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Abstract We perform the calculation of the drag force act-
ing on a massive quark moving through an anisotropic A = 4
SU(N) Super Yang—Mills plasma in the presence of a U(1)
chemical potential. We present the numerical results for any
value of the anisotropy and arbitrary direction of the quark
velocity with respect to the direction of the anisotropy. We
find the effect of the chemical potential or charge density will
enhance the drag force for our charged solution.

1 Introduction

The experimental data in the Relativistic Heavy Ion Collider
(RHIC) [1,2] show that the quark gluon plasma (QGP), as
deconfined phase of QCD at high temperature and high num-
ber density, is a strongly coupled fluid rather than a weakly
coupled gas of quarks and gluons. Thus perturbative QCD is
no longer reliable and we should explore the non-perturbative
methods of QCD.

The AdS/CFT correspondence [3-5] provides a power-
ful tool to investigate the strongly coupled system in con-
densed matter physics (for reviews, see [6,7]) like supercon-
ductors [8—10], Lifshitz fixed point [11-14], quantum chro-
modynamics [15,16] and heavy ion collisions like photon
production [17,18], elliptic flow [19], drag force [20,21], jet
quenching [22,23], Langevin coefficients [24], and anoma-
lous transport [25-28]. Using the AdS/CFT correspondence,
we can study the strongly coupled A = 4 Super Yang-Mills
plasma through considering IIB supergravity in AdSs x $°.
One significant result is the calculation of the ratio of the
shear viscosity to the entropy density of QGP; this ratio is
universal and equal to 1/4z [29], which matches the exper-
imental data very well. This indicates the QGP is a strongly
coupled system and the AdS/CFT presents a useful method
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to investigate the properties of QGP at least at a qualitative
level.

Itis well known that the most important quantities of QGP
are the drag force and the jet-quenching parameter. In the
context of AdS/CFT [20,21], the moving heavy quark in the
thermal medium is dual to a probe open string with infinite
mass, which is attached to the boundary of the bulk spacetime
and stretches to the black hole horizon. So the dynamics of
the string can give us the effects of A/ = 4 Super Yang—
Mills plasma in which quark is moving. The similar study
for jet quenching for A/ = 4 SYM plasma can be found in
[22,23], where the jet-quenching parameter was obtained by
calculating the expectation value of a closed light-like Wilson
loop in the dipole approximation.

In this paper, we will study the moving quark in the
anisotropic QGP with chemical potential, since the QGP after
creation in a short time is anisotropic and real experiments
are done at finite baryon potential.! Our motivations come
from the facts that significant observation of the RHIC and the
LHC experiments is that the plasma created is anisotropic and
non-equilibrium during the period of time o, after the col-
lision, i.e. it is locally anisotropic at the time oy < T < Tigo,
a configuration to be described by the hydrodynamics with
the anisotropic energy-momentum tensor.

Another motivation comes from the fact that in condensed
matter physics, some materials are anisotropic, with differ-
ent properties in different directions. For example, for high-
temperature cuprates, the crystal structure of such super-
conductors shows a multi-layer of CuO, planes with super-
conductivity taking place between these layers. The electric
transport perpendicular to the CuO» plane is more difficult
than the electric transport in the CuO; plane [30]. It is nat-
ural to investigate the drag force in an anisotropic system at
finite chemical potential and compare the results with those
isotropic cases.

! The model we consider is static and the origin of the anisotropy may
be different from the QGP anisotropy.
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Fig. 1 The metric functions for a = 1.86, Q = 6.23 (left) and a = 64.06, Q = 9.76 (middle), withupy = 1

Fy/Fiso(T)

E * * * * * * * * * @
0.5 10 L5
Fo/Fio(T)
25F
20F
15
1o
05F
1 " " " " 1 " " " " 1 1 @
0.5 1.0 15

Fi/Fiso(T)

1.5

0.5 1.0 1.5

Fi/Fiso(T)

3.0

25¢

20

1.5

1.0

0.5

1 " " " " 1 " " " " 1 1 @
0.5 1.0 1.5

Fig. 2 Drag force in x-direction F, as a function ® at v = 0.5. The four graphs denote a/T = 1.38,a/T = 4.41,a/T = 12.2,a/T = 86,
respectively, where the color lines denote Q = 5 (green), Q = 2 (brown), Q = 1 (red), Q = 0 (blue)

From the point of view of holography, the anisotropic
plasma with chemical potential is dual to an anisotropic
charged black brane [31,32], hence, to compute the drag
force experienced by an infinitely massive quark, we should
consider a string in an anisotropic charged black brane. We
will show the results analytically and numerically, respec-
tively. The discussion for a chargeless anisotropic plasma,
shear viscosity—entropy density ratio, and its energy loss in
the framework of AdS/CFT can be found in [18,33-39].

