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Abstract

We study holographic thermalization in spacetimes with a chemical potential and a non-trivial dilaton
field. Three non-local observables are used to probe the whole process and investigate the effect of the ratio
of the chemical potential over temperature x and the dilaton-Maxwell coupling constant «. It is found that
the saturation time is not always a monotonically increasing function of y, the situation depends on . When
0 <« <1, larger x yields longer saturation time, while for & > 1, the situation becomes more complex.
More interesting, we found that although « indeed has influence on the whole thermalization process, it
nearly does not affect the saturation time, which indicates the universality of the saturation time for the dual
one-parameter field theories.
© 2015 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

In the past two decades, one of the most important discoveries in modern theoretical physics
is the AdS/CFT correspondence [ 1-3], relating strongly coupled field theories to weakly coupled
gravity. It provides a powerful tool to study strongly coupled field systems where traditional
methods encounter great challenges or even break down. Fruitful results have been obtained by
applying this duality to various areas of modern physics, such as condensed matter physics [4—6]
and QCD [7-9].
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One noticeable application of this duality is to study non-equilibrium physics, in particular
in the so-called “holographic thermalization” topic [10—45] which is an attempt to describe the
thermalization process of the quark—gluon plasma (QGP) produced in heavy ion collisions at the
Relativistic Heavy Ion Collider (RHIC) [9,46—48]. Although the near-equilibrium physics of the
QGP can be understood using a hydrodynamic description [49-52], the whole process to reach
thermal equilibrium is yet not known. Observed data from RHIC show that the timescale needed
for QGP to reach thermal equilibrium is considerably shorter than expected based on perturbative
methods [53,54]. This indicates that the thermalization process of QGP is strongly coupled, and
thus motivates us to use AdS/CFT relation.

According to AdS/CFT, it is proposed that this thermalization process is dual to the process of
ablack hole formation in the bulk via gravitational collapse of a scalar field in AdS space [10—-14],
or to a collapse of a thin-shell matter described by an AdS—Vaidya metric [15-18]. To probe the
detailed process of the thermalization, local-observables in the boundary field theory, such as
energy—momentum tensor and its derivatives, are not sufficient. In Refs. [17,18], in the model
of the collapsing of a thin-shell, three non-local observables have been proposed to probe the
process, the two-point function, the Wilson loop and the entanglement entropy. According to the
AdS/CFT relation, in the semiclassical limit these three non-local observables in the boundary
field theory can be evaluated by calculating certain geometric quantities in the bulk geometry.
By studying the time evolution of these three non-local observables, and under Einstein gravity
frame, the thermalization process has thus been studied in detail and some interesting results are
found. First, the saturation time which is needed to reach thermal equilibrium depends on the
geometric size of the probe in the boundary field theory. Probes with smaller size thermalize
faster indicating a “top—down” thermalization mechanism, which is very much in contrast with
the standard “bottom-up” paradigm [53] from the use of perturbative methods. Moreover, all
probes used show a delay in the onset of the thermalization, an apparent non-analyticity in the end
of thermalization, the transition to full thermal equilibrium is instantaneous and these features
are independent of dimensionality. Finally, for homogeneous initial conditions the entanglement
entropy thermalizes slowest, and thus sets a timescale for equilibration that saturates a causality
bound.

Later, this study is extended to include the effect of chemical potential in the boundary field
theory [23,24] (see also [33]), which is usually the case in real heavy ion collision processes. In
the gravity side, this is dual to introducing a gauge field and considering charged background
geometries. It is found that the time evolution of the three non-local observables exhibit similar
behavior as in chargeless case. The arise of the chemical potential affects the saturation time: the
larger the chemical potential, the longer the saturation time. Also the study has been extended
to other situations by considering higher curvature corrections [27,31,32], non-linear electro-
magnetic effect [44], angular momentum [30], noncommutative [41] and hyperscaling violating
geometries [35,36]. Further, it is extended to study holographic thermalization of field theories
living in curved spacetimes [34,37,40,45].

On the other hand, it is believed that Einstein gravity should be considered as an effective
description of the underlying quantum gravity theory (string theory for example) at low energy.
Thus, it is interesting to study the effect of stringy corrections on the thermalization process.
As we have mentioned above, some work has been done in this directions by considering higher
curvature corrections [27,31,32,45]. It is found that the existence of higher curvature correc-
tions considerably affects the thermalization process. For example, by including the effect of
Gauss—Bonnet terms, the authors in Refs. [27,31,32,45] found that a larger Gauss—Bonnet cou-
pling constant will make the saturation shorter, thus leaving the imprint of this stringy effect. In
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this paper, we would like to consider another kind of stringy effect, the emergence of a dilaton
field. The action we consider is the well-known Einstein-Maxwell-dilaton action which is a low-
energy effective action of string theory [55], where the dilaton couples with the Maxwell field in
a non-trivial way.

To use the AdS/CFT relation and study the effect of the dilaton field, we should first find
asymptotically AdS solutions with non-trivial dilaton configuration under this frame. It is a non-
trivial task. Amounts of work have been done to explore various solutions of this gravity theory.
Non-trivial coupling between the dilaton and the gauge field yields interesting effects on the
available spacetimes [56-06]. However, all of these black hole solutions with non-trivial scalar
configuration are not asymptotically AdS. In [67-69], the authors even argued that, with only
one Liouville-type dilaton potential besides the cosmological constant, there are no dilaton-dS
or AdS black hole solutions. After lots of efforts, an asymptotically AdS black hole solution was
found in Refs. [70,71]. By choosing an appropriate combination of three Liouville-type dilaton
potentials, the authors successfully obtained the static dilaton black hole solutions which are
asymptotically (A)dS in four and higher dimensions. This solution has some interesting prop-
erties [72-75] and has shown potential applications in cosmology [76]. We will work with this
charged dilaton AdS black hole, and see if and how the presence of the non-trivial dilaton field
affects the thermalization process.

The paper is organized as follows. In the next section, we briefly introduce the charged dilaton
AdS black hole and then generalize it to obtain its Vaidya-like version. In Section 3, by applying
the three non-local observables, we study the detailed process of thermalization to see the influ-
ence of the chemical potential and the dilaton field. The last section is devoted to summary and
discussions.

2. Bulk spacetimes

In this section, we briefly introduce the charged dilation black hole in AdS space, and obtain
its Vaidya-like version by introducing external matter source.

