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ABSTRACT: We study the Langevin diffusion of a relativistic heavy quark in anisotropic
strongly coupled theories in the local limit. Firstly, we use the axion space-dependent
deformed anisotropic N' = 4 sYM, where the geometry anisotropy is always prolate, while
the pressure anisotropy may be prolate or oblate. For motion along the anisotropic direction
we find that the effective temperature for the quark can be larger than the heat bath
temperature, in contrast to what happens in the isotropic theory. The longitudinal and
transverse Langevin diffusion coefficients depend strongly on the anisotropy, the direction
of motion and the transverse direction considered. We analyze the anisotropy effects to
the coefficients and compare them to each other and to them of the isotropic theory.

To examine the dependence of the coefficients on the type of the geometry, we consider
another bottom-up anisotropic model. Changing the geometry from prolate to oblate,
certain diffusion coefficients interchange their behaviors.

In both anisotropic backgrounds we find cases that the transverse diffusion coefficient
is larger than the longitudinal, but we find no negative excess noise.
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1 Introduction

The dynamics of the heavy quarks provide important information in the study of the Quark
Gluon Plasma (QGP) created in the Heavy Ion Colliders. The relevant findings suggest
that the QGP is strongly coupled [1-3] and therefore a promising approach to study these
phenomena is by the use of gauge/gravity correspondence [4, 5], where a recent review may
be found in [6].

The QGP goes through different phases in a short period of time. Before it reaches the
isotropic phase, it goes through an anisotropic, both in momentum and phase space. The
time period that the anisotropic phase lasts, is not yet specified accurately, and isotropiza-
tion and thermalization is currently under intensive studies. Short times of order 2 fm
are predicted using conformal viscus hydrodynamics where the values depend strongly on
the initial conditions. However, holographic models predict lower times ~ 0.3 fm [7]. The
anisotropic phase of the plasma is followed by a longer lasting isotropic phase. Several



observables in this phase have been studied extensively using the gauge/gravity correspon-
dence. Recently, these studies were extended in the anisotropic phase of the plasma [8-27],*
where a recent review may be found in [33]. Here, we extend them further by examining
the Langevin dynamics of a moving quark in the anisotropic plasma.

The out of equilibrium heavy quarks go under a Brownian like motion with a stohastic
force £(t), and provide observables that are important for the plasma, where a summary
related to their physics can be found in [34]. Moreover a more mathematical approach to
the Langevin diffusion coefficients is reviewed in [35]. It has been an extensive study of the
Langevin diffusion coefficients of heavy quarks in several gauge/gravity dualities initiated
in [36-43], and further extended in [44-47]. A completely generic approach for a large class
of theories using the membrane paradigm, was given very recently in [48].

In this paper we extend the study of the relativistic Langevin coefficients using the
holography in the context of plasmas that are anisotropic. Our main purpose is to study
the diffusion coefficients on the anisotropic theories and understand the possible physical
implications of our results in the dual plasma. We are also motivated by the fact that in the
anisotropic plasmas the universal inequality between the longitudinal and the transverse
Langevin coefficients has been found to be violated [48], and we would like to understand
better the conditions of this violation. Another motivation for our paper is that in [48] was
argued that the only possible way to obtain negative noise coefficients, is for the motion
of the quark in anisotropic plasmas and we would like to examine here this possibility for
different anisotropic models.

For our analysis we consider a fundamental string which has an endpoint at the UV
boundary of the anisotropic backgrounds, representing the heavy moving quark. The string
end point moves with a constant velocity v equal to that of the heavy quark. The momen-
tum flowing from the boundary to the bulk can be found and subsequently the force of the
drag applied to the quark during its motion to the plasma is obtained. The direction of
motion of the quark, affects the results of the magnitude of the drag force since the plasma
is anisotropic. The further details of the calculations and the findings depend on the de-
tails of the anisotropic theory we study. In our paper we consider two models to study the
anisotropic motion, the top down space dependent axion deformed N' = 4 sYM [10] and
the bottom-up anisotropic model [8]. Both geometries contain one anisotropic space direc-
tion and an SO(2) isotropic plane. We extensively analyze the coefficients in the top-down
model in the whole range of anisotropies. A reason that bottom-up model is considered,
is that it has the advantage to include prolate and oblate geometries, which is helpful to
obtain a connection between the different types of the background geometry and certain
Langevin coefficients.

The equations of motion for the trailing string for motion in both transverse and
anisotropic directions have been studied in [12, 13]. Along each direction we find a dif-
ferent string solution stretching inside the bulk and that the 2-dim induced metric has a
worldsheet black hole and a horizon at a radial point ug. Therefore a worldsheet Hawking
temperature T, is associated to this black hole, which is in principle different to the heat

! Anisotropic hydrodynamical models are also attracting increasing attention eg. [28-32].



bath temperature and it approaches it only when the quark moves non-relativistically. In
the anisotropic case the exact position of the world-sheet horizon depends on the direction
of motion, and therefore the corresponding world-sheet temperature as well. In the usual
conformal case the Ty, is less than the heat bath temperature in several setups, leading
to holographic refrigerator systems [46, 49]. In the anisotropic case we find that this in-
equality may be inverted, depending on the direction of motion of the quark, the degree of
anisotropy and the speed of motion.

By considering the fluctuations of the trailing string we relate the Langevin coefficients
to the thermal correlators. It turns out, as in the isotropic case, that these are thermal
with the temperature T),s which was argued to correspond to the temperature measured
by the quark moving in the plasma via the fluctuation-dissipation theorem [46, 50]. Then
we study the spectral densities for low frequencies compared to the temperature, using the
membrane paradigm. We review and apply the completely generic formalism developed
in [48] and additionally derive a generalization of the Einstein relation for generic theories.
In the space dependent axion anisotropic model we study the parallel s, and transverse kp
Langevin coefficients to the quark motion along the anisotropic direction and the transverse
plane, for large and small anisotropies. We find their analytical relations in the later
case. In the whole range of anisotropies we compare them each other and to the isotropic
coefficients. We also analyze the cases where the universal inequality x; > k7 does not
hold. By considering the bottom-up model we take advantage of the fact that includes
prolate and oblate geometries, depending on the background parameters, and observe the
relation between the drag forces and the Langevin coefficients when going from oblate to
prolate geometries. In particular by changing the geometry from oblate to prolate and
vice versa certain Langevin coefficients for motion along the transverse and longitudinal
directions interchange qualitative behaviors. Therefore we find a correlation of the type
of the geometry and the Langevin coefficients, which does not necessary carry on to the
pressure type anisotropy as the findings of the top-down model indicate. Our results in
anisotropic plasmas differ in several cases compared to the isotropic ones. This can be
understood by the fact that in the dual anisotropic plasmas the ratio of pressures, or ratio
of particles momentum distributions is not constrained to be equal to the unit along the
different directions, and in dual gravity picture the corresponding metric elements are not
equal to the unit as the isotropic plasmas. Our quantitative results in anisotropic theories
depend on the model used, but show the different qualitative features of the Langevin
diffusion in theories with spatial anisotropies.

Finally, we examine the possibility of the negative excess noise in our anisotropic mod-
els and we find that in both models there is strictly positive excess noise. The conditions
for negative excess noise [48] turn out to be very strict to get satisfied even for anisotropic
theories.

The outline of the paper is as follows. In section 2 we review the completely generic
formalism developed in [48] for a string moving in a non-confining background. We also de-
rive a generalization of the Einstein relation for generic theories. In section 3 we introduce
the anisotropic theories that we plan to study. Then in section 4 we study the Langevin co-
efficients in small and large anisotropies of the space dependent axion deformed anisotropic



theory. In section 5, we do the same in the bottom-up anisotropic model. In section 6 we
comment on common results between these two models. Finally we conclude by discussing
the implications of our results in the anisotropic theories, the violation of the universality
relations and the absence of negative excess noise in section 7. For presentation purposes
some analytical results for both models are given in the appendices A and B.