This paper is organized as follows. In Sect. 2, we briefly
describe the construction of the anisotropic charged black

@ Springer

brane solution. In Sect. 3, we calculate the drag force act-
ing on a massive quark moving through the plasma. Further-
more, in the small anisotropy and high-temperature limit, we
can perform the calculation of the drag force analytically. In
Sect. 4, we show our numerical results for prolate anisotropy.
In Sect. 5, we conclude with a brief summary of our
results.

Note: When this paper was in preparation, Ref. [40]
appeared, which has some overlap with this paper. The dif-
ference between our paper and [40] is that we consider the
drag force for the large charge case in particular.
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Fig. 3 Drag force in x-direction F as a function ® at v = 0.9. The four graphs denote a/T = 1.38,a/T = 4.41,a/T = 12.2,a/T = 86,
respectively, where the color lines denote Q = 5 (green), Q = 2 (brown), Q = 1 (red), Q = 0 (blue)
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Fig. 4 Drag force in z-direction F; as a function ® at v = 0.5. The four graphs denote a/T = 1.38, a/T = 4.41,a/T = 12.2,a/T = 86,
respectively, where the color lines denote Q = 5 (green), Q = 2 (brown), Q = 1 (red), Q = 0 (blue)
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Fig. 5 Drag force in z-direction F, as a function ® at v = 0.9. The four graphs denote a/T = 1.38,a/T = 4.41,a/T = 12.2,a/T = 86,
respectively, where the color lines denote Q = 5 (green), Q = 2 (brown), Q = 1 (red), Q = 0 (blue)
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Fig. 7 Drag force F as a function © at v = 0.9. The four graphs denote a/T = 1.38,a/T =4.41,a/T = 12.2,a/T = 86, respectively, where
the color lines denote Q = 5 (green), Q = 2 (brown), Q =1 (red), Q = 0 (blue)

2 Anisotropic charged black brane solution

The five-dimensional axion—dilaton—-Maxwell—gravity bulk
action reduced from type IIB supergravity is given
by [31,32]

s L[/ Sxa/—g(R f12- %(a¢)2 - %ew(ax)2

= %2

- iFMUFM“) — 2/‘d4xa/—ij|, (1

whzere we have set the AdS radius L = 1, and k2 = 87G =
%. The AdSs part of a ten-dimensional anisotropic IIB

supergravity solution in an Einstein frame is given by [32],

ds? = eu (-deﬁ i +dy? + Hd2 + %) ,
(2)
X =az, 3)

A = A;(u)dt, and

which was obtained by dimensional reduction on S° from
the ten-dimensional metric. So we have ignored the metric of
the S° part that will play no role in the following discussions

2 The model and solutions used in the following are the finite charge
density version of the model provided in [34,35].

and our treatment is in agreement with a ten-dimensional
framework. Note that the anisotropy is introduced through
deforming the SYM theory by a 6-parameter of the form
6 o z, which acts as an isotropy-breaking external source
that forces the system into an anisotropic equilibrium state
[34]. The O-parameter is dual to the type IIB axion x with
the form x = az.

The spacetime is required to be anisotropic but homo-
geneous, so that the functions ¢, F, B, and H = 4
should only depend on the radial coordinate u. The elec-
tric potential A; in this metric is expressed as A;(u) =
— f L:lH du Q«/Ee%‘z’u from the Maxwell equations, where Q
is an integral constant related to the charge density. Note that
the electric potential has a contribution from the anisotropy
through the dilatonic field ¢. The horizon is at ¥ = uy and
the boundary is at u = 0, respectively. The asymptotic AdS
boundary requires F = B = H = 1. We plot the numerical
solutions in Fig. 1 [32].

