bl-like nonlinear electrody-
namics in the context of gravitational field have been introduced.
Among them, the so called logarithmic nonlinear, which intro-
duced by Soleng [26], have got a lot of attention, in recent years.
The Lagrangian density of the logarithmic gauge field is given by
[26]

F
L(F)=-8p%In (1 + @) (4)

In the framework of dilaton gravity, thermal stability and thermo-
dynamic geometry of a class of black hole spacetimes in the pres-
ence of logarithmic nonlinear electrodynamics have been explored
in four [27] and higher dimensional spacetime [28]. Also, a class of
spinning magnetic dilaton string solutions which produces a lon-
gitudinal nonlinear electromagnetic field, in the presence of log-
arithmic nonlinear source, were explored in [29]. These solutions
have no curvature singularity and no horizon, but have a conic
geometry [29]. In this paper, we would like to consider a class
of asymptotically Lifshitz black hole/brane solutions of Einstein-
dilaton gravity in the presence of logarithmic nonlinear electro-
dynamics and study the thermodynamics of them as a necessary
requirement for a system on which we intend to apply gauge/grav-
ity duality. We shall also calculate the holographic conductivity of
linearly and nonlinearly charged 4-dimensional black brane solu-
tions for all values of z and disclose the effects of nonlinear gauge
field on the conductivity.

This paper is structured as follows. In the next section, we in-
troduce the action and construct a new class of asymptotic Lifshitz

black hole/brane solutions of Einstein-dilaton gravity in the pres-
ence of logarithmic nonlinear electrodynamics. In section 3, we
study thermodynamics of the nonlinear Lifshitz black hole/brane
solutions and calculate conserved and thermodynamics quantities.
We also verify the validity of the first law of thermodynamics on
the horizon. In section 4, we study the holographic conductivity
of two-dimensional systems for both linear Maxwell and logarith-
mic nonlinear electrodynamics. We also plot the behavior of real
and imaginary parts of holographic conductivity for asymptotic
AdS and Lifshitz solutions. We finish our paper with concluding
remarks in the last section.

2. Action and Lifshitz solutions

One of the properties of dilaton field is that it couples with
gauge fields. In the presence of dilaton field &, the Lagrangian of
the logarithmic electrodynamics get modified as well. In this case,
the Lagrangian density of the logarithmic gauge field coupled to
the dilaton field in (n + 1)-dimensions can be written as [28]

e—820/(—1) |
S (5)
88

L(F, ®)=—8B2eM*/ =D (1 +
where 8 is the nonlinear parameter and X is a constant. The large
B limit of L (F, ®) reproduces the linear Maxwell electrodynamics
coupled to the dilaton field [30,31]

20/(1-1) e—1210/(n—1) g2 1
L(F,®)=—e" "'F+———+——+0 (= ). 6
" ® 16p2 (54) (©)
In this paper, we look for asymptotic Lifshitz topological black hole
solutions. Thus we assume the line elements of the metric is [10,
32]

2z 2 4,2

r ¢ dr -1
ds? = —— f(Ndt? + — — +r2dx "D, 7

Pz [ + 5 s+ (7)
where z is dynamical critical exponent and k = 0, £1 determines
the sign of constant curvature (n—1)(n—2)k of (n—1)-dimensional
hypersurface with the line element dZ,E"il) and volume w;_1. In
order to respect the Lifshitz symmetry, we require f(r) — 1 as
r — o0o. We desire to consider the string-generated Einstein-dilaton
model [33] with two Maxwell and one logarithmic gauge fields.
The Lagrangian density of this theory in Einstein frame is

1 4
L=—/|[R- (V®)2 —2A + L(F, )
167 n—1

2
_ Ze‘l/("Ukiq’I.Ii)7 (8)

i=1
where R is Ricci scalar and A and A;'s are some constants. H; =
(Hi)pv (HD*Y in which (Hj),y = 9, (Bi)y) where (B;), are the
gauge potentials. Varying the action S = [d"*'x,/—gL with re-
spect to metric g, dilaton field ® and gauge potentials A, and
(Bi),'s, one can derive the corresponding equations of motion as

2
_ 8w p—4Ai®/(n—1)
Ruv = = |:2A +2LfF — L(F, ®) — l;H,e

4
+ 0 P00 — 2L F 5 Fy*

2
+2) e P (Hy) o (H 9)
i=1
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2
n—1 Ai
VIO + ——Lo+) e PV H; =0, (10)
i=1
Vu (LEF*") =0, (11)
Vu (e—4x,-c1>/(n—1) (Hz’)“v> -0, (12)

where L =9dL/dF and Ly = dL/9®. Lifshitz black hole solutions
of Einstein-dilaton gravity with Maxwell [10], power Maxwell [11]
and exponential nonlinear [17] electrodynamics have been ex-
plored. Clearly, in the limiting case where 8 — co, one may expect
that our solutions reduce to linear Maxwell case constructed in
[10] and in [11] when the power of electrodynamics Lagrangian is
equal to 1. It is notable to mention that our definitions are so that
in the linear limit, our solutions directly reproduce the results of
[11] for p = 1. First of all, we solve differential equations (11) and
(12) by using the metric (7). We find

zqe4/\<l>/(n—1)

