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We review some important applications of AdS/CFT correspondence to gain insight into properties of the quark-gluon plasma. We
study some important quantities such as drag force, screening length, and jet-quenching parameter of an external probe quark and
also quark-antiquark configuration. In particular, we focus on the STU background and compare our results with other important

backgrounds.

1. Introduction

The relation between gauge theories and string theory has
been the subject of many important studies in the last three
decades. First, Maldacena [1] proposed the AdS/CFT cor-
respondence therefore the AdS/CFT correspondence, some-
times called Maldacena duality. According to this conjecture
there is a relation between a conformal field theory (CFT) in
d-dimensional space and a supergravity theory in (d + 1)-
dimensional anti-de Sitter (AdS) space. Maldacena suggests
that a quantum string in (d + 1)-dimensional AdS space,
mathematically, is equivalent to the ordinary quantum field
theory with conformal invariance in d-dimensional space-
time which lives on the boundary of AdS,,; space. The
preliminary formulation of Maldacena is developed and
completed by independent works of Witten [2] and Gubser
et al. [3]. The famous example of AdS/CFT correspondence
is the relation between type IIB string theory in AdSs x S’
space and /' = 4 super Yang-Mills gauge theory on the
4-dimensional boundary of AdS; space. For more studying
about the AdS/CFT correspondence and its applications
see [4-9]. One of the most interesting applications of the
AdS/CFT correspondence is to study the quark-gluon plasma
(QGP). The study of the QGP is a testing ground for
finite temperature field theory. Such studies are important
to understand the early evolution of our universe. Already,
there are many attempts to study QCD by using gauge/gravity
duality, where the /' = 4 super Yang-Mills (SYM) plasma
is considered. The most important quantities of QGP are

the shear viscosity, drag force, and jet-quenching parameter.
The shear viscosity is one of the important hydrodynamical
quantities of QGP which relates to the important thermody-
namical quantity so-called entropy; in particular it is found
that the ratio of shear viscosity 7 to the entropy density s had a
universal value: 77/s = 1/47 [10-39]. However, for the several
cases, this value may be modified [28-39].

The calculation of energy loss of moving heavy charged
particle through a thermal medium known as the drag force
[40-45]. The moving heavy quark in context of QCD has dual
picture in the string theory where an open string was attached
to the D-brane and stretched to the horizon of the black hole.
Already the issue of the drag force was considered in the /4" =
4 super Yang-Mills thermal plasma with several interesting
backgrounds [40-50].

Another important property of the QGP is called the jet-
quenching parameter (§). The knowledge about this param-
eter increases our understanding about the QGP. In that
case the jet-quenching parameter was obtained by calculating
the expectation value of a closed light-like Wilson loop and
using the dipole approximation. In order to calculate this
parameter in QCD one needs to use perturbation theory.
But, by using AdS/CFT correspondence, the jet-quenching
parameter was calculated in nonperturbative quantum field
theory. This calculations were already performed in the
several interesting backgrounds [51-58]. In this paper we
shall investigate some important properties of the QGP,
specially in the STU background. The STU model is a special
example of D = 5, #// = 2 gauged supergravity theory
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which is dual to the /" = 4 SYM theory with finite chemical
potential. Also the solutions of .#° = 2 supergravity may be
solutions of supergravity theory with more supersymmetry.
Already the duality between gravity and /" = 2 gauged theory
was investigated and found that .#° = 2 supergravity is an
ideal laboratory [59-62]. Therefore, we may consider the STU
model as a gravity dual of a strongly coupled plasma. Indeed,
we review some of the previous results and also add some new
things and collect all of them in this review article.

2. General Solutions

One can consider the following general line element [45]:
ds’ = g, dt’ + g,.dr’ + g, 8;dx'dx’, 6))

wherei = 1,2,...,d — 1. The geometry of this general space-
time is asymptotically AdS,,,. Also, it is assumed to have
a horizon at r = r,, and g, is finite at horizon. Another
important assumption is that the metric components depend
only on the radial coordinate. The Hawking temperature of
this black hole space-time, which is dual to the temperature
of the field theory, is given by

T V_(gtt) (grr) ’ 2
4

r=ry,

where prime denotes derivative with respect to the radius r.
The entropy density of the field theory is given by

(d-1)/2
)

4Gy ’ 3

N

r=ry

where Gy is gravitational Newton constant.
The open string is described by the following Nambu-
Goto action:

