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ABSTRACT: We holographically study the effect of back reaction on the hydrodynamical
properties of N/ = 4 strongly coupled super Yang-Mills (SYM) thermal plasma. The back
reaction we consider arises from the presence of static heavy quarks uniformly distributed
over NN = 4 SYM plasma. In order to study the hydrodynamical properties, we use
heavy quark as well as heavy quark-antiquark bound state as probes and compute the jet
quenching parameter, screening length and binding energy. We also consider the rotational
dynamics of heavy probe quark in the back-reacted plasma and analyse associated energy
loss. We observe that the presence of back reaction enhances the energy-loss in the thermal
plasma. Finally, we show that there is no effect of angular drag on the rotational motion
of quark-antiquark bound state probing the back reacted thermal plasma.
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1 Introduction

The recent experimental results obtained at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC) indicate that a deconfined plasma phase consisted
of free quarks and gluons (QGP) has been created at high temperature and high num-
ber density [1-5]. Further, the interaction between the high energetic parton probes and
the QGP medium signifies that the associated free quarks and gluons are strongly cou-
pled [6, 7]. From the theoretical point of view, among the pre-existing successful theories
of quantum chromodynamics, the perturbative QCD and the lattice methods turn out to
be inadequate to address the strong coupling issues. On the other hand, the gauge/gravity
correspondence seems to be a promising theoretical candidate since it has been widely uti-
lized to study a large class of previously inaccessible strongly coupled gauge theories [8-11].
However, to make use of this correspondence we need to know the exact gravity dual of
real QCD at strong coupling and that is not well-understood till date. Nevertheless, the
gauge/gravity correspondence can extract some universal properties of a large class of
strongly coupled theories having well-defined gravity duals. Interestingly, those universal
properties qualitatively agree with the experimental data associated with strong coupling
phase of QGP [12-16]. Moreover, the correspondence holds true for some strongly cou-
pled gauge theories exhibiting some QCD like features such as chiral symmetry breaking,
confinement to deconfinement crossover etc [17-19].

Along this line of development, within the regime of gauge/gravity correspondence,
there has been a number of seminal works to obtain a better theoretical understanding of
strongly coupled QGP phase. For example, the dissipative dynamics of an external heavy
quark probing through the N/ = 4 SYM plasma is holographically computed in [20, 21].
The rate of radiative energy loss of an external quark rotating in the N' = 4 SYM plasma is
successfully addressed in [22]. Furthermore, the holographic technique to compute the jet
quenching parameter carrying a measure of suppression of the heavy quark spectrum with



high transverse momentum due to the medium induced scattering has been first prescribed
in [24]. The non-perturbative dynamics of heavy probe mesons moving through the N' = 4
SYM plasma has been studied and the corresponding quark-antiquark binding energy as
well as screening length are qualitatively estimated in [25]. The holographic understanding
of the Brownian motion of an external probe quark is achieved in [26, 27]. There has been
a lot of further generalisations along this direction of research [28-52].

In spite of several such developments, except in the very few examples [53, 54, 56],
it remains very difficult to study the strongly coupled boundary gauge theory with large
number of flavour quarks. The introduction of the flavour quarks in the boundary theory
corresponds to adding an extra stack of Ny flavour branes probing the pre-existed N,
number of colour branes in the dual gravity [55]. The addition of these flavour branes exerts
a back reaction of the order of %—J; on the bulk geometry. Therefore, the back reaction can
not be neglected in the presence of large number of flavour branes (N ~ N2 or more) even
in the large N, limit. The difficulty of going beyond the probe approximation motivated
one of us to construct a backreacted gravity background without any approximation [35].
The gravity background is realised as an AdS black hole back reacted in the presence of
a uniform distribution of large number of fundamental strings. These strings are assumed
to be non-interacting, static and infinitely long. One of the end points of each string is
attached to the boundary and the body of the string is aligned along the radial direction.
The bulk space time gets deformed due to the back reaction of the string distribution. The
back reacted geometry is explicitly computable by solving Einstein equation of motion with
negative cosmological constant sourced by the uniform string distribution. It turns out to
be a deformed black hole in AdS space time parameterized by the mass and density of the
strings. In five dimensional space time the solution reads as,

d 2
ds = f (u) |—h(w)dt® + da® + dy?® + d22 + % : (1.1)
U
where ) A ;
l 2mu 2 bu

Here, b is the string cloud density, u is the radial coordinate of AdS space with boundary
at v = 0 and [ is the radius of AdS space. The radius of horizon can be constructed by
solving the equation,
h(u+):1—T—§lT:0. (1.2)
The black hole geometry (1.1) turns out to be stable under vector and tensor perturbation.
The back reacted geometry is holographically dual to a system of large number of
heavy, static flavour quarks uniformly distributed over the N' = 4 SU(N.) SYM thermal
plasma. It is important to note that in the boundary theory, the SYM plasma together
with the quark distribution is effectively considered as back reacted plasma. Using the
holographic method applicable to the dual black hole background, dissipative force im-
parted by the back reacted thermal plasma on an external heavy probe quark has been
studied [35] Phenomenologically, in case of quark gluon plasma, the dynamical quantities



like coefficient of drag force, jet quenching parameter, screening length are very significant
to probe strongly coupled interaction among the constituents. To study all these dynamical
quantities we need to consider heavy quark or qq pair probing the strongly coupled medium.
However, in such considerations, the effects on the dynamics of heavy probes due to the
the presence of other heavy dynamical quarks (for example charm quark) are usually ne-
glected. In our present work, within the framework of gauge/gravity correspondence, the
motivation for considering the static heavy quark distribution in strongly coupled SYM
plasma is to take the other dynamical heavy quarks in to account with a very low or zero
velocity approximation.!

In continuation of the earlier work, in this paper we aim to study the effect of back
reaction on the jet quenching parameter ¢, screening length (L) and binding energy of a
quark-antiquark pair (¢gq). We also analyse the rotational dynamics of an external heavy
probe quark as well as heavy probe ¢q bound state in the back reacted plasma.

To elaborate further, following the holographic prescription mentioned in [24], we com-
pute a phenomenological transport coefficient, namely jet quenching parameter(g) and
study the effect of back reaction on this parameter. In the holographic computation, the
quark-antiquark pair is mapped into the two endpoints of a fundamental string both of
which are attached to the boundary of the relevant dual background. The body of the
string hangs down along radial coordinate of the bulk geometry.

Motivated by eikonal approximation [57, 58|, the holographic working formula to calcu-
late the jet quenching parameter is constructed by considering the correspondence between
thermal expectation value of the light-like Wilson loop operator in fundamental represen-
tation, (Wlfi;ht_hkg and the exponential of the string world-sheet action S, €*°. Similarly,
following [25] we compute the binding energy and the screening length (Ls) between a qq
pair moving with a constant linear speed in the hot back reacted plasma. The screening
length is defined as the maximum separation between a ¢g pair beyond which the pair
breaks off and gets screened in the thermal medium. Here, the holographic dual to the gg
pair is similar to the one considered in the context of jet quenching parameter. The study
of Ls; and the binding energy requires the correspondence between thermal expectation
value of the time like Wilson loop (W/*?(Ciie_tie)) traced out by a ¢¢ pair and e,
where S is the string world sheet action. Consequently, we aim to obtain the Lg from the
boundary condition on radial coordinate of the background geometry and discuss how the
back reaction modifies the original computation given in [25].

In this paper we also investigate the effect of back reaction on the energy loss experi-
enced by an external heavy probe quark rotating along a circle of radius R with a constant
angular speed w in the presence of other static heavy quarks uniformly distributed over
N =4 SYM plasma. It has been pointed out in many occasions that in the course of rota-

In [54], the author has considered a back reaction on a ten dimensional type IIB super gravity back-
ground due to the presence of a uniform distribution of strings preserving translational and SO(6) rotational
symmetry and interacting with the Neveu-Schwarz two-form flux. Furthermore, by performing a dimen-
sional reduction over this ten dimensional back reacted geometry an effective five dimensional geometry has
been constructed and a certain asymptotic limit of this effective five dimensional background reproduces
the same asymptotically locally AdS geometry previously mentioned in (1.1).



tional dynamics there is an interference between the medium induced energy loss (drag) as
well as the radiative energy loss associated with the quark acceleration in the strongly cou-
pled medium [22, 31, 59-61]. The physical picture of medium induced energy loss is related
to the energetic collision and momentum transfer of the external probe with thermal plasma
whereas the radiative energy loss is nothing but the QCD realisation of Bremsstrahlung
radiation. In this holographic study, we focus on the different range of angular speed (w)
and the linear speed (v = Rw) of the probe quark to identify the regions of dominance of
both drag and radiation.