In the small anisotropy and charge limits, we can obtain
the high-temperature solution,

4 6 4
) (GG
ug ug uyg
+a*Fr(u) + O,

B=1+a’Bsu) + O@a),
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Fig. 8 The drag force F as a function of velocity for a quark mov-
ing through the plasma with Q = 0 (i.e. chargeless). The four graphs
correspond to a/T = 1.38,a/T = 4.42,a/T = 12.2,a/T = 86

H=e?" with¢(u) = a’pr(u) + O@a*), 4)
where 5 (u) = Fo(u)+F2)q>+0(q*), Bo(u) = Bo(w)+
By (u)g* + 0(g*), and ¢ (u) = do(u) + 2()g* + 0(g*)
with

A 1
Fo(u) = Y |:8u2(u% — uz) —10u* log2

H
4 4 u?
+QGuy; + 7u”) log l+u_2 ,
H
2 2 2
A u 10u u
Bou) = -8 | —— +log|1+ ||,
A u% u?
Po(u) = ——~log| 14+ — | &)
Un
and 1

Fou) = {7148 + 6u’uly + utuf (2510g2 — 12),

24u?1(u2 + u%{)
+ubu?(251og2 — 1)

2
— @ + 1) (1265 + Tu*ud, + 6ub,) log (1 + '2)} ,

Un
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respectively, in which five lines denotes (from the fop to down) ® = 0,
O=7/6,0=71/4,0=71/3,0=m1/2

o 1 w?(11lu* + 314214%1 + 2uﬁ) 5 u?
B = — |- 2ui; 1 1+—1]1,
2u) = o [ W@ i) +2ujplog [ 1+ )

q;() 1|:22+ ut L2l 1 <1+u2)i| (6)
M) = 7| —H up log 11
4 u? + u; 2

Uy

where we have used the dimensionless parameter ¢ =
uiIQ
2 .3 ' . . . .

anisotropy and charge limits. The analytic solution for the

non-perturbative charge was given in [31,32]. Unfortunately,
for the analytic computation of the drag force, it is too diffi-
cult to determine some critical parameters.

We can easily obtain the temperature:

_ Fl(un)v/B(un)
4 '

Here we would like to justify the usage of the small

T = (N
Note that the temperature cannot be zero unless at <o,
which corresponds to oblate anisotropy. In contrast, a*> > 0
corresponds to prolate anisotropy. On the dual quantum field
theory side, an imaginary a looks like a nonunitary defor-
mation and could lead to a negative field coupling. In this
sense, the oblate black brane solution with a?> < 0 could give
unphysical results. In the following discussions, we mainly
focus on the prolate case.
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3 Drag force

On the anisotropic charged brane background, the Nambo—
Goto action which governs the dynamics of a probe string in
string frame is given by

S=-T / d’o e?/?/—det gop, 3

where go = G0 X*0pX" is the induced metric on the
two-dimensional world sheet. X*(c%) are the embedding
equations of the world sheet in spacetime. In the follow-
ing, we generalize the calculations in [37,38] to the charged
plasma case and find the additional contribution to the drag
force from the chemical potential. We will work in the static
gauge,i.e. 0 = u and T = ¢. Since the plasma is anisotropic,
we consider the motions of the string in two different direc-
tions, x and z, which corresponds to the quark moving at
constant velocity v. It is convenient to set the configuration

T e_¢/2x’8}' + v2H(z — x) cos? 6
—To

sinf = C,
ut/—g
'BF 2 I N o 29
_Tpe—#2itl TV Zﬂx s so=D. (13
u’/—8

which involve
e?2u* csc 6 /=g (v2(C + D cot 0) — CBF csc? 0)
ToBF (BF csc? 6 — v2(1 + Hcot? 9))
e?2ut csc 0 /=g secd (V*H(D csc O + C secd) — DBF csc 6 sec® 0)
ToBFH (4BF csc? 20 — v (H csc? 6 + sec? 0))

x =

(14)

where the constants C and D are integral constants corre-
sponding to the momenta in the two directions. Taking (14)
back to (10), we can solve the determinant of the induced
metric as

o 2ToBH(BF — v2(cos? OH + sin? §))?