2.1. Charged dilaton black hole in anti-de Sitter space

We consider the action of (n 4 1)-dimensional Einstein—-Maxwell-dilaton gravity [55,59,70,
71]

1

4
S= gz [ xS (R - Ve V(@) - e““d’/("‘)Fqu””) B

where « is the coupling constant between the dilaton and the Maxwell field. When « = 0 this

action reduces to the usual Einstein—-Maxwell-scalar theory, while for « = 1 the last term in

the bracket represents the well-known dilaton-Maxwell coupling that appears in the low energy

string action in Einstein’s frame [59]. The dilaton potential is chosen to take the form [70,71]
2A
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where A = —% is the cosmological constant and / the AdS radius. This type of dilaton
potential can appear in the compactification of a higher-dimensional theory, including various
supergravity models in four dimensions [77,78]. From the above action, we can see that reversing
the sign of « is equivalent to reverse the sign of the dilaton. Thus, without loss of generality, we
can restrict & to be non-negative, o > 0.

The corresponding equations of motion are
1

4 1 s n—1
Ry — Egp,uR - nj 0,90, ® — Eg;w (Vo)™ — Tguuv(¢)

1
—2e 4 ®/(n=1) (FWFU"’ = 78 Fpo F""’) =0,

—10V
V2¢> _ n 5 a_q) + %674a<1>/(n71)Fp0 Fro — 07
v, (e—4old>/(n—l)Fﬂv) -0 3)
They admit a charged dilaton black brane solution [70,71]
2 >, dp? 2 =2
ds®=—N(p) f(p)dt” + —— + p“g(p)dx;_,,
(o)
2
N =170 fpy= o0y - oyt
12 pn72
b n—2

202
(n—2)(n—2+a?)

—1
o) =""—Vy@+2y —mhY,  Fy=—/NG)

The remaining components of F),, vanish. The parameters m and g are related to the physical
mass M and charge Q of the black brane,

Qn—] Qn—l
—1Dm =
16 (n ym, 0 4 q, (6)

where €2,,_1 is the volume of d)?,%_l. Hereinafter, without risk of confusion, we simply call the
parameters m and g the mass and charge parameter respectively. The constant b is related to the
mass and the charge parameters through the relation

2 (=D — 2)2b”_2m
2(n —2+a?)
We should emphasize here that the solution contains three free parameters: («, m, q), or equiva-
lently (o, m, b).

When o = 0, the solution reduces to the well-known Reissner—Nordstrém—AdS black brane.
The holographic thermalization in this case has been thoroughly discussed in Refs. [23,24]. Thus,
in the following we will mainly focus on the case with o > 0. In this case, we note that the
solution is not real for 0 < p < b. We should exclude this region from spacetime, what can be
achieved by defining a new radial coordinate r as [73,74]

where the constant y = . The dilaton and the electromagnetic fields take the form

e4ad>/(n71)

g(p) D2 pn—1 T ©)

M=

(7
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r2 = ,02 — b2. (8)
The metric becomes
2 2 ridr? 2 2 =2
ds“=—N(r)f(r)dt +m+(” +b7)g(r)dx;_y,
2 2

_ r—(m=3)y _ b oy, . m nley

N(r)=T , fr)= 2 r (rszbz)(n—z)/zF ’
b n—2

_Tv 1

sn=T7, - () ®

with the coordinate r now valued in the range 0 < r < oco. The dilaton and the electromagnetic
field become

n—1 /N(r)re4a<l>/(n71)
O(r) = Tw/y(2+2y —ny)InT, Fi __g(r)(”*l)/2(r2+b2)"/2q' (10)

It can be shown that r = 0 is a curvature singularity. The event horizon rj, is the largest root
of equation f(ry) = 0. Depending on the free parameters («, m, b) (or equivalently (o, m, q)),
there can be two horizons (inner and outer horizons), one degenerate horizon (extreme case) and
naked singularity. The Hawking temperature on the event horizon is

(NfY
4w /Nr

It is not possible to give an analytical expression of r;,. However, we can express the mass pa-
rameter m in terms of 7, by solving f (rp) = 0, which is

Ty = r}%+b2

(1)

r=rp

T+ ey
m= =t rybrl (12)
with ', = I'(r = rp,). Substituting m into Eq. (11), one obtains the temperature as

y(n—1)/2—1
br;,

T 4xl2(1 -T2

Ty {(n—Z)[(n—l)y—l]—(n—l)[(n—Z)y—Z]Fh}. (13)
From it, we can see that when 1 > y > %(a > 1), the temperature is always positive Ty > 0
and no extremal limit exists. While 0 < y < %(a < 1), like a Reissner—Nordstrom black hole,
the temperature can be positive (non-extremal case) or zero (extremal case). In the latter case,
if we think of all the parameters but b fixed, then the maximum value of b corresponding to the
extremal case can be obtained by solving Ty (b, rj,, ®) = 0, which is

_ _ _ 2/(n—2) —1/2
bm=rh{((” DR2—y@® 2)]) _1} . "

n

For more discussions on the thermodynamical properties of this black brane, see Refs. [72-75].

According to AdS/CFT, the above black brane solution is dual to a CFT on the boundary
with temperature given by Eq. (13). Moreover, the chemical potential x of the boundary CFT is
related to the asymptotical value of the temporal part of A, i.e., i ~ lim,_, ; A;. By integrating
Eq. (10), we can obtain the expression of A;,
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V= Dmb"=2/2 Lw
- 0,
V2(n =2+ a?)(r2 + b2)n=2/2

where Wy is a constant corresponding to the electrostatic potential at r — oo, which is defined
such that the gauge field vanishes at the horizon, i.e.,

_ V= 1Dmb=2/2
V2(n =2+ a2)(r2 + b2 =272

The precise relation between the chemical potential and the gauge field is subtle because there is
a dimension mismatch between the chemical potential in the dual field theory and the gauge field

A= 15)

Wy

(16)

A, defined in the action Eq. (1). Thus, one has to rescale the gauge field as Au = AS—“, where
& is a scale with length unit that depends on the particular compactification. At this time, the
chemical potential and the gauge field has the same unit and the duality relation is
.+ P
u= lim A, = —. a7
r—o00 &
Since the boundary field theory we considered is conformal, the only relevant parameter we can
vary is a dimensionless ratio y constructed from the chemical potential and the temperature,
ie., #-,
H
(18)

Now we can see that if o« and m are kept fixed, then by varying b which is equivalent to varying
the charge parameter ¢, we can explore various values of the ratio x in the dual field theory. For
0 <a < 1, when b varies from b = 0 (vanishing Wy) to b,y (vanishing Ty ), x spans the whole
range of values, i.e., from y =0 to oo. However, for « > 1, the situation becomes complicated.
As we will see later, in this case, as b runs over the whole range of values, x is bounded in a
finite range of values.

2.2. Vaidya-like solution

Our goal is to investigate the thermalization process of the boundary field system under a
quantum quench. According to AdS/CFT, this process can be holographically modeled by the
process of a black hole formation in the bulk which can be described by a Vaidya-like metric.
Thus, in this section, we would like to get the Vaidya-like metric by generalizing the black brane
solution to be time-dependent.