2 Generic study of the trailing string and setup

We briefly review some of the generic results of [48] focusing on the ones we need to apply
to study the anisotropic theories. We consider a background of the form

ds? = Goodt? + Guudu® + Gyda? (2.1)

which is diagonal and allows the study of anisotropic cases. The metric components are
functions of radial coordinate u, the boundary of the space is taken at u — 0 and the
element Gpp depends on the black hole horizon. The trailing string corresponding to a
quark moving on the boundary along the chosen direction x,, p = 1,2,3, with a constant
velocity has the usual parametrization

t=7, u=o0, z,=vt+E&u), (2.2)

and localized in the rest of dimensions. Taking the Nambu-Goto action

1
27T0//d20 -9, (2.3)

with g3 being the induced world-sheet metric, we solve for ' in terms of the momentum

Sng = —

flowing from the boundary to the bulk, which is a constant of motion

Goo + Gpp v2

12 2
= *Guuc )
¢ GooGpp(C? + GooGpp)

C:=27d 1 . (2.4)

There is a critical point at which both numerator and denominator change their sign. This
point ug is found by solving the equation

Goo(’LL(]) == —Gpp(uo) U2 5 (25)
where we have assumed G, (ug) # 0. The corresponding drag force is calculated at this
point

F — 1 \/_GDO(UO) Gpp(’LLO) _ _UGPP<’U’0) (2 6)
drag.zp 2ol 27 2ral ’
while the friction coefficient is defined by
dp Gpp(uo)
Firogg= — = — = 2.7
drag dt DD, D 27TO/MQ'Y ) ( )

where p = Mg vy, v:= (1 — v2)71/2 and Mg is the mass of the heavy probe quark.



The world-sheet of the string has a horizon obtained by g,-(op) = 0 and turns out to be
the same with critical point uy . They are obtained by solving the equation (2.5). In order
to find the effective temperature of the world-sheet horizon we diagonalize the world-sheet
metric by as dT — d7 = dT — gr+/gr+ do. The diagonal metric components read

GooGuuG
o 2 o 00 uu T pp
hzz = Goo +v° Gpp hoo = W . (2.8)
The temperature then can be obtained following the usual process and is given by
1 lar —vtgn2 1 1 G\
T2, = — |— = = |5~ (Goo Gpp)'<00> ;o (29)
167 GooGuu u=ug 10677 | GooGuu Gpp /) | lu=ug

where in the first relation the velocity enters explicitly and the second equality is written
such that only the background metric elements are present. Note that in the case of the
anisotropic plasmas, the direction of motion affects the world-sheet temperature.

To calculate the Langevin coefficients we add fluctuations in classical trailing string so-
lutions as in [38]. We choose the static gauge and consider the following form of fluctuations

t=0, u=o0, x,=vt+£(0)+0x,(T,0), Tix,=0xix,(T,0) . (2.10)

The induced metric on the world-sheet is given by gag = gag + 09as, Where g are the
perturbed results. The linear terms in fluctuations form a total derivative and we can
neglect them with the particular boundary conditions. Therefore, the NG action for the
fluctuations around the solution to quadratic order becomes

1

2ma/

apf
Sy = drdo/—g 97 N (u)Dabty 058y + Y GiiOab; gbz; |, (2.11)

i#p

where the world-sheet determinant and the function N(u) are equal to

Goo+ G v? Gy G +C?
= Goo Guu Gpp —————2— =T 2.12
g 00 pp GOO Gpp i 02 ) (u GOO i Gpp ’02 ( )
The above action can be rewritten in terms of the diagonalized metric (2.8) as
1 _ . H
Sy = o drdo 5 N(u) 0n0zy 0gdxy, + E Gii0a 0 0gdz; | (2.13)

i#p
where H® = \/—hhB.

2.1 Langevin coeflicients

The quark moving with a constant velocity v has similar dynamics of a Brownian motion.
Its motion can be found using the generalized Langevin equations which include the com-
ponents of the real-time correlation functions for the time dependent drag force. Under
the assumption that for long times the time-correlation functions are proportional to



functions, the Langevin equations become local and the diffusion coefficients are constants.
The effective equation of motion takes the form

dpi

i —npij P’ + &(t), (2.14)

where ;(t) is the force generated by the medium, and causes the momentum broadening
to the quark. In our case the background is diagonal so the friction coefficient is also a
diagonal matrix. The force distribution is characterized by the two-point correlators for
the longitudinal and transverse to the direction of motion k, = (kr, k1),

(€a®)a(t')) = rad(t —1') . (2.15)
The diffusion coefficients are given by

ImGY
o = lim G%(w) = — coth -~ —ImGp(w) = ~2 T lim ImG(w)
w—

w—0 2T s

2.16
L (2.16)
where G is the anti-symmetrized retarded correlator.

A direct way to calculate the diffusion coefficients is by using the membrane
paradigm [51] for the world-sheet action. A fluctuation ¢ in the bulk of a generic the-
ory leads to an action of the form

S=—7 / dwduy/=gq(u)g**0a 0056 (2.17)

then the relevant transport coefficients associated with the retarded Green function can be
read from the action. It turns out that in two dimensions the metric dependence cancels
out completely in the formula and the only actual dependence comes form the function q.

Therefore, using the effective action (2.13), we obtain the transport coefficients as-
sociated to the massless fluctuations from their coupling to the effective action evaluated
at the world-sheet horizon. Notice that in the case of the anisotropic plasmas, the direc-
tion of motion affects the results of the transport coefficient. So, the generic formulas for
the transverse and longitudinal fluctuations and therefore the Langevin coefficients can be
expressed in the background metric elements [48] by

1 1 (GooGpp)
= — Gk Tws , F&sz,i( 00Crp)

o — Y Tws (2.18)
Gm (82)

KT

where the index k denotes a particular transverse direction to that of motion p and no
summation is taken. The T, is given in terms of metric elements by (2.9). It follows that
their ratio can be written as

KL (GOOGpp)/
- /
T Gkkap (%g)

(2.19)

u=ugp



2.2 Generalization of the Einstein relation for generic theories

The Einstein-like relations for motion of a quark with non-zero velocities in generic back-
grounds may be also derived. The Langevin equations have the form (2.14) and the lin-
earized expressions are given by

VP My0¢, = —np dip + €, v MySir = —np dir + &r, (2.20)
where the friction coefficients 1y, r are defined as
(2.21)

They are related to the coefficients np 4, by

n L
nr = MQ’YWD,T’ nL = Mg 73 (TZD,L +pTl])?

) , (2.22)
p=Mqvy

and therefore the broadening parameters xk, through the equation (2.16), may be written
as
Ko =2TwsNa - (2.23)

We make the consistency check, and we find that for any generic background the expressions
for Kk, and kp given by the equations (2.23) and (2.22) agree with the relevant results we
have introduced in (2.18).

In the anisotropic theories the coefficient np 1, given by (2.7), is different to the np r
which can be read from (2.23) and (2.22), namely

Gre(u
— Kk (U0)

= ——— 2.24
2w’ My ( )

where G, is one of the transverse metric components and might not be equal to G,. This
is in contrast to the isotropic theories. Nevertheless, even in generic theories the diffusion
and friction coefficients satisfy a version of the Einstein relations of the form

T 9 My T . (2.25)

D, T

For isotropic backgrounds this result is similar to the one obtained in [45, 46].

3 Anisotropic backgrounds

3.1 Space-dependent axion deformed background

The anisotropic background used here is a top-down model which is a solution to the type
IIB supergravity equations. In the dual field theory it can be though as a deformed version
of the N' = 4 finite temperature sYM with a 6 parameter term depending on the anisotropic
direction x3 [10].