= — 13
"= r (13)
qi . _
(Hi)r[ — rz__lne‘qu)/(n 1), (‘14)
where
B q2I22—2
T=,/1+ pErIn (15)

and q and g;’s are some integration constants. As we will see, q is
related to the electric charge of the black hole. Expanding (13) for
B — o0, yields

geHo/m=1)  g3[22-204.0/m-1) 1
m—z - 4r3n-z-242 Y (F) :

The first term in Eq. (16) is the linear Maxwell one presented
in [11]. The second term is the leading order nonlinear correc-
tion term to the Maxwell field. Substituting solutions (13) and (14)
into the field equations (9) and (10), one arrives at four differential
equations

Fre = (]6)

n—10(@"f)  22fP7? (n—1)(n —2)k
2[2pn-1 n—"1I2 2r2
2 2,4%®/(n—1)
qie H
+2 121(1—z)r2(n—]) +E=0, (17)
i=1
(n—1) (M2EDf) 2 f g2 (n—1)(n - 2k
22rn+22-3 (n—1)2 2r2
2 2,4%®/(n—1)
g iE=0 (18)
2a-2)72(n-1) ’
i=1
r2f’  Qn+3z-3)rf 2 fd?
212 212 (n— 12
N RZ+2n—-2)z+M—-1)(n—-2)f
212
A (=3 @ -2k 2 qRe®i®/m=1)
+A- 272 o P 2(=2)72(n-1)
T+1
— 4p%eH /=D <—;“ ) =0, (19)
Mz ) 2 g2).e4hi®/(n—1)
(EfO) g i _AE=0, (20)

2pntz—2 2(=2)72(1—1)

i=1

where & = ® (r) and

B = 4p%eM /- [T -1- ln(T +1 )] .
2
Combining (17) and (18), we find
4r?P”? =mn-1>%@z-1), (21)
which has the solution
B m—1Nvz-1

®(r)=In (%)'E, £ (22)

2

where b is an integration constant with dimension of length. So-
lution (22) implies z > 1. With & (r) at hand, we can obtain the
function f(r) form Egs. (17)-(20) as

2PA m
n+z-1)(n+z-2) r+z1
8,32121322_2
n—1n—z+41r22

2n—z 1+7T
X4 ———+In{ ——
n—z+1 2

n—1) 1 )
———— F| =, X, X+1,1-7
n—z+1) \2

1
—F(—E,X,X—H,l—Tz)}, (23)

(n — 2)%kl>
(n+z—13)%r2

where

_z—n—l
T 2n-2

)

F is the hypergeometric function and m is a constant related to the
mass of the black hole. Using the hypergeometric identities [34]

(y—w-—-1DF(w,x,y,s)+ wF(w+1,x,y,s)
—(y—-1DFWw,x,y—1,5)=0, (24)

and

F(w,x,x8)=(1-s"", (25)

one can rewrite f(r) in a more simple form

f = 212A m (n — 2)%kl2
 (m+z-1DM+z-2) Mtz (n4z-3)2r2
8/32[2b22—2
+
n—1)n—z4+1)r2z2
2n—z 1+7 m—-z+17T
Xx{———+1In +
n—z+1 2 z—2
(n—1)>2
(z—=2)n—z+1)
1 z—n-1 -3
< F _’z n ’n—i—z 1-r2)\l (26)
2 2n—-2 2n—2

Let us note that although at the first glance relation (26) seems
divergent in z=2, f(r) is not really diverging at this point as one
can see from (23). The above solutions will fully satisfy the system
of Egs. (17)-(20) provided,
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f(r

Fig. 1. The behavior of f(r) versus r for [ =1.

hy = n—2 7
z—1 z—1
4 = —w,
(z+n—2)2@D
k(n — 1)(n —2)(z — )22
2(z+n—3)2E-1

Note that ¢ is hidden in T = /1 + q2122-2/(82r?"~2) in (26). The
reality of g, requires that k # —1 except for z= 1. Thus, hereafter,
we consider the black branes (k = 0) and black holes (k =1) in
the general cases with z # 1. Also, reality of q; implies A < 0. As
we mentioned above the asymptotic Lifshitz behavior implies that
f(@)— 1 as r — oo. However, from Eq. (26) we have

n—1

A=—vz—-1, M= ,

(27)

a3 =

22A
nm+z—1Dm+z-2)

Therefore, in order to have appropriate asymptotic behavior for
f(@r) we fix A as

Jim 1) =

m+z—1)(n+2z-2)

212 ’

which is negative (A < 0), as the reality of q; implies. Hence, the
final form of f(r) is

A= (28)

m (n — 2)2kI2

f(r) 1 N 8ﬂ212b22—2
- rntz—1 n+z-— 3)2r2

n—1Mm—z+1)r2z—2

2n—z m—-z+1DY 1+7
X + +In{ ——
n—z+1 z—2 2
(n—1)?
z-2)(n—z+1)
1 z—n-1 -3
wE(L 2R lnrzms g 2l (29)
2 2n-2 2n—2

The behavior of f(r) for large 8, may be written

fn=1- My -2
- rn+Z—1 (n 4z 3)2r2
2q2b22—2[22
(n—1)(n+z—3)r2ntz—4
q4b2z—2l4z—2
- o|\— |- 30
4(n—1)(Bn+z—5) B2rant2z—6 + </34> (30)

When 8 — oo, this solution recovers the Lifshitz black holes in
Einstein-Maxwell-dilaton gravity [10,11], as expected. Fig. 1 shows
the behavior of f(r) for different values of 8 correspond to Lifshitz
black branes (k = 0) and black holes (k = 1). This figure exhibits
that it is possible to have black solutions with one or two horizons.