S=-T, jdr do V-G, (4)

where T, is the string tension. The coordinates 7 and ¢
are corresponding to the string world-sheet. Also, G is
determinant of the world-sheet metric G, which is obtained
as the following:

6 (5 - () (3
2 e
=991t — gxxgtt(x’) - grrgxx(x)z,

where it is assumed that the string only extends in one
direction x(7, 0) and therefore string profile described by the
X(t, r, x). Hence, the equation of motion reads

!
9, FxxIttX =0, (6)

X
\/I - grrgxxatﬁ
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which yields to the following canonical momentum densities
associated to the string

(xx') () - (X') (%)

7.[2 = _Tog;w >
VG
. . 2 \2 ! (7)
() ()
u ng/ m .

These components are used to obtain the total energy and
momentum of string by using the following integrals:

Tm 0
E=- J mdr,
"n

) (®)
P= J dr,

X
Th

where r,, is location of D7-brane.

We will use above relations to obtain the drag force
and the jet-quenching parameter in various backgrounds.
Specially we focus on STU background introduced in the next
section.

3. STU Background

In this paper we are interested in the special form of the
W = 2 supergravity in five dimensions. This model, which is
called STU model, has generally 8-charged (4 electric and 4
magnetic) nonextremal black holes. However, there are many
situations with less charges such as four-charged and three-
charged black holes. In 5 dimensions the situation is different
and actually much simpler; there is no distinction between
BPS and non-BPS branches. So, in 5 dimensions, the three-
charged configurations are the most interesting ones. The
STU model admits a chemical potential for the u@)’ symme-
try, and this makes it more interesting. For instance, presence
of a baryon number chemical potential for heavy quark in the
context of AdS/CFT correspondence yields to introducing a
macroscopic density of heavy quark baryons. Indeed the STU
model, which contains a nonextremal charged black hole, was
obtained from five-dimensional gauged supergravity theory.
Therefore, we may to consider the STU model as a gravity
dual of a strongly coupled plasma. So, we begin with the
three-charged nonextremal black hole solution in /= 2
gauged supergravity, described by the following solution [63]:

2 2
ds = - gy g (‘% + %inJJ, 9)
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where

(10)

A= Jk""q—f“(l -H),

where R is the constant AdS radius and relates to the coupling
constant via R = 1/g (also, coupling constant relates to the
cosmological constant via A = —6g°) and r is the radial
coordinate along the black hole, so the boundary of AdS space
waslocatedatr — oo (orr = r,, on the D7-brane). The black
hole horizon was specified by r = r;, which is obtained from
fx = 0. In this background there are three real scalar fields,
which is also solution of the metric (1), as X’ = %I/S/Hi,
which satisfy the following condition: H?:IX " = 1. Inanother
word, if we set X' = S, X* = T, and X* = U, then there is
the STU = 1 condition. For the three R-charges g;, in (2),
there is an overall factor such as g; = usinh®p;, where
is called nonextremality parameter and f3; are related to the
three independent electrical charges of the black hole. Finally,
the factor of k indicates the space curvature, so the metric
(9) includes a S* (three-dimensional sphere) for k = 1, a
pseudosphere for k = -1, and a flat space for k = 0. So, for
k =1,k =0,and k = —1, one can write, respectively,

R? (dp2 +sin’p d6” + sin®p sin®0 d</>2)
ink = 1dx’ +dy* +d7’
R? (dp2 + sinh®p d6” + sinh®p sin®6 d¢2) .
(11

These are general properties of our interesting background
which are used to study QGP by using AdS/CFT correspon-
dence.

Here, we study thermodynamics of STU black hole and
extract some important thermodynamical quantities such as
temperature and entropy. Also we discuss dual picture of
the STU model which is //* = 4 SYM with finite chemical
potential.

First of all we compute some thermodynamical quantities
in the STU model with three different black hole charges
for the arbitrary spaces. Some of these quantities such as
temperature and entropy will be useful to study QGP in the
next sections. According to the previous works, the Hawking
temperature of the black hole solution (9) will be as follows
[63]:

~ 27R?

r, 2t (l/ri) Z?ﬂ qi — (1/7’2) H?:ﬂi

3 5 (12)
VHi:I (1+ qi/rh)

There is also a chemical potential which is given by the
following relation:

o =aq(+a)| —=[[(2+q)+k). @3
Rer iz

Also, the entropy density in d = 4 dimension is given by the
following expression, which is valid for k = +1 and k = 0:

1
S=CR (rfl %(rh)), (14)
where G is Newton’s constant and relates to the AdS curvature
as G = mR*/2N?, where N is the number of colors.
As we mentioned already, the STU solution (9) is dual to
the /" = 4 SYM with finite chemical potential in Minkowski
space. It can be shown by the following rescaling [63]:

1/4

t
e
q9; — /\1/2%’
and taking A — oo limit while
1
A5, — —— (dx* +dy* +d2*), (16)

RZAI/Z

and also we set rg = ‘uRz. Then, solution (9) reduces to the
following:

1/3
ds® = &40 [— J: Sdi? + ' PdX? + %;drz] :
x f
_gp T (17)
f = 1’4)

7=110+3).

where the geometric function A(r) is defined as A(r) =
In(r/L) and 7 is the horizon radius in the /" = 4 SYM theory.
In that case the chemical potential conjugate to the physical
charge for the U(1) R-charges is given by

2
" 2g; 9gj
L= || 1+—= ).
¢ R2r£+qi\j . ( +r2) (18)

j h
This is dual expression of the chemical potential which is
given by the relation (13). For the special case of ¢; = g, =
qs = q the Hawking temperature reads as
q+ Zrﬁ

Ty=—"—"—"7"+— 19
27R?\q + 1} 1s)

where the radius of the horizon (root of f = 0) is given by

= % (\/41‘6‘ +q - q). (20)



4. Other Backgrounds

In this section we review some important backgrounds where
the drag force and jet-quenching parameter are calculated by
previous papers.

4.1. AdS Black Brane. 1t is possible to study QGP by using the
metric of the AdS black brane solution in d + 1 dimensions
which is given by [44]

2 2
ds’ = Rder(r) ~Rf(r)dt’ + %Q’jdxidxj’ (21)
where
2 d
o= 1= ()] (22)

We can see that the black hole horizon is located at r = 1y,
where f(r) vanishes. It is clear that the metric (22) ind = 4
is indeed similar to the metric (17) with g = 0. This solution
is corresponding to /" = 4 super Yang-Mills theory [46]. The
Hawking temperature is given by

TR )
Also the entropy is obtained as the following:
d-1
5= L (%) (24)
4G\R

4.2. NR NC Yang-Mills. Another interesting background
is the nonrelativistic, noncommutative Yang-Mills theory
which is described by the following metric [64]:

2
r

ds’ = —
ST kR

[(1-p7f) (@x) - (1+ 7
X f(der)2 + 27 f dxfdx+] (25)

+ hR_r; ((dx2)2 + (dx3)2> + R—:Zdrz,

where the 5-sphere (S°) part of the metric is neglected.
Indeed, the metric (25) represents the AdS; space, and r
denotes vertical direction to D-branes. In the above solution
K=1+ ﬁz(rﬁ/rz), and R?* = rﬁ sinh ¢; also 7, denotes the
horizon radius, and ¢ is called the boost parameter; also f3 is
a physical parameter related to the chemical potential of the
Yang-Mills theory on the boundary. Moreover,

4

"h
f=1-%
(26)
_ 1
T 1+ atr?
where
1
at= ————. (27)

405012 2
rpsinh”¢ cos*60

Advances in High Energy Physics

D3-branes are lying along x', x°, and x°, and DI-branes
are lying along x'. The angle 6 in the relation (26) measures
the relative numbers of D-branes. So, for N D3-branes, and
M D1-branes one can write cos @ = N/VN? + M?2.

In this configuration there is a large magnetic field in
the x* — x° directions, so these directions satisfy the non-
commutativity relation [x%,x°] = iO©, where O is called
the noncommutativity parameter [65]. It has shown that
a4rﬁ ~ ©% [64], so the parameter a measures the non-
commutativity. Also 5 — 0 limit recovered the relativistic
cases, so the parameter f3 specifies the nonrelativistic feature.
The temperature of the nonrelativistic, non-commutative
Yang-Mills theory is given by

" "
T = —F = — N (28)
R\l

where «' is the slop parameter («' = 1/27T,) and A is
the ’t Hooft coupling of the nonrelativistic, non-commutative
theory, which is related to the 't Hooft coupling of the
ordinary Yang-Mills theory by the relation A = (& /®)A.

There are also other backgrounds which we can not
represent here; we just try to recall results of them in the next
sections.

5. Drag Force

Study of drag force on a moving heavy quark through a
thermal plasma is interesting point to understand physics of
charm and bottom quark at RHIC [66-68].