In the gravity dual side the 8 angle is related to the axion of the type IIB supergravity
through the complexified coupling constant and therefore an axion with space dependence



will be present in the anisotropic background. The geometry of the resulting supergravity
solution has a singularity in the IR which is hidden behind the horizon and the solution can
be viewed as a renormalization group flow from an isotropic UV point at the asymptotic
boundary to an anisotropic IR in the near horizon limit.

In the string frame the background is given by

1 du®
ds? = = (—}'B dxd + da? + das + Hdx3 + ;) + Zd0%s
X =azs,  ¢=9(u), (3.1)

where ¢ is the dilaton, y is the axion, and «a is the anisotropic parameter measured in units
of inverse length. The boundary of the metric is at u = 0 and we set the AdS radius to one.
For large anisotropies the solution to the supergravity equations can be found by solving
the equations of motion numerically. An analytic form of the functions F, B, H and Z can
be found when the anisotropy over temperature is small enough, a/T < 1. The expansions
up to second order in a/T around a black D3-brane solution give

Flu) =1-— u—z + a2]—"2(u) + O(a4)
Up,
B(u) = 14 a?Ba(u) + O(a?), (3.2)
(u)

H(u) = e o) Z(u)=ez , where ¢(u)= a2¢2(u) + O(a?),

with
Fo(u) = ! Su?(ui — u?) — 10u*log 2 + (3uj + Tut)log ( 1 + u—z
24u? 4 4 ul )|’
u? [ 10u? u?
Bo(u) = —b | 20y pe (144 3.3
2(w) 24 [uz+u2+ 0g< +u%>] ’ (3:3)

2 2
U U
po(u) = ——Llog [ 1+ — |-
4 uj
The position of the horizon wj is given in terms of temperature and the anisotropic

parameter as
1 9blog2 —2

o Y 48T
The energy and the pressures of the boundary theory are defined via the expectation

+O(a?) . (3.4)

Up

value of energy-momentum tensor near the boundary. The pressure along the anisotropic
and the transverse space differ, where for small anisotropies P < P, while for larger ones
the inequality gets inverted.

Notice that the metric (3.1) is always prolate for any anisotropy, while the pressures
in small anisotropies are oblate and in larger prolate.

3.2 Bottom-up anisotropic backgrounds

In this subsection we review the anisotropic bottom-up background [8]. The five di-
mensional metric with a stationary anisotropic energy-momentum tensor satisfying ¢ =



2P+ + Pl is given by

1
ds® = 2 (—a(u) dt* + b(u) (dzi + dz3) + c(u) dzj + du?) | (3.5)

where u is the radial coordinate with the boundary at u = 0. The metric functions have

the form
a(u) = (1+ A° u4)%_%‘/m (1— A%yt 3+5V36-2B2 7
b(u) = (1 + A? u4)%+§+ém (1- A2 uﬂéf%f%m : (3.6)
c(u) = (1+ A? u4)%—?+$\/i’m (1— A2 u4)é+§—$ 362852

The parameters A and B appear to the pressures via

A2 2 A2 1
PH:4€\B6—2BQ—§A?B, PL:4€WK%—2BQ+§A?B. (3.7)

The five dimensional static AdS black brane solution can be reached for B = 0 or at the
limit u — 0.

The interesting feature of the bottom-up model is that it may have oblate and prolate
geometries and pressure anisotropies, depending on the values of the parameters. Positive
(negative) values for B lead to oblate (prolate) geometries. In the following we will use
A =1 and the two special values B = V2 = Pl = 0 for oblate and B = V6= PL=0
for prolate. Notice that this model has a mild naked singularity in the bulk, where however
the definitions of infalling boundary conditions are still possible.

4 Langevin diffusion coefficients in the axion deformed anisotropic the-
ory

In this section we study the Langevin diffusion coefficients in the top-down anisotropic
deformed N/ = 4 sYM. The analytical analysis is done for small anisotropies while for
larger ones we use numerics.

4.1 Small anisotropy

We study analytically the Langevin coefficients in the small a/7T limit where the metric
functions are known (3.2). For presentation purposes we give in the appendix A some of
the analytical functions appearing in this section, while we note and discuss their useful
properties in the main text. Moreover, all our results in this section are up to order O (a4),
and we mention it here to avoid carrying the symbol in all the equations.

We have two different world-sheets for a string moving along and perpendicular to the
anisotropic direction and therefore two different world-sheet horizons [12, 13], which can
be found from (2.5), and are of the form

N a® I a® |
Uy = U0 iso 1+ﬁu0 , Uy = Up,iso | 1 ﬁ“o , (4.1)



where @ are contributions due to anisotropy and are given analytically in appendix A. The

corresponding world-sheet temperatures are obtained by using (2.9)

. T 2 (1=7) (147 =72+ 42y + 1)1og (L +1))

Tws = ﬁ ]_ — ﬁ 487‘(’2’72 ) (42)
| T 21+ =29 +29 (v* —1)log (%+1>
ws Ty L= 48722 (43)

We observe that world-sheet temperatures can not be equal to the heat bath temperature
for small anisotropic parameters a/7T and non-zero velocities. They become equal to each
other when they become equal to the heat bath temperature and that is for zero velocity.
More particularly the temperatures follow the inequality

T, <ThH <T, for v>0. (4.4)

The Ty,s being lower than the heat bath temperature has been observed for quark motion
in the isotropic cases [46, 49] leading to holographic “refrigerator” systems. For larger
anisotropies we will notice that the inequality may be inverted.

To study the Langevin coefficients we use the notation s which denotes the co-
efficient transverse or longitudinal to the quark’s motion. Moreover, we introduce the
notation of the upper indices referring to the directions of the anisotropic plasma. For
transverse coefficients we use the upper indices as /f%’(”) describing the effect with respect
to the anisotropic direction, where the first index refers to the motion of the quark in the
background, in this example in (z;22)—plane, and the second index to the direction where
the broadening happens, in this example along z3. For the longitudinal components the
notation is simpler and the upper index just denotes the direction of the motion of the
quark to the plasma.

Using the equations (2.18), the longitudinal broadening parameters found to be

Kt = Ty PT3V _1 + ;;22 e 571)8;222(1 o (% : 1> , (4.5)

T '1 . ;Z 3+ 2(27 45+ ié;j; 59%)log (L + 1)) o
While the transverse to :che motion Langevin coefficients are

m‘#(”) e _1 . ;22 —4+~v(1+7)(3+ 1)8;;;(72 —3)log (% + 1) | @

L s '1 § ;22 4+ AL +7) 3+ 38;2:22(9 +92)10g (L +1) ] )

,10,
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Figure 1. The ratios rz/rk%° in terms of the velocity for different directions of motion. The
plot scales has been chosen such that the crossing of a ratio to the unit is clear. Notice the
strongly modified coefficient for motion along the anisotropic direction and that is always enhanced
compared to the isotropic observable. Settings: a = 0.57. Smaller values of anisotropy leads to
qualitatively similar results.

2 —1+72 4493 +29%(y% — 6) log (l + 1)
(L) _ 1/23 @ Y
wp = VP L+ By . (49

L (D) Although the

former is always larger than the isotropic coefficient, for large velocities they move towards

Notice the similarity of the expressions for the coefficients x and H;:’
the same values.

For quarks moving along the anisotropic direction the corresponding coefficient has
different behavior, and is modified stronger by the anisotropy. This can be explained
geometrically since the anisotropic direction of the metric is modified stronger than the
transverse space and these modifications happen to carry on to the particular observable.
Physically it can be interpreted that for a quark moving in an anisotropic plasma, the
Langevin dynamics are strongly depending on the direction of the motion of the quark and
weaker on the direction of the transverse random forces. Notice also that the coefficients
RJT"(J‘), Ii/‘l‘w’u_) and ﬁi, are lower than the isotropic result until a certain speed is reached.
Similar behavior has been noticed for the drag force for moving quarks along the transverse
to anisotropic direction [12, 13].