1.5
1.0t
0.5F
0.0
—-0.5¢

f(n

-1.0f
-1.5

0.6

5,b=04,q=14,z=15and m=1.5.

We can calculate the Hawking temperature of outermost horizon
ry as

) 4 z- D (n — 2)%kr2 2
Arletl T 4gletd 4 (n+z —3)lF1

2 21]—zb22—2 T 1
+ﬂ72[1—n+1n< +F >] (31)
T —Dri 2

where Y = Y (r;). In the next section we shall study thermody-
namics of Lifshitz black branes/holes we obtained in this section.

3. Thermodynamics OF Lifshitz solutions

In this section, we want to study thermodynamics of Lifshitz
black holes/branes. The temperature of our solutions on the hori-
zon was calculated in previous section. In order to find the entropy
of these Lifshitz solutions we can use the so-called area law which
states that the entropy of the black hole is quarter of the event
horizon area [35]. The entropy of almost all kinds of black holes in
Einstein gravity including dilaton ones is computed by using this
near universal law [36]. Hence, the entropy of the obtained Lifshitz
solutions per unit volume wy,_1 can be calculated as

rn—]
S=—"_. 32
. (32)
Now, we turn to calculation of electric charge of Lifshitz black
holes. We use the nonlinear logarithmic electrodynamics. The well-
known Gauss law for this nonlinear electrodynamics can be given

by
1 n—1 Wq D
Q= e " LpFyynfutdx, (33)

where u” and u# are the unite timelike and spacelike normals to
a sphere of radius r given as

1 I
nt = dt = dt,
/ —8tt rzy/ f(r)
1 r r
u’ = dr= I( )dr. (34)
V& l
Therefore, the electric charge per unit volume w,_1 is obtained as
qlz—1
= . 35
Q o= (35)

Another conserved quantity of our solutions is mass. We can ob-
tain this conserved quantity by applying the modified subtraction
method of Brown and York [37]. Thus, the mass per unit volume is
computed as (see Ref. [11] for more details)
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_ n—1m
T A

where m can be calculated by using this fact that f(r;) = 0. There-
fore, one obtains

(36)

(n— 2)2k12rﬂ++l—3 8,3212b22‘2r”+_z+1
(n+z—3)2 n—DHn—z+1)
— DY 1+7

(n—z+1) ++1n( + +>

_ ntz—1
m=r,_

2n—z
X
z—2 2

n—z+1
o @m=1
z-2)(n—z+1)

1 z—n—-1n+z-3
xF( =, , + =12 ). (37)
2 2n—2 2n—2

Since from one side m = m(ry,q) (note that g is hidden in YTy)
and from another side r; and q are related to entropy and charge
through (32) and (35), respectively, one can re-express m and con-
sequently M in terms of extensive quantities S and Q. The desired
Smarr formula M(S, Q) is therefore

(n _ -1) (45)(114‘2—1)/(11—1)

M (S, =
5. Q) 167zt1
(n—1) (n — 2)%k(4S)+2=3/(=1)
167171 (n+z — 3)2
ﬂZbZZ—Z (45)(n—z+1)/(n—1)
+ 2r(n—z+ -1
2n—z n m—-z4+1T +in 1+T
X -
n—z+1 z—2 2
(n—1)>
(z=2)(n—z+1)
1 z—n-1 -3
5 ] (it et AP 3 | NE )
2 2n—-2 2n—2
where T' = /1 +m2Q2/(8252). One can expand M(S, Q) for large

values of B to arrive at

(n — 1)(4S)M+z-1/0-1)
167 1#+1
(n—1)(n — 2)%k(45)"t2=3/ =D
167 (n +z — 3)21z-1
27.[Q2b22—2(45)(3—n—z)/(n—])
(n+z-3)1
167T3 Q4b22—2(45)(5—311—2)/(11—1)
B 43n+z—5)F1p2

1
+o(5). (39)
which is the Smarr-type formula obtained for the Lifshitz black
holes of EMd theory in the limit of 8 — oo [11]. We also introduce

the conjugate intensive quantities corresponding to entropy and
charge namely temperature and electric potential as

T= <%> and U= (M) . (40)

The electric potential U, measured at infinity with respect to the
horizon r, is principally defined as

M(S, Q)=

U=Aux"[roo = Aux"| (41)

r=ry’

where x = 0; is the null generator of the horizon. In order to
find electric potential U, we first have to calculate the gauge po-
tential A;. The gauge potential A; corresponding to the electro-
magnetic field (13) is given by A;(r) = [ Fdr. It is a matter of
calculations to show that

2ﬂ2b22—212—22rn—z+1
n—z4+1)
B 2q(n — 1)b%%2
(1+n—2)(n+z-3)ym+3

1 -3 -5
><F<— Z+n ,"+Z ,1—T2). (42)

Ar=p+ r—-1m

27 2n—-2 n—1

One can check that A; reduces to finite value w at infinity. Requir-
ing the fact that A; (r;) =0, one gets

2[32b227212722r11+—2+1

T, —1

n—z+4 1) (T )
2q(n — 1)b%2—2

(1+n—2)(n4z—3)r"+3

1 -3 -5
F _’z~|—n ’n+z ,1—Ti . (43)
2 2n-2 n—1

Note that w is commonly referred to as chemical potential of the
thermodynamical system lives on boundary. Using Eqs. (41) and
(42) the electric potential may be obtained as

U=pu. (44)

If we consider S and Q as a complete set of extensive quantities
for M(S, Q), it is confirmed numerically that the intensive quanti-
ties corresponding to S and Q namely temperature T and electric
potential U, coincide with Egs. (31) and (44), respectively. Thus,
the first law of thermodynamics

dM = TdS + UdQ, (45)

is satisfied for our obtained Lifshitz black branes/holes. In the re-
maining part of this paper, we turn to study the holographic con-
ductivity of a (2 4+ 1)-dimensional system lives on the boundary of
brane of a four dimensional bulk.