5.1 Single Quark. It is known that a moving quark in the
A = 2 thermal plasma corresponds to the stretched string
from r = r, on the D-brane to the black hole horizon.
So, calculating the energy loss of a heavy quark is reduced
to find components of momentum density along the string.
Detailed calculations of drag force for special case of STU
model moved to Appendix A. These calculations are similar
for other backgrounds. Therefore, here we just represent
results of previous studies.

Drag force is obtained by using momentum components
(see Appendix A) which in STU model is obtained as the
following:

dp

— =l =-T,Cv,

dt Hlr=ry,

g (29)
E_ 4 _ 2

I I, 'r:rm =T,Cv".

In order to find C we use reality condition for x'* and
\/—g; in that case one can fix the constant C as the following:
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where
r.=1,+ < (rzvz%)

X (ZR2 [ﬁ + %
r3>  R?

- ( (q.H,H; + q,H,Hs (31)

+q;H,H,)

X (T’Rz)il) ]>l)r_rh
+0 (v4).

It is important to note that this result is independent of
curvature parameter, k; however, we should set k = 1 in the
relation (10) to have AdS; x S° space. Therefore the drag force
may be written as

(32)

It is clear that the black hole charge increases the value of drag
force.

The drag force corresponding to the solution (21) was
calculated by [44-46] and found that

dP_Tr;z, v

E - Oﬁ(l _V2)2/d.

(33)
It is clear that both expressions (32) and (33) are the same at
q = 0 limit.

The drag force corresponding to the solution (25) was
calculated by [64] and found that

dP rfl v rﬁ v
@ ph v pTh Y3
dt 'R*1+ar} 72 sinh o (1 +a*r (34)

where the critical radius 7, is the root of the following:

(r4—rh) (1+a r )(1 +/32r2) (r +ﬁ2r:r2) =
(35)

It is easy to check that the special case of f = a = 0 with

sinh ¢ = —V1 — v? was reduced to (33).

5.2. Quark-Antiquark Configuration. Now, we consider a
moving quark-antiquark pair which may be interpreted as
a meson. Indeed there is a moving meson with the constant
speed v in the /" = 2 supergravity thermal plasma. Already
the energy of a moving quark-antiquark pair in /" = 4 SYM
plasma was calculated [69]. Now, we would like to repeat

T

FIGURE 1: A rotating N-shape string dual to a gq pair which can be
interpreted as a meson.

same calculations in the STU background (see Appendix A).
The quark-antiquark pair in the thermal QGP corresponds
to an open string in AdS; space with two endpoints on the
D-brane in the (X,Y) plan. Two end points of string on the
D-brane represent quark and antiquark which are separated
from each other by a constant . We assume that at the t = 0
string is straight and two endpoints of string move with the
constant velocity v along the X direction. The dynamics of
such configuration is discussed in detail in [69] for the /" = 4
SYM plasma.

Figure 1 shows the general configuration of string. The
points A and B in Figure 1 represent quark and antiquark
with separating length I. The radial coordinate r varies from
r, (black hole horizon radius) to » = r,, on D-brane. r, is
a critical radius, obtained for single quark solution, which
the string cannot penetrate beyond it, and r,;, > .. 1y, =
r. is satisfied if points A and B are located at origin (I =
0); in that case there is the straight string which is dual
picture of the single static quark. 0 is assumed to be the angle
with Y-axis and the string center of mass moves along X-
axis with velocity v. Solutions of this configuration satisfy
boundary conditions x(co,t) = vt + (I/2) sin 0 and y(co,t) =
+ (I/2) cos 8, which reduced to the boundary condition of the
case without rotational motion for 6 = 0.

By using calculations given by Appendix A one can obtain

(711)2 = i [i\/b2 —4ac - b] ,

(71;)2 = % [i \/b’2 —4a'(! —b'] ,

(36)

where

1/3
a= H(l + i) cos’6 (e%fnmc + E)() ,

i min

2/3
b= T2H<1 + —) X

(2‘%?nmq + COS (‘%?mnfx - C)) >



6
c= 41_[ ( ) RS sin’Bgy”,
q 2/3
! _ 1 i @2 ) ,
‘ U( ' rmm) ( mins EX)
2/3
b _T‘%fnm ( minS H(1+_)
2/3
2R G- H<1 + —) EX>,
2/3
o 1‘[(1 L3 ) P
\43
() )
(37)
with
c=H(1+—) 20> % (pSin 9(v+x9cos0)
2/3
E _ fk (rmin) _ 1_[ 1 qz
- 2 1/3 ta r
[L(1+q:/rh) i min
(v+x6c050) 2 (38)
1/3
X= H(l + %) y*O°R%, sin’0
i rmin
fk (rmin)

