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We study a general D-dimensional Schwarzschild-type black brane solution of the Einstein-dilaton theory and derive, by using
the holographic renormalization, its thermodynamics consistent with the geometric results. Using the membrane paradigm, we
calculate the several hydrodynamic transport coefficients and compare them with the results obtained by the Kubo formula, which
shows the self-consistency of the gauge/gravity duality in the relativistic nonconformal theory. In order to understand more about
the relativistic non-conformal theory, we further investigate the binding energy, drag force, and holographic entanglement entropy

of the relativistic non-conformal theory.

1. Introduction

For the last decade, the AdS/CFT correspondence [1-3] has
been one of the interesting subjects for understanding the
strongly interacting quantum field theory (QFT). Applying
the AdS/CFT correspondence to QCD or the condensed
matter system provided many interesting physical results like
the phase structures [4-7], the universal ratio between the
shear viscosity and entropy [8-14], holographic supercon-
ductor [15-29] and strange metallic behavior [30-32], and
so forth. Recently, after assuming the gauge/gravity duality it
was shown that the dual field theory of the Einstein-dilaton
gravity can be described by a relativistic nonconformal theory
[33]. In this model, due to the running dilaton, the DC
conductivity obtained by the Kubo formula [8, 9, 33] shows
the unexpected behavior, which may describe electrolyte or
some chemical compounds. The real physics is not usually
conformal except some critical phenomena like the phase
transition and the RG fixed points. Therefore, it is required to
generalize the AdS/CFT correspondence to the nonconfor-
mal case. Here, we simply call such a generalized correspon-
dence the gauge/gravity duality. Actually, it is not hopeful to
prove the gauge/gravity duality because even in the AdS space
there is no direct proof of the AdS/CFT correspondence.
Instead, we will try to find some pieces of evidences for the
gauge/gravity duality of a nonconformal theory.

In the Einstein-dilaton theory with a Liouville potential,
there exists a Schwarzschild-type black brane solution which

we call an Einstein-dilaton black brane (EdBB). Since its
asymptotic geometry is not the AdS space and the induced
metric on the boundary is given by the Minkowski metric, the
gauge/gravity duality says that the dual theory should be a rel-
ativistic nonconformal theory. In order to understand more
physical properties, one can apply the holographic renormali-
zation to the Einstein-dilaton theory. In this paper after find-
ing an appropriate counterterm we show that the resulting
on-shell action and the boundary stress tensor are finite. Fur-
thermore, we check the self-consistency of the gauge/grav-
ity duality by showing that the thermodynamic quantities
derived from the boundary stress tensor coincide with the
results of the EdBB geometry.

Another interesting issue related to the self-consistency
is the hydrodynamics. In the linear response theory of the
QFT, the macroscopic properties can be determined by the
transport coeflicients. Moreover, they can be represented by
the background thermal quantities. For example, consider a
thermal system with an energy density € and pressure P.
Then, the momentum diffusion constant of this system is
given by (see [15-19] and references therein)

s
D, = R
S e+P M

where 7, is the shear viscosity. Note that in this calculation
the microscopic details of the system are not important. If the
EdBB is really dual to a relativistic nonconformal theory, the



dual system should also satisty this relation. Using the univer-
sality of the ratio between the shear viscosity and the entropy
density [11, 15-19]
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as well as the thermodynamic results of the Einstein-dilaton
theory, the momentum diffusion constant becomes

P (00) = ®)

An alternative way to obtain the momentum diffusion con-
stant is to investigate the holographic hydrodynamics of
the metric fluctuations. For the self-consistency those two
results should be the same. We show by applying the mem-
brane paradigm [11] that the momentum diffusion constant
obtained by the holographic method really satisfies the above
relation.

In order to understand more physical features of the
relativistic nonconformal theory, we further investigate the
holographic binding energies probed by an F1- and Dl-string.
From the boundary theory point of view, an F1- or D1-string
represents the bound state of a pair of particles (fundamental
excitations) or monopoles (solitons), respectively. In the AdS
space, there is no physical difference between F1- and DI-
strings due to the conformality or the trivial dilaton profile.
However, in the relativistic nonconformal theory a monopole
is distinguished from a particle because of the non-trivial
coupling constant. The holographic results show that the
binding energies of particles and monopoles are stronger in
the nonconformal theory than in the conformal one. We
also investigate the drag forces of a particle and monopole
in the nonconformal medium. For a relativistic particle
and monopole, the momentum exponentially decreases as
time evolves. The dissipation rate of the momentum is
proportional to temperature with a positive power depending
on the nonconformality. In the nonrelativistic case, the
momentum decays with an inverse power law for a particle
and with a power law for a monopole, in which the dissipation
power is again determined by the nonconformality. Finally,
we investigate the holographic entanglement entropy of
the relativistic nonconformal theory. Recently, there was
an interesting conjecture that in a small subsystem the
entanglement temperature (or “effective temperature”) has a
universal feature proportional to the inverse of the size [34].
Such a universality of the entanglement temperature also
appears in the holographic relativistic nonconformal theory.

The rest of the paper is organized as follows. In Section 2,
we explain our conventions and summarize the black brane
thermodynamics. For checking the gauge/gravity duality of
the relativistic nonconformal theory, in Section 3, we red-
erive the same thermodynamics from the boundary energy-
momentum tensor constructed by the holographic renormal-
ization. Applying the membrane paradigm in Section 4, we
also show that the momentum diffusion constant obtained in
the EdBB gives rise to the consistent result with the EdBB
thermodynamics and satisfies the QFT relation (1). Based
on these self-consistencies of the gauge/gravity duality in
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the relativistic nonconformal theory, we further investigate
the binding energies of particles and monopoles in Section 5
and the drag forces in Section 6. In Section 7, by calculating
the holographic entanglement entropy, we show that the uni-
versal feature of the entanglement temperature conjectured in
[34] is still valid even in the relativistic nonconformal theory.
Finally, we finish our work with some concluding remarks in
Section 8.

2. D-Dimensional Einstein-Dilaton
Black Brane

Let us consider a D-dimensional Einstein-dilaton theory with
a Liouville potential in a Lorentzian signature

! Jﬂdeﬁ[@—z(a¢)2—er"¢], (@)

S =
Ed = 16nG

where A is a negative constant. We simply call A a cosmo-
logical constant because it really becomes a cosmological
constant for # = 0. In the above, # is an arbitrary constant
representing the nonconformality of the dual theory. Taking
a logarithmic profile for the dilaton field

¢ (r) = ¢y — ko logr, (5)

where ¢, and k, are two integration constants, an effective
cosmological constant A ¢ = Ae'™ without loss of generality
can be set to be

4(D-2)[8(D-1)-(D-2)1*
Aeff=—( )[8(D-1) (2 )n]. ©
[8 + (D - 2)n?]