4. Holographic electrical conductivity

In this section, we will focus on studying gauge/gravity duality
for Lifshitz black brane solutions. In particular, we obtain the AC
conductivity as a function of frequency for a (2 + 1)-dimensional
system lives on the boundary of brane. In order to make the ef-
fects of nonlinearity on the conductivity more clear, we first review
the calculation of this quantity for the linear Maxwell case [22,23].
Then, we turn to the case with nonlinear logarithmic electrody-
namics. In what follows, we set [ =b =r, = 1. We take the planar
(3 + 1)-dimensional metric for the bulk as

—1
ds? = — Fuyu~2de? + [.F(u)uz] du? + u=2(dx* + dy?), (46)

which can be obtained from (7) by defining u = 1/r. Therefore, the
black brane horizon sits at u = 1 and the three-dimensional system
lives at u = 0 (brane boundary). For linear Maxwell case, F(u) in
(46) is calculated by substituting u =1/r, n=3 and k =0 in (30)
and taking the 8 — oo limit. Thus, we get

Fw)=1—mu*t? 4+ ¢z u?+2, (47)

Now, we perturb the vector potential and the metric by turning on
Ax(W)e ! and gy (u) et and arrive at two additional equations
as
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AL+ [f’f*l +301 - z)u’]] Al

oy 2F2 [szx — qUEF (2gi + ug;x)] —0, (48)
and
281 + ugl, = 4qu° Ay, (49)

where the prime indicates the derivative with respect to u. Elim-
inating gy from Eq. (48) through (49), we can easily obtain a
linearized equation for the gauge field Ay

A+ [FFT 430 -2u ] A
oyl F2 [a)2 - 4q2u2f] Ay = 0. (50)
From gauge/gravity duality, we know that the expectation value of
current is given by [38]
L
3 (dubAx) [y

where £ = .,/=g£ in which £ was introduced in (8) and §Ay =
Axe™'®t Therefore, we can calculate conductivity through Ohm’s
law as

(Jx) = (51)

() Ux) i
Ex 0r6Ax w8Ay
In order to compute conductivity o (w), we need to know the

asymptotic behavior of the perturbative field Ay governed by (50)
near the boundary u = 0. This reads

o (w) = (52)

Al =3z —-Du A+ u?* VA 4 ... =0, (53)
which has the solutions
0,2
A0 4 zf(z‘iz)u2z+A1u3z‘2 +... forz#2,
Ax(u) = o (54)
A — A Inyut + Alut +... forz=2,

where A® and A! are two constants. Thus, the conductivity for the
linear Maxwell electrodynamics is obtained as [22,23]

(3z—2)A!

4miwAY forz#2,
o= o (55)
16A —A"w
167iwA°? forz=2.

It is remarkable to note that for z > 2, there is a divergence term
in £ when we use (51) and (52) to calculate conductivity, o. How-
ever, these terms do not effect on the value of conductivity and
can be easily eliminated by using holographic re-normalization ap-
proach [22,23,39]. In this method, the divergence is canceled by
adding appropriate counterterms to the action. In [23], conductiv-
ity has been studied for (3 + 1)-dimensional black branes in the
presence of linear Maxwell electrodynamics where 1 < z < 2. Here,
in (55), we generalize those results to z > 2.

Now, we turn to calculate the conductivity on the boundary of
the Lifshitz black branes when the bulk gauge field is in the form
of logarithmic nonlinear electrodynamics. The motivation is to dis-
close the effects of nonlinearity on the holographic conductivity in
comparison with linear Maxwell case. In this case, by transforming
r— u=1/r in Eq. (29), F(u) can be rewritten as

4%u* 2 (6—-2z (4—2)Yy
4-2) |42 z—2

(1 T 4
+n< 2 )‘u—am—a

1 z—-4 2
x F E,T,Z,l—Tu , (56)

Fu)y=1-mu**? 4

where Yy = /14 q?u#/p2. Perturbative equations of motion com-
ing from turning on Ay(u)e'®' and g (u) e~ in the bulk for
nonlinear electrodynamics are

., [30-20 F 4q%u3 ,
At ——+—= 2,4 2 2 Ax
u F oqaut+ (1 +7Ty)
2,,22—2 3z—2
w“u 2qu
= 2 ), 57
F2N T+ Tu)f( g+ Ugh) (57)
and
2gix + ugly, = 4qu’ Ay, (58)

which give rise to the decoupled equation for the gauge field Ay

a4 [30=2 +£/+ 4q?u3?7 2 ,
* Fooqut4pra4+1)? ]
2z-2 24,2
u 8q°u“F
—Ax|0* — ———|=0. 59
TR X[w (1+Tu)] 59)