The longitudinal Langevin coefficients for a motion along anisotropic direction are
modified even stronger compared to the isotropic theory and it is always larger than its
isotropic result. The effects on both k, coefficients for motion along the anisotropic direc-
tion become larger as the velocity is increased.

These comparisons of the anisotropic Langevin coefficients to the isotropic results are
depicted in figures 1 and 2.

An interesting remark is in order. In [48] by finding the ratio xp/kp for any theory
in terms of the background metric elements, it has been noticed that the inequality xz >
k7 holds for a large number of theories, and it has been found to get violated only in
anisotropic theories. In our case this happens for a quark moving along the transverse space

— 11 —
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Figure 2. The ratios k7/k%° in terms of the velocity for different directions of motion. Notice that
two of the ratios cross the unit for a particular velocity, while the other one is always larger. The
strongly modified coefficient is for motion along the anisotropic direction. Settings: as in figure 1.

KL

Kt
1.10¢

1.08F

0.05 0.10 0.15 0.20 0.25 0.30V

Figure 3. The rations k1, /k7 versus the velocity. The ratio ni/n%’(u) is the only one violating the
condition k7, > kp. For larger anisotropies the range of speeds that the violation happens increases.
Settings: a = 0.55T.

to anisotropy, while the transverse component of the broadening is along the anisotropic
direction, figure 3. The violation happens for small velocities, but increasing the anisotropy
the range of violation may be increased to almost the whole range of the velocity.

In next section we extend our study to the large anisotropy regime of the anisotropic

axion space dependent model.

4.2 Large anisotropy

The analysis of this section is done numerically, since the background in this regime is not
known analytically. For large anisotropies the background metric remains prolate while the
pressure anisotropies may be prolate or oblate. Moreover, in the numerical analysis we have
a larger range to vary our parameters and we observe new behaviors in our observables.
A new observation in large anisotropies is that the effective temperature may be larger
than the heat bath temperature, in contrast to the isotropic theories. For anisotropic
parameters of the order a/T = 10 this is barely happens for very large velocities (figure 4).

— 12 —
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Figure 4. The ratios T,,/T as functions of velocity for moving quarks along different directions.
Notice that for large velocities the T, Jljs becomes larger than the heat bath temperature. Settings:
a/T = 10.

Figure 5. The ratios ry /kr as functions of velocity for different directions of motion. Notice the

larger range of velocities compared to the small anisotropy case for which ki < I{;’(H). Settings:

as in figure 4.

As we increase the anisotropies however, the inequality T < TJJ,S is satisfied for larger range
of speeds as can be seen in figure 7. This is a unique result for quarks moving in anisotropic
theories. Therefore, a quark can be moving in the anisotropic theory with such a speed
that the effective temperature the quark measures, is equal to the heat bath temperature.
On the other hand the effective temperature for quark motion in the transverse plane is
always lower than the heat bath temperature (figure 6).

For larger velocities the world-sheet temperature 7.1, is decreasing, while the TJJ,S
is also decreased until some specific value of anisotropies after which the effective
temperature is increasing, as can be seen in figure 7. This is also a unique phenomenon
of the anisotropic theories. In summary we see that while the world-sheet temperature
T.L for quark’s motion along the transverse to anisotropy direction has many common
characteristics to the isotropic theories, the temperature TLU,S for a quark motion along the
anisotropic direction has very different properties.
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Figure 6. The ratios T,/ as functions of anisotropy for moving quarks along the transverse
plane. Even for large velocities and anisotropies the T35, is lower than the heat bath temperature,
as in the isotropic theories.
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Figure 7. The ratios T,,/7 as functions of anisotropy for motion along the anisotropic direction.
Notice that for large anisotropies the qull}s becomes bigger than the heat bath temperature, and as
velocity increases the anisotropy for this to happen gets lower.

KL

;
2.0¢
1.8
1.6f
14F
1.2F
1.0

0.8F

0.6F

@
5 10 15 20 T

Figure 8. The ratios ry/kr depending on the anisotropy for v = 0.5. Notice that for anisotropic
parameters a/T > 6 the inequality k7 > ﬁ%’(”) does not hold.

The behavior of the diffusion coefficients in large anisotropies is similar to that of the
small anisotropies as depicted in figures 1, 2 and 3. Therefore, the qualitative explanations
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Figure 9. The ratios k1, /kr depending on the anisotropy for v = 0.7. The increase of the velocity

requires larger anisotropies where the inequality k7 > RJT"(H) is not satisfied.

and the interpretations are similar to the ones given for motion of the quark in small
anisotropies in the previous section. The only quantitative difference is that the effects of
anisotropy in the plotted quantities become larger. Nevertheless, it is interesting to note
that the ratio Hi / /{%’(”) is lower than the unit for large range of velocities for increased
anisotropies. In figure 5 we find that the ratio is lower than the unit for velocities v < 0.6,
for an anisotropy a/T = 10. The range of velocities that the ratio remains lower than
the unit increases as the anisotropy is increased. This can be seen in figures 8 and 9,
where large velocities eventually violate the inequality Hi‘ > n%’(”), only requiring to have

stronger anisotropic backgrounds.

5 Langevin diffusion coefficients in bottom-up model

In this section we examine the bottom-up model (3.5) for the oblate and prolate geometries
and investigate the dependence of the coefficients on the type of the geometry. For prolate
geometry we choose the value B = —+/6, for the oblate the value B = /2, while the
isotropic case is for B = 0. The parameter A is chosen to be equal to the unit. Notice
that the background singularity, although it is mild, affects our results especially at low
velocities. Therefore we avoid to examine in detail the observables at very low speeds and
we focus mostly on higher speeds.

5.1 Oblate and prolate geometries

Oblate pressure anisotropies are expected in the observed QGP, and we choose for our
background the one that makes the anisotropies maximal, B = v/2. The analysis can be

done by applying our formulas, where solving the (2.5) we find the world-sheet horizons
uo{obl, uy) o Siven explicitly in appendix B by (B.1). The corresponding temperatures

TJ_

ws,obl?

For the prolate geometry with B = —+/6, analytical results can also be obtained
[

uO,pro

TJJ}S’OM can be found by using the equation (2.9), and given in the (B.2).

and the corresponding temperatures T/

. 1
where the world-sheet horizons ug,,.,, W8, pro’

Tq_‘l‘,s,pm are given by the equations (B.4) and (B.5). Since we have chosen A = 1 for the
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anisotropic case, we use it in the isotropic background and give the effective temperature

and corresponding Langevin coefficients in (B.8).

Our main aim using the bottom-up model is to study the dependence of the Langevin
coeflicients on the type of the geometry of the background and we focus on larger velocities.
We look at large velocities since at low velocities the worldsheet horizon moves close to the
singularity of the space, where our results are affected strongly by the singularity and can
not be trusted.

The Langevin coeflicients can be calculated analytically for both type of geometries by
applying our formulas (2.18). We give the results in appendix B and we plot the individual
coefficients below. We find that when the geometry changes from oblate to prolate, the
behavior of the Langevin coefficients at large velocities it is almost inverted compared to

(L)

the isotropic coefficients. Moreover, the behavior of /ﬁl}’ is qualitatively interchanged

with that of ﬁ;ﬂ"(”) when going from prolate to oblate geometries (figures (10) and (11)).
This is even more obvious in longitudinal components of the Langevin coefficients where /4;'}4
and k7 interchange qualitative behaviors (figures (12) and (13)). This can be understood
geometrically since the long axis of the ellipsoid changes direction when going from oblate
to prolate geometries. The effect of the singularity for this qualitative picture seems to be
not significant and therefore we conclude that the noise factors are crucially affected by the
type of the geometry. In fact some of them interchange qualitative behavior when going
from one to the other type of the geometry. There is also a hint from the metric of the
space for this behavior, since the transverse and the longitudinal metric elements almost

interchange their form as the type of geometry changes.