L+ g2,

where %, = rmin/Rand r;, is the turning point. The direct
consequence of rotational motion is that drag force is no
longer constant. But, this result is not appropriate description
of a meson. According to previous works [69] the gq pair
should be close enough together and not moving too quickly.
The presence of functions x(r) and y(r) is consequence of
relativistic motion, which is not acceptable. On the other
hand, because of nonvanishing drag forces, it is expected that
the velocity of a gq pair decreases. So, we consider a moving
heavy gq pair with non-relativistic speed, which rotates by
angel 0 = wt around the center of mass. Indeed this situation
is corresponding to the motion of the heavy meson with large
spin. Actually, in the very large angular momentum limit, a
classical approximation is reliable. In this case, the angular
velocity of the string is very small. Therefore, we are going
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to discuss the case of non-relativistic motion (> > 0and
Ov — 0). In that case ¢ = ¢ = ¢’ = 0 and we have

2
2 T B
()" = 2T i Ciin) 7 (i)

2

1)2 _ m1n
(7

<fk ( mln) (39)

7"2

R
-H (1" i — ) %_1/3 (rmin) .

min R2

Now, we assume that v — 0 and angular velocity is
infinitesimal constant (§ = w < 1), and the quark-antiquark
pair rotates around origin. In that case we neglect w* terms
and obtain values of momentum densities as the following:

2
niznizTJ“%( k_é r;in
1/2
xﬂ<1+%>] (40)
1/6\ !
{n(+2)") )

6. Screening Length

Also it is possible to calculate screening length [70-74] for a
quark-antiquark pair by using the following relations:

L, = ZJ drx',
N (41)
!
L,=2 L | dry'.
In the case of g = 0 limit one can obtain
0 ap((1-v*)z* = p*
szzj dz p((, ) p)f(Z),
1 Try, sinfz* (24 - p*)
(42)
L,=2 ro dzﬁp((1 _ VZ)Z4 _ P4)f(z)
L A T pin COs 024 ’
where
F= 2 (13 (=) (1= )= - ')
(43)
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and we defined the following variables:

min (44)

In [73] the screening length of a heavy quark-antiquark
pair in strongly coupled gauge theory plasmas has been
studied by using the AdS/CFT correspondence and found
that the screening length is proportional to inverse of boosted
energy density with power 1/d, and some examples in (d+1)-
dimensions were studied. We find that our results agree with
the previous works.

7. Jet-Quenching Parameter

One of the interesting properties of the stronglycoupled
plasma at RHIC is the jet quenching of partons, produced
with high transverse momentum [75]. This parameter con-
trols the description of relativistic partons and it is possible to
employ the gauge/gravity duality and determine this quantity
in the finite temperature gauge theories. In order to obtain
the jet-quenching parameter one needs to rewrite the metric
background in the light-cone coordinates. In Appendix B
we give detailed calculation of the jet-quenching parameter
in STU background. So, we can specity the jet-quenching
parameter as the following [51]:

(I (Q)y1 (45)

where

b dr
I1(q9) =R’ .
(Q) th \/(7/2/31’2/R2 _ fk/%1/3) fkr4

(46)

In order to obtain the explicit expression of the jet-quenching
parameter we set k = 1 and consider three special cases of
one-, two-, and three-charged black hole.

In the case of one-charged black hole we setq, = ¢, g, =
g5 = 0 and obtain

1/3
IV (1+a/r)
o) =], J(ﬂ—u><r4+(q+R2>r2—yR2>d”
(47)

3 4 5
q x10°

FIGURE 2: Plot of the jet-quenching parameter in terms of the black
hole charge. We fixed our parameters as a =05 \A=6mandT =
300 MeV. The solid line represents the case of g, = g, g, = q; = 0.
The dotted line represents the case of g, = g, = g, q; = 0. The
dashed line represents the case of g, = g, = g5 = g. It shows that
increasing the number of black hole charges increases the value of
the jet-quenching parameter.