One can check that the general behavior of Eq. (59) near the
boundary u =0 is

Al =3z —Du A+ 0?u?* VA + ... =0, (60)

which cause the same behavior for the gauge potential near the
boundary as (54). Now, we can compute conductivity in the pres-
ence of logarithmic electrodynamics. Using Eq. (52), we arrive at

-1
(3z=2)A! wA%3-7\2
4A7iwA? [1+( 2B )]
-1
16A1—A%%? 1+(a)A°u 2
167iwA° 28

Consequently, the conductivity o in this case for different ranges
of dynamical critical exponent z is

forz #2,

u=0

for z=2.

u=0

oy al
pean forz <3 (#2),
1_ 40,2
o= » (62)
(3z—2)A! wA®)? _
471w AD [1 + (W) ] forz=3,
0 for z > 3.

It is notable to mention that the same comments as linear Maxwell
case given in the end of previous paragraph about the diverging
terms are also valid here. The above result indicates that for z < 3,
the conductivity has the same expression as linear Maxwell field.
For z =3 the conductivity get modified due to the nonlinear pa-
rameter 8 and reduces to the Maxwell case as 8 — oco. However,
in contrast to the linear Maxwell field, the conductivity is zero for
z > 3. The media show the behavior like the latter case (z > 3)
in which o =0 are known as “lossless” since conductivity repre-
sents power loss within a medium. In such a media which is called
also as “perfect dielectrics”, | =0 regardless of the electric field E.
This means that the electric field E cannot move the charge car-
riers. This result shows that, for z > 3 the media in gauge side of
gauge/gravity duality represents lossless behavior if the nonlinear
electrodynamics is employed.

In order to have further understanding on the behavior of the
conductivity, we depict the conductivity in terms of the frequency
by solving Eq. (59), numerically. For this purpose, we need initial
conditions. Let us look at the solution for the gauge potential Ay
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Fig. 3. The behaviors of real and imaginary parts of electrical conductivity o versus w/T for z=1, ¢ =0.9 and different values of g with I=b=r; =1.
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Fig. 4. The behaviors of real and imaginary parts of electrical conductivity o versus w/T for z=1.1, $ =1 and different values of ¢ with [=b=r; =1.

near the horizon r. In order to take into account the causal be-
havior, we solve Eq. (59) for Ax near horizon by performing ingoing
wave boundary condition. Therefore, we receive

Axw) = F) " Tw ), (63)
where T is temperature and

Y =1+a@u—1)+bu—-1>%+--, (64)
where a,b, ... are some constants to be determined numerically

and considered as initial conditions required for solving differential
equation (59), numerically. Substituting Eq. (63) into Eq. (59), one
can obtain the differential equation for W. Therefore, a,b, ... can
be found by looking for Taylor series expansions of Eq. (59) near
the horizon ry. With these initial conditions, we are able to plot
the behavior of the conductivity in terms of frequency.

Figs. 2 and 3 show the behavior of conductivity o with re-
spect to frequency per temperature, w/T, for asymptotic AdS case
(z=1). In Fig. 2, this behavior is depicted for different values of q.
From Fig. 2(a) we see that opc = Re[o (0)] decreases as q (tem-
perature T) increases (decreases). This figure also shows that the
effects of increasing of frequency is more for larger values of g

(lower temperatures). Furthermore, inspite of different values of q
(T) there is an asymptotic value for Re[o] in large frequencies.
Such behavior for conductivity has been reported in [40] for a
graphene system. It is important to note that the behaviors of real
and imaginary parts of conductivity are not independent and is re-
lated to each other via Kramers-Kronig relations. Fig. 3 illustrates
the behavior of conductivity versus frequency for different values
of the nonlinear parameter 8. This figure again confirms that opc
decreases with decreasing the temperature. As one can see from
Fig. 3(a), there is a specific w/T (between 5 and 10) that inspite
of different values of 8, the conductivity is the same for it.

In Figs. 4 and 5, previous cases are illustrated for a system with
Schrodinger-like symmetry, namely z = 1.1. For small frequencies,
opc has the same behavior as previous case i.e., it increases as
temperature does. However, the behavior of conductivity for large
frequencies is different. In fact, real part of conductivity has a pos-
itive slope with respect to frequency for large ones. This behavior
may be interpreted as existence of an additional charge carrier
rather than the previous case. This is due to existence of dila-
ton scalar field in model in comparison with asymptotic AdS case.
Similar behavior for optical conductivity of single-layer graphene
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induced by mild oxygen plasma exposure has been reported in
[41]. Fig. 4 shows that we have more near behavior for conduc-
tivity for smaller ¢’s (higher temperatures). Finally, from Fig. 5, we
see that for a specific value of w/T (near 10), the conductivity has
the same behavior, independent of the nonlinear parameter 8. This
occurs for isotropic symmetrical systems (z = 1) too (see Fig. 3(a)).