Note that since A is negative A ¢ should also be negative. This
fact implies that 7 is below the Gubser bound, > < 8(D -
1)/(D -2)) [35, 36]. Consequently, ¢(r) is refined to

¢ (r) = —kologr. @)

In terms of the refined dilaton field and the effective cosmo-
logical constant, the Einstein equation and the equation of
motion for a dilaton become

1
Ry = =R G + Gu ot €"®
wy wy wite
2 (8)
2
= 2ay¢)av¢ - g,m/(a(p) >

1 " 1 ¢
\/T—gay (\/__gg# av¢) = EAeffﬂen : 9

Together with the logarithmic dilaton profile, the EdBB
metric satisfying the above two equations is given by

2 . .
d52 = —T"zalf(r) dt2 + r&f—}'(r) + T’zalé\ijdxldx], (10)
with a black brane factor
fry=1-", (1)
r
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where i and j represent the spatial directions of the boundary
space, and the other parameters are

_ 2(D-2)n
T8+ (D-2)np
L 8
T8+ D-2) (12)
_8(D-1)-(D-2)7
8+ (D-2)?
The asymptote of the EdBB metric reduces to
ds = ——di? + 7 (=df’ +6,dx'dx’),  (13)
et

where the Poincare symmetry ISO(1, D — 2) of the boundary
hypersurface at a fixed r is manifest. This fact implies that the
dual field theory should be described by a relativistic QFT. For
n = 0, the background geometry reduces to the asymptotic
AdS space with an effective cosmological constant A
Aeff:_(D 1) (D 2)’ (14)
2

which is exactly that of a general D-dimensional AdS space
with a unit AdS radius R = 1. For # # 0, the asymptotic geom-
etry is not the AdS space anymore and instead reduces to the
hyperscaling violation form [37-48]. Therefore, one can eas-
ily see that the dual field theory is not conformal.

Before concluding this section, let us summarize thermo-
dynamics of the EdBB obtained from metric (10). The Hawk-
ing temperature and the Bekenstein-Hawking entropy are

i 8(D-1)+(D-2) 112 r(8—(D—2)r]2)/(8+(D—2)r]2)
8+(D-2)n* "

e

>

H

(15)
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where V,_, means the spatial volume of the boundary space.

Other thermodynamic quantities, the internal energy E and

the free energy F, are given by

>

Spr =

Fe Vb, 4(D-2)
- _ 2
8nG 8+ (D-2)y (16)
y r;s(D—1)—(D—2)n2>/(s+(D—2)n2),
F=E-TSgy
Vy, 8—(D=2)#"
D-2 n 1)

T 16nG8+(D-2)1

y r}(lS(D—l)—(D—Z)nz)/(8+(D—2)n2).
Using the pressure defined by P = —0F/0V,_,, the ther-
modynamic quantities of the EdBB satisfy the first law of
thermodynamics as well as the Gibbs-Duhem relation, E +
PV,_, = TSgy. Following the gauge/gravity duality, these
thermodynamic quantities can also be reinterpreted as those
of the dual relativistic nonconformal theory.

3. Holographic Renormalization of
the Einstein-Dilaton Theory

In the AdS/CFT correspondence, the conformal symmetry
usually plays an important role to match spectra of gravity
with their dual operators. In the nonconformal case, although
such a relation is not clear, we can still investigate some ther-
modynamic properties of the dual field theory through the
gauge/gravity duality. If the on-shell gravity action is identi-
fied with the free energy of the dual field theory, we can easily
derive the thermodynamic properties. In this section, we will
show that the on-shell gravity action, after the appropriate
holographic renormalization, really provides the consistent
thermodynamics with the EdBB thermodynamics.

In order to describe a finite temperature system, it is more
convenient to take into account an Euclidean version. With an
Euclidean signature, the gravitational action of the Einstein-
dilaton theory can be rewritten as

Sgr = SEd + SGH’ (18)
with
1
Spg = —
Ed 167G
x j G [ - 20¢) - 28 ], (19)
M
- b J d”'xy ©
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where g, or y,, is the Euclidean metric in the bulk or the
induced boundary metric, respectively. For a well-defined
action variation, the Gibbons-Hawking term Sy is required.
An extrinsic curvature tensor ©,,, is defined by

Q) V,n, + V,,ny) , (20)

1
w= 75 (
where V, and n, mean a covariant derivative and an unit
normal vector, respectively. Since the Gibbons-Hawking term
is aboundary term, it does not affect the equations of motion.

Before evaluating the on-shell gravity action, it is worth
noting that the on-shell gravity action usually suffers from
the divergence when the boundary is located at r = co. To
remove such a UV divergence (in [46, 47], the nonconformal
field theory dual to a p-brane geometry in the dual frame has
been investigated), we should add appropriate counter terms
which make the on-shell gravity action become finite [49-51].
The correct counter term we found is

_ L D-1 ans/z)
S‘-‘f_SnGIMd xW(8+(D—2);12€ - @

For 1 = 0 it reduces, after restoring the AdS radius R, to the
usual one for AdS, space [49]

1 D-1 (D-2)
= — . 22
Sads P Lﬂd Xy R (22)

In general, there exist additional counter terms proportional
to the boundary curvature scalar or tensors. However, since



the boundary space of the EdBB geometry is flat with a
Poincare symmetry SO(1, D-2), the counter terms associated
with the curvature scalar or tensors automatically vanish.
Therefore, the resulting renormalized action can be described

by
S =S8gs+Sgu + Set- (23)

Since the on-shell gravity action reduces to a boundary
term, it can be naturally interpreted as a boundary quantity.
Following the strategy of the AdS/CFT correspondence, it
should be proportional to the free energy of the dual theory
with providing the same thermodynamics derived in the
EdBB geometry. Now, let us check if the renormalized on-
shell gravity action really reproduces the results of the EdBB
in (16).

First, consider the Einstein-dilaton action. Using the
Einstein equation in (8), it simply reduces to

1 B D-2
Spy=-—— | a Jd
Ed 161G Jo ’ X

rod +/ —4 A e
X r e,
L 9 p et

(24)

where 7 is an Euclidean time with a periodicity § and
_[ dP7?x = V},_, is the spatial volume of the boundary space.
In the above, r, is introduced to denote the position of the
boundary which can be interpreted as a UV cutoff of the dual
theory. After inserting solutions (5) and (6) into (24) and
evaluating it, we finally reach to

ﬁVD—Z 16 c c
Spy = —r), 2
B = 161G 8 + (D - 2) 1 (5 = 73) 25)

which diverges as r, — ©0 because of ¢ > 1. Similarly, the
Gibbons-Hawking term and the counter term result in

.= _ BV,
B 8nG
[ 8D-1) 8(D-1)+(D-2)7" 13, .
8+(D-2)*  2(8+(D-2m) r5) "
_BVp, 8(D-2) T "
“ " 167G 8 + (D - 2) 1 re o
(26)
Summing all results, the exact renormalized action finally
becomes
_ BVp, | 16(D-2) 1- l—i <
167G |8+ (D-2)1P re)°

8D-3)+D-2)n
§+(D-2)p |
For r, — 00, the renormalized on-shell action simply redu-
ces to
_ _ﬁVD—Z 8—(D- 2)’12 c

_ . 28
167G 8+ (D —2) 12 1 (28)
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Like the AdS/CFT correspondence, the free energy of the dual
theory can be defined by F = S/ 3 which gives rise to the same
free energy in (17).