of the string as [37] _ — (15)
I (u) '
x(u,t) = x(u)sinf + vt sinf ith
w
z(u,t) = z(u) cos O + vt cosh. )
Obviously 6 is the angle between the z-axis and the velocity.
The determinant of g,g satisfies
5 —v? (sin? @ + (1 + Fsin? 0(x" — 2)*)H cos? 0) + BF (1 + F(x"*sin? 6 + Hz* cos® 0)) (10)
—oe? = i
§ utF
so the Lagrangian £ = —Tpe?/?,/—g gives the canonical [ (u) = u4[ — 2T02l32.7-'27-(
momenta density to the string as
) ) +BF (2D%* + HCu* + T§0?
s 0L _ppp X' BF + v H(E@ — x')cos” 0
H.X - = _T()e 4 Sln@, ) 22
ax’ u*/—g + Tyv°cos20(H — 1) + Tyv H))
0L 'BF + v*H(x' —2)sin’ 6 ,
e = 9L _ _pe-onZBI RV s 0 — 22U H(D cos6 + C s1n0)2]. (16)
- 97 ut/—g
(11)  The positiveness of the determinant requires [37]
where the prime denotes the derivative with respect to u. v2(H (1) cos? 6 + sin? 6)
Then the equations of motion following from the Nambu— Bu) = F(u) ’ (17)
Goto action are ) 5 at u = u, where the denominator /(u) vanishes, which
/ / /
X BF +vTHE —x")cos”6 _ implies that the integral constants satisfy
J Toe ] \/_ sinf | =0,
ut /=
§ D = CH(u) cotb, (18)

'BF ZH I N o 29
oy <—Toe_">/2Z re 1 (—2)sin cos 9> =0.
U~ —8
(12)
Note that in the string configuration (9), the time part of

the E.O.M vanishes because of the time independence. Then
after integration of (12), we have

at u = u.. So the determinant of the induced metric can be
simplified to

o T3 B (—BF + v*(cos®> O'H + sin® )
 —TEu*BF + C2ud(1 + cot? O'H)

with the choices of

—ge ; (19)
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Co—x Tov szin 0 ’ _ 4 To'H(uClv cos @ . 20)
uz uz

Then the drag forces along the x-direction and z-direction on
the string are

. Tov sin 6

F.— o ToH (uc)v cose‘

’ Z

21

2 2
ug ug

4 Numerical analysis

In a charged anisotropic plasma, the angle dependence of the
drag force in the x-direction in units of the isotropic drag
force are shown in Figs. 2 and 3. From the first three plots
of Fig. 2, we can see that F is a monotonically increasing
function of ® whena « T anda ~ T.However, the last plot
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of Fig. 2 illustrates that Fy is no longer a monotonic function
of ® when a > T. By contrast, Fig. 3 shows that the F,
at v = 0.9 is no longer a monotonic function of ® when
a/T = 12.2. We also find that for a charged plasma, with
fixed v, F, can be larger than Fj5, = Fjz,(q¢ = 0) for some
interval of ® which depends on Q and a/T; by contrast,
F is always smaller than Fj,, for a chargeless anisotropic
plasma. Note that the non-monotonic behavior shown in Fig.
3 is consistent with the result given in [37], where the authors
did not show F. This is because if we write down the general
expression for F', we can obtain the same ansatz as that given
in [37] in the zero-chemical potential limit. Similarly, we
can plot the angle dependence of the drag force in the z-
direction in Figs. 4 and 5, while F is always a monotonically
decreasing function of ®.

Figures 6 and 7 illustrate the ® dependence of the drag
force F in units of the isotropic drag force at fixed v and
a/T. It is easy to see that F' is a monotonically decreasing
function of ®, and when a/T is greater, the falloff of F is
faster.

In Figs. 8, 9, 10, and 11, we can see that the drag force
F' in units of the isotropic drag force diverges in the ultra-
relativistic limit, v — 1, for any ® # /2. We can see that
F in a charged plasma diverges faster than in a chargeless
plasma. So the anisotropic drag force is arbitrarily larger than
the isotropic case in the ultra-relativistic limit. More interest-
ingly, in the large Q limit, the behavior of the drag force F
coincides for different angles ©.

To exhibit the temperature dependence of the drag force
more explicitly, we plot the drag force as a function of a/ T
with different Q in Figs. 12 and 13. We can see that, unlike
an anisotropic neutral plasma, in which the drag force in the
transverse direction F, (® = %) is a monotonically decreas-
ing function of a/ T, Fy in anisotropic charged plasma is no
longer a monotonically function: In the region witha /T < 1,
F increases asa/ T increases, butin theregiona/T > 1, Fy

@ Springer

decreases as a/ T increases. This means that for a non-zero
charge Q, the force changes non-monotonically. However,
as shown in the plot of F, (® = 0) in Fig. 13, the drag
force along the longitudinal direction is always a monotoni-
cally increasing function for both neutral plasma and charged
plasma.