5. Closing remarks

To summarize, we have constructed a new class of (n + 1)-di-
mensional Lifshitz dilaton black holes/branes in the presence of
logarithmic nonlinear electrodynamics. The obtained solutions in
this paper obey the scaling symmetry t — A%t and x! — Ax{, comes
from the generalized gauge/gravity duality, at r-infinity bound-
ary. We found that the horizon of these spacetime can be an
(n — 1)-dimensional hypersurface with positive (k = 1) or zero
(k = 0), constant curvature. Therefore, our solutions rule out the
case with negative curvature (k = —1). We studied thermodynam-
ics of Lifshitz dilaton black holes/branes and calculated the temper-
ature, entropy, charge, electric potential and mass of the spacetime.
We have also confirmed that these conserved and thermodynamic
quantities satisfy the first law of thermodynamics on the horizon.
This is a necessary requirement for a system in which one can ap-
ply gauge/gravity duality.

Then, we investigated the gauge/gravity duality of Lifshitz black
branes by calculating the holographic conductivity as a function of
frequency for a (2 4+ 1)-dimensional system lives on the boundary
of a (3 + 1)-dimensional bulk. First, we reviewed the calculations
of the conductivity on the boundary of Einstein-Maxwell-dilaton
black branes and found that it holds for all values of the dynam-
ical exponent z. In this part, we generalized the study of [23] to
z > 2. Then, we extended our study to the case with logarithmic
nonlinear electrodynamics. We found that for z < 3, the conduc-
tivity has the same expression as linear Maxwell field. For z =3
the conductivity get modified due to the nonlinear parameter
as given in Eq. (62), and reduces to the Maxwell case as 8 — oo.
However, in contrast to the linear Maxwell case, in the presence
of logarithmic nonlinear gauge field the conductivity is zero for
z > 3. Taking suitable initial conditions, we have plotted the be-
havior of the conductivity in terms of frequency per temperature.
We found that for asymptotic AdS case (z=1), opc = Re[o (0)] de-
creases as q (temperature T) increases (decreases). Latter behavior
holds for asymptotic Lifshitz solutions (z > 1). However, the be-
havior of conductivity for large frequencies is different. In fact, real
part of conductivity has a positive slope with respect to large fre-
quency for asymptotic Lifshitz solutions whereas it tends to a con-
stant for asymptotic AdS ones. This behavior may be interpreted as
existence of an additional charge carrier for systems respecting Lif-
shitz symmetry rather than the AdS case. This is due to existence
of dilaton scalar field in our model, comparing with asymptotic
AdS case. Similar behavior for optical conductivity of single-layer

graphene induced by mild oxygen plasma exposure has been re-
ported in [41]. Finally, we observed that for a specific value of
w/T, the conductivity has the same value, independent of the non-
linear parameter B3, for both asymptotic Lifshitz and asymptotic
AdS solutions.

Acknowledgements

We are grateful to the referee for constructive and helpful com-
ments which helped us improve the paper significantly. We also
thank the research council of Shiraz University. This work has been
financially supported by the Research Institute for Astronomy & As-
trophysics of Maragha (RIAAM), Iran.

References

[1] J.M. Maldacena, The large-N limit of superconformal field theories and super-
gravity, Adv. Theor. Math. Phys. 2 (1998) 231, Int. ]J. Theor. Phys. 38 (1999)
1113, arXiv:hep-th/9711200.

[2] E. Witten, Anti de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998)
253, arXiv:hep-th/9802150.

[3] S.S. Gubser, LR. Klebanov, A.M. Polyakov, Gauge theory correlators from non-
critical string theory, Phys. Lett. B 428 (1998) 105, arXiv:hep-th/9802109.

[4] S.A. Hartnoll, C.P. Herzog, G.T. Horowitz, Building a holographic superconductor,
Phys. Rev. Lett. 101 (2008) 031601, arXiv:0803.3295.

[5] S.A. Hartnoll, C.P. Herzog, G.T. Horowitz, Holographic superconductors, J. High
Energy Phys. 12 (2008) 015, arXiv:0810.1563 [hep-th].

[6] S. Kachru, X. Liu, M. Mulligan, Gravity duals of Lifshitz-like fixed points, Phys.
Rev. D 78 (2008) 106005, arXiv:0808.1725 [hep-th].

[7] G. Bertoldi, B.A. Burrington, A. Peet, Black holes in asymptotically Lifshitz
spacetimes with arbitrary critical exponent, Phys. Rev. D 80 (2009) 126003,
arXiv:0905.3183 [hep-th];

M.H. Dehghani, R.B. Mann, Thermodynamics of Lovelock-Lifshitz black branes,
Phys. Rev. D 82 (2010) 064019, arXiv:1006.3510 [hep-th];

M.H. Dehghani, Sh. Asnafi, Thermodynamics of rotating Lovelock-Lifshitz black
branes, Phys. Rev. D 84 (2011) 064038, arXiv:1107.3354 [hep-th];

M.H. Dehghani, Ch. Shakuri, M.H. Vahidinia, Lifshitz black brane thermodynam-
ics in the presence of a nonlinear electromagnetic field, Phys. Rev. D 87 (2013)
084013, arXiv:1306.4501 [hep-th].

[8] M. Bravo-Gaete, M. Hassaine, Thermodynamics of charged Lifshitz black holes
with quadratic corrections, Phys. Rev. D 91 (2015) 064038, arXiv:1501.03348
[hep-th].

[9] G. Bertoldi, B.A. Burrington, A.W. Peet, Thermal behavior of charged dilatonic
black branes in AdS and UV completions of Lifshitz-like geometries, Phys. Rev.
D 82 (2010) 106013, arXiv:1007.1464 [hep-th].