It is interesting to note that unlike the heavy probe quark, the colour neutral ¢¢g bound
states do not experience dissipative energy loss while performing a linear motion through
the strongly coupled thermal plasma [62-65]. In the dual gravity scenario, the motion of the
probe string continues without being dragged and the string profile remains un-trailed [63].
In the present work, we holographically showed that for rotational dynamics of a heavy
probe ¢q pair the dual string profile still remains unaffected from rotational drag.

The paper is organised as follows. In section 2, we estimate the jet quenching parame-
ter. We then compute the screening length in section 3. Section 4 is devoted to the detailed
discussion on the energy loss of a heavy probe quark rotating in the back reacted plasma.
In section 5, we showed that the heavy rotating g probe in the presence of a static heavy
quark distribution is free of rotational drag. Finally, we conclude with the significance of
our main results in section 6.

2 Jet quenching parameter

Following the holographic prescription given in [24], in this section we compute the jet
quenching parameter (§) and study the effect of the back reaction on it. Phenomenolog-
ically, the parameter is related to the energy loss due to the suppression of heavy quark
with high transverse momentum in the presence of thermal medium.

In field theoretic point of view, the connection between the jet quenching parameter and
the expectation value of light-like Wilson loop in the adjoint representation is established
in the following way [66],

(WAC)) = e a1, (2.1)
Here, the Wilson loop C is traced out by the separation length L of a ¢g pair and a length
L~ along the light cone of the boundary gauge theory. Since the gauge theory is strongly
coupled, computation of the expectation value of light-like Wilson loop is extremely diffi-
cult due to lack of systematic formulation. However, within the domain of gauge/gravity
correspondence, we can calculate the expectation value using the following holographic
prescription,
WF@)) =5, (2.2)
Here S(C) is the Nambu-Goto action for the fundamental string with two of it’s endpoints
attached to the boundary and are dual to the boundary quark-antiquark pair. The string
action can be written as,

1

S = - /deU\/—detgag, (2.3)
T




where o is related with the string tension and g,p is the induced world-sheet metric,

ox# 0x”

Jap = @@Guu- (2.4)

Here G, is the background metric given in the equation (1.1) and {* are the world sheet
coordinates where o = 0, 1.

It is important to note that the Wilson loop considered in (2.2), is in the fundamental
representation. However, by using the group theoretical identity, Traq; = T?“l%und, it is
easy to translate the form of expectation value from fundamental representation to adjoint
representation as,

(WF(C))* = (WH(C)). (2.5)

A combination of equations (2.1), (2.2) and (2.5) leads to a holographic working formula
for jet quenching parameter in the dual gravity theory,

. 8V
1= 12

(S — So), (2.6)

where Sy is the self energy contribution due to the total mass of ¢ and §. In order to
compute the action S it is customary to write down the background metric (1.1) in the
light-cone coordinates. In this coordinates the metric becomes,

2

1
ds> = f |— (1 +h)datdz™ + 5 (1=h) {da™? + dz™2} + dy? + d2* + d% . (2.7)

In the above metric we assume the definition of z* as follows,
V2

We choose the static gauge, €0 = 2~ (L~ > 2~ > 0),¢! = y(—% <y< %) and also set the
qq pair at y = :l:% on 7 = constant, z = constant plane. With these choices of parameters

T

(2.8)

and by considering L_ > L, the profile of the string is entirely constrained to u = u(y).
Consequently the string action of equation (2.3) takes the form as,

\Z[L;a/ dyf\/l— 1+h> (2.9)

The fact that the above form of action does not explicitly depend on y leads to the following

conservation equation,

oL ,
Here E is the constant of motion and L is the integrand of equation (2.9). Finally the
equation of motion for the u can be written as,

u' _\/ [fQ(lEQ_ h_ 1]. (2.11)




Now from the symmetry of the problem we identify the boundary conditions as, u(:t%) =0
and «/(0) = 0. The second boundary condition related to the extrema of the variable
u signifies the existence of physical turning point(s). If we apply the boundary con-
dition «/(0) = 0 in the equation (2.11), we get two possible conditions for occurring
turning point(s),
E2
h=0 and hzl—ﬁ. (2.12)
Certainly, h = 0 sets the turning point on the horizon u; = u, whereas the other condition
h=1-— %2, for small values of F, sets the other turning point u? very close to the boundary.
We also notice that the right hand side of equation (2.11) remains positive very close to
horizon and becomes negative near boundary. The physical consistency demands '’ >0
always and that is not true in the range 0 < u < u?. So to avoid this region of inconsistency
we set a cut-off on boundary at some radial value u = § > u?. In this way we can safely
set the non-negative u % in the range § < v < u4. In the end, we consider the limit § — 0
to make the final result cut-off independent. By using the form of u’ of equation (2.11),
we can re-write the action for the fundamental string as,

ZZL;a " fr[ o e )]é. (2.13)

The above action is divergent since it contains self energies of the quark and antiquark pair.

The self energy contribution can be holographically realised by considering the world-sheets
of two free straight fundamental strings both hanging from the boundary to the horizon.

Within the choice of gauge z~ = £°,u = &1, the self-contribution reads as,
L= Ut i~ Ut 1-nh
So = dur/ Gy G_— = d _ 2.14
o= [y [y (214)

Now, the regularised action of our interest takes the following form,
1
1L~ u E? 2 iL~ E2
S — Sy = u\/ { } | Py 2.15
0~ 27ra / [ l4 1—nh) 2V 27ma! ! (2.15)

(2.16)

7 / U+ du

1= .
s fvh(l—h)

At this point we replace E in terms of quark-antiquark pair separation distance L. In

order to do so, we first compute the separation distance L between the quark-antiquark
pair from equation (2.11) and it comes out as,

= 2/ du . (2.17)
f2 1 h) 1]

For a given small separation between gq pair we can invert the above equation and estimate
the conserved parameter E up to the first order in L as,

L E3L L
_ B2 2.1
oI, 21, 2L +O(L)* (2.18)



where we define,

Ut du
I = /6 RN (2.19)
Therefore we obtain, ,
s-spm L o)
and correspondingly the jet quenching parameter takes the form as,
1
q= oy (2.21)

However, by using the relation éi/ = g%MNC we can settle the form of the jet quenching
parameter in terms of boundary parameters,

g%MNC

ATTD) (2.22)

=

where I1(T,b) = 5u+(T,b) \/% and gy is the Yang Mills (YM) gauge coupling. To have

a better understanding of the back reaction effect on the jet quenching phenomenon we plot
the relevant parameter ¢ with respect to quark cloud density b, keeping temperature 7" fixed
(Plot 1). We find that the parameter ¢ increases monotonically as we tune up the value
of quark density from zero to some finite number. This implies that the presence of heavy
static quarks back-reacting the plasma enhances the energy loss due to the suppression
of the external heavy probes moving with high transverse momentum. We also plot the
parameter § with respect to temperature, T' keeping the quark cloud density fixed in plot
2. We observe again that ¢ monotonically increases with temperature. It is important
to note that at zero temperature the jet quenching parameter is finite and increases with
respect to the magnitude of back reaction. To summaries we notice that the jet quenching
phenomenon enhances as we increase the back reaction as well as the temperature of the
plasma.