From a geometrical point of view we may also explain the rest of the behavior of the
coefficients. The larger the speed, the closer world-sheet horizon to the boundary, where
the evaluations of the quantities is done, and the anisotropic effects on the metric may be
weaker. For speeds v — 1, the world-sheet horizon is very close to the background boundary
and the anisotropic effects in the geometry are minimal. Therefore, a moving quark in the
dual anisotropic plasma moving with extremely large velocities, has minor contributions
of the anisotropy to its noise coefficients. However for relatively large speeds but away
of the speed of light, although the world-sheet horizon moves towards the boundary, the
Langevin coefficients still capture the anisotropic contributions.

Notice that for prolate geometries we find in general, large deviations of the coefficients
for motion along the anisotropic direction. This has been also observed in the axion space-
dependent anisotropic model. Therefore quarks that are moving along the beam direction
would feel the anisotropic effects in their noise factors much stronger than moving in the
transverse space. This has been also observed in several other observables [12].

The expressions of the ratios of the longitudinal and transverse diffusion coefficients
are simplified. For the oblate geometries read

V2 V2
Fhow  1+V2+(V2-1)v' ¥ Ko V2H+1+(V2-1)0%
L(L) 4v2 ’ () — 72 ’
“T,o(bl) 3 (1 - U432> HT,(SIUZ) 3v2/3 (1 — 0432)
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Figure 10. The coefficients k7 for the oblate geometry in terms of the velocity for different
directions of motion.

KT
0.7

0.6

0.5

04
N
e m—————T Pt e
- st e
-

5 -
0.3 L
-

Figure 11. The coefficients k7 for the prolate geometries in terms of the velocity for different direc-
tions of motion. Notice the qualitative interchange of behaviors compared to the oblate geometries.
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Figure 12. The longitudinal Langevin coeflicients x, in terms of the velocity for different directions
of motion for oblate geometries. Notice the decreased quantity for motion along the anisotropic

direction, while the transverse component almost coincides compared to the isotropic results.
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Figure 13. The longitudinal Langevin coefficients k£, in terms of the velocity for different directions
From oblate to prolate geometries the kj coefficients along

of motion for prolate geometries.

KL

anisotropic and transverse to the anisotropic directions interchange qualitative behaviors.

Figure 14. The ratios x,/kr depending on the velocity for different directions of motion for oblate

KL

geometries. Two of the ratios are lower than the unit for intermediate velocities.

Figure 15. The ratios xr,/kr depending on the velocity for different directions of motion for the
prolate geometries. One ratio is smaller than the unit, and is the one that is always larger for the

prolate geometries.
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while for the prolate geometries the ratios of the coefficients are

2 4,/3
"Qi,pro 24_[_{_ 9B 4[ ,{tpm_v <2+\/6+(2—\/6)v \/;>

1,(L ) 1, )
'k';T,pEro) \/6 <1 — 1}4\/;> KT,](M‘”IS) \/6 <1 — U4\/g>

Il 2,/2
FLpro _ 1+w \/; ' (5.2)

1
’ilﬁlﬂ(prl V6 v (1 — 1;2\/§>

L,(1)
T,0bl

and /iL Obl//ﬁ}T v » While for the prolate geometries for the ratio s, pm/mT pﬂl, i.e. figures (14)

and (15). This is one more particular example where the violation of the universal relation

The inequality K L > k7 is violated in the oblate geometries for the fractions /ii b/ K

happens for the anisotropic backgrounds [48].
Notice that we have not seen negative excess noise in this anisotropic background using
the conditions derived in [48]. We find positive excess noise for the quark’s motion with

any velocity and along any direction, in the two extreme oblate and prolate backgrounds.

6 Common results between the two models

In this section we report some further common results between the bottom-up and the top-
down anisotropic models studied in the paper. We study the dependence of the Langevin
coefficients on the type of geometry by fixing the ratio of pressures, and we notice that the
only clear qualitative similarity between the two models, is in terms of the ratios kr/k7.
We focus only in the prolate regime since the axion deformed model has only this type of
the geometry.
A way to relate the two models is to use the coefficient A
PJ_

A= I 1, (6.1)
which measures the degree of pressure anisotropy and depends on the anisotropic param-
eters. For low values of A an analytic relation may be found with the parameter a of the
axion deformed anisotropic theory [12]

(12

~ 6.2
2m2T2 (6.2)
and with the parameter B in the bottom-up model [33, 52]

A~B. (6.3)

for low anisotropies. For larger anisotropies using the same techniques, the computation
may be done numerically.

In order to understand the comparison we need to investigate the type of geometries
associated to each value of A. In the axion deformed anisotropic model the geometry is
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én up,  a/T T A B
0.06 1.07 6.43 0.318 -1.00 -2.45

Table 1. Background parameters.

0.2 0.4 0.6 0.8 1.0

Figure 16. The ratios k, /£, for A = —1.00 axion deformed anisotropic model. The corresponding
anisotropic parameter is a/T ~ 6.43, where geometry and pressure anisotropies are oblate.

always prolate, while for low values of a/T" the pressure anisotropy is oblate, and for larger
it becomes and remains prolate. In the bottom-up model, when the pressure anisotropy
becomes prolate(oblate) the geometry is also prolate(oblate).

It would be natural to expect that if there is any correlation of the observables between
these two models, it is more likely to be between the same type of geometries. By fixing
the pressure anisotropies as in table 12 we observe a similarity between the behavior of
the ratios k1 /k7 of these two models while the individual behavior of the noise coefficients
does not show any other clear similarity.

In figures 16 and 17 we plot the ratios kp/kp for A = —1 corresponding to prolate
geometries and pressure anisotropies. The only ratio that is smaller than the unit in both
geometries is the /{}; / mfp"(H), and has a crossing for quark speed around v ~ 0.5 and v ~ 0.6
in the two models. The isotropic ratio is the next larger one. But the ratios k7 / m%’u) and
Rﬂ/ / f#u‘) come with different ordering in the two plots.

Therefore, when we compare prolate geometries between the two anisotropic models,
we see clear qualitative similarities only for some of the ratios k1, /k7 and not the individual
coeflicients.

7 Summary and discussion

In this paper we have studied the Langevin diffusion coefficients in strongly coupled
anisotropic plasmas. We have studied the coefficients in the top-down model of the space
dependent axion deformed theory which has prolate geometry and oblate or prolate pressure

Where g?)h = ¢(up) + % log a, are the parameters for the solutions of the axion deformed model and B
is the one of the bottom up.
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Figure 17. The ratios k, /k, for A = —1.00 corresponding to anisotropic parameter B ~ —2.45
in the bottom up model.

anisotropy. We have found the dependence of the Langevin coefficients to the anisotropy
and have compared them to each other and to the isotropic results studying extensively
the effect of the anisotropies to the coefficients. Moreover, several new interesting features
appear in the anisotropic theories. We show that for large anisotropies the world-sheet
temperature Tl‘l‘,s for motion along the anisotropic direction may be larger or lower than
the heat bath temperature. This is in contrast to the isotropic theories, where the effective
temperature of the quark is always lower than the heat bath temperature. In the anisotropic
theories, the effective temperature depends strongly on the velocity and anisotropy. For
larger anisotropies the world-sheet temperature becomes larger than the heat bath temper-
ature for lower velocities. We have also examined the inequality 7, > k7, known to be true
for large number of isotropic theories and to be violated in anisotropic theories according
to [48]. We show that increase of the anisotropy leads to increased range of speeds where
the inequality is being violated.