Now, let us evaluate the boundary energy-momentum
tensor. From the gravitational action in (18), the corre-
sponding boundary stress tensor defined by T, = —(2/+/y)

(08/0y™) reads

1
8nG

Tea)y = J A2 x ™ (O — v4,0) » (29)

and the contribution from the counter term is

Vb, 8(D-2)
b 871G 8+(D-2)7

Ten* 5 \/73n¢/25ab> (30)

where the indices a and b imply the directions of the bound-
ary space and time. So the renormalized stress tensor is given
by the sum of them

Tub = T(bd)ab + T(Ct)ab' (31)

The explicit form of the renormalized boundary energy reads

E=T,
Vp, 8(D-2)
871G 8+ (D-2)1P (32)

C
R
o

and the pressure becomes

rC
- (1 - _IZ)] TS,
o

T,
VD—Z

P=-

B 1
T 811G

8(D-2) 1,
8+ (D-2)n? <1_\]1_r_g> (33)
_8(D-3)+D-7’ 1, | .

2+ (D-2)2) rs | ”

where the pressure is the same as —F. If we puta UV cutof into
infinity r, = 0o, the energy and pressure are simply reduced
to
_Vp, 4(D-2) <
8nG 8+ (D-2)n> ™

(34)
1 8-(D-2)7

T 16nG8+(D-2) 2 I

These results show that the holographic renormalization of
the Einstein-dilaton theory reproduces the exact same EdBB
thermodynamics when the boundary is located at infinity.
At zero temperature (r, = 0), the free energy and the
internal energy of the dual theory become zero. In [33], it was
shown that for 112 > 8/(D - 2) the EdBB and its dual theory
are thermodynamically unstable. In the parameter range
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FIGURE 1: The free energy depending on r, for # = 0 (solid) and
n = 1 (dashed), where we set 871G =1, 7, =1, D=4,and V, = L.

#* < 8/(D - 2), the free energy at finite temperature is always
negative. Therefore, if we do not insert an IR cutoff by hand,
there is no Hawking-Page transition and the EdBB geometry
is always preferable. This result is qualitatively the same as
the one obtained in [52], where a different renormalization
scheme, the so-called subtraction method, was used. Now, let
us consider the UV cutoff dependence of the free energy. If
we interpret the position of boundary as the energy scale of
the dual theory, we can see how the free energy depends on
the energy scale of the dual theory. In Figure 1, we draw the
free energy depending on r,, for # = 0 and 1, which shows that
the free energy monotonically decreases as the energy scale of
the dual theory decreases.
Following the definition of the equation of state parame-
ter, it becomes in the dual relativistic nonconformal system
2
we _+ T (35)
D-2 8

where the second term represents the deviation from the

conformal one. This result also shows that the sound velocity
of the relativistic nonconformal medium

¢ = Vw (36)

is always smaller than that of the relativistic conformal one,

\V1/(D - 2).

4. Membrane Paradigm

In the previous section, the thermodynamic properties of a
relativistic nonconformal system have been investigated by
using the holographic renormalization. In this section, we
will study the macroscopic properties, especially the hydro-
dynamic transport coefficients of the membrane paradigm
[11], and compare them with the results of the Kubo formula
(33, 52].

4.1. Charge Diffusion. In order to describe the charge dif-
fusion process in the relativistic nonconformal medium, we
need to introduce a Maxwell term describing U(1) gauge

field fluctuations on the EdBB. Due to the existence of the
nontrivial dilaton field, the Maxwell term can have a more
general gauge coupling depending on the radius r

1
S:—dix\/— ——— FyF™, 37
g 49123(1') MN (37)
with
ap(r)
e
9 (1) = ——, (38)
9

where g; is a constant and a new parameter « describes the
strength of the gauge coupling. Usually, the vector fluctua-
tions can be divided into two parts: if the fluctuation moves
in the y-direction with a momentum k, one is the longitudinal
modes, A, and A , and the other is the transverse modes A
(where x means all transverse directions) in the A, = 0 gauge.
Since the charge diffusion process is related to the motion of
the longitudinal modes, we concentrate only on the longitudi-
nal modes from now on. In the hydrodynamic limit (w ~ k%,
w < Ty, and k < Ty), the Fourier mode expansions of the
longitudinal modes become

dw dk
A= | TS

dw dk
2n)?

e—iwt+ikyAt (I’, o, k) ,

(39)

e—iwt+ikyAy (1’, o, k) )

A, (nty) = |

These longitudinal modes satisfy two dynamical equations,
the current conservation and the Bianchi identity. In terms of
current j¥, the governing equations are [11]

t N9 ou
0=07 = i (7970
y N7 ow
0= _ar]}’ - gZD (7’) (_g )gyyatFJ’t’
Ozatjt+ayjy, (40)
2
0= — grrgyygD (1’) at].y
N
2
9rryydp (1) .
_ #azf +0,F,.

Combining these equations, one can easily derive a flow equa-
tion for the longitudinal conductivity defined by o (r, k,) =

I,
2 2
i |9 | 9L K 9”7\
7o lw\](_gtt) |:2A (r) (1 w? (=g") ) *a (T)] ,
(41)
with

_ 1 -9 yy

> = .
4 (r) g%) (1") \/(_gtt) grr g (42)



In the zero frequency limit, we can see that the longitudi-
nal conductivity reduces to the DC conductivity and that it is
independent of the position of the membrane. Furthermore,
imposing the regularity of the conductivity at the horizon, the
DC conductivity leads to

Opc

_A)_ _ (D 2
B 1 ( 47[8 + (D _2)112] )(S(D 4)-2(D-2)n)/(8—=(D-2)1")

" @\8(D-1)-(D-2)

_A)_ _ (D 2
« TS(D 4)-2(D-2)na)/(8—(D-2)1")

>

(43)

which reproduces the Kubo formula’s results obtained in spe-
cific parameter values, « = 0 and &« = -#/2 [33]. From
the general DC conductivity in (43), we can see that the DC
conductivity of the relativistic nonconformal theory is always
positive and real because the range of 77 should be constrained
to 172 < 8/(D - 2). Moreover, if « > 4(D - 4)/(D — 2)n the
DC conductivity decreases with increasing temperature. Tak-
inga = (8D - 1) - (D - 2)y)/2(D -~ 2)y for D = 5
especially provides the resistivity proportional to temper-
ature, which is the macroscopic electric property of the
metal. If « = 4(D - 4)/(D - 2)n, the DC conductivity is
independent of temperature. For « < 4(D - 4)/(D - 2)y,
it increases with temperature, which is a typical feature of
the electrolytes or some chemical compounds. In general, the
macroscopic electric properties crucially depend on what the
charge carriers are. For example, the electric property of the
metal is mainly governed by the motion of electrons, whereas
the motion of ions is important to understand the electric
properties of the electrolytes or chemical compounds. As a
result, we can say that parameter « provides the information
for the charge carrier in the dual field theory.