3 Screening length

The purpose of the present section is to study the screening length (L;) of a g¢ pair probing
the back-reacted N/ = 4 SYM plasma. Screening length (Lg) is defined as the maximum
separation between a qg pair moving with a constant speed in the plasma. If the separation
between them exceeds Lg, they get detached from each other with no binding energy.
Consequently they become screened in the QGP medium. The holographic computation
of the screening length is prescribed in [25] and the prescription requires the consideration
of a time-like Wilson 100p(Ctime—like) traced out by the ¢g pair. Moreover, the computation
becomes much simpler in the rest frame of ¢q pair where plasma flows with a constant speed.
Correspondingly, in the dual theory, the black hole background is boosted by a rapidity
parameter. For the shake of holographic computation, in this boosted background, we
consider a fundamental string with both of it’s ends attached to the boundary of the space
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Figure 1. Plot 1 shows the variation of jet quenching parameter as a function of quark density b
for T'= 0.1(Green), 0.5 (Blue), 1 (Red) respectively. Plot 2 describes the variation of jet quenching
parameter as a function of T" for the values of b = 0 (Green), 20 (Blue), 120 (Red) respectively.

time. The end points of the fundamental string are realised as the holographic dual to
the g¢ pair in the boundary theory. As the separation of ¢ and ¢ approaches to the Ly,
in the dual picture, the body of the string tends to reach at the horizon of the geometry.
When the separation goes beyond L, two isolated strings are energetically favourable in
the dual theory. Binding energy of q and q is related to the thermal expectation value of the
time like Wilson loop operator, (W (Ciime—like))- Thereby, using the holographic mapping
between W/%(Cyine_tike)) and e, we calculate the binding energy in dual gravity.

The set up for holographic computation is followed by some assumptions in the dual
boundary theory. Firstly, we consider that in the rest frame of ¢q pair, the thermal plasma
moves along a flat boundary coordinate (z) with a constant speed v. We also assume
that the Wilson loop traced out by the ¢q pair lies in the ¢ — z plane. We specify the
temporal length and the spatial length of the loop by the parameters 7 and L respectively.
Finally we consider the limit 7 > L signifying the invariance of string world-sheet under
time translation.

For the shake of holographic computation of Lg, we introduce a boost in the dual
gravity background in the following way,

dt = coshndt* — sinhndz*
dz = —sinhn dt* + coshndz*. (3.1)

Under this boost the metric (1.1) takes the following form,

ds®* = f| — {1 —cosh?n(1 — h)}dt** + {1 + (1 — h) sinh? n}dz*?

d 2
—2(1 — h) coshnsinhn dt*dz* + da?* + dy* + % , (3.2)
where 7 = tanh ™! v is the rapidity parameter. In the due course of computation we assume
a choice of static gauge,

T=t" o=z y=2"=0, (3.3)



and a set of suitable boundary conditions,
L /
ulo= :|:§ =0, u(0 =0) = Uextrm, U (0 =0) =0. (3.4)

With the above choice of static gauge and boundary conditions the world-sheet action of
equation (2.3) for dual fundamental string reads as,

= Tl2/ {l—cosh2 (Cru* + Coud)} S 1 u (3.5)
- 27! ut ! 2 Tz Ciut — Cou? )’ '

where C7 and Cy are defined as,

2m 2b
Ci=—, Co = —. 3.6
P TP g (36)
The Lagrangian in the above string action does not explicitly depend on ¢. Consequently
we can construct a Hamiltonian like function as a constant of motion,
oL
It is straightforward to derive the equation of motion of v coordinate by combining equa-
tions (3.5) and (3.7),

’LLIQ o {1 — Clu4 — Cgu

3
e }{1 — cosh? n(Crut + Cou®) — W2ut}. (3.8)

Clearly, u has an extrema (uextrm1) that lies on the horizon itself,

1-— Clu CQuextrml 0. (39)

extrml

However, if the condition of extrema (3.9) is attained, the string reaches at the horizon,
breaks down into two separate strings, holographically corresponds to a pair of free quark
with no binding energy. The other extrema (uextrm2) is fixed by the following constraint,

1 1
W2 |: {1 — COSh2 (Cluexter + CZU’eXtI‘mZ)} — W2:| =0. (310)
extrm2
Since hyperbolic cosine function is always positive and > 1, therefore the factor - { ={1—

cosh? n(Cru* + Cyu®)} — Wﬂ takes negative value and u’ becomes unphysical in the range

U € [Uextrm2, Uextrm1]. On the other hand, for sufficient small W, the factor reduces,

1

W2

1 1
[ {1 — cosh? n(Cyu* + Cou?)} — Wﬂ = [W - 1]

and is always positive and large near the boundary. It is then natural to conclude that

u'? switches sign at Ueyxtrm2 = Ue and we identify u. as a physical turning point of the

string configuration. By solving the constraint equation (3.10) we explicitly determine wu..
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Figure 2. Plot 3 shows the variation of screening length as a function of constant of motion for
T=1,m=1,n=1and b =1 (Red), 5 (Blue), 15 (Green) respectively. Plot 4 describes the
variation of screening length as a function of constant of motion for T =1, m =1, n=>5 and b =1
(Red), 5 (Blue), 15 (Green) respectively.

Once this physical turning point is extracted, integrating (3.8) and exploiting the boundary
condition u(c = £L) = 0 we obtain the separation distance between a ¢g pair,

2
u?du

L= QW/ c .
0 \/(1 — Crut — Coud){1 — cosh? n(Crut + Coud) — W2ut}

(3.11)

To examine the effect of back reaction on the separation distance of a ¢g pair we plot
the L with respect to the constant of motion W, keeping the rapidity parameter 7 fixed.
It is evident from both plot 3 and plot 4 that there is no separation distance, L when
the constant of motion W takes zero value. For finite W, L increases monotonically till
it attains the maximum value corresponding to a certain W and then it falls of. The
maximum value of the separation length L = L. signifies that beyond this value of L
there is no solution of equation (3.10). Physically it means that the gg pair dissociates
with no binding energy if they are separated beyond L,,x and this maximum value of L is
recognised as the screening length L associated with the ¢¢ pair. In plot 3, we study the
function L(W) for three different values of quark cloud densities (b=0, Red; b=1, Blue;
b=10, Green) and a fixed rapidity parameter n = 1. We find that the more the plasma is
back reacted, the less L is allowed for a qq pair. In plot 4 we consider the same set values
of quark density but fix the rapidity parameter at a higher value n = 5. Again we observe
that the enhancement of back reaction screens the ¢ pair at a lower value of the separation
length. However, for a fixed magnitude of back reaction, we find that Lg|,—1 > Ls|p=5.
Furthermore, for a given set of values of L < L there are two possible values of constant
of motion W. Therefore to know the preferable one we find the minimum potential energy
for a given set of values of L < Ls. The holographic computation of the binding energy V
is based on the consideration of the following prescription,
S — 5o
-

where Sy is the self energy contribution coming from two free quarks. Sy is realised as the

V=

(3.12)

Nambu-Goto action of a fundamental string hanging from the boundary to the horizon of

~10 -
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Figure 3. Plot 5 shows the variation of binding energy V of ¢q pair as a function of separation
length L between them. Here we study the variation of potential energy for following three choices
of parameters: red (n =5, T =1,b=1); blue (n =5,T =1,b=5) and green (n =5, T = 1,
b= 15).

the back reacted black hole geometry. To compute Sy we choose the gage as follows,
T=t" o=u, x=x(0), y=0, 2 =0. (3.13)

With this gauge choice, we compute the Sy using following form of action,

27ra/ v/ —detg, (3.14)

where go3 = 0o X*03X"G ),y is the induced metric and G, is given in (3.2). The factor
2 comes in front of the action to take care of the contributions from both quark and
anti-quark.

To study the potential energy between ¢g pair we use the equation (3.11) to solve W
as a function of L and plug back the solution W(L) in (3.12). We then study the potential
energy V(L) of a ¢q pair as function of separation distance between them.