Moreover we observe that motion along the anisotropic direction affects the Langevin
coefficients stronger. This is not unexpected, and reflects to an extend the degree of mod-
ification of the anisotropy to the metric elements, which is stronger along the anisotropic
direction. This has been also noticed for several other observables [12].

In order to study the qualitative dependence of the Langevin coefficients to the type of
the geometry we use a bottom-up anisotropic model, which allows both prolate and oblate
geometries. Focusing on larger velocities, we find that indeed the Langevin coefficients are
affected by the type of the geometry and certain coefficients interchange each other qual-
itative behaviors. This interchange is very clear for /1% and Iii‘, when going from oblate to
prolate geometries. This is not unexpected since the large axis of the ellipsoid is rotated
with the change of the geometry and the relevant metrics elements also interchange qualita-
tive behaviors. In this model we have also found that the inequality x;, > 7 is modified for
any type of geometry. By fixing the anisotropy between the two top-down and bottom-up
models we observe that a clear similarity between them is when comparing for the prolate
geometries the ratio /{f / /i;:’”, which is lower than the unit until a certain speed is reached.
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It is particularly interesting that we have not found negative excess noise in any of
these two anisotropic models by examining the conditions of [48]. So far there is no known
anisotropic dual plasma that a quark’s motion leads to negative excess noise and it would
be very interesting to find a particular consistent anisotropic theory that this is allowed.
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A Analytic results for small anisotropy

The world-sheet horizons for a moving string along and perpendicular to the anisotropy in
small anisotropy limit of axion deformed theory are given by

1 a2 . 1 a2 .

where
L (4+72)1og(%+1>—fy—1 y (7—272)10g(%+1>—’y—1 N
o™ = 4872 M= 4872 - (A2)
The ratios for kr,/kr are
12 2 2 1
’il :72+a72 1—~%(=247)+2y (1+2’y)10g(,y+1> (43)
(L) T2 242 ’ '
T
ok L@ (= DA+ + 298 + 297 (1- )1og( +1) N
() 7 +ﬁ 2472 ’ (A-4)
T
2 (.2 1
i, (Y= 1) +7+292) — 292 (v +1)log(;—|—1) "
) T? 2472 ' '
T

B Oblate, prolate and isotropic geometries analytic expressions

The world-sheet horizon for quarks moving along and transverse to anisotropy for oblate
geometries are given respectively by

/
T s )" (B.1)

Uy obt = 1/4° UQ,obl = 110
(1 + v\/i) >

H
|
(o4

[ V)
o,

VR
—_
+
4

()

o,
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while the corresponding world-sheet temperatures are

i Ulfﬁ (1 — 02\/5) v (1 +v2 - (\/5 — 1) U2\/§) v
Tws,obl = 21/471' y (BQ)
2 V2 43\ 1/4 43\ 1/2
. V3v3 2(1—v3> (\@+2+(2—\/§)vs>
Tws,obl = 95/4r (BB)

For a quark moving in prolate background we find the following world-sheet horizons

1/4 1/4
<1 — v\/§> <1 — v2 é)
ull _ 1 _

0,pro 1/4° %o,pro = 174>
2 2
(HUQ (1+W§)
and the world-sheet temperatures

1/4 1/2
N vlf\/g(l—u‘*\/g) (3\/§+2\/§+(2—\/§—3\/§)u4\/g)
Tws,pro = 25/47 ’

(%)1/41)%(2_\/5) (1—1;4\/%)1/2 (B.5)
n(l—vz\/g) o

The longitudinal Langevin coefficients for oblate and prolate backgrounds are

l
Tws,pro =

N S 3/2
l 21/4“1_ﬁ(-(ﬁ—l)v2ﬁ+\/§+1)3/2 I %/g” 2k (v2\/g+1>
K:L,Obl: 7!'2(17’02\/5)5/4 ) L,p?“0: 2(1 2\/g>5/4 )
IS —v E
3/2 2 (B.6)

__1_ V32 _1 3 3/
N v 3ﬁ(*(\/§*2)v%72+\/§+2) N v Vﬁ(—(\/(?ﬂ)v“\/g%z)
K = K =
L,obl 5/4 ’ L,pro 5/4 )
23/4./372 (1—vi3@> 23/4 /372 (1704@)

and the transverse Langevin coefficients are

L,(h_ Vot (\/§+27 (vV2-2) ”%Y/Q LD _ (%)1/4”717% (\/g”, (v6-2) ”4\/%) -
T,obl — 7T2 (2 B 21}%)1/4 ’ T,pro— ﬂ.2 (1 _ U4\/g) 1/4 )
oy VAV (va-2) o) o E (Ve (vB)ovE) -
T,0bl — - (2 - 21)%7\/5)1/4 ’ T,pro - (1 B U4\/§>1/4 (B
. 29473 (V241 - (V2 - 1) 0?2 v L 2 31/t avs (V1) v
KT ob1 = 2 (1 ~ v2\/§)1/4 ) T,pro— 2 (1 B 1;2\/%) 1/4

We also summarize the results for isotropic background in bottom-up theory with fixed
A =1 and B =0. These read

(1—v)" va(1 -

e 4 P

U0,iso (1 i 1))1/4 ) ws,150 T ) (B 8)
B 2v/2 B 2v/2

HL,'LSO - 7T2 (1 . 02)5/4 ’ HT,iso - 7'('2 (1 . ’U2)1/4 *

— 23 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

[10]

[11]

STAR collaboration, J. Adams et al., Experimental and theoretical challenges in the search
for the quark gluon plasma: the STAR collaboration’s critical assessment of the evidence from
RHIC collisions, Nucl. Phys. A 757 (2005) 102 [nucl-ex/0501009] InSPIRE].

PHENIX collaboration, K. Adcox et al., Formation of dense partonic matter in relativistic
nucleus-nucleus collisions at RHIC: experimental evaluation by the PHENIX collaboration,
Nucl. Phys. A 757 (2005) 184 [nucl-ex/0410003] [INSPIRE].

E.V. Shuryak, What RHIC' experiments and theory tell us about properties of quark-gluon
plasma?, Nucl. Phys. A 750 (2005) 64 [hep-ph/0405066] [INSPIRE].

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

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

J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal and U.A. Wiedemann, Gauge/string
duality, hot QCD and heavy ion collisions, arXiv:1101.0618 [INSPIRE].

P.M. Chesler and L.G. Yaffe, Holography and colliding gravitational shock waves in
asymptotically AdSs spacetime, Phys. Rev. Lett. 106 (2011) 021601 [arXiv:1011.3562]
[INSPIRE].

R.A. Janik and P. Witaszczyk, Towards the description of anisotropic plasma at strong
coupling, JHEP 09 (2008) 026 [arXiv:0806.2141] InSPIRE].

D. Mateos and D. Trancanelli, The anisotropic N = 4 super Yang-Mills plasma and its
instabilities, Phys. Rev. Lett. 107 (2011) 101601 [arXiv:1105.3472] [INSPIRE].

D. Mateos and D. Trancanelli, Thermodynamics and instabilities of a strongly coupled
anisotropic plasma, JHEP 07 (2011) 054 [arXiv:1106.1637] nSPIRE].

A. Rebhan and D. Steineder, Violation of the holographic viscosity bound in a strongly
coupled anisotropic plasma, Phys. Rev. Lett. 108 (2012) 021601 [arXiv:1110.6825]
[INSPIRE].