In the hydrodynamic limit (w, k <« Tyy), the flow equation
of the longitudinal conductivity reduces to

2
oL - —ik—( gtt)grrgZD(r). (44)
or N ]
According to the holographic renormalization, the radial
position of the membrane r,,, can be identified with the energy
scale of the dual field theory. Using the fact that the DC
conductivity plays a role of the initial data for the conductivity
flow [11], integrating (44) from r;, to r,, gives rise to the
following longitudinal conductivity:

0,01,

iWopc

woGE @

oL (rm) =

where the charge diffusion constant 9,(r,,,) depending on the
energy scale is given by

D) = opc | %gé Q

™ -

-0 -0
(r=n2)
= —}"h,

)

(46)
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FIGURE 2: The RG flow of the charge diffusion constant, where we
takey = 1, Ty = 1, and D = 4. It shows that the charged diffusion
constant increases monotonically with the energy scale denoted by
7,,» and it becomes zero at the horizon r;, = 18.2521.

with
5 8(0=3)-(D-2)(n+20)n
B 8+ (D -2)1?
+( i )
_8(D-4)-2(D-2)ay
- 8+ (D —-2)n?

For a positive § (or « < (8(D —3) — (D - 2)7}2)/2(D -2)n),
the charge diffusion constant of the dual field theory is well-
defined in the limit of r,, — ©00. Otherwise, it diverges
at the infinity. For a welldefined hydrodynamic transport
coeflicients at the asymptotic boundary, we concentrate only
on the positive § from now on. Then, the general charge
diffusion constant at the asymptotic boundary becomes

1 8(D-1)-(D-2)#

2. (00) = 4T, 8(D-3) - (D-2)(n+2a) 1

(48)

In the 4-dimensional case, the charge diffusion constant at the
asymptotic boundary is consistent with the result of the Kubo
formula [33]. For more understanding, we take a special value
of &, for simplicity & = 0. Since 7 is always smaller than 8/(D—
2) due to the thermodynamic stability, the charge diffusion
constant increases with #. This fact implies that the charge
diffusion constant of the nonconformal medium is larger than
that of the conformal one. Moreover, since the half-lifetime of
the quasi-normal mode in the diffusion process is inversely
proportional to the charge diffusion constant and the square
of the momentum, the above result also implies that the
quasi-normal mode decays more rapidly in the nonconformal
medium. Lastly, we can easily see from (46) that the charge
diffusion constant decreases monotonically as the energy of
the dual theory runs from UV to IR (see Figure 2).

4.2. Momentum Diffusion. As shown in [10, 11], the relevant
equations for gravitational shear modes h; and k), for D = 4

can be mapped onto an electromagnetic problem by taking
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the analogy to the Kaluza-Klein reduction. If we set i} = a,
and h; =a,, the action for the shear modes reduces to

1

_ D — o
167 jd x\/_ggxszxﬁF > (49)

where « and f3 imply the longitudinal direction t or y. Note
that here D > 4; otherwise there is no shear mode. F,j is the
field strength of a, and a,,, which in terms of metric fluctua-
tions is given by F,3 = 0,h — Oghy, and easily generalized to
the higher dimensional case. This action for shear modes is
exactly the standard Maxwell form with an effective coupling

9

1 1

gé = E Gxx+ (50)

So we can immediately take over all results of the previous
section.

The counterpart of the DC conductivity denoted by o
becomes

P N
N 167 (_gtt)grr

Notice that the Bekenstein-Hawking entropy density s can be

written as
5= S _ 1 -9
VD—Z 4 (_gtt)grr

From the celebrated universality in (2), one can easily see that
0 is nothing but the shear viscosity #, and that the result is
the expected one in the Kubo formula [52].

Similarly, we can also easily evaluate the retarded Green
function of the shear modes in the general D

(51)

Th

(52)

Th

2
ny’Xy = —nsw 5 53
R iw - D, (r,,) k? (53)

where the momentum diffusion constant & (r,,), by taking
the analogy to the charge diffusion constant, is

Tm (_gtt) Grr
D (1), =45J dr——
( ) h V=9 YGxx

(54)
8+ (D-2)7 1 1
- 8(D-1)-D-2)* \r] 1,
with
2
_8-(D-2)y (55)

YEsv -2

Below the crossover value 172 < 8/(D - 2) where the black
brane is thermodynamically stable, y is always positive. If we
put the membrane at the infinity and rewrite the momentum
diffusion constant in terms of temperature, the momentum

0 200 400 600 800 1000

T'm

F1GURE 3: The RG flow of the momentum diffusion constant, where
we take # = 1, Ty = 1, and D = 4. Similarly to the charged
diffusion constant, the momentum diffusion constant also increases
monotonically with the energy scale r,,, and it becomes zero at the
horizon r;, = 18.2521.

diffusion constant has the form expected by the EdBB ther-
modynamics

1

P (00) = ATy,
H

(56)

which shows the self-consistency of the gauge/gravity duality
in the relativistic nonconformal medium. In addition, this
result implies that the corresponding quasi-normal mode
decays rapidly at high temperature, whereas the momentum
diffusion constant does not depend on the nonconformality
unlike the charge diffusion constant. Finally, we plot the
momentum diffusion constant depending on the energy scale
in Figure 3. It shows, similar to the charge diffusion con-
stant, the monotonically decreasing behavior with decreasing
energy.

5. Binding Energies of
Particles and Monopoles

In the holographic QCD, the binding energy of quark and
antiquark is described by a temporal Wilson loop, which in
the string theory corresponds to the trajectory of the open
string ends. In this section, we will investigate such a binding
energy in the relativistic nonconformal medium. Before start-
ing the calculation, it is worth to note that there is no dif-
ference between a fundamental string (or Fl-string) and
Dl-brane (or Dl-string) in the AdS space if we ignore the
gravitational backreaction of the them. However, that is not
true in the EdBB geometry due to the nontrivial dilaton
profile. The metric usually felt by an open string is not in the
Einstein frame but rather in the string frame represented as
(53, 54]

ds’

string

_ 92 42
_e¢ dSEinstein’ (57)

which is the relation between frames of a 10-dimensional
string theory. We can also introduce a dual frame [45-47] in



which the near horizon geometry of p-branes is described by
AdS,,, x S¥°P_ Note that all these frames are related to each
other by appropriate conformal mappings, and the geometry
of p-brane in the string and Einstein frame can be gener-
ally expressed as the combination of a “warped AdS” and
“warped sphere” geometry where “warped” means a proper
multiplication of the dilaton field. In the Einstein frame, the
EdBB geometry in (10) describes the noncompact geometry
of a 10-dimensional string theory, and the other part, the
compact geometry, can be described by an appropriate
warped sphere. In investigations of the binding energy and
drag force in the next section, since the internal space does
not give any contribution, we can simply ignore it. Due to
the nontrivial dilaton field of the EdBB geometry, the binding
energies of particles and monopoles, which are represented
by the ends of an F1- and Dl-string, are different in the
relativistic nonconformal theory. Therefore, the goal of this
section is to investigate quantitatively the binding energies of
particles and monopoles as well as to study the effect of the
nonconformality on them.