We plot the binding energy V of a ¢ pair as a function of L for a fixed value of
the rapidity parameter, n = 5 in plot 5. It is evident in this plot that for a given set of
values of L < Lg there are two possible branches of corresponding binding energies. One
branch is associated with the higher energy values (higher W) whereas the other branch
corresponds to the lower energy values (lower W) and it is the physically favourable energy
configuration of a ¢g pair. If the energy configuration of a ¢q pair is in the high energy
branch, due to instability, the pair makes a transition to the low energy branch. From the
physically favoured lower branch of energy configuration, it is clearly visible that the the
presence of the back reaction actually reduces the binding energy of a qq pair.

4 Energy loss of a rotating heavy quark

In this section we study the dynamics of a heavy probe quark rotating with a constant
angular speed in the presence of other static heavy quarks uniformly distributed over

- 11 -



N =4 SYM plasma. In particular, we assume that the quark rotates on a two dimensional
flat space along a circle of radius R with a constant angular frequency w. The constant
speed and the constant acceleration related to the rotating quark are given as v = Rw
and a = w?R respectively. The strong interaction between the rotating quark and the
back reacted thermal plasma results into an energy loss either in the form of radiation
or due to in-medium dissipation. The energy loss due to the interaction between the
probe quark and the strongly coupled thermal plasma is very difficult to compute in the
boundary theory. However, following the holographic methods described in [23, 32], we can
compute the same energy loss by studying the motion of a rotating spiral string probing
the deformed AdS black hole space-time (1.1) in the weakly coupled dual gravity theory.
One of the end points of this spiral string is attached to the boundary of this back ground
geometry and holographically corresponds to the boundary rotating quark. The body of
the string experiences a centrifugal force, takes a spiral profile and stretches up to the black
hole horizon v = u4. To achieve a holographic estimation of the energy loss in the bulk
theory we need to study the dynamics of the rotating string governed by the Nambu Goto
action (2.3). Since we have assumed the quark in the boundary theory is constrained to
rotate on a plane, in the dual gravity theory, we choose the following parameterizations of
the string world sheet preserving the SO(2) symmetry,

XH(r,o)=({t=1,u=0,2 = p(o)cos(wt + 0(0)),y = p(o)sin(wt + 0(c)),z =0). (4.1)

The parameters p(o) and 6(o) are introduced to depict the radial and angular profiles of
the rotating string and they obey the following boundary conditions,

p(0) =R, 6(0)=0. (4.2)

If we use the suitable ansatz (4.1) in the Nambu Goto action (2.3), the Lagrangian density
takes the following form,

1
2 2
L= 2= 2P 4 P2 2P 10207 (43)
where, the prime denotes the derivative with respect to uw. It is important to note that

the Lagrangian density does not explicitly depend on the 6 coordinate, so the conjugate
momentum will be a constant of motion and can be written as,

oL hf?p*¢
Rewriting (4.4) according to our convenience we get,
h2p?(hf?p? — 115)

Again it is important to note that the numerator under square root contains the factor
(h — p*w?) which is always positive at the boundary since the speed of the quark is always
less than the speed of light. On the other hand, the same factor is negative at the horizon
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as h(uy) = 0. Therefore in between the boundary and the horizon, numerator changes
sign at some special value of the radial coordinate. We consider this special value as the
critical point (u.) in the bulk. In order to avoid the imaginary value of £, we insert the
following conditions at this critical point,

) — plue)® =0, (46)
h(uc)f(uc)Qp(uC)Z — 115 = 0.

By solving the above two equations we get,

1Ty

p(uc) = f(uc)w’ (48)
Flue) = ;Zw) (4.9)

So the spiral profile of the rotating string starts at u = 0, p = R, goes through (uc, p)
and tends to be extended up to the black hole horizon. It has been shown in [22] that the
body of the string embedded in the range u < u. are causally disconnected from the part of
string embedded in u > u.. The physically relevant part of the rotating string is confined
to the region u < u. and moves with a speed slower than the local speed of light. It is
important to note that h(u.) = p(u.)?w? is the curve that signifies the radial profile p; of a
string moving with a local speed as same as that of light. All curves corresponding to the
general radial profile of string moving with speed slower than speed of light should intersect
the curve p; at the critical point u = u.. To obtain the spiral profile of the rotating string
we follow the strategy prescribed in [22]. First, by using (4.5) we eliminate the 6’ from the
equation of motion for p coordinate. Consequently, the equation of motion for p takes the
form as,

2(I§ — W’ f2p*) — [2fhp® (h — w?p?) f — p{I1§ — f2(2hp* — w?p*)}1']//
F2R(IT3 — w220 — PRS0 — W) — (T — [2R2)H] "
+2p(h — W p?)(IT§ — f2hp®)p" = 0. (4.10)

Then we solve the differential equation (4.10) with appropriate boundary conditions for p
as a function of u and constant IIy. Moreover by substituting the solution in (4.5) and then
integrating, the angular profile #(u) can be obtained. Here we are interested to extract the
radial profile only as we will see later the measure of radial profile at the boundary has a
direct consequence to estimate the rate of energy loss of the boundary quark. However, to
achieve an analytic solution for the equation of motion for p is extremely difficult except
few occasions [23].

Instead of achieving an analytic solution here we solve (4.10) using numerical methods.
We specify the boundary conditions by fixing the values of p and p’ at u = u, for a suitable
choices of w and II. To determine p'(u.) we expand the radial coordinate p(u) around u,.
and consider the terms up to linear order.

plu) = pluc) + P (u)(u — uc) + - - - (4.11)
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Figure 4. Plot 6, 7 show the radial dependence p(u) of the rotating string for two different choices
of densities of quark cloud, b = .1(plot6), b = 100(plot7) and for some fixed values of temperature
T =1 and w = .05. Each plot has four different branches corresponding to the four different values
of momentum ITy = .1(red), Iy = 1(green), IIy = 10(pink) and ITy = 70(blue) respectively. In plot
8 we compare the radial profiles for two different values of quark cloud density (dotted for b = .1
and dashed for b = 100).

By plugging the expansion (4.11) into (4.10) and keeping terms up to linear order
in u we observe that the zeroth order coefficient turns out to be zero to satisfy the con-
straints (4.9), whereas the linear order coefficient sets a quartic equation in p'(u.). The
physically consistent solution of p'(u.) signifying the fact that the radius of rotation is
always real, positive and smaller than the critical radius is given as,

, 1

7~ i -

c C

{ — 4u2h? — h2p? 4 W h2pt + 2uch2p?h., — ITPulh!?

1

+ (16020302 + (W22 + Tl + R — ol — 20t .
where we have assumed p(u.) = p. and h. = h(u.). However, u = u, is a singular point
for both the Lagrangian (4.3) and the equation of motion (4.10). Furthermore, at u = u,
the numerical method breaks down. To overcome this difficulty we separately solve the
equation (4.10) in the ranges defined from u. — § to the boundary as well as from u. + ¢
to the horizon and then combine them in a consistent way by considering § — 0 limit.

In figures 4, 5, 6 we notice that the radial profile of the rotating spiral string is charac-
terised by different choices of temperature T, string density b, conserved string momentum
[Ty and the angular speed w. For each profile there exists a unique limit p(u — 0) = R
holographically signifying the radius of the rotating quark in the boundary theory.

The fact that the speed of the boundary quark never exceeds the speed of light put
some constraint R < w. Each radial profile clearly validates the constraint p(u — 0)w < 1
even if we increase the conserved string momentum Ily in an unbound way. The intersection
between the black dotted profile (p;) and each of the radial profiles (p(u)) fixes the value
of the radius at the turning point p(u.). For a given w, as we increase the value of Iy the
value of p(u.) also gets enhanced. It is also evident from the plots that as w < 1, the radial
profile is almost constant (p(u = 0) ~ p(u.) ~ p(u = uy)) whereas for w > 1 the bending
of string profile is significant and the radius at horizon is always bigger than the radius at
boundary (R < p(u = u4)). For a given choice of momentum Ily and angular frequency
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Figure 5. Plot 9, 10 show the radial dependence p(u) of the rotating string for two different choices
of densities of quark cloud, b = .1(plot 9), b = 100(plot 10) and for some fixed values of temperature
T =1 and w = .5. Each plot has four different branches corresponding to the four different values
of momentum ITy = .1(red), Iy = 1(green), Iy = 10(pink) and Iy = 70(blue) respectively. Plot
11 corresponds to a comparison between the radial profiles for two different values of quark cloud
density (dotted for b = .1 and dashed for b = 100).

w, if we increase the intensity of back reaction the radius of rotation decreases accordingly.
However this effect is more visible for w < 1.