D. Giataganas, Probing strongly coupled anisotropic plasma, JHEP 07 (2012) 031
[arXiv:1202.4436] [INSPIRE].

M. Chernicoff, D. Fernandez, D. Mateos and D. Trancanelli, Drag force in a strongly coupled
anisotropic plasma, JHEP 08 (2012) 100 [arXiv:1202.3696] [INSPIRE].

M. Chernicoff, D. Fernandez, D. Mateos and D. Trancanelli, Jet quenching in a strongly
coupled anisotropic plasma, JHEP 08 (2012) 041 [arXiv:1203.0561] nSPIRE].

A. Rebhan and D. Steineder, Probing two holographic models of strongly coupled anisotropic
plasma, JHEP 08 (2012) 020 [arXiv:1205.4684] [INSPIRE].

M. Chernicoff, D. Fernandez, D. Mateos and D. Trancanelli, Quarkonium dissociation by
anisotropy, JHEP 01 (2013) 170 [arXiv:1208.2672] INSPIRE].

— 24 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://arxiv.org/abs/nucl-ex/0501009
http://inspirehep.net/search?p=find+EPRINT+nucl-ex/0501009
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://arxiv.org/abs/nucl-ex/0410003
http://inspirehep.net/search?p=find+EPRINT+nucl-ex/0410003
http://dx.doi.org/10.1016/j.nuclphysa.2004.10.022
http://arxiv.org/abs/hep-ph/0405066
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0405066
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
http://inspirehep.net/search?p=find+EPRINT+hep-th/9711200
http://arxiv.org/abs/hep-th/9802150
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802150
http://arxiv.org/abs/1101.0618
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0618
http://dx.doi.org/10.1103/PhysRevLett.106.021601
http://arxiv.org/abs/1011.3562
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.3562
http://dx.doi.org/10.1088/1126-6708/2008/09/026
http://arxiv.org/abs/0806.2141
http://inspirehep.net/search?p=find+EPRINT+arXiv:0806.2141
http://dx.doi.org/10.1103/PhysRevLett.107.101601
http://arxiv.org/abs/1105.3472
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3472
http://dx.doi.org/10.1007/JHEP07(2011)054
http://arxiv.org/abs/1106.1637
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.1637
http://dx.doi.org/10.1103/PhysRevLett.108.021601
http://arxiv.org/abs/1110.6825
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.6825
http://dx.doi.org/10.1007/JHEP07(2012)031
http://arxiv.org/abs/1202.4436
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.4436
http://dx.doi.org/10.1007/JHEP08(2012)100
http://arxiv.org/abs/1202.3696
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.3696
http://dx.doi.org/10.1007/JHEP08(2012)041
http://arxiv.org/abs/1203.0561
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.0561
http://dx.doi.org/10.1007/JHEP08(2012)020
http://arxiv.org/abs/1205.4684
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.4684
http://dx.doi.org/10.1007/JHEP01(2013)170
http://arxiv.org/abs/1208.2672
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2672

[17] K.B. Fadafan and H. Soltanpanahi, Energy loss in a strongly coupled anisotropic plasma,
JHEP 10 (2012) 085 [arXiv:1206.2271] [INSPIRE].

[18] A. Gynther, A. Rebhan and D. Steineder, Thermodynamics and phase diagram of anisotropic
Chern-Simons deformed gauge theories, JHEP 10 (2012) 012 [arXiv:1207.6283] [INSPIRE].

[19] B. Miiller and D.-L. Yang, Light probes in a strongly coupled anisotropic plasma,
Phys. Rev. D 87 (2013) 046004 [arXiv:1210.2095] [INSPIRE].

[20] L. Patino and D. Trancanelli, Thermal photon production in a strongly coupled anisotropic
plasma, JHEP 02 (2013) 154 [arXiv:1211.2199] [INSPIRE].

[21] S. Chakraborty and N. Haque, Holographic quark-antiquark potential in hot, anisotropic
Yang-Mills plasma, Nucl. Phys. B 874 (2013) 821 [arXiv:1212.2769] [INSPIRE].

[22] K.B. Fadafan, D. Giataganas and H. Soltanpanahi, The imaginary part of the static potential
in strongly coupled anisotropic plasma, JHEP 11 (2013) 107 [arXiv:1306.2929] [INSPIRE].

[23] S.-Y. Wu and D.-L. Yang, Holographic photon production with magnetic field in anisotropic
plasmas, JHEP 08 (2013) 032 [arXiv:1305.5509] INSPIRE].

[24] M. Ali-Akbari and H. Ebrahim, Chiral symmetry breaking: to probe anisotropy and magnetic
field in QGP, Phys. Rev. D 89 (2014) 065029 [arXiv:1309.4715] [INSPIRE].

[25] S. Chakrabortty, S. Chakraborty and N. Haque, Brownian motion in strongly coupled,
anisotropic Yang-Mills plasma: a holographic approach, Phys. Rev. D 89 (2014) 066013
[arXiv:1311.5023] INSPIRE].

[26] V. Jahnke, A. Luna, L. Patifio and D. Trancanelli, More on thermal probes of a strongly
coupled anisotropic plasma, JHEP 01 (2014) 149 [arXiv:1311.5513] INSPIRE].

[27] K.A. Mamo, Holographic RG flow of the shear viscosity to entropy density ratio in strongly
coupled anisotropic plasma, JHEP 10 (2012) 070 [arXiv:1205.1797] nSPIRE].

[28] R. Ryblewski, Anisotropic hydrodynamics for ultra-relativistic heavy-ion collisions,
J. Phys. G 40 (2013) 093101 [InSPIRE].

[29] 1. Gahramanov, T. Kalaydzhyan and I. Kirsch, Anisotropic hydrodynamics, holography and
the chiral magnetic effect, Phys. Rev. D 85 (2012) 126013 [arXiv:1203.4259] [INSPIRE].

[30] M. Martinez, R. Ryblewski and M. Strickland, Boost-invariant (2 + 1)-dimensional
anisotropic hydrodynamics, Phys. Rev. C 85 (2012) 064913 [arXiv:1204.1473] [INSPIRE].

[31] R. Ryblewski and W. Florkowski, Highly-anisotropic hydrodynamics in 3 + 1 space-time
dimensions, Phys. Rev. C 85 (2012) 064901 [arXiv:1204.2624] INSPIRE].

[32] W. Florkowski, R. Ryblewski and M. Strickland, Testing viscous and anisotropic
hydrodynamics in an exactly solvable case, Phys. Rev. C 88 (2013) 024903
[arXiv:1305.7234] INSPIRE].

[33] D. Giataganas, Observables in strongly coupled anisotropic theories, PoS(Corfu2012) 122
[arXiv:1306.1404] INSPIRE].

[34] R. Rapp and H. van Hees, Heavy quarks in the quark-gluon plasma, arXiv:0903.1096
[INSPIRE].

[35] J. Dunkel and P. Hénggi, Relativistic Brownian motion, Phys. Rept. 471 (2009) 1 [INSPIRE].