It is more convenient to work with a new radial coordinate z = ? such that the AdS boundary
lies at z = 0. Thus, the metric becomes

/8 dz? I* + b272
ds>*=—-N dr* + — iz .,
s (@) f@)dr"+ 3 e + 7 8@da,
14+ b272 z n—2

N(z) =T~ @3r, — re=2y _ 7) r-v,

© 1@ 1272 "\ VF ez

bZ n—2
— TV -1 - —
s@=1" r=! ( 14+b2z2> ‘ (1

Introducing ingoing Eddington—Finkelstein coordinate
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# d

dv=di— = < , (20)
U4+ 22N f(2)

the above metric becomes
2 [ N(z) I* + b272 -
m2=_N@Utmn2—zf szzzmwz+——?——g@¢¢4,
14+ b272 z n=2
_ (n=2)y _ -y
JO="ga T m(m) e @b

Usually, the Vaidya-like version can be obtained by using time dependent mass and charge pa-
rameters (m — m(v), g — q(v)), that is,

m@)=mT (@),  q@) =qTw)""? (22)

where m and g are the values of the corresponding parameters at late times. We can still introduce
the parameter b, which satisfies the relation Eq. (7), to make our expression explicitly. After
taking such time-dependent parameters, we obtain the Vaidya-like metric which takes the same
form as Eq. (21) but with f(z) being now

l4 + b2Z2 z n—2
— n=2)y _ 1—y
fw.z2)= 72 r mT[v] (714 — b2z2) r-r. (23)

Now, the equations of motion Eqs. (3) do not hold any more and external matter sources need to
be introduced,

1 4

1 , n—1
RI/”) - Egl,LvR - m <8u¢av® - Egl/«l) (VCD) - Tgy,vv(qb))

_ _ 1
—2e 4 ®/(n=1) <Fuva” — Zg,wFpaFP“) =8 T\,

Vp, <e—4a<1>/(n—1)F;w) =87’

ext*

(24)

By checking the equation of motion of the dilaton field, we find that it always holds and no more
additional external terms need to be introduced.

In order to keep simplicity, in this paper we only consider the case with n =4, that is, the dual
field theory we considered is a four-dimensional conformal field theory. The above Vaidya-like
metric is a solution of the equations of motion Egs. (3) provided the external matter source
satisfies

302

(ext) 373 [(2 +ad)*+ azbzzz] 14 T . -
Sl = 22+ a?)(I* +b222)52 14 4 b27? W) 10y,
2
V3b7° 14 24aZ T (v)
dnJ) = — 14, 25
@0 822 +a?) <l4+b2z2) T | 2

where dot means d,. We can see that the in-falling matter is charged dust. As in Refs. [17,18],
we consider T (v) to take the form

T(v) = % (1 + tanh —) , (26)

v
vo
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where vy is a small parameter, with typical order of 1073, That is, the ingoing falling matter
is a thin shell. Thus, in the bulk gravity side, we consider the collapsing of an ingoing falling
thin-shell to form a black hole. And this picture is dual to a sudden energy injection into the field
system evolving towards thermal equilibrium.

3. Non-local observables

Now, we will use the Vaidya-like metric constructed in last section to discuss the thermal-
ization process of the dual field system. To investigate the details of the thermalization, one can
use three non-local observables, the two-point correlation function, the Wilson loop and the en-
tanglement entropy, to probe the process. According to AdS/CFT, in the saddle approximation
these three non-local observable can be evaluated by calculating the corresponding geometric
quantities in the bulk geometry.

As we stated above, we mainly focus on the case with n = 4. In doing numerical calculations
in the following, we would like to set / = m = 1. That is, we fix the mass of the black brane
formed finally, which is equivalent to fix the amount of energy injected into the dual boundary
field system. And then we would like to see the effect of the chemical potential (more precisely yx )
and the coupling constant « on the thermalization process. From Eq. (12), we can see that, after
the mass parameter m is fixed, the event horizon ry, is determined by parameters « and b through
the relation

? 63T =1, Q27)

2
with 'y, = rzrﬁ When « > 1, there is no bound of b and it can take arbitrary values. When
h

o = 1, the above relation reduces to r}% + b2 =1, so b should be less than 1 to guarantee the
existence of the horizon. While 0 < « < 1, from Eq. (14) the maximum value of b is

(28)

6
2+4a?

The charge parameter g = b then takes values in the range g € [0, g..] at this time, with

— 6 b
Gext = 4/ 57 42 Vet
From Eq. (18), the ratio of the chemical potential over temperature y is

wo 47/3b
T 20+ a2)(r2 +b2)32r >

where we have taken the scale & = 1. The relation between x and (g, «) is plotted in Fig. 1,
from where we can see that fixing «, 0 < o < 1 and increasing g corresponds to increasing x.
When ¢ varies from g = 0 to ¢ = g, the value of x varies from 0 to co. When o > 1, x is
no longer a monotonically increasing function of ¢. In fact, as ¢ increases from 0 to co, x first
increases and after reaching a maximum value at g,,,, it begins to decrease. In this case, the value
of x is bounded in a finite range. For o = 1, the charge ¢ should be less than +/2 to guarantee
the existence of the horizon as we have stated above. From the figure, we can see that in this
case, x is still a monotonically increasing function of g and approaches a finite constant as g
approaches /2.

X [2Gy —1) =32y —2TW] ", (29)
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uT,
5o

2k

gL
0.0 0.5 L0 L5 2.0

Fig. 1. The chemical potential over the temperature versus ¢ in n = 4 case for various «. For @ = 1, ¢ should be less
than v/2 to guarantee the existence of the horizon. When « > 1, there is a maximum point of ;/ Ty at gmax, Which is

Gmax = ~/6/(5%/8) ~ 1.3395 for & = /2 and gyayx = /% ~ 1.0745 fora =2.

3.1. The two-point function

On the boundary at time ¢, we choose two points with spatial separation L and compute
the correlation function of some operator with large conformal dimension located at the two
points. Considering the symmetry of the boundary, we can always choose coordinates such that
the two points lie in the x;-axis with coordinates (¢, x1) = (t, —%), (t, %) respectively. Other
coordinates of the two points are identical. According to the AdS/CFT duality, in the saddle
point approximation the two-point function can be evaluated by calculating the length of the
space-like geodesic connecting the two points. The geodesic can be parameterized by only two
functions: v(x) and z(x), with other coordinates unchanged, where we simply denote x| = x.
Thus, the induced metric on the geodesic is

2 [ N 1+b%72
as* = (-N@seov? - 5 [T+ e |4 (30)