In order to investigate the binding energy of two fun-
damental particles, we take into account the Nambu-Goto
action of a fundamental string

1 2 oxt ax">
- = 58
SF1—2 ,Jdo\j d3t<GWao¢a 5 ) (58)

where G, is the space-time metric in the string frame. In the
static gauge with the metric in (10)

(59)
r=r(x),

assuming that the end points of string are located at {r, x} =
{00, £1/2}, the string action simply reduces to

12
dxe®? /i + ria f (r), (60)

Spy = ——
L 2ol L/z

where f3 is the time interval and the dot means a derivative
with respect to x. Using the analogy to mechanics, the con-
served Hamiltonian after regarding x as time is given by

e?? o f @)

N . (61)

If r has a turning point or minimum value r, satisfying 7, = 0,
the existence of such a turning point implies that the particle
and antiparticle are connected by a string which corresponds
to the bound state of particles. The absence of a turning point
says that an open string connecting two particles divides into
two straight strings describing free particles. First, we con-
centrate on the string configuration with a turning point at
which the above conserved Hamiltonian is still satisfied

$./2
e 2a
H= =55 i f (), (62)

with ¢, = ¢(r,).

H=-
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After introducing a rescaled coordinate ¥ = r/r,, com-
paring the above two Hamiltonians gives rise to information
for the interdistance between particles in terms of the turning
point

1= 2 W |"ar !
ial_l 1 ﬁ“lm\/e‘g 74a1f(;) - f()

where f(7) = 1 — 7/7, f(1) = 1 - 7, and ¢ = ¢(7). In
addition, an unrenormalized energy of a pair of particles
becomes

7

1-ko/2 o0 ¢ =2a; |
e e 10 e
e 7 f (7) - f (1)

In the asymptotic region (F — 0©0), the unrenormalized
energy has the following approximate form:

ri_ko/z ffl—ko/Z

o' 1-ky/2

(65)

Since 1 — ky/2 > 0 for 112 < 8/(D - 2), the unrenormalized
energy diverges when 7 — ©00. In order to define the binding
energy well, we need to renormalize it by adding an appro-
priate counter term. In the holographic QCD, this kind of
divergence appears due to the infinite masses of two quarks
described by straight strings. Therefore, we can remove the
above divergence by subtracting the infinite particle masses.
To do so, we parameterize two straight strings as

1ot

T=t, o=r, X =+ (66)
Then, the energy of two straight strings is given by
ik o0
Bo= " | dre, (67)
o' )5

Th

which corresponds to the mass of two particles and can
exactly cancel the divergence of the unrenormalized energy.
The renormalized energy of a pair of particles becomes

V=E-E,
1-k,/2 o é. 2a o _
r e'r 4/ r
= I dF /@) —J dre?? |,
o 7,

L\ a7 - £ (1)
(68)

which corresponds to the well-defined binding energy bet-
ween the particle and antiparticle.

Now, let us consider the low temperature case (7, =
r,/1, < 1),in which the interdistance and the binding energy
of a pair of particles have the following expansion forms:

1 r,
lz—zFT<Ao+fh—§+~~>, (69)
Vs

_ 1-ky/2 1-ky/2—¢ -
V =Byr, " +Bjr, + Byry,

* *

+eey (70)
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where ellipsis means higher order corrections and

2+/m T(1/2+(2a, - 1)/ (4a, - ky))

Ay =

>

2a, -1 l“((2‘11 - 1) / (4‘11 - ko))
A= 2vm [T(/2+@Qa-1)/(4a - k)
"da -k | T((2a, - 1)/ (4a, - k)
2-2c—k,
" 2 (4a, - ko)
T(1/2+(2a; - 1+¢)/(4a, - k;))
T+ a—1+0)/(da, k) |’
2
BT " k) VA

T (1/2+ (2a, — 1)/ (4a, — ky))
F((zal - 1) / (4‘11 - ko))

1
b (4a, — ko) Vo'
[(1/2+ (2a; - 1)/ (4a, — ky))
I ((2a, - 1)/(4‘11 _ko))
T(1/2+(2a, -1 +¢)/(4a, - k)
I'((2a, - 1+c¢)/(4a;, - k;))
1
B = ma! (1-ky/2)

>

(71)

In the zero temperature limit (r, — 0), the binding
energy shows a Coulomb-like potential with a power depend-
ing on the nonconformality

Y
v =408 72)
v
with
8- (D-2)n+(D-2)1
)= (D-2)n+(D-2)n" (73)

8—(D-2)n?

For the conformal theory ( = 0) dual to the AdS space, the
binding energy is given by the Coulomb potential propor-
tional to 1", as expected by the conformality. For 0 < # <
1/2, y is positive and smaller than 1. This implies that when
compared with the conformal case the magnitude of the bind-
ing energy in the nonconformal medium slowly decreases as
the interdistance of the two particles increases. Interestingly,
the Coulomb potential inversely proportional to the inter-
distance again appears at # = 1/2. Finally, for 1/2 < n <
2+/2/(D - 2) the binding energy is steeper than the one of the
conformal case.

In order to investigate the thermal correction at low tem-
perature, we need to rewrite », in terms of / and r;,. To do so,
let us set

. <_>1/(Zal—1) . 1)

where § corresponds to the first thermal correction and is a
function of / and ry,. Since (74) should satisty (69) at least at
the first order of correction, § must be

S— L s-a-1vo/a-1)
2a, -1

(75)

x Allc/(zalfl)rf1

Inserting this result together with (74) into (70) gives rise to

AB
V= ;’_YO [1+K 1708 0] (76)
where K is given by

__2-k AN 4
2(2a, - 1)
(77)
+& ABC/(Zal—l)’
B,

and r}, is related to temperature

C:( 4 {8+ (D - 2)r7’} >

"= \8D-1+D-2

(8(D-1)~(D-2)1")/(8—(D-2)r")

% T(S(D—l)—(D—Z)nz)/S—(D—zmz.