Having discussed the generic features of the radial profile of the rotating string, now
we study the a holographic estimation of the rate of energy loss of a heavy probe quark
rotating in the back reacted N' = 4 SYM plasma. In the dual gravity theory, the holographic
definition of the rate of energy loss associated with the rotating string can be presented in

the following form,

dE 58 .
& " axn) 1

where S stands for the Nambu Goto action. Using the metric of the back reacted back-

ground (1.1) in the above formula and the equation (4.7) we re-write the expression for 4
in the following way,
dE hf?wp?6’ ~ Igw  f(ue)h(ue)  h(ue) (4.14)

dt  2mal\/—g  2md/ 2w/ 2mclul’

Here we consider [ = 1. Therefore the energy loss of a rotating string depends on the
critical value u.(Ilp,w,b). However, to understand the influence of the back reaction on
the energy loss we prefer to study ratio between the energy loss with finite valued quark
density and the same with zero quark density with respect to the boundary quark speed
v. The holographic recipe to compute the aforementioned ratio is the following. First, we
choose a set of w’s and b’s and for each combination of w,b we select a range of values
for IIy. For each values of IIy together with w and b we figure out the (p.,p’.) and use
them to solve the equation (4.10) by numerical method. Then we set the speed by taking
the boundary limit (u — 0) of the solution (v = p(u — 0)w). For a fixed speed v, we
holographically compute the rate of energy loss using equation (4.14).

In figure 7 we plot the ratio between the rate of total energy loss in the back reacted
SYM thermal plasma to the rate of total energy loss in the usual SYM thermal plasma as
a function of speed. It is evident from the plot that the effect of back reaction enhances the
energy loss due to the strong interaction between probe and the plasma. For a lower and
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Figure 6. Plot 12, 13 show the radial dependence p(u) of the rotating string for two different
choices of densities of quark cloud, b = .1(plot 14), b = 100(plot 15) and for some fixed values
of temperature 7" = 1 and w = 5. Each plot has four different branches corresponding to the
four different values of momentum ITy = .1(red), IIy = 1(green), IIy = 10(pink) and IIy = 70(blue)
respectively. In plot 14 we compare the radial profiles for two different values of quark cloud density
(dotted for b = .1 and dashed for b = 100).

dE

. . . “at 1b#0

an intermediate angular speed, the ratio %
“at Ib=0

unity when the linear speed of probe approaches unity. The fall of the ratio is more sharp

increases monotonically and falls down to

for lesser value of the angular speed. However, the back reaction effect ceases to exist for
high values of angular speed.

In figure 8 we plot the ratio between the total energy loss rate to the drag energy loss.
The energy loss due to drag is given as,

dE 5S h(ue)
- = _ = 4.1
dt drag 6(80X0) 27‘(‘0/11% drag’ ( 5)

where uc|dqrag is the critical value of the radial coordinate when the string profile is trailed
due to only drag. The profile of such string world sheet can be parameterized as follows,

Xtro)=(t=ru=0,x=vt+{(0),y =0,z =0), (4.16)

where £(u) is a function of radial coordinate signifying the trailing profile of the string.
With this gauge choice, the Nambu-Goto Lagrangian can be written as,

f2?}2

\/f2+hf2£’2— o (4.17)

1

2ra/

L=-—

Notice that the Lagrangian density (4.17) does not explicitly depend on &, so the conjugate
momentum, II¢ for the field { should be conserved and takes the form as,

B 1 thg/
2ma v
T \/f2+hf2§’2—$

and some rearrangement of variables in the equation of motion with respect to the
field & gives,

= constant, (4.18)

Il =

¢ e (h —v?) (4.19)
- o . .
h2 (47r2a’2 - Hg)
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Figure 7. The ratio of the total energy loss in finite value quark density to the zero quark density
for different angular velocities: w = 0.05,0.5,5.0 from left to right. Each plot corresponds to two
different values of quark density: b = 20 (red), b =5 (blue) and temperature T=1.
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Figure 8. The ratio of the total energy loss rate to the drag energy loss rate for finite valued quark

density and fixed temperature T' = 1. The plots from left to right have different angular velocities;

w = 0.5 and 5.0. and each plot has to two different values of quark density: b = 20 (red), b =5
(blue). For w = 5.0, the numerical value of the ratio at the origin is unity.

The reality of & brings the imposition of the following constraints,

h(ue) = v?,
h(ue) fue)* o
oo =11, (4.20)
where u. is the solution of the equation,
2mul 2 bud
- e 22 2, (4.21)

It is evident from the plot 8 that as angular speed is sufficiently small the total energy
loss is dominated by the drag. The dominance of energy loss due to drag prevails even

if the strength of back reaction takes lower value. As the angular speed increases the

dE

: daT |tota1
ratio $——
a7 |drag

contributes substantially. However, it is interesting to note that for a higher value of

takes higher values than unity implying the fact that radiation energy loss

angular speed, the more is the strength of back reaction the less is the contribution from
radiation energy loss. 1t already evident from the plots 4, 5, 6 that at small w the speed of
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Figure 9. The ratio of the total energy loss rate in finite value quark density to the rate of vacuum
radiation energy loss for fixed temperature T and different angular velocities: w = 0.5, and 5.0 from
left to right. For w = .05, the numerical value of the ratio at the origin is unity. Each plot has two
different values of quark density: b = 20 (red)b =5 (blue) and a fixed temperature T=1.

boundary quark is almost same as the local speed of the rotating string for each value of
the radial coordinate. Therefore the corresponding string profile is very similar to dragged
profile. However, for higher values of angular speed the influence of rotational motion
modifies the string profile significantly.

Before closing this section we compare the total energy loss of a heavy probe quark
performing rotational motion in a finite temperature back reacted plasma with the energy
loss of a heavy probe quark rotating in the vacuum of the theory. The vacuum of the
theory is realised as the N' = 4 SYM theory. For pure rotational motion inside the strongly
coupled thermal plasma, the vacuum energy loss of a boundary quark is first proposed by
Mikhailov [67]. The form of the energy loss is given as,

dE v2w?

— ~— 4.22
dt lvacuum radiation (1 — ’02)2 ( )

In 9, we plot the ratio of total energy loss in the back reacted thermal plasma to the
vacuum energy loss. We notice that for two different values of quark’s angular speed the
energy loss in back reacted thermal plasma never turns out to be lesser than the vacuum
energy loss. The ratio smoothly falls off to unity as the quark’s speed approaches to the
speed of light. This property holds true even the strength of back reaction increases. By
studying the plots, we infer that for a lower value of angular speed of the boundary probe
quark, the dominating contribution for energy loss comes from the drag. However, for a
higher value of the angular speed the ratio is very close to unity. Therefore as the angular
speed becomes substantially large the radiation energy loss starts dominating over drag
energy loss.

5 Effect of angular drag on rotating heavy qg probe

In this section we briefly study the effect of angular drag force on rotational motion of the
heavy ¢ probe moving inside the back reacted thermal N' = 4 SYM plasma. In [63], it
has been shown that the translational degrees of freedom of the gg probe are free of drag
effect. In this present work, we show that the rotational degrees of freedom of qq probe are
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also unaffected by the drag force imparted by the back reacted thermal plasma. We start
our analysis with two dimensional uniform motion of a ¢¢ bound state with a separation
length L and the centre of the pair is at the origin of the boundary coordinates.