The length functional of the geodesic is
L/2
=2 [ Plax,
0

., 2 [ N@ 1+ b%7?
=-N@f@ v = 5[50 + ——8 (@) 31

To minimize the length of the geodesic, we need to solve the two equations of motion for v(x)
and z(x) respectively. The expressions are rather involved and we do not give them explicitly
here. Considering the symmetry, we have in mind the picture of the geodesic: starting from one
of the two points on the boundary z = 0, the geodesic extends into the bulk and after reaching
the turning point (v(0), z(0)) = (v, z4) it turns back and finally ends at another point on the
boundary. At the turning point x = 0, the derivatives vanish, that is, v'(0) = z’(0) = 0. It seems
that one can impose the boundary conditions at x = 0 to solve the two equations of motion. How-
ever, the two equations of motion are singular at x = 0, and in practice, to make our numerical
calculations available, we would rather impose the boundary conditions at the neighborhood of
the turning point x =0,
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v(E) = v+ O€?), V() =0, z(€)=z+0(?), 7(e)=0(e?), (32)

where € is a small quantity, with typical order of 1073, The ((¢?) terms are corrections terms
and can be derived by solving the two equations of motion around x = 0 order by order. In our
calculations, we only calculate to order €2. The two free parameters v, and z, characterizing the
turning point of the geodesics are determined by the constraint equations

v(£L/2) =1, 2(£L/2) = zo, (33)

where zg is a UV-cutoff to make the length of the geodesic finite and ¢ is the boundary time.
Furthermore, note that the integrand in the length functional equation (31) does not depend on x
explicitly. So if we treat x as a “time” variable then the corresponding Hamiltonian is conserved,
which yields the following equation

-1 2
14 5%22 14 b?7?
p= () (H20) o
75 Z
By using it, the length functional can be rewritten as
L/2 ~1p
1+b222 1+b222
L=2 / dx <72*g(z*)> (72g(z)) . (35)
7% Z
0

The length of the geodesic L is a function of the boundary time ¢. By calculating the length
at different boundary times, we can get the time evolution of the two-point function. For con-
venience, we define a rescaled length L= w and study its time evolution. To make the
length independent of the cutoff zp, we have subtracted the length at late time in the definition.
8L depends on three parameters: the boundary time ¢, the dilaton-Maxwell coupling constant o
and the charge ¢. By varying « and g, we can study the effect of the two parameters on the time
evolution of the two-point function.

In Fig. 2, we plot the time evolution of the two-point function for various values of «
(0 <a <1) and ¢g. For comparison, we also give the result for the « = 0 case. The spatial
separation of the two points on the boundary is chosen to be L = 3. From the figure, we can see
that the whole process can be divided in the following five successive stages: delay at early times,
pre-local-equilibrium with quadratic growth in time, post-local-equilibrium with linear growth,
memory-loss-period, and equilibrium. These features have been observed in various holographic
models for thermalization and can be considered to be universal for strongly coupled field sys-
tems.

As we increase the charge ¢, equivalent to increasing the ratio of the chemical potential over
temperature y of the dual field system for 0 < o < 1, the initial absolute value of sC decreases,
meaning that the dual field system is initially closer to thermal equilibrium. However, larger
g makes the delay time longer and the growth of 8L slower, thus the saturation time to reach
thermal equilibrium increases. This means, for 0 < o < 1, when we fix the energy injected, that
the saturation time increases as y increases. Also, we should emphasize that the dependence of
the saturation time on y is weak, as we can see from the figure. This dependence of the saturation
time on the ratio of the chemical potential over temperature x has been observed in the case with
standard Maxwell term [23,24,32,33] and also with non-linear Born—Infeld term [44].

However, when o > 1, the situation becomes complicated, as we show in Fig. 3 with o = 2.
In this case, the initial absolute value of 8£ is no longer a monotonically decreasing function
of the charge ¢. In fact, as g increases, the initial absolute value of 8L first decreases and then
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Fig. 2. Time evolution of the two-point function for various values of o and g. Insets in each graph zoom in the late
time behavior of these curves. The spatial separation of the two points are L = 3. For o =0, gexr = ./ % ~ 1.0745; For

o =0.1, gexr ~ 1.0763; For @ = 0.8, gexr & 1.22386; For o = 1, g should be smaller than V2 to guarantee the existence
of the horizon.

after g crosses some critical value, the initial absolute value of SL begins to increase. More
interesting, we can see from the figure that the saturation time is still a monotonically increasing
function of ¢g. However, from Fig. 1, we can see that for « > 1, x is no longer a monotonically
increasing function of g, thus the saturation time is no longer a monotonically increasing function
of x: When g < gmax, larger x yields longer fy,;; However, when g > ¢4, we have the inverse
behavior. We can see it more clearly in the right panel of Fig. 3.

By comparing the four graphs with different values of « in Figs. 2 and 3, one can see that
the effect of the coupling constant o on the saturation time is nearly negligible. We can see
this point more clearly from the left panel of Fig. 4, where we plot the time evolution of the
two-point function for various values of « and fixed ¢g. From the figure, we can see that, for fixed
q, larger o makes the initial state of the dual field system further away from thermal equilibrium,
but will make the delay time shorter and the growth of 8L faster thus yielding the saturation
time nearly unaffected. The saturation time is almost independent of the coupling constant «.
As the one-parameter gravity action Eq. (1) corresponds to a one-parameter dual field theory,
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Fig. 4. Left: Time evolution of the two-point function for various a with g = 0.8. The spatial separation of the two points
is L = 3. Right: Saturation time versus the boundary scale. The result is the same for various values of «.

this phenomenon indicates the universality of the saturation time of this one-parameter strongly
coupled field system to reach thermal equilibrium under quantum quench.

The saturation time depends on the boundary scale L, as we can see from the right panel of
Fig. 4, where we plot the saturation time versus L. Note that the effect of o on the saturation
time can be neglected as we stated above, thus this figure is correct for various «. As we can
see from the figure, the saturation time is linear in L with slope less than unit when L is small,
and sub-linear when L becomes large. Once again, we can see that the saturation time depends
weakly on the charge: larger ¢ will have longer saturation time.

3.2. The Wilson loop and entanglement entropy
According to the AdS/CFT duality, the expectation value of the Wilson loop of the boundary

field theory, in the saddle approximation, is dual to the area of a two-dimensional extremal sur-
face in the bulk which anchored on the loop at the boundary. We choose the Wilson loop to be
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a circle and study its time evolution during thermalization. It turns out that the time evolution of
this observable shows a similar behavior as that of the two-point function, which supports our
results above. So to avoid redundancy, we will not show the results for the Wilson loop here.