(78)

As a result, the first thermal correction to the binding energy
is proportional to

Vi ~ (P2 @20/ G=(D-2))

(79)
% T(S(D—1)—(D—2)n2)/(8—(D—2)n2)'

This result shows that the thermal correction to the binding
energy nontrivially depends on the interdistance and temper-
ature with the power determined by the nonconformality and
dimension. Especially, for the conformal case 7 = 0 the first
thermal correction is proportional to

Vi ~ 1272 P (80)

At finite temperature, the binding energy of particles is
calculated numerically in Figure 4. This result shows that the
magnitude of the binding energy increases with increasing
nonconformality #.

It is also possible to think of the binding energy for a pair
of monopole and antimonopole by considering a DI-string
instead of an Fl-string. In the dual theory, the end of DI-
string corresponds to a monopole, or anti-monopole whereas
the end of a fundamental string describes a fundamental
particle. In the AdS background, since there is no nontrivial
dilaton profile, the binding energy of a pair of monopole and
anti-monopole is the same as the one for particles. However,
there exists a nontrivial dilaton field in the dual geometry of
the relativistic nonconformal theory, so the binding energy
is different from the Fl-string result. In order to investigate
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FIGURE 4: At given temperature T' = 1 the binding energy of particles
for n = 0 (solid), which is the same as the one of monopoles. The
dashed or dotted one represents the binding energies of particles or
monopoles for 7 = 1, respectively, where we set 7’ = 1 and D = 4.

the binding energy of a pair of monopole and anti-monopole,
we should consider a Nambu-Goto action of a Dl-string in
the string frame, which contains an extra dilaton field con-
tribution

- L (ot 2
Spi = Zna’.[dae \/ det G’waa"‘ ooP

ﬁ 1/2
=5 J dxe #24/i? + ria f (r),
T J-1/2

(81)

where the same parameterization (59) is used. In terms of the
dimensionless coordinate 7, the interdistance of two mono-
poles can be rewritten as

(82)

- 2D rodr !
2a,-1 1 7a; m\/e—$ ;;4a1f(7) _ f(l)

s

where f(7) = 1-7, /7 and ¢ = ¢(7), and the unrenormalized
energy is

ri+k0/2 Joo . e—(E 172(11\/%

- : (83)
L e P f @) - f ()

Similar to the Fl-string the divergence of the above unrenor-
malized energy can be renormalized by the following counter
term, which corresponds to infinitely massive two monopoles
described by two straight DI-strings:

=D | g, (84)
ct na'

T’i+k°/2 Joo
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where the same parameterization in (66) is used. Then, the
resulting renormalized binding energy of a pair of monopole
and anti-monopole reduces to

v ri+k0/2

x JOO o NT® joo dre 2
L ed e p@-fay
(85)

At low temperature (7, = r,,/r, < 1), the interdistance
and energy of a pair of monopoles have the following expan-
sion forms:

1 T,

* *

_ 86
V = Dyrthol? 1 p ol r (86)

1+ky /2
+ Dy, +-

3
where

2+m T(1/2+(2a, - 1)/ (4a, + ky))
2a, -1 T((2a,-1)/(4a, +k,))

2vm

- 4a, + k,

Cy =

>

1

T(1/2+ (2a, - 1)/ (4a, + ky))
F((zal - 1) / (4‘11 + ko))
2-2c+k,
+ i
2 (4a, + k)

T(1/2+(2a; —1+c¢)/(4a; + ky))
T(1+(2a, -1+¢)/(4a, +ky)) |’
~ 2
(2 + ko) V!
T(1/2+ (2a, — 1)/ (4a, + ky))
T ((2a, - 1)/ (4a, +ky))
1
(4, + k) Vol
T(1/2+ (2a, — 1)/ (4a, + ky))
T ((2a; - 1)/ (4a, + ko))
CT(1/2+(2a, - 1+¢c)/ (4a, + k)
I'((2a, = 1+c¢)/(4a, +k;))
1
bz = ma! (1+ky/2)

D, = (87)

>

>
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Similar to (74), r, can be rewritten in terms of / and r;, as

1/(2a,-1)

= (7)
I

(88)

1 —(2a,— . -
X <1 + C,Gartralta g jelGa Drﬁ).
2a, -1

Inserting this result into the binding energy, we finally obtain

A'B
V = _;X 0 [1 + L lC/(zal_l)T"’i] 5 (89)
where y and L are given by

_8+(D-2)n+(D-2)1
- 8- (D-2)1

>

__2+ky  Ca-tea/ea-n o (90)
2(2a,-1) ° !

+ & C(;c/(Zal—l)
DO

As a result, the first thermal correction is proportional to

2 2
Vi ~ (IT)8@-D-D-2)/(6~(D-2)7") (1)

Unlike the binding energy of particles, the first thermal cor-
rection of monopoles has the same dependence on the inter-
distance and temperature. Similar to the particle case, the
magnitude of the binding energy of monopoles at finite tem-
perature increases as the nonconformality increases. From
Figure 4, we see that a bound state of particles and monopoles
in the conformal field theory can be dissociated more easily
than in the nonconformal field theory. In addition, in the dual
nonconformal field theory of the EdBB geometry, the dissoci-
ation length of a particle bound state is shorter than that of a
monopole bound state due to the different coupling strength.
This fact implies that a particle bound state, compared to a
monopole bound state, can be easily dissociated to two free
particles.

6. Drag Force

In this section, we will investigate the drag force of an external
particle and a monopole in the nonconformal medium. As
mentioned before, the action describing the motion of an F1-
or Dl-string is defined in the string frame [55]. In the Ein-
stein-dilaton theory, due to the nontrivial dilaton profile the
Nambu-Goto action has an additional contribution from the
dilaton field unlike the AdS case. In the static gauge

T=t,

o=t, x; =vt+x(r), (92)

the Nambu-Goto action reduces to

1 2
S=-— szae‘wz\/l = T 2, (93)
2o f

1

where the prime means that the derivative with respect to
r and { is +1 or —1 for an F1- or Dl-string, respectively, (In
[56, 57], the drag force in the general hyperscaling violation
background was investigated with { = 0). The conserved
quantity, when regarding r as a time, is represented as

4a, !
™4 fx
I, = &2 ,
) \/1 =V [ +rie fx2 54)

where we set 2ra’ = 1. Rewriting x' as a function of 1, gives
rise to

2
wo e | SV (95)
ria f \ et f — I12 /rim

For a well-defined x', the inside of the square root should
be always positive. However, there exists a point r, at which
f(r,) = +* is saturated, so the denominator should also
change its sign at that point. In terms of r,, r, becomes

"
rg= ———r),
)" (96)

and the conserved momentum is expressed by

_ v 32
IL, = (1- )6/c "> (97)
where 6 = 4a, — Ck,.
The momentum flow along the string is represented by
[55]

P ZELAg, (98)

AP, = Jdt\/_P

where the worldsheet current P%, carried by a string with a

nontrivial dilaton field is given by

P, = -G, 0% (99)

Then, the drag force dp, /dt reads

d
pl _ \/—6(45/2 x 1/gma X ,

7 (100)

where G, is the metric of the target space time and g'* is
the inverse of the induced worldsheet metric. Using (96) and
(97), the drag force becomes

dp, rfl/zv
T ton

where the integral (98) is evaluated at the asymptotic bound-
ary. This result guarantees that the momentum decreases as
time evolves. In particular, for the AdS; space, where, = { =
0 it reproduces the result of [55]. Rewriting the above result
in terms of physical quantities leads to

dPl ( t+ p%)(‘s‘f)/k

_ (102)
dat F(TH) md/e
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with

F(Ty)

_ ( 47(8 + (D - 2)1%) (103)

(16—(D-2)¢n)/(8—(D-2)1%)
8(D-1)+(D-2)? )

>

(P (D 2
% TI(;6 (D-2)¢n)/(8—(D-2)1)

where m and p, are the mass and the momentum of a particle
or monopole depending on the value of {.