In the dual gravity theory, we consider a spiral profile of a rotating string with both
of its ends are attached at the boundary with the separation length L and the body of the
string hanging in to the radial direction u of the bulk described by (1.1). The ansatz for
string profile is given as,

XH(r,o0)=(t=7,u=o0,2 = p(o)cos(wt +0(c)),y = p(o)sin(wt + 0(c)),z=0). (5.1)

The profile of the string stretches into the bulk up to a certain radial distance implying,

du
d—p =0. (5.2)
For pure translational motion of the boundary ¢g probe, the dual string does not experience
a drag force and therefore it does not trail behind its endpoints attached to the boundary.
However, we are mainly interested in rotational motion of the ¢¢ probe. Our aim is to
holographically show that there should not be any effect of angular drag on the spiral profile
of dual rotating string. Using the string profile ansatz (5.1) we compute the Lagrangian
density as

1

2 2
L= |2 2 4 P 22?00 (5.3)
The momentum along the direction of 6 and p can be derived as,

_ hf?p?0 f2(h = w?p*)p’

11y and I} = 7 (5.4)
By solving (5.4) for p’ and 0" we get,
1% p
pl = £ > S (55)
V(0= w2p2)(f2hp? — ") — TS
and — 5 o

r_ '
hoy (h = w20?) (f2hp? — IF") — hILY* 2

Since at turning point p’ becomes infinity, the condition for turning point can be achieved
by setting the denominator of the right hand side in the equation (5.5) to zero.

U2 'lL2
(h = w?p?)(f?hp® —T1Y) = hIl; p*. (5.7)
Uturning point

To obtain a non-trivial turning point in this set up we consider Il takes non-zero value.
Furthermore, the ratio of p’ to ¢’ takes the following form,

/ 217U
P_ ﬂ' (5.8)
9 (h—w?p?)Ily
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In the left hand side of equation (5.8) we get p’ = oo at the maxima of the string, so in
the right hand side until the condition h = w?p? is met the momentum along the angular
direction IIj should be equal to zero. In addition to that, to achieve a non trivial value of
the turning point we always set IIj # 0 = h # w?p?.

Consequently, the 6 equation of motion of the string can be written as,

0¢(11g) + 9, (IT§) = 0. (5.9)

Since the Lagrangian we are interested in is independent from the explicit dependence of
time it implies that IIj is a constant of motion. Therefore, II§ vanishes not only at the
turning point of the string, but also through out the full string profile. Therefore there is no
drag force in the 6 direction and we can conclude that the rotating qq experience no drag in
the angular direction. It is very interesting to study the translational and rotational motion
together and extract the condition for no drag for gg bound state. However, the analysis
is fully time dependent and requires heavy numerical analysis. We leave this problem for
our future study.

6 Conclusion

In this work, using various holographic methods, we study the effect of back reaction
on the hydrodynamical properties of the strongly coupled N' = 4 SYM plasma at finite
temperature. To estimate the effect of back reaction on the strong coupling properties
of the plasma we use heavy quark and ¢ bound state as probes and compute the jet
quenching parameter, screening length and binding energy. In each case, we observe that
the presence of the back reaction enhances strong coupling effect of the thermal plasma.
This observation is consistent with drag force result reported in [35]. We also compute the
energy loss of a heavy probe quark rotating in the back reacted plasma. We conclude that
the presence of back reaction enhances the energy loss.

Gauge/gravity duality allows us to study these hydrodynamic properties of strongly
coupled back reacted thermal plasma by doing the computation in the corresponding dual
gravity theory. In this dual theory, we consider a uniform distribution of infinitely long,
static strings hanging from the boundary of the AdS black hole space-time and stretching
up to the horizon of the black hole. As a result of introducing this long strings, the AdS
black hole gets back reacted and this back reacted geometry is exactly computable. The
back reacted geometry is parameterised by the mass of the black hole as well as long string
density. The gravitational stability of the back reacted black hole has been analysed using
tensor and vector perturbations.

In this present work, using holographic technic, we study the jet quenching parameter
signifying the energy loss due to the suppression of heavy probe quarks with high transverse
momentum in the presence of thermal medium. From our analysis, we note that the
presence of back reaction always results into enhancement of heavy quark suppression. We
also note that for a fixed value of back reaction the jet quenching parameter monotonously
increases with respect to the temperature of the medium.
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Moreover we analyse the screening length between the qq pair probing the back reacted
plasma. It turns out that with the enhancement of back reaction, the screening length of
a qq pair reduces significantly. Furthermore, the effect of back reaction also reduces the
binding energy of the ¢q pair.

To have a qualitative understanding of the effect of back reaction on energy loss we
study the dynamics of a heavy quark rotating with constant angular speed inside the
thermal plasma. Using holographic prescription, we study the ratio of the total energy loss
in the presence of back reaction to the total energy loss without back reaction with respect
to boundary speed v = p(u — 0)w. When the quark’s angular speed is very small the
radiation energy loss naturally remains insignificant. However, it is evident from the plot
that the effect of back reaction significantly enhances the total energy loss. This particular
observation leads to the conclusion that the presence of back reaction actually results in to
the enhancement of the drag energy loss. Moreover, as the linear speed of quark approaches
to the speed of light, it overcomes the drag force imparted by the back reacted plasma.
When the quark’s angular speed increases sufficiently the ratio takes values very close to
unity and this observation implies that the dominating contribution for total energy loss
comes from the radiation effect. The study of the ratio of the total energy loss to the
drag energy loss gives more support to these conclusions. We also plot the ratio of total
energy loss in the back reacted thermal plasma to the energy loss in the vacuum of the
theory. The plot clearly shows that for a lower angular speed of probe quark, the ratio
takes very high values. This signifies that the energy loss is fully dominated by the drag
effect. For a higher angular speed, the ratio becomes close to unity and it implies that
radiation effect contributes more to the total energy loss of the probe quark. The reason
behind the enhancement of energy loss due to the presence of back reaction is related to the
strong interaction of the heavy probe with other heavy quarks uniformly distributed over
the plasma. As a consequences of this interaction with the heavy quark distribution, the
probe quark always expenses more energy as it performs both linear and circular motion
in the strongly coupled thermal plasma.

Finally we have studied the dynamics of a heavy rotating ¢q pair in the back reacted
thermal plasma. We show that in the case of pure rotational motion the dynamics of the
qq probe is free of angular drag.

It is important to note that in the phenomenological study of hydrodynamical aspects
associated with the QGP medium, the back reaction of the plasma is usually neglected.
The back reaction we consider can be created by adding other heavy static quarks in the
thermal plasma. Within the regime of gauge/gravity duality, our present work perhaps
makes an effort to capture such back reaction effect produced by those other heavy quarks
present in the plasma.

Acknowledgments

The authors would like to acknowledge Gokhan Alkac, Arjun Bagchi, Rudranil Basu, Eric
A. Bergshoeff, Sudipta Mukherji, Sunil Mukhi, V.A. Penas, Shibaji Roy, Bala Sathiapalan,
Hesam Soltanpanahi for various fruitful discussion. SC is supported by Erasmus Mundus

- 21 —



NAMASTE India-EU Grants. SC thanks the Indian Institute of Science Education and
Research-Pune and the Institute of Mathematical Sciences for the hospitality during a

major part of this work. TD thanks Institute of Physics for the hospitality during the

initial part of this work.

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]

2]

[3]

[4]

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].

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].

B.B. Back et al., The PHOBOS perspective on discoveries at RHIC, Nucl. Phys. A 757
(2005) 28 [nucl-ex/0410022] [INSPIRE].

E. Shuryak, Physics of strongly coupled quark-gluon plasma, Prog. Part. Nucl. Phys. 62
(2009) 48 [arXiv:0807.3033] [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].

R. Baier, Y.L. Dokshitzer, A.H. Mueller, S. Peigne and D. Schiff, Radiative energy loss of
high-energy quarks and gluons in a finite volume quark-gluon plasma, Nucl. Phys. B 483
(1997) 291 [hep-ph/9607355] [INSPIRE].

K.J. Eskola, H. Honkanen, C.A. Salgado and U.A. Wiedemann, The fragility of high-pp
hadron spectra as a hard probe, Nucl. Phys. A 747 (2005) 511 [hep-ph/0406319] [INSPIRE].

J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, 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].

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical
string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109] [INSPIRE].

O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Large-N field theories,
string theory and gravity, Phys. Rept. 323 (2000) 183 [hep-th/9905111] INSPIRE].