Now we turn to use the entanglement entropy to probe the thermalization process. Among
the three non-local observables, it involves most degrees of freedom of the boundary field sys-
tem. So we expect that by studying its evolution, we can gain more information of the process.
On the boundary, we choose a spherical subregion of the spatial space constrained by the re-
lation Z?zlxi{l < R?, and calculate its entanglement entropy. According to the conjecture
proposed by Refs. [79,80], the entanglement entropy of a subregion of the boundary spatial space
is dual to the area of a codimension-two extremal surface anchored on the boundary of the cho-
sen subregion. Using spherical coordinates (o, £22) and considering the spherical symmetry, the
codimension-two extremal surface can be parameterized by only two functions, v(0) and z(o).
Thus, the induced metric on the surface is

2 [NQ) 1+b°2°
ds® = <—N(Z)f(v, ' — =2 mv/zl + Tg(z) dQZ

1+ 5272
* 22_8(2)92d Q3 (36)
and the area functional is

R

0%8()V1+ b222
S—dn [ LB T

Z

P2do,
0

’ 2 N(z2) I 1+ b222
=-N@F @V = 5\ T53V7 + —— 3@ (37)

To get the extremal value of the functional, as done in previous two subsections, we need to
solve the two equations of motion, not shown here. The same boundary conditions as Eq. (32)
are imposed. We define a rescaled area 58S = %, where %n R3 is the volume of the chosen
subregion, and study its time evolution during tflermalization.

In Fig. 5, we plot the time evolution of the entanglement entropy for various values of «
and g. The evolution shows a similar behavior as those of the other two non-local observables:
for fixed «, the saturation time increases as the charge ¢ increases. For 0 < o < 1, this means the
ratio of the chemical potential over temperature y enhances the saturation time. While for o > 1,
the situation depends on the charge ¢: when g < gnqy, the effect of x on the saturation time is
to enhance, while the effect is opposite when g > gnq. Moreover, we see once again that the
dilaton-Maxwell coupling constant « has almost no influence on the saturation time, although
it indeed affects the whole process. These results provide further support for the ones obtained
from the other two observables.

However, there are some differences comparing to the results of other two non-local observ-
ables. First, the delay time for the entanglement entropy is the shortest. This is understandable, as
entanglement entropy, among the three non-local observables involves most degrees of freedom
of the field system and thus is the most sensitive to thermalization. Second, now for all cases with
different « we show, the behavior of the initial absolute value of 8L as q increasing is the same:
it decreases as ¢ increases. This is different from results of the other two observables, where the
initial absolute value of 8 is not a monotonically decreasing function of ¢ when o > 1. This is
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Fig. 5. Time evolution of the entanglement entropy for various « and ¢. The inset in each graph zooms in the late time
behavior of each curve. The radius of the entanglement sphere is R = 1.5.

understandable, as the three observables relate to different amounts of degrees of freedom of the
boundary field system, and thus may reflect different aspects of the system. As we stated above,
the entanglement entropy involves more degrees of freedom and thus can reflect more clearly
the average state of the field system. Thus it is expected that if all the degrees of freedom of the
field system are taken into account, the initial state of the field system gets closer to the thermal

equilibrium as ¢ increases.

4. Summary and discussions

We studied the holographic thermalization process in the presence of a chemical potential
and dilaton field. Three non-local observables are used to probe the process, and they together
show a rich and consistent picture of the thermalization. The effect of the chemical potential (or
the charge) and the dilaton field on the thermalization is explored in detail. The saturation time
increases as the charge g increases, which means that the ratio of the chemical potential over
temperature x enhances the saturation time when 0 <« < 1. However, when « is larger than 1,
the situation becomes a little complicated: when ¢ is smaller than some critical value g4y, the
saturation time increases as the x increases; however, when ¢ > g4y, the behavior is inverse.
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This is due to the fact that the x is no longer a monotonically increasing function of g for o > 1.
This is different from cases with standard Maxwell term [23,24,32] or non-linear Born-Infeld
term [44], where x is always a monotonically increasing function of g.

We also investigate the effect of the dilaton-electromagnetic coupling constant « on the ther-
malization process. This non-trivial coupling yields great effects on the available background
spacetimes. However, it is remarkable to see that it nearly has no influence on the saturation
time. As different « in the action defines a different gravity theory and thus corresponds to a dif-
ferent dual field theory, it indicates the universality of the saturation time of this one-parameter
field theories to reach thermal equilibrium under quantum quench. Although it has no effect on
the saturation time, it indeed leave imprints on the whole thermalization process. If we fixed the
charge g, increasing o makes the initial state of the dual field system further away from thermal
equilibrium, the delay time shorter and the growth of 8L faster. It is interesting to see if a physical
explanation on this point can be given.

We have modeled the thermalization process via the naive gravitational collapse of a charged
thin shell. It can also be modeled by the collapsing of a scalar field as done in Refs. [10-14]. It
is interesting to see if this more realistic model can give us more information about the thermal-
ization process. We leave it for further investigations.

Acknowledgements
This work has been supported by FAPESP and CNPq (Brazil).

References

[1] J.M. Maldacena, The large N limit of superconformal field theories and supergravity, Int. J. Theor. Phys. 38 (1999)
1113, Adv. Theor. Math. Phys. 2 (1998) 231, arXiv:hep-th/9711200.
[2] S.S. Gubser, L.R. Klebanov, A.M. Polyakov, Gauge theory correlators from noncritical string theory, Phys. Lett. B
428 (1998) 105, arXiv:hep-th/9802109.
[3] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253, arXiv:hep-th/9802150.
[4] S.A. Hartnoll, Lectures on holographic methods for condensed matter physics, Class. Quantum Gravity 26 (2009)
224002, arXiv:0903.3246 [hep-th].
[5] C.P. Herzog, Lectures on holographic superfluidity and superconductivity, J. Phys. A 42 (2009) 343001,
arXiv:0904.1975 [hep-th].
[6] J. McGreevy, Holographic duality with a view toward many-body physics, Adv. High Energy Phys. 2010 (2010)
723105, arXiv:0909.0518 [hep-th].
[7] D. Mateos, String theory and quantum chromodynamics, Class. Quantum Gravity 24 (2007) S713, arXiv:0709.1523
[hep-th].
[8] S.S. Gubser, A. Karch, From gauge-string duality to strong interactions: a Pedestrian’s Guide, Annu. Rev. Nucl.
Part. Sci. 59 (2009) 145, arXiv:0901.0935 [hep-th].
[9] J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal, U.A. Wiedemann, Gauge/string duality, hot QCD and
heavy ion collisions, arXiv:1101.0618 [hep-th].
[10] U.H. Danielsson, E. Keski-Vakkuri, M. Kruczenski, Black hole formation in AdS and thermalization on the bound-
ary, J. High Energy Phys. 0002 (2000) 039, arXiv:hep-th/9912209.
[11] R.A. Janik, R.B. Peschanski, Gauge/gravity duality and thermalization of a boost-invariant perfect fluid, Phys. Rev.
D 74 (2006) 046007, arXiv:hep-th/0606149.
[12] P.M. Chesler, L.G. Yaffe, Boost invariant flow, black hole formation, and far-from-equilibrium dynamics in N =4
supersymmetric Yang—Mills theory, Phys. Rev. D 82 (2010) 026006, arXiv:0906.4426 [hep-th].
[13] D. Garfinkle, L.A. Pando Zayas, Rapid thermalization in field theory from gravitational collapse, Phys. Rev. D 84
(2011) 066006, arXiv:1106.2339 [hep-th].
[14] D. Garfinkle, L.A. Pando Zayas, D. Reichmann, On field theory thermalization from gravitational collapse, J. High
Energy Phys. 1202 (2012) 119, arXiv:1110.5823 [hep-th].