— 25 —


http://dx.doi.org/10.1007/JHEP10(2012)085
http://arxiv.org/abs/1206.2271
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.2271
http://dx.doi.org/10.1007/JHEP10(2012)012
http://arxiv.org/abs/1207.6283
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.6283
http://dx.doi.org/10.1103/PhysRevD.87.046004
http://arxiv.org/abs/1210.2095
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.2095
http://dx.doi.org/10.1007/JHEP02(2013)154
http://arxiv.org/abs/1211.2199
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.2199
http://dx.doi.org/10.1016/j.nuclphysb.2013.06.010
http://arxiv.org/abs/1212.2769
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.2769
http://dx.doi.org/10.1007/JHEP11(2013)107
http://arxiv.org/abs/1306.2929
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.2929
http://dx.doi.org/10.1007/JHEP08(2013)032
http://arxiv.org/abs/1305.5509
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.5509
http://dx.doi.org/10.1103/PhysRevD.89.065029
http://arxiv.org/abs/1309.4715
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.4715
http://dx.doi.org/10.1103/PhysRevD.89.066013
http://arxiv.org/abs/1311.5023
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.5023
http://dx.doi.org/10.1007/JHEP01(2014)149
http://arxiv.org/abs/1311.5513
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.5513
http://dx.doi.org/10.1007/JHEP10(2012)070
http://arxiv.org/abs/1205.1797
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.1797
http://dx.doi.org/10.1088/0954-3899/40/9/093101
http://inspirehep.net/search?p=find+J+J.Phys.,G40,093101
http://dx.doi.org/10.1103/PhysRevD.85.126013
http://arxiv.org/abs/1203.4259
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.4259
http://dx.doi.org/10.1103/PhysRevC.85.064913
http://arxiv.org/abs/1204.1473
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.1473
http://dx.doi.org/10.1103/PhysRevC.85.064901
http://arxiv.org/abs/1204.2624
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.2624
http://dx.doi.org/10.1103/PhysRevC.88.024903
http://arxiv.org/abs/1305.7234
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.7234
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(Corfu2012)122
http://arxiv.org/abs/1306.1404
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.1404
http://arxiv.org/abs/0903.1096
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1096
http://dx.doi.org/10.1016/j.physrep.2008.12.001
http://inspirehep.net/search?p=find+J+Phys.Rept.,471,1

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

C.P. Herzog, A. Karch, P. Kovtun, C. Kozcaz and L.G. Yaffe, Energy loss of a heavy quark
moving through N = 4 supersymmetric Yang-Mills plasma, JHEP 07 (2006) 013
[hep-th/0605158] [INSPIRE].

S.S. Gubser, Drag force in AdS/CFT, Phys. Rev. D 74 (2006) 126005 [hep-th/0605182]
[INSPIRE].

S.S. Gubser, Momentum fluctuations of heavy quarks in the gauge-string duality,
Nucl. Phys. B 790 (2008) 175 [hep-th/0612143] [INSPIRE].

J. Casalderrey-Solana and D. Teaney, Heavy quark diffusion in strongly coupled N = 4
Yang-Mills, Phys. Rev. D 74 (2006) 085012 [hep-ph/0605199] [INSPIRE].

J. Casalderrey-Solana and D. Teaney, Transverse momentum broadening of a fast quark in a
N =4 Yang-Mills plasma, JHEP 04 (2007) 039 [hep-th/0701123] [INSPIRE].

J. de Boer, V.E. Hubeny, M. Rangamani and M. Shigemori, Brownian motion in AdS/CFT,
JHEP 07 (2009) 094 [arXiv:0812.5112] INSPIRE].

D.T. Son and D. Teaney, Thermal noise and stochastic strings in AdS/CFT,
JHEP 07 (2009) 021 [arXiv:0901.2338] [INSPIRE].

G.C. Giecold, E. Tancu and A.H. Mueller, Stochastic trailing string and Langevin dynamics
from AdS/CFT, JHEP 07 (2009) 033 [arXiv:0903.1840] [INSPIRE].

U. Girsoy, E. Kiritsis, G. Michalogiorgakis and F. Nitti, Thermal transport and drag force in
improved holographic QCD, JHEP 12 (2009) 056 [arXiv:0906.1890] InSPIRE].

C. Hoyos-Badajoz, Drag and jet quenching of heavy quarks in a strongly coupled N = 2x
plasma, JHEP 09 (2009) 068 [arXiv:0907.5036] [INSPIRE].

U. Giursoy, E. Kiritsis, L. Mazzanti and F. Nitti, Langevin diffusion of heavy quarks in
non-conformal holographic backgrounds, JHEP 12 (2010) 088 [arXiv:1006.3261] [INSPIRE].

E. Kiritsis, L. Mazzanti and F. Nitti, The confining trailing string, JHEP 02 (2014) 081
[arXiv:1311.2611] [INSPIRE].

D. Giataganas and H. Soltanpanahi, Universal properties of the Langevin diffusion
coefficients, Phys. Rev. D 89 (2014) 026011 [arXiv:1310.6725] [INSPIRE].

S. Nakamura and H. Ooguri, Out of equilibrium temperature from holography,
Phys. Rev. D 88 (2013) 126003 [arXiv:1309.4089] [INSPIRE].

L.F. Cugliandolo, J. Kurchan and L. Peliti, Energy flow, partial equilibration and effective
temperatures in systems with slow dynamics, Phys. Rev. E 55 (1997) 3898 [InSPIRE].

N. Igbal and H. Liu, Universality of the hydrodynamic limit in AdS/CFT and the membrane
paradigm, Phys. Rev. D 79 (2009) 025023 [arXiv:0809.3808] [INSPIRE].

A. Rebhan and D. Steineder, Flectromagnetic signatures of a strongly coupled anisotropic
plasma, JHEP 08 (2011) 153 [arXiv:1106.3539] [INSPIRE].

— 26 —


http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://arxiv.org/abs/hep-th/0605158
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605158
http://dx.doi.org/10.1103/PhysRevD.74.126005
http://arxiv.org/abs/hep-th/0605182
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605182
http://dx.doi.org/10.1016/j.nuclphysb.2007.09.017
http://arxiv.org/abs/hep-th/0612143
http://inspirehep.net/search?p=find+EPRINT+hep-th/0612143
http://dx.doi.org/10.1103/PhysRevD.74.085012
http://arxiv.org/abs/hep-ph/0605199
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605199
http://dx.doi.org/10.1088/1126-6708/2007/04/039
http://arxiv.org/abs/hep-th/0701123
http://inspirehep.net/search?p=find+EPRINT+hep-th/0701123
http://dx.doi.org/10.1088/1126-6708/2009/07/094
http://arxiv.org/abs/0812.5112
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.5112
http://dx.doi.org/10.1088/1126-6708/2009/07/021
http://arxiv.org/abs/0901.2338
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.2338
http://dx.doi.org/10.1088/1126-6708/2009/07/033
http://arxiv.org/abs/0903.1840
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1840
http://dx.doi.org/10.1088/1126-6708/2009/12/056
http://arxiv.org/abs/0906.1890
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1890
http://dx.doi.org/10.1088/1126-6708/2009/09/068
http://arxiv.org/abs/0907.5036
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.5036
http://dx.doi.org/10.1007/JHEP12(2010)088
http://arxiv.org/abs/1006.3261
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.3261
http://dx.doi.org/10.1007/JHEP02(2014)081
http://arxiv.org/abs/1311.2611
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2611
http://dx.doi.org/10.1103/PhysRevD.89.026011
http://arxiv.org/abs/1310.6725
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.6725
http://dx.doi.org/10.1103/PhysRevD.88.126003
http://arxiv.org/abs/1309.4089
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.4089
http://dx.doi.org/10.1103/PhysRevE.55.3898
http://inspirehep.net/search?p=find+J+Phys.Rev.,E55,3898
http://dx.doi.org/10.1103/PhysRevD.79.025023
http://arxiv.org/abs/0809.3808
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3808
http://dx.doi.org/10.1007/JHEP08(2011)153
http://arxiv.org/abs/1106.3539
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.3539

	Introduction
	Generic study of the trailing string and setup
	Langevin coefficients
	Generalization of the Einstein relation for generic theories

	Anisotropic backgrounds
	Space-dependent axion deformed background
	Bottom-up anisotropic backgrounds

	Langevin diffusion coefficients in the axion deformed anisotropic theory
	Small anisotropy
	Large anisotropy

	Langevin diffusion coefficients in bottom-up model
	Oblate and prolate geometries

	Common results between the two models
	Summary and discussion
	Analytic results for small anisotropy
	Oblate, prolate and isotropic geometries analytic expressions