[10] J. Tarrio, S. Vandoren, Black holes and black branes in Lifshitz spacetimes,
J. High Energy Phys. 1109 (2011) 017, arXiv:1105.6335 [hep-th].

[11] M. Kord Zangeneh, A. Sheykhi, M.H. Dehghani, Thermodynamics of topological
nonlinear charged Lifshitz black holes, Phys. Rev. D 92 (2015) 024050, arXiv:
1506.01784 [gr-qc].

[12] M. Kord Zangeneh, M.H. Dehghani, A. Sheykhi, Thermodynamics of Gauss—
Bonnet-dilaton Lifshitz black branes, Phys. Rev. D 92 (2015) 064023, arXiv:
1506.07068 [hep-th].

[13] D.W. Pang, On charged Lifshitz black holes, J. High Energy Phys. 1001 (2010)
116, arXiv:0911.2777 [hep-th].

[14] SJ. Sin, S.S. Xu, Y. Zhou, Holographic Superconductor for a Lifshitz fixed point,
Int. J. Mod. Phys. A 26 (2011) 4617, arXiv:0909.4857 [hep-th].


http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4D616Cs1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4D616Cs1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4D616Cs1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib576974s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib576974s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib677562s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib677562s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib48617231s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib48617231s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib48617232s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib48617232s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656831s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686363s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686363s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686363s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib70656574s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib70656574s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib70656574s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib746172696Fs1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib746172696Fs1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656832s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656832s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656832s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656833s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656833s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib44656833s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib70616E67s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib70616E67s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib537570436F6E644C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib537570436F6E644C6966s1

234 A. Dehyadegari et al. / Physics Letters B 758 (2016) 226-234

[15] S.A. Hartnoll, D.M. Hofman, D. Vegh, Stellar spectroscopy: fermions and holo-
graphic Lifshitz criticality, ]. High Energy Phys. 1108 (2011) 096, arXiv:1105.
3197 [hep-th].

[16] M. Taylor, Non-relativistic holography, arXiv:0812.0530;

D. Roychowdhury, Magnetoconductivity in chiral Lifshitz hydrodynamics,
J. High Energy Phys. 1509 (2015) 145, arXiv:1508.02002 [hep-th];

A. Bhattacharyya, D. Roychowdhury, Lifshitz hydrodynamics and new massive
gravity, arXiv:1503.03254;

D. Roychowdhury, Lifshitz holography and the phases of the anisotropic
plasma, arXiv:1509.05229.

[17] M. Kord Zangeneh, A. Dehyadegari, A. Sheykhi, M.H. Dehghani, Thermodynam-
ics and gauge/gravity duality for Lifshitz black holes in the presence of expo-
nential electrodynamics, arXiv:1601.04732.

[18] D. Momeni, R. Myrzakulov, L. Sebastiani, M.R. Setare, Analytical holographic
superconductors in AdSy-Lifshitz topological black holes, Int. ]. Geom. Methods
Mod. Phys. 12 (2015) 1550015, arXiv:1210.7965 [hep-th].

[19] Y. Bu, Holographic superconductors with z =2 Lifshitz scaling, Phys. Rev. D 86
(2012) 046007, arXiv:1211.0037 [hep-th].

[20] JW. Lu, Y.B. Wu, P. Qian, Y.Y. Zhao, X. Zhang, N. Zhang, Lifshitz scaling effects
on holographic superconductors, Nucl. Phys. B 887 (2014) 112, arXiv:1311.2699
[hep-th].

[21] G. Tallarita, Holographic Lifshitz superconductors with an axion field, Phys. Rev.
D 89 (2014) 106005, arXiv:1402.4691 [hep-th].

[22] J.R. Sun, S.Y. Wu, H.Q. Zhang, Novel features of the transport coefficients in
Lifshitz black branes, Phys. Rev. D 87 (2013) 086005, arXiv:1302.5309 [hep-th].

[23] J.R. Sun, S.Y. Wu, H.Q. Zhang, Mimic the optical conductivity in disordered
solids via gauge/gravity duality, Phys. Lett. B 729 (2014) 177, arXiv:1306.1517
[hep-th].

[24] S.H. Hendi, Asymptotic charged BTZ black hole solutions, J. High Energy Phys.
1203 (2012) 065, arXiv:1405.4941 [hep-th].

[25] M. Born, L. Infeld, Foundation of the new field theory, Proc. R. Soc. A 144
(1934) 425.

[26] H.H. Soleng, Charged black point in general relativity coupled to the logarith-
mic U(1) gauge theory, Phys. Rev. D 52 (1995) 6178, arXiv:hep-th/9509033.

[27] A. Sheykhi, F. Naeimipour, S.M. Zebarjad, Phase transition and thermodynamic
geometry of topological dilaton black holes in gravitating logarithmic nonlinear
electrodynamics, Phys. Rev. D 91 (2015) 124057.

[28] A. Sheykhi, F. Naeimipour, S.M. Zebarjad, Thermodynamic geometry and ther-
mal stability of the n-dimensional dilaton black holes in the presence of loga-
rithmic nonlinear electrodynamics, Phys. Rev. D 92 (2015) 124054.

[29] A. Sheykhi, Z. Mahmoudi, Magnetic dilaton rotating strings in the presence of
logarithmic nonlinear electrodynamics, Gen. Relativ. Gravit. 47 (2015) 1.