5 Summary

By using the AdS/CFT correspondence we have performed
the calculations of the drag force exerted on a massive quark
moving through a charged, anisotropic ' = 4 SU(N) Super
Yang-Mills plasma. We used the anisotropic charged black
brane solution, which is dual to anisotropic QGP with a chem-
ical potential. For a complete study of the drag force in an
anisotropic background, we carried out an analytic calcula-
tion first and obtained some general expressions for the drag
force. Different from the isotropic case, where the drag force
in a charged plasma is always larger than in a neutral plasma
at the same temperature, for our anisotropic case, we will
find that it will be dependent on the explicit value of ¢ and
a, which can be seen in the numerical analysis. For arbitrary
anisotropy and charge, we presented the numerical results for
any prolate anisotropy and arbitrary direction of the quark
velocity with respect to the direction of the anisotropy. We
find the effect of the chemical potential or charge density is
to enhance the drag force for the prolate solution.
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Appendix: High temperature analysis

In this appendix, we calculate the drag forces in the limit of
high temperature. We consider the high-temperature solution
(4). First, plugging Eq. (4) into (17), it is easy to obtain u, to
order a’:

Ue = ug + ura’, (22)
with

uz (=1 4+ v + /1 —02) 12
up = [ufv/1 -2 - H 3 q* ;

N vﬁaZ(l — 2+ VT=02+ 1+ v)log(l ++/1—12)
487 (1 —v2)3/2
2

+ s 1)2(? T (W=1-7/1 -2
—152 —v/1 - v?)log2)
+02Q(=2+ V1 =) + 15@ +v/1 - ?) log2)
—5(1+v1—12)(—1+6log2)
— @1+ D2+ V1 —?)
+4(1+V1 =) log(1 +/1-12)), 24)
where we have used § = /2 and 6 = 0, which correspond
to the x-direction and the z-direction, respectively. Note that

the first part of the right hand side of (24) is an isotropic force
in the charged plasma Fig:

/AT [ 1 q2 1 3
Fiso(q) = B 1—02_?<_ﬁ> s

(25)

3 (1 T 02— 51022 + 51log(1 + T —12) — v2(1 — 5log2 + (4 + 3 cos?6) log(1 + +/1 — u2)))

uy =

3

48(1 — v2)3/4

“H (10(1 — )81+ V1 —v2)log2 — v>BV1 — v2 + (8 — 7V 1 — v2)log2))

+
384(1 — v2)5/4(1 + /1 — v2)

+(—80(1 + V1 — v2) + v*(—=86 + 13v/1 — v2) + 2v%(83 + 38v/1 — v2)) log(1 + v/ 1 — v?)
+9v% 0820 2(v2 — (1 + V1 — ) + 2 (=2+ V1 —v2) +2(1 + V1 — v2)) log(l + V1 — v2)))q2. (23)

So, by the use of (7) and (21), we are able to derive the drag
force,

p o T (ﬁ—i(' . %))

+vﬁa2 <1 — 024+ V1T =02 + (42 —5)log(l + V1 —v?)
487 (1—v2)3/2
2

q
(= +V1=02
+2(1—v2)2(1+«/1—v2) (-a+ v

x (13 +3010g2) + v2(23 + 29y/1 — v2

+15( + V1 — v2)log2) + v*(15v/1 — v2 log2
—2(5+8V1 —v2 + 1510g2))

+Q0(1+ V1 —2) +0* (174571 - 1?)
0237 + 22v/1 — v?)) log(1 + m))),

nﬁTzv 1 q2 3
b= (v 1—v2_2(1_m)>

and, when g = 0, we can get the drag forces in the plasma for
zero chemical potential, which coincides with the result of
[37]. We can see from (25) that, in the isotropic case, the drag
force in the charged plasma is always larger than in a neutral
plasma at the same temperature. In [38], the author obtained
a critical velocity v, ~ 0.909 for anisotropic neutral case
independent of the temperature and anisotropy. The critical
velocity turns out to be charge dependent and v, increases as
g increases (Table 1).

In the absence of a chemical potential, Eq. (24) recover
the analytical expressions for the transverse and parallel drag
forces given in [38].

Table 1 Critical velocity for different ¢

q 0 0.04 0.06 0.08 0.1
Ve 0.909 0.912 0.915 0.920 0.926
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