In the nonrelativisitic limit (m > p,;), the momentum
decreases exponentially

pr(®) = py () e T, (104)

where p, (t,) is the momentum at t = t,,. The above result also
shows that the drag force of a monopole ({ = —1) increases
more rapidly than the one of the particle ({ = +1) as tem-
perature increases. In the relativistic case (im < p;), the
momentum decreases with power law behavior as time
evolves

co)c_€=0 F(TH)t /e0)

P = [of (105)

c mole ’
where p, expresses the momentum at t; = 0. For more
understanding, if ¢/(c — §) is rewritten in terms of intrinsic
parameters as

N Y o) 2
c _ 8(D-1)-(D-2)n . (106)
c-8 8(D-5+2(D-2){n—-(D-2)#?

it reduces to

24 - 21
€ - il for D = 4,
c-8 -8+4ln-2¢?
: (107)
32-3
€ - il for D = 5.

c—8  —6{n+3n*

Assuming that # is positive, the thermodynamically stable
parameter range of 77 for D = 4 is givenby 0 < 7 < 2. In
this parameter range, c/(c — 8) is always negative regardless
of {. Therefore, the momenta of a particle and a monopole
decrease as the inverse power of time

1
(1/p) + (F(Ty) [ym®le)t]"”

pr(f) = (108)

where y = ¢/(8 — ¢) > 0. In the thermodynamically stable
parameter range for D = 5, ¢/(c — 0) is always negative for a
particle and positive for a monopole. So the momentum of a
monopole gives rise to

c— 8 F(Ty) 19
c  mdl

P =|p " - (109)

>

while a particle shows the inverse power law behavior in (108).
In all cases, the momentum decreases more rapidly at high
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temperature. In sum, the drag force calculation shows that the
momentum of a particle and monopole is suppressed expo-
nentially for the nonrelativistic case and in a power law for the
relativistic case. In the dual nonconformal theory of the EABB
geometry, the suppression powers of a particle and monopole
are different and crucially depend on the nonconformality
while there is no difference in the conformal field theory dual
to the AdS geometry.

7. Holographic Entanglement Entropy

Recently, there was an interesting conjecture that in a small
subsystem the entanglement temperature has a universal
feature proportional to the inverse of size [ [34]

1

Ton~ - (110)
In this section, we will check such a universal feature in the
relativistic nonconformal theory. Before doing that, we first
check whether the EdBB can provide a consistent dual geom-
etry or not following [41]. To do so, it is more convenient to
rewrite the metric as the hyperscaling violation form. After
introducing

e (Zal _ 1)1/(1—641)”—1/(2411—1)

>

' ' (1)
{t, Xl} _ (2(11 _ 1)*!11/(1—&11 ) {t, xl} ,
the metric becomes
ds? = 4 AD2-0)/(D-2)
2 o (112)
x (— Fyde + 2y 5,.jdx'dxf) :
J W
where the black brane factor f(u) is
L \e/ea=1)
f(u):1—<—> . (113)
uy,
Here, the hyperscaling violation exponent 0 is given by
2,2
09— _M‘ (114)
8- (D-2)1?

Now, let us concentrate on the symmetry of the asymptotic
geometry. Since the boundary is located at u = 0 in the new
coordinate, the asymptotic metric reduces to

ds = 1 2D-2-0)/(D-2)

o (115)
x (=dt* + du’ + 8,dx'dx’).
Under the following scaling transformation
t — At, u— Au, X — Ax, (116)

the metric transforms as ds> — A*P2ds? in which the
nonzero value of 0 indicates the breaking of the conformal
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symmetry of the dual field theory. Nevertheless, the rotational
and translational symmetries of the boundary space represent
that the dual theory is still relativistic. As a result, the dual
theory of the EdBB geometry maps on to a relativistic non-
conformal field theory. In this case, the null energy condition
reads

0[(D-2)-0]<0. (117)

For a consistent gravity dual, 0 should satisfy this null energy
condition [41]. Since 0 in (114) satisfies the null energy con-
dition for all ranges of 1

6<0 forn <

8
D-2)
( ) (118)

8>D-2 fory’> L,
(D-2)

the EdBB geometry (115) is a consistent gravity dual of a rela-
tivistic nonconformal field theory. Although the entire ranges
of 1 provide a consistent gravity dual, only the range #* <
8/(D - 2) is thermodynamically stable.

Now, let us study the holographic entanglement entropy
of such a relativistic nonconformal theory by usinga D - 2-
dimensional strip [58, 59]. A strip in the EdBB background
can be parameterized by

<x'<

_ !
2 (19)
(i=23,...,D-2),

|~

0<x <L

where L corresponds to the interval of x' and we assume that
I < L. Since the strip is extended in the radial direction u, its
profile can be represented as a function of x', u = u(x"), with
the following boundary conditions:

o)D),

where € is an appropriate UV cutoff of the radial coordinate.
The area of the strip then becomes

(120)

A=21P J

12 o | u”
dx'u P20 +1, (121)
0

)

where the prime implies a derivative with respect to x'. If x'
is regarded as time, the conserved energy density is given by

2

uP=279\[u"/ f (u) + 1‘

Now, let us assume that the strip configuration has a max-
imum value, u,,,,, which corresponds to the turning point
or tip of the U-shape configuration in the x'-u plane. At the
turning point, since ¢’ vanishes, the conserved energy density
reduces to

H=-

122)

H=-"55% (123)

max

13

Comparing two conserved energy densities we can represent
distance [ and area A of strip in terms of u,,,,

1 ﬁD_z_edﬁ
I'=2u,,. J

€ /f (a)« /1 _ ﬁz(D—Z—G) ’
2LP3 Jl dii

"~ D30 7D-2- m [1 — 2(D-2-6) ’

max
where the new coordinate # is defined as & = u/u
black brane factor is in terms of &

o a c/(2a,-1)
f(u)—1—<ﬁ—h> ,

with %, = u),/u,,,. It should be noted that the above U-shape
configuration is only possible when v, is smaller than u;,; in
other words, #;, > 1. If not, the turning point of the strip goes
inside of the black brane horizon. In this case, the resulting
string configuration is described by two disconnected planes
outside of the black brane horizon.