[30] K.CK. Chan, J.H. Horne, R.B. Mann, Charged dilaton black holes with unusual
asymptotics, Nucl. Phys. B 447 (1995) 441, arXiv:gr-qc/9502042.

[31] A. Sheykhi, Thermodynamics of charged topological dilaton black holes, Phys.
Rev. D 76 (2007) 124025, arXiv:0709.3619.

[32] R.B. Mann, Lifshitz topological black holes, ]J. High Energy Phys. 0906 (2009)
075, arXiv:0905.1136.

[33] J. Polchinski, String Theory, Cambridge University Press, Cambridge, 1998.

[34] M. Abramowitz, L.A. Stegun, Handbook of Mathematical Functions, Dover, New
York, 1972;
R.M. Corless, G.H. Gonnet, D.E.G. Hare, DJ. Jeffrey, D.E. Knuth, Adv. Comput.
Math. 5 (1996) 329.

[35] ].D. Beckenstein, Black holes and entropy, Phys. Rev. D 7 (1973) 2333;
S.W. Hawking, Black hole explosions, Nature (London) 248 (1974) 30;
G.W. Gibbons, S.W. Hawking, Action integrals and partition functions in quan-
tum gravity, Phys. Rev. D 15 (1977) 2738.

[36] CJ. Hunter, Action of instantons with a nut charge, Phys. Rev. D 59 (1999)
024009, arXiv:1506.01784 [gr-qc];

S.W. Hawking, C.J. Hunter, D.N. Page, NUT charge, anti-de Sitter space, and en-
tropy, Phys. Rev. D 59 (1999) 044033, arXiv:hep-th/9809035;

R.B. Mann, Misner string entropy, Phys. Rev. D 60 (1999) 104047, arXiv:hep-
th/9903229;

R.B. Mann, Entropy of rotating Misner string spacetimes, Phys. Rev. D 61 (2000)
084013, arXiv:hep-th/9904148.

[37] S.H. Hendi, A. Sheykhi, M.H. Dehghani, Thermodynamics of higher dimensional
topological charged AdS black branes in dilaton gravity, Eur. Phys. J. C 70 (2010)
703, arXiv:1002.0202 [hep-th].

[38] S.A. Hartnoll, Lectures on holographic method for condensed matter physics,
Class. Quantum Gravity 26 (2009) 224002, arXiv:0903.3246 [hep-th].

[39] V. Balasubramanian, P. Kraus, A stress tensor for anti-de Sitter gravity, Com-
mun. Math. Phys. 208 (1999) 413, arXiv:hep-th/9902121;

K. Skenderis, Lecture notes on holographic renormalization, Class. Quantum
Gravity 19 (2002) 5849, arXiv:hep-th/0209067;

J. Tarrio, Asymptotically Lifshitz black holes in Einstein-Maxwell-dilaton theo-
ries, Fortschr. Phys. 60 (2012) 1098, arXiv:1201.5480 [hep-th].

[40] Z.Q. Li, E.A. Henriksen, Z. Jiang, Z. Hao, M.C. Martin, P. Kim, H.L. Stormer, D.N.
Basov, Dirac charge dynamics in graphene by infrared spectroscopy, Nat. Phys.
4 (2008) 532, arXiv:0807.3780 [cond-mat.mes-hall].

[41] L. Santoso, R.S. Singh, PK. Gogoi, T.C. Asmara, D. Wei, W. Chen, A.T.S. Wee,
V.M. Pereira, A. Rusydi, Tunable optical absorption and interactions in graphene
via oxygen plasma, Phys. Rev. B 89 (2014) 075134, arXiv:1370.1358 [cond-
mat.mes-hall].


http://refhub.elsevier.com/S0370-2693(16)30141-1/bib436F6E644C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib436F6E644C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib436F6E644C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib686F6C6C6966s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4B445344s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4B445344s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4B445344s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31323130s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31323130s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31323130s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31323131s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31323131s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31333131s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31333131s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31333131s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31343032s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib31343032s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib777531s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib777531s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib777532s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib777532s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib777532s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68656E6469657870s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68656E6469657870s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4249s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4249s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib536F6C656E67s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib536F6C656E67s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib534E5A31s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib534E5A31s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib534E5A31s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib534E5A32s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib534E5A32s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib534E5A32s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib536865794Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib536865794Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib43484Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib43484Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib5368657933s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib5368657933s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4D616E6Es1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4D616E6Es1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib506F6C6368s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib616272616Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib616272616Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib616272616Ds2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib616272616Ds2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4265636Bs1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4265636Bs2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4265636Bs3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib4265636Bs3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68756E74s4
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib6D6F644259s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib6D6F644259s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib6D6F644259s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68617274s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib68617274s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib72656E6F726Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib72656E6F726Ds1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib72656E6F726Ds2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib72656E6F726Ds2
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib72656E6F726Ds3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib72656E6F726Ds3
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787031s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787031s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787031s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787032s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787032s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787032s1
http://refhub.elsevier.com/S0370-2693(16)30141-1/bib65787032s1

	Holographic conductivity for logarithmic charged dilaton-Lifshitz solutions
	1 Introduction
	2 Action and Lifshitz solutions
	3 Thermodynamics OF Lifshitz solutions
	4 Holographic electrical conductivity
	5 Closing remarks
	Acknowledgements
	References