http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D616C646163656E613A313939377265s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D616C646163656E613A313939377265s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4775627365723A313939386263s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4775627365723A313939386263s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib57697474656E3A31393938716As1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib486172746E6F6C6C3A32303039737As1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib486172746E6F6C6C3A32303039737As1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4865727A6F673A323030397876s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4865727A6F673A323030397876s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D634772656576793A323030397865s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D634772656576793A323030397865s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D6174656F733A323030376179s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D6174656F733A323030376179s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4775627365723A323030396D64s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4775627365723A323030396D64s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436173616C646572726579536F6C616E613A323031317573s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436173616C646572726579536F6C616E613A323031317573s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib44616E69656C73736F6E3A313939396661s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib44616E69656C73736F6E3A313939396661s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4A616E696B3A323030366770s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4A616E696B3A323030366770s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436865736C65723A323030396379s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436865736C65723A323030396379s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47617266696E6B6C653A32303131686Ds1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47617266696E6B6C653A32303131686Ds1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47617266696E6B6C653A323031317463s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47617266696E6B6C653A323031317463s1

584 S.-J. Zhang, E. Abdalla / Nuclear Physics B 896 (2015) 569-586

[15] S. Bhattacharyya, S. Minwalla, Weak field black hole formation in asymptotically AdS spacetimes, J. High Energy
Phys. 0909 (2009) 034, arXiv:0904.0464 [hep-th].

[16] S. Lin, E. Shuryak, Toward the AdS/CFT gravity dual for high energy collisions. 3. Gravitationally collapsing shell
and quasiequilibrium, Phys. Rev. D 78 (2008) 125018, arXiv:0808.0910 [hep-th].

[17] V. Balasubramanian, A. Bernamonti, J. de Boer, N. Copland, B. Craps, E. Keski-Vakkuri, B. Muller, A. Schafer,
et al., Thermalization of strongly coupled field theories, Phys. Rev. Lett. 106 (2011) 191601, arXiv:1012.4753
[hep-th].

[18] V. Balasubramanian, A. Bernamonti, J. de Boer, N. Copland, B. Craps, E. Keski-Vakkuri, B. Muller, A. Schafer, et
al., Holographic thermalization, Phys. Rev. D 84 (2011) 026010, arXiv:1103.2683 [hep-th].

[19] J. Abajo-Arrastia, J. Aparicio, E. Lopez, Holographic evolution of entanglement entropy, J. High Energy Phys. 1011
(2010) 149, arXiv:1006.4090 [hep-th].

[20] J. Aparicio, E. Lopez, Evolution of two-point functions from holography, J. High Energy Phys. 1112 (2011) 082,
arXiv:1109.3571 [hep-th].

[21] T. Albash, C.V. Johnson, Evolution of holographic entanglement entropy after thermal and electromagnetic
quenches, New J. Phys. 13 (2011) 045017, arXiv:1008.3027 [hep-th].

[22] V. Keranen, E. Keski-Vakkuri, L. Thorlacius, Thermalization and entanglement following a non-relativistic holo-
graphic quench, Phys. Rev. D 85 (2012) 026005, arXiv:1110.5035 [hep-th].

[23] D. Galante, M. Schvellinger, Thermalization with a chemical potential from AdS spaces, J. High Energy Phys. 1207
(2012) 096, arXiv:1205.1548 [hep-th].

[24] E. Caceres, A. Kundu, Holographic thermalization with chemical potential, J. High Energy Phys. 1209 (2012) 055,
arXiv:1205.2354 [hep-th].

[25] V.E. Hubeny, M. Rangamani, E. Tonni, Thermalization of causal holographic information, J. High Energy Phys.
1305 (2013) 136, arXiv:1302.0853 [hep-th].

[26] Y.Z. Li, S.F. Wu, Y.Q. Wang, G.H. Yang, Linear growth of entanglement entropy in holographic thermalization
captured by horizon interiors and mutual information, J. High Energy Phys. 1309 (2013) 057, arXiv:1306.0210
[hep-th].

[27] Y.Z. Li, S.F. Wu, G.H. Yang, Gauss—Bonnet correction to holographic thermalization: two-point functions, circular
Wilson loops and entanglement entropy, Phys. Rev. D 88 (2013) 086006, arXiv:1309.3764 [hep-th].

[28] S.A. Stricker, Holographic thermalization in A/ = 4 Super Yang—Mills theory at finite coupling, Eur. Phys. J. C 74
(2014) 2727, arXiv:1307.2736.

[29] W.H. Baron, M. Schvellinger, Quantum corrections to dynamical holographic thermalization: entanglement entropy
and other non-local observables, J. High Energy Phys. 1308 (2013) 035, arXiv:1305.2237 [hep-th].

[30] I. Aref’eva, A. Bagrov, A.S. Koshelev, Holographic thermalization from Kerr—AdS, J. High Energy Phys. 1307
(2013) 170, arXiv:1305.3267 [hep-th].

[31] X. Zeng, W. Liu, Holographic thermalization in Gauss—Bonnet gravity, Phys. Lett. B 726 (2013) 481,
arXiv:1305.4841 [hep-th].

[32] X.X. Zeng, X.M. Liu, W.B. Liu, Holographic thermalization with a chemical potential in Gauss—Bonnet gravity,
J. High Energy Phys. 1403 (2014) 031, arXiv:1311.0718 [hep-th].

[33] A. Giordano, N.E. Grandi, G.A. Silva, Holographic thermalization of charged operators, arXiv:1412.7953 [hep-th].

[34] W. Fischler, S. Kundu, J.F. Pedraza, Entanglement and out-of-equilibrium dynamics in holographic models of de
Sitter QFTs, J. High Energy Phys. 1407 (2014) 021, arXiv:1311.5519 [hep-th].

[35] M. Alishahiha, A.F. Astaneh, M.R.M. Mozaffar, Thermalization in backgrounds with hyperscaling violating factor,
Phys. Rev. D 90 (2014) 046004, arXiv:1401.2807 [hep-th].

[36] P. Fonda, L. Franti, V. Kerénen, E. Keski-Vakkuri, L. Thorlacius, E. Tonni, Holographic thermalization with Lifshitz
scaling and hyperscaling violation, J. High Energy Phys. 1408 (2014) 051, arXiv:1401.6088 [hep-th].