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

P. Kovtun, D.T. Son and A.QO. Starinets, Holography and hydrodynamics: Diffusion on
stretched horizons, JHEP 10 (2003) 064 [hep-th/0309213] [INSPIRE].

A. Buchel and J.T. Liu, Universality of the shear viscosity in supergravity, Phys. Rev. Lett.
93 (2004) 090602 [hep-th/0311175] [INSPIRE].

- 29 —


http://creativecommons.org/licenses/by/4.0/
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.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.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://arxiv.org/abs/nucl-ex/0410022
http://inspirehep.net/search?p=find+EPRINT+nucl-ex/0410022
http://dx.doi.org/10.1016/j.ppnp.2008.09.001
http://dx.doi.org/10.1016/j.ppnp.2008.09.001
http://arxiv.org/abs/0807.3033
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.3033
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/10.1016/S0550-3213(96)00553-6
http://dx.doi.org/10.1016/S0550-3213(96)00553-6
http://arxiv.org/abs/hep-ph/9607355
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9607355
http://dx.doi.org/10.1016/j.nuclphysa.2004.09.070
http://arxiv.org/abs/hep-ph/0406319
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0406319
http://dx.doi.org/10.1023/A:1026654312961
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://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://inspirehep.net/search?p=find+EPRINT+hep-th/9802109
http://dx.doi.org/10.1016/S0370-1573(99)00083-6
http://arxiv.org/abs/hep-th/9905111
http://inspirehep.net/search?p=find+EPRINT+hep-th/9905111
http://dx.doi.org/10.1103/PhysRevLett.87.081601
http://arxiv.org/abs/hep-th/0104066
http://inspirehep.net/search?p=find+EPRINT+hep-th/0104066
http://dx.doi.org/10.1088/1126-6708/2003/10/064
http://arxiv.org/abs/hep-th/0309213
http://inspirehep.net/search?p=find+EPRINT+hep-th/0309213
http://dx.doi.org/10.1103/PhysRevLett.93.090602
http://dx.doi.org/10.1103/PhysRevLett.93.090602
http://arxiv.org/abs/hep-th/0311175
http://inspirehep.net/search?p=find+EPRINT+hep-th/0311175

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

D. Teaney, The effects of viscosity on spectra, elliptic flow and HBT radii, Phys. Rev. C 68
(2003) 034913 [nucl-th/0301099] [INSPIRE].

S.K. Chakrabarti, S. Chakrabortty and S. Jain, Proof of universality of electrical
conductivity at finite chemical potential, JHEP 02 (2011) 073 [arXiv:1011.3499] [INSPIRE].

T. Sakai and S. Sugimoto, Low energy hadron physics in holographic QCD, Prog. Theor.
Phys. 113 (2005) 843 [hep-th/0412141] [INSPIRE].

U. Giirsoy and E. Kiritsis, Exploring improved holographic theories for QCD: Part I, JHEP
02 (2008) 032 [arXiv:0707.1324] [INSPIRE].

R.-G. Cai, S. He and D. Li, A hQCD model and its phase diagram in
FEinstein-Mazwell-Dilaton system, JHEP 03 (2012) 033 [arXiv:1201.0820] [INSPIRE].

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].

K.B. Fadafan, H. Liu, K. Rajagopal and U.A. Wiedemann, Stirring Strongly Coupled
Plasma, Eur. Phys. J. C 61 (2009) 553 [arXiv:0809.2869] [INSPIRE].

C. Athanasiou, P.M. Chesler, H. Liu, D. Nickel and K. Rajagopal, Synchrotron radiation in
strongly coupled conformal field theories, Phys. Rev. D 81 (2010) 126001 [Erratum ibid. D
84 (2011) 069901] [arXiv:1001.3880] [NSPIRE].

H. Liu, K. Rajagopal and U.A. Wiedemann, Calculating the jet quenching parameter from
AdS/CFT, Phys. Rev. Lett. 97 (2006) 182301 [hep-ph/0605178] [iNSPIRE].

H. Liu, K. Rajagopal and U.A. Wiedemann, An AdS/CFT Calculation of Screening in a Hot
Wind, Phys. Rev. Lett. 98 (2007) 182301 [hep-ph/0607062] [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].

E. Caceres and A. Guijosa, Drag force in charged N =4 SYM plasma, JHEP 11 (2006) 077
[hep-th/0605235] [INSPIRE].

T. Matsuo, D. Tomino and W.-Y. Wen, Drag force in SYM plasma with B field from
AdS/CFT, JHEP 10 (2006) 055 [hep-th/0607178] [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 and A. Guijosa, Acceleration, Energy Loss and Screening in Strongly-Coupled
Gauge Theories, JHEP 06 (2008) 005 [arXiv:0803.3070] [INSPIRE].

C.P. Herzog and A. Vuorinen, Spinning Dragging Strings, JHEP 10 (2007) 087
[arXiv:0708.0609] [INSPIRE].

J.F. Vazquez-Poritz, Drag force at finite 't Hooft coupling from AdS/CFT, arXiv:0803.2890
[INSPIRE].

~93 -


http://dx.doi.org/10.1103/PhysRevC.68.034913
http://dx.doi.org/10.1103/PhysRevC.68.034913
http://arxiv.org/abs/nucl-th/0301099
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0301099
http://dx.doi.org/10.1007/JHEP02(2011)073
http://arxiv.org/abs/1011.3499
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.3499
http://dx.doi.org/10.1143/PTP.113.843
http://dx.doi.org/10.1143/PTP.113.843
http://arxiv.org/abs/hep-th/0412141
http://inspirehep.net/search?p=find+EPRINT+hep-th/0412141
http://dx.doi.org/10.1088/1126-6708/2008/02/032
http://dx.doi.org/10.1088/1126-6708/2008/02/032
http://arxiv.org/abs/0707.1324
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1324
http://dx.doi.org/10.1007/JHEP03(2012)033
http://arxiv.org/abs/1201.0820
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.0820
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/10.1140/epjc/s10052-009-0885-6
http://arxiv.org/abs/0809.2869
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.2869
http://dx.doi.org/10.1103/PhysRevD.81.126001
http://arxiv.org/abs/1001.3880
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3880
http://dx.doi.org/10.1103/PhysRevLett.97.182301
http://arxiv.org/abs/hep-ph/0605178
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605178
http://dx.doi.org/10.1103/PhysRevLett.98.182301
http://arxiv.org/abs/hep-ph/0607062
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0607062
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://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/10.1088/1126-6708/2006/11/077
http://arxiv.org/abs/hep-th/0605235
http://inspirehep.net/search?p=find+EPRINT+hep-th/0605235
http://dx.doi.org/10.1088/1126-6708/2006/10/055
http://arxiv.org/abs/hep-th/0607178
http://inspirehep.net/search?p=find+EPRINT+hep-th/0607178
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/10.1088/1126-6708/2008/06/005
http://arxiv.org/abs/0803.3070
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.3070
http://dx.doi.org/10.1088/1126-6708/2007/10/087
http://arxiv.org/abs/0708.0609
http://inspirehep.net/search?p=find+EPRINT+arXiv:0708.0609
http://arxiv.org/abs/0803.2890
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.2890

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

S. Roy, Holography and drag force in thermal plasma of non-commutative Yang-Mills theories
in diverse dimensions, Phys. Lett. B 682 (2009) 93 [arXiv:0907.0333] [NSPIRE].

S. Chakrabortty, Dissipative force on an external quark in heavy quark cloud, Phys. Lett. B
705 (2011) 244 [arXiv:1108.0165] [INSPIRE].

R.-G. Cai, S. Chakrabortty, S. He and L. Li, Some aspects of QGP phase in a hQCD model,
JHEP 02 (2013) 068 [arXiv:1209.4512] [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].

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

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

A. Guijosa and J.F. Pedraza, Farly-Time Energy Loss in a Strongly-Coupled SYM Plasma,
JHEP 05 (2011) 108 [arXiv:1102.4893] [INSPIRE].

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

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].

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, Transverse Momentum Broadening of a Fast Quark in
a N =4 Yang-Mills Plasma, JHEP 04 (2007) 039 [hep-th/0701123] INSPIRE].