At zero temperature, i, — oo and f(if) — 1, respec-
tively. So distance [ and the area of the strip A simply reduce
to

(124)
A=

and the

max

(125)

1= Golhmax (126)
hy
A= W (127)
with
o = 2Val(D-1-6)/2(D-2 —9)), (128)
[(1/2(D-2-0))
~ 21P3 1
o=~ (D-3-0) P30 +ho, (129)
D-3
po 27
(D-3-0)
(130)

o VT (D-1-0)/2(D-2-0))
T(1/2(D-2-0))

>

where the first term in (129) represents a UV divergence as
€ — 0. Ignoring the UV divergence, the zero temperature
entanglement entropy reduces to

S

en

_ LPP[8-(D-2)7]
T 2G[8(D-3)+(D-2)#]

2\ (B(D=-3)+(D-2))/(8~(D-2)1)
<(7)

) 8(D-2)/(8—(D-2)1?)

y [ VAl (8 (D-1)-(D-2)1*)/16 (D-2)
I'((8-(D-2)?)/16(D - 2))
(131)
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If the size of the subsystem is small (i7,, > 1), after remov-
ing the UV divergence, the distance and area of strip can be
expanded into

u ¢
l:umax[g0+g1< max) :|+...) (132)
Uy
¢
1 u
A=——1|h +h(ﬂ> ]+ (133)
ufmx[o ' Up
where
(= 30-D -7
S 8-(D-pr
5_8(D—3)+(D—2)112
T 8-(D-2)pr
9

_ VAB-D-2)7'|T((8(2D-3) - (D-2)1’) /8(D - 2))
2[8(D-1)=(D-2) 7] T ((43D-4) - (D-2)7°) /8 (D—%»’)
134

LPRVAT((8(D- 1) - (D-2)7) /8(D - 2))
2 (4D - (D-2)7?) /8 (D -2))

h, = (135)
In order to describe the entanglement entropy in terms of the
system size, we need to rewrite u,,,, in terms of [ and u;,. To
do so, we first set u,,, to

max

u (136)

I
=—(1+9),
max gO
where § is a small function of [ and uy,. Then, the first term
satisfies the zero temperature result in (126), whereas the
second corresponds to the leading thermal correction. In

order to satisfy (132) at least at order of u,:(, 6 should be

I
6=-JL—. (137)
9o Uy
When substituting this result into (133), the area of strip
becomes up to order of ul_f

Eh e
a=% 0<1+Ml—>,

¢ ¢
) uy

(138)

where M is given by
_Sa + h

T+

g hods
Using the following relation together with (136)

M

(139)

_8(D-1D)+(D-2)1
= 4 (8 + (D -2)1?)

(140)

Ty

2
X(8—(D—2)f7

(8—(D-2)7")/(D-2)7
8+ (D-2)? )
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the entanglement entropy in the small size limit leads to

;
g A _dih (l—f+ M i Tz)) (141)
4G 4G N¢ H

where the first term represents the entanglement entropy at
zero temperature and the second is the leading thermal cor-
rection. In other words, the leading temperature-dependent
entanglement entropy is proportional to

(142)

2 2
AS. ~ 2 TI(_?(D*I)*(D*Z)W )/ (8—(D-2)n ),

en
which corresponds to the entropy increase caused by the
excited states. Using the fact that the boundary energy density
in (34) is proportional to r;, only, we can easily evaluate the
total energy of strip when the strip distant [ in (119) is very
small

1 4(D-2)
8nG 8+ (D-2)1 "

AE = JdD_zx
(143)
2 2

- ZTS(D*I)*(D*Z)W )/ (8=(D-2)n )'

These results show that the leading temperature-dependent
entanglement entropy and the energy of the excited states
depend nontrivially on the Hawking temperature T, which
is the temperature of the thermal equilibrium. However, the
ratio of them is independent of the Hawking temperature

By (144)

AE
which shows the universal feature conjectured in [34]. Intro-
ducing an entanglement temperature inversely proportional
to distance /, the first law of thermodynamics is satisfied even
in the relativistic nonconformal theory.

8. Discussion

In the D-dimensional Einstein-dilaton theory with a Liou-
ville potential, a Schwarzschild-type black brane solution is
allowed and its asymptotic geometry has the ISO(1,D - 2)
symmetry group. Following the gauge/gravity duality, this
isometry group can be reinterpreted as the Poincare group of
the dual theory defined on the boundary. In this case, because
there is no scaling symmetry the dual theory becomes a
relativistic nonconformal theory. In this paper, we have inves-
tigated the thermodynamic properties of the relativistic non-
conformal theory by using the holographic renormalization.
After introducing a correct counter term, we have evaluated
the finite boundary stress tensor and showed that the ther-
modynamics derived from it coincides with that of the EdBB
geometry. Furthermore we showed, after identifying the
radial coordinate with the energy scale of the dual theory,
that the free energy of the relativistic nonconformal theory
monotonically decrease along the change of the energy from
UV to IR.

For checking the self-consistency of the gauge/gravity
duality in the Einstein-dilaton theory, we studied the hydro-
dynamics of the dual theory by using the membrane
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paradigm. The resulting transport coefficients coincide with
those obtained by the Kubo formula. Furthermore, the
thermodynamic quantity, € + P, read off from the momentum
diffusion constant is also consistent with the QFT result. The
charge and momentum diffusion constants monotonically
decreases as the energy of the dual theory decreases.

Although the microscopic theory dual to the EdBB and
the exact map between the bulk fluctuations and their dual
operators are still unclear for the non-AdS geometry, our
work shows the possibility to generalize the AdS/CFT corre-
spondence to the non-AdS space. Based on such self-consist-
encies of the thermodynamic and macroscopic properties, we
further investigate some physical properties of the relativistic
nonconformal theory, the binding energies of particles and
monopoles, and the drag forces of them. Due to the non-
trivial coupling constant described by the dilaton, the particle
and monopole have different physical properties in the non-
conformal medium, whereas they are indistinguishable in
the conformal theory. For example, for # = 1 the binding
energy of monopoles is stronger than that of particles. When
the motion of the particle and monopole is nonrelativistic
in the 4-dimensional relativistic nonconformal medium, the
momentum of a particle dissipates with a power law while a
monopole has the dissipation with an inverse power law. For
a nonrelativistic particle and monopole, the momentum dis-
sipates exponentially. In all cases, the dissipation rate is given
by a function of the nonconformality. We lastly showed that
the universal feature of the entanglement temperature also
appears in the relativistic nonconformal theory.

The gauge/gravity duality in the non-AdS space is one of
the important issues, so it remains interesting to investigate
the microscopic aspects of it and to apply it to the real physical
systems. We hope to report more results in the future works.
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