[37] W. Fischler, PH. Nguyen, J.F. Pedraza, W. Tangarife, Fluctuation and dissipation in de Sitter space, J. High Energy
Phys. 1408 (2014) 028, arXiv:1404.0347 [hep-th].

[38] J.F. Pedraza, Evolution of nonlocal observables in an expanding boost-invariant plasma, Phys. Rev. D 90 (2014)
046010, arXiv:1405.1724 [hep-th].

[39] M. Alishahiha, M.R.M. Mozaffar, M.R. Tanhayi, Evolution of holographic n-partite information, arXiv:1406.7677
[hep-th].

[40] S. Fischetti, D. Kastor, J. Traschen, Non-vacuum AdS cosmologies and the approach to equilibrium of entanglement
entropy, arXiv:1407.4299 [hep-th].

[41] X.X. Zeng, X.M. Liu, W.B. Liu, Holographic thermalization in noncommutative geometry, arXiv:1407.5262 [hep-
th].

[42] X.X. Zeng, D.Y. Chen, L.F. Li, Holographic thermalization and gravitational collapse in the spacetime dominated
by quintessence dark energy, arXiv:1408.6632 [hep-th].


http://refhub.elsevier.com/S0550-3213(15)00165-0/bib426861747461636861727979613A323030397575s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib426861747461636861727979613A323030397575s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C696E3A323030387277s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C696E3A323030387277s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616C6173756272616D616E69616E3A323031306365s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616C6173756272616D616E69616E3A323031306365s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616C6173756272616D616E69616E3A323031306365s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616C6173756272616D616E69616E3A323031317572s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616C6173756272616D616E69616E3A323031317572s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4162616A6F41727261737469613A323031307974s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4162616A6F41727261737469613A323031307974s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib417061726963696F3A323031317A79s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib417061726963696F3A323031317A79s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib416C626173683A323031306D76s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib416C626173683A323031306D76s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4B6572616E656E3A323031317873s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4B6572616E656E3A323031317873s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47616C616E74653A323031327076s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47616C616E74653A323031327076s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436163657265733A32303132656Ds1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436163657265733A32303132656Ds1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib487562656E793A32303133687As1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib487562656E793A32303133687As1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C693A32303133736961s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C693A32303133736961s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C693A32303133736961s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C693A32303133636A61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4C693A32303133636A61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib53747269636B65723A323031336C6D61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib53747269636B65723A323031336C6D61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4261726F6E3A32303133637961s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4261726F6E3A32303133637961s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib41726566276576613A32303133776D61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib41726566276576613A32303133776D61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A323031336D6361s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A323031336D6361s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A32303133667361s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A32303133667361s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47696F7264616E6F3A323031346B7961s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib46697363686C65723A32303133666261s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib46697363686C65723A32303133666261s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib416C69736861686968613A32303134637761s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib416C69736861686968613A32303134637761s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib466F6E64613A32303134756C61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib466F6E64613A32303134756C61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib46697363686C65723A32303134746B61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib46697363686C65723A32303134746B61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib50656472617A613A323031346D6F61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib50656472617A613A323031346D6F61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib416C69736861686968613A323031346A7861s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib416C69736861686968613A323031346A7861s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4669736368657474693A32303134687861s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4669736368657474693A32303134687861s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A32303134787061s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A32303134787061s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A32303134787A61s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A656E673A32303134787A61s1

S.-J. Zhang, E. Abdalla / Nuclear Physics B 896 (2015) 569-586 585

[43] E. Caceres, A. Kundu, J.E. Pedraza, D.L. Yang, Weak field collapse in AdS: introducing a charge density, arXiv:
1411.1744 [hep-th].

[44] G. Camilo, B. Cuadros-Melgar, E. Abdalla, Holographic thermalization with a chemical potential from Born—Infeld
electrodynamics, J. High Energy Phys. 1502 (2015) 103, arXiv:1412.3878 [hep-th].

[45] S.J. Zhang, B. Wang, E. Abdalla, E. Papantonopoulos, Holographic thermalization in Gauss-Bonnet gravity with
de Sitter boundary, arXiv:1412.7073 [hep-th].

[46] F. Gelis, The early stages of a high energy heavy ion collision, J. Phys. Conf. Ser. 381 (2012) 012021, arXiv:
1110.1544 [hep-ph].

[47] E. Iancu, QCD in heavy ion collisions, arXiv:1205.0579 [hep-ph].

[48] B. Muller, A. Schafer, Entropy creation in relativistic heavy ion collisions, Int. J. Mod. Phys. E 20 (2011) 2235,
arXiv:1110.2378 [hep-ph].

[49] G. Policastro, D.T. Son, A.O. Starinets, The shear viscosity of strongly coupled N = 4 supersymmetric Yang—-Mills
plasma, Phys. Rev. Lett. 87 (2001) 081601, arXiv:hep-th/0104066.

[50] G. Policastro, D.T. Son, A.O. Starinets, From AdS/CFT correspondence to hydrodynamics, J. High Energy Phys.
0209 (2002) 043, arXiv:hep-th/0205052.

[51] D.T. Son, A.O. Starinets, Viscosity, black holes, and quantum field theory, Annu. Rev. Nucl. Part. Sci. 57 (2007) 95,
arXiv:0704.0240 [hep-th].

[52] S. Bhattacharyya, V.E. Hubeny, S. Minwalla, M. Rangamani, Nonlinear fluid dynamics from gravity, J. High Energy
Phys. 0802 (2008) 045, arXiv:0712.2456 [hep-th].

[53] R. Baier, A.H. Mueller, D. Schiff, D.T. Son, ‘Bottom up’ thermalization in heavy ion collisions, Phys. Lett. B 502
(2001) 51, arXiv:hep-ph/0009237.

[54] A.H. Mueller, A.L. Shoshi, S.M.H. Wong, A possible modified ‘bottom—up’ thermalization in heavy ion collisions,
Phys. Lett. B 632 (2006) 257, arXiv:hep-ph/0505164.

[55] J.H. Horne, G.T. Horowitz, Rotating dilaton black holes, Phys. Rev. D 46 (1992) 1340, arXiv:hep-th/9203083.

[56] G.W. Gibbons, K.i. Maeda, Black holes and membranes in higher dimensional theories with dilaton fields, Nucl.
Phys. B 298 (1988) 741.

[57] T. Koikawa, M. Yoshimura, Dilaton fields and event horizon, Phys. Lett. B 189 (1987) 29.

[58] D. Brill, G.T. Horowitz, Negative energy in string theory, Phys. Lett. B 262 (1991) 437.

[59] D. Garfinkle, G.T. Horowitz, A. Strominger, Charged black holes in string theory, Phys. Rev. D 43 (1991) 3140;
D. Garfinkle, G.T. Horowitz, A. Strominger, Phys. Rev. D 45 (1992) 3888 (Erratum).