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

A.N. Atmaja, Holographic Brownian Motion in Two Dimensional Rotating Fluid, JHEP 04
(2013) 021 [arXiv:1212.5319] [INSPIRE].

W. Fischler, J.F. Pedraza and W. Tangarife Garcia, Holographic Brownian Motion in
Magnetic Environments, JHEP 12 (2012) 002 [arXiv:1209.1044| [INSPIRE].

U. Giirsoy, 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].

P. Banerjee and B. Sathiapalan, Holographic Brownian Motion in 1+1 Dimensions, Nucl.
Phys. B 884 (2014) 74 [arXiv:1308.3352] [INSPIRE].

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

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].

S. Chakrabortty and B. Sathiapalan, Schwinger Effect and Negative Differential Conductivity
in Holographic Models, Nucl. Phys. B 890 (2014) 241 [arXiv:1409.1383] [nSPIRE].

F. Bigazzi, A.L. Cotrone, J. Mas, D. Mayerson and J. Tarrio, D3-D7 quark-gluon Plasmas at
Finite Baryon Density, JHEP 04 (2011) 060 [arXiv:1101.3560] [INSPIRE].

—94 —


http://dx.doi.org/10.1016/j.physletb.2009.10.095
http://arxiv.org/abs/0907.0333
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0333
http://dx.doi.org/10.1016/j.physletb.2011.09.112
http://dx.doi.org/10.1016/j.physletb.2011.09.112
http://arxiv.org/abs/1108.0165
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.0165
http://dx.doi.org/10.1007/JHEP02(2013)068
http://arxiv.org/abs/1209.4512
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.4512
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/10.1007/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/JHEP01(2013)170
http://arxiv.org/abs/1208.2672
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2672
http://dx.doi.org/10.1007/JHEP05(2011)108
http://arxiv.org/abs/1102.4893
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.4893
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/10.1016/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/10.1016/j.nuclphysb.2007.09.017
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/10.1088/1126-6708/2007/04/039
http://arxiv.org/abs/hep-th/0701123
http://inspirehep.net/search?p=find+EPRINT+hep-th/0701123
http://dx.doi.org/10.1007/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/JHEP04(2013)021
http://dx.doi.org/10.1007/JHEP04(2013)021
http://arxiv.org/abs/1212.5319
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.5319
http://dx.doi.org/10.1007/JHEP12(2012)002
http://arxiv.org/abs/1209.1044
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.1044
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/10.1016/j.nuclphysb.2014.04.016
http://dx.doi.org/10.1016/j.nuclphysb.2014.04.016
http://arxiv.org/abs/1308.3352
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.3352
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/10.1103/PhysRevD.89.066013
http://arxiv.org/abs/1311.5023
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.5023
http://dx.doi.org/10.1016/j.nuclphysb.2014.11.010
http://arxiv.org/abs/1409.1383
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.1383
http://dx.doi.org/10.1007/JHEP04(2011)060
http://arxiv.org/abs/1101.3560
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.3560

[64] S.P. Kumar, Heavy quark density in N = 4 SYM: from hedgehog to Lifshitz spacetimes,
JHEP 08 (2012) 155 [arXiv:1206.5140] [INSPIRE].

[55] A. Karch and E. Katz, Adding flavor to AdS/CFT, JHEP 06 (2002) 043 [hep-th/0205236]
[INSPIRE].

[56] C. Nufiez, A. Paredes and A.V. Ramallo, Unquenched Flavor in the Gauge/Gravity
Correspondence, Adv. High Energy Phys. 2010 (2010) 196714 [arXiv:1002.1088] [INSPIRE].

[57] A. Kovner and U.A. Wiedemann, Gluon radiation and parton energy loss, hep-ph/0304151
[INSPIRE].

[58] A. Kovner and U.A. Wiedemann, Eikonal evolution and gluon radiation, Phys. Rev. D 64
(2001) 114002 [hep-ph/0106240] [INSPIRE].

[59] Y. Hatta, E. Tancu, A.-H. Mueller and D.N. Triantafyllopoulos, Radiation by a heavy quark in
N =4 SYM at strong coupling, Nucl. Phys. B 850 (2011) 31 [arXiv:1102.0232] [INSPIRE].

[60] M. Ali-Akbari and U. Giirsoy, Rotating strings and energy loss in non-conformal holography,
JHEP 01 (2012) 105 [arXiv:1110.5881] [INSPIRE].

[61] E. Kiritsis and G. Pavlopoulos, Heavy quarks in a magnetic field, JHEP 04 (2012) 096
[arXiv:1111.0314] INSPIRE].

[62] K. Peeters, J. Sonnenschein and M. Zamaklar, Holographic melting and related properties of
mesons in a quark gluon plasma, Phys. Rev. D 74 (2006) 106008 [hep-th/0606195]
[INSPIRE].

[63] M. Chernicoff, J.A. Garcia and A. Guijosa, The Energy of a Moving Quark-Antiquark Pair
in an N =4 SYM Plasma, JHEP 09 (2006) 068 [hep-th/0607089] [INSPIRE].

[64] M. Chernicoff and A. Guijosa, Energy Loss of Gluons, Baryons and k-Quarks in an N =4
SYM Plasma, JHEP 02 (2007) 084 [hep-th/0611155] [INSPIRE].

[65] C. Athanasiou, H. Liu and K. Rajagopal, Velocity Dependence of Baryon Screening in a Hot
Strongly Coupled Plasma, JHEP 05 (2008) 083 [arXiv:0801.1117] [INnSPIRE].

[66] H. Liu, K. Rajagopal and U.A. Wiedemann, Wilson loops in heavy ion collisions and their
calculation in AdS/CFT, JHEP 03 (2007) 066 [hep-ph/0612168| [INSPIRE].

[67] A. Mikhailov, Nonlinear waves in AdS/CFT correspondence, hep-th/0305196 [INSPIRE].

— 95—


http://dx.doi.org/10.1007/JHEP08(2012)155
http://arxiv.org/abs/1206.5140
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5140
http://dx.doi.org/10.1088/1126-6708/2002/06/043
http://arxiv.org/abs/hep-th/0205236
http://inspirehep.net/search?p=find+EPRINT+hep-th/0205236
http://dx.doi.org/10.1155/2010/196714
http://arxiv.org/abs/1002.1088
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.1088
http://arxiv.org/abs/hep-ph/0304151
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0304151
http://dx.doi.org/10.1103/PhysRevD.64.114002
http://dx.doi.org/10.1103/PhysRevD.64.114002
http://arxiv.org/abs/hep-ph/0106240
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0106240
http://dx.doi.org/10.1016/j.nuclphysb.2011.04.011
http://arxiv.org/abs/1102.0232
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.0232
http://dx.doi.org/10.1007/JHEP01(2012)105
http://arxiv.org/abs/1110.5881
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.5881
http://dx.doi.org/10.1007/JHEP04(2012)096
http://arxiv.org/abs/1111.0314
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.0314
http://dx.doi.org/10.1103/PhysRevD.74.106008
http://arxiv.org/abs/hep-th/0606195
http://inspirehep.net/search?p=find+EPRINT+hep-th/0606195
http://dx.doi.org/10.1088/1126-6708/2006/09/068
http://arxiv.org/abs/hep-th/0607089
http://inspirehep.net/search?p=find+EPRINT+hep-th/0607089
http://dx.doi.org/10.1088/1126-6708/2007/02/084
http://arxiv.org/abs/hep-th/0611155
http://inspirehep.net/search?p=find+EPRINT+hep-th/0611155
http://dx.doi.org/10.1088/1126-6708/2008/05/083
http://arxiv.org/abs/0801.1117
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.1117
http://dx.doi.org/10.1088/1126-6708/2007/03/066
http://arxiv.org/abs/hep-ph/0612168
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0612168
http://arxiv.org/abs/hep-th/0305196
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305196

	Introduction
	Jet quenching parameter
	Screening length
	Energy loss of a rotating heavy quark
	Effect of angular drag on rotating heavy q bar(q) probe
	Conclusion