[60] R. Gregory, J.A. Harvey, Black holes with a massive dilaton, Phys. Rev. D 47 (1993) 2411, arXiv:hep-th/9209070.

[61] G.T. Horowitz, A. Strominger, Black strings and P-branes, Nucl. Phys. B 360 (1991) 197.

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

[63] G. Clement, D. Gal’tsov, C. Leygnac, Linear dilaton black holes, Phys. Rev. D 67 (2003) 024012, arXiv:hep-
th/0208225.

[64] A. Sheykhi, N. Riazi, M.H. Dehghani, Magnetic branes in (n + 1)-dimensional Einstein-Maxwell-dilaton gravity,
Phys. Rev. D 75 (2007) 044020, arXiv:hep-th/0610086.

[65] A. Sheykhi, Topological Born—Infeld-dilaton black holes, Phys. Lett. B 662 (2008) 7, arXiv:0710.3827 [hep-th].

[66] S.H. Hendi, Rotating black branes in Brans-Dicke-Born-Infeld theory, J. Math. Phys. 49 (2008) 082501,
arXiv:0808.2347 [gr-qc].

[67] S.J. Poletti, D.L. Wiltshire, The global properties of static spherically symmetric charged dilaton space—times with
a Liouville potential, Phys. Rev. D 50 (1994) 7260, arXiv:gr-qc/9407021;
S.J. Poletti, D.L. Wiltshire, Phys. Rev. D 52 (1995) 3753 (Erratum).

[68] S.J. Poletti, J. Twamley, D.L. Wiltshire, Charged dilaton black holes with a cosmological constant, Phys. Rev. D 51
(1995) 5720, arXiv:hep-th/9412076.

[69] S. Mignemi, D.L. Wiltshire, Black holes in higher derivative gravity theories, Phys. Rev. D 46 (1992) 1475,
arXiv:hep-th/9202031.

[70] C.J. Gao, S.N. Zhang, Higher dimensional dilaton black holes with cosmological constant, Phys. Lett. B 605 (2005)
185, arXiv:hep-th/0411105.

[71] C.J. Gao, S.N. Zhang, Topological black holes in dilaton gravity theory, Phys. Lett. B 612 (2005) 127.

[72] A. Sheykhi, Charged rotating dilaton black strings in AdS spaces, Phys. Rev. D 78 (2008) 064055, arXiv:0809.1130
[hep-th].

[73] A. Sheykhi, M.H. Dehghani, S.H. Hendi, Thermodynamic instability of charged dilaton black holes in AdS spaces,
Phys. Rev. D 81 (2010) 084040, arXiv:0912.4199 [hep-th].

[74] 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].


http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436163657265733A32303134706461s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436163657265733A32303134706461s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib43616D696C6F3A32303134s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib43616D696C6F3A32303134s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A68616E673A32303134636761s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5A68616E673A32303134636761s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47656C69733A323031317877s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47656C69733A323031317877s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib49616E63753A323031327861s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D756C6C65723A323031317261s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D756C6C65723A323031317261s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C6963617374726F3A323030317963s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C6963617374726F3A323030317963s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C6963617374726F3A323030327365s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C6963617374726F3A323030327365s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536F6E3A32303037766Bs1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536F6E3A32303037766Bs1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib426861747461636861727979613A323030386A63s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib426861747461636861727979613A323030386A63s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616965723A323030307362s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib42616965723A323030307362s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D75656C6C65723A32303035756Es1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D75656C6C65723A32303035756Es1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib486F726E653A313939327A79s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib476962626F6E733A313938377073s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib476962626F6E733A313938377073s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4B6F696B6177613A313938367175s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4272696C6C3A313939317165s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47617266696E6B6C653A31393930716As1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47617266696E6B6C653A31393930716As2
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib477265676F72793A313939326B72s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib486F726F7769747A3A313939316364s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4368616E3A313939356672s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4368616E3A313939356672s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436C656D656E743A323030326D62s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib436C656D656E743A323030326D62s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A323030366561s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A323030366561s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A323030376777s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib48656E64693A323030386E67s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib48656E64693A323030386E67s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C657474693A313939346666s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C657474693A313939346666s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C657474693A313939346666s2
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C657474693A313939347777s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib506F6C657474693A313939347777s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D69676E656D693A313939317761s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4D69676E656D693A313939317761s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47616F3A323030347476s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47616F3A323030347476s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47616F3A323030357876s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A32303038726Bs1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A32303038726Bs1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A323030397066s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib536865796B68693A323030397066s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib48656E64693A323031306771s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib48656E64693A323031306771s1

586 S.-J. Zhang, E. Abdalla / Nuclear Physics B 896 (2015) 569-586

[75] Y.C. Ong, P. Chen, Stringy stability of charged dilaton black holes with flat event horizon, J. High Energy Phys.
1208 (2012) 079, arXiv:1205.4398 [hep-th];
Y.C. Ong, P. Chen, J. High Energy Phys. 1501 (2015) 083 (Erratum).

[76] C.J. Gao, S.N. Zhang, A universe dominated by dilaton field, arXiv:astro-ph/0605682.

[77] E. Radu, D.H. Tchrakian, New hairy black hole solutions with a dilaton potential, Class. Quantum Gravity 22 (2005)
879, arXiv:hep-th/0410154.

[78] S.B. Giddings, The fate of four-dimensions, Phys. Rev. D 68 (2003) 026006, arXiv:hep-th/0303031.

[79] S. Ryu, T. Takayanagi, Holographic derivation of entanglement entropy from AdS/CFT, Phys. Rev. Lett. 96 (2006)
181602, arXiv:hep-th/0603001.

[80] V.E. Hubeny, M. Rangamani, T. Takayanagi, A covariant holographic entanglement entropy proposal, J. High En-
ergy Phys. 0707 (2007) 062, arXiv:0705.0016 [hep-th].


http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4F6E673A323031327966s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4F6E673A323031327966s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib4F6E673A323031327966s2
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47616F3A323030366675s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib526164753A323030347870s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib526164753A323030347870s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib47696464696E67733A323030337A77s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5279753A323030366276s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib5279753A323030366276s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib487562656E793A323030377874s1
http://refhub.elsevier.com/S0550-3213(15)00165-0/bib487562656E793A323030377874s1

	Holographic thermalization in charged dilaton anti-de Sitter spacetime
	1 Introduction
	2 Bulk spacetimes
	2.1 Charged dilaton black hole in anti-de Sitter space
	2.2 Vaidya-like solution

	3 Non-local observables
	3.1 The two-point function
	3.2 The Wilson loop and entanglement entropy

	4 Summary and discussions
	Acknowledgements
	References