In the similar work the jet-quenching parameter in medium
with chemical potential has been studied [54].
In the case of metric background (21) it is found that [58]

3/2
g="LOM g (48)

From (48), one finds g = 4.5, 10.6, and 20.7 GeV?/fmfor T =
300,400, and 500 MeV. Comparing (45) and (48) tells that the
jet-quenching parameter was enhanced for STU background.
For example, by choosing R*> = &' VA, &' = 0.5, 1 = 6,
g = 10°% and T = 300 MeV one can obtain § = 42 GeV?*/fm
in STU model. It means that the black hole charge increases
the jet-quenching parameter.

Numerically, we give plots of the jet-quenching parameter
in terms of the black hole charges and the temperature in
Figures 2 and 3, respectively. These plots show that the jet-
quenching parameter of the //* = 2 theory is larger than the
jet-quenching parameter of the /4 = 4 theory. Also we find
that the jet-quenching parameter of the three-charged black
hole is larger than the jet-quenching parameter of the one-
charged and two-charged black holes.
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FIGURE 3: Plot of the jet-quenching parameter in terms of the
temperature for small black hole charge. We fixed the parameters
as«' = 0.5, A = 67. In that case three different cases of one-, two-,
and three-charged black holes have similar behaviors.

Also the jet-quenching parameter corresponding to met-
ric background (17) is given by

_ s JOO dr B (49)
1" rwri| ), 2FE]
where
4
3 Ty
q
H=1+—=,
+ o

which agree with the results of the previous works, where
the jet-quenching parameter is calculated with the chemical
potential [56]. The horizon radius r, is obtained for the
case of zero-charged black hole. For the black hole with
nonvanishing charges, it is clear that the horizon radius
decreases (r;, < ). We know that the g = 0 limit is equal to
¢ = 0limit, and one can say that the jet-quenching parameter
from the /' = 2 supergravity theory with zero chemical
potential is equal to the jet-quenching parameter from the
N =4 SYM theory.

On the other hand by using the metric background
(25) we find the following expression of the jet-quenching
parameter [76]:

_ o R K o
R e TR
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It is found that for the large chemical potential (for both
infinitesimal and large non-commutativity parameters) the
jet-quenching parameter is obtained as (48), but for the case
of infinitesimal non-commutativity parameter and large f3
the jet-quenching parameter is proportional to temperature.
We have found that the presence of non-commutativity
is necessary to obtain the jet-quenching parameter in the
experimental range.

8. Conclusion

In this paper we used AdS/CFT correspondence and reviewed
some important quantities to understand the nature of QGP
more exactly. Indeed, we considered thermal QGP includes
a chemical potential. This chemical potential comes from
W = 2 supergravity in 5 dimensions. This theory contains
a nonextremal black hole with three electrical charges and
is well known as STU model. First of all we introduced STU
model and wrote their important properties. We studied ther-
modynamics of STU background and extracted the Hawking
temperature and entropy density. In order to compare our
results with the /" = 4 SYM plasma we used special rescaling
that bring the spherical-horizon metric to the flat-horizon
metric.

We considered problem of the drag force and found
energy loss of single quark and quark-antiquark pair. We
showed that the value of the drag force enhanced due to the
black hole charges. Also we calculated screening length for
the special case of g = 0.

Finally we studied the jet-quenching parameter and
found that the jet-quenching parameter enhanced due to the
black hole charges. It means that the energy of the string in
A = 2 thermal plasma is larger than the string in /" = 4
thermal plasma hence the string in ./ = 2 thermal plasma
loses more energy than the string in /4 = 4 thermal plasma.
We examine our solution for three special cases of one-, two-,
and three-charged black holes. All cases yield to the same
value of the jet-quenching parameter for the small black hole
charge. However, thermodynamical stability allows choosing
the black hole charge of order 10°. In that case we found
g = 42,49, and 58 GeV?/fm for one-, two-, and three-charged
black hole, respectively. These values of the jet-quenching
parameter are far from experiments of RHIC; experimental
data tell us that (5 < g < 25). There is no worry for this
statement because the temperature of the /' = 2 supergravity
theory should be smaller than that of the /" = 4 SYM theory.
In that case with the temperature about 155 MeV we obtained
the jet-quenching parameter in the experimental range.

Appendices
A. Drag Force

It is assumed that the string moves along x direction and uses
static gauge, where T = t and 0 = r. Therefore, the string
world-sheet is described by x(r, t).
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By using Euler-Lagrange equation one can obtain the
string equation of motion as the following expression:

(A1)

a9 ( % )

i( fkT2 x')
or \ ' \=g fe 0t\7g

In order to obtain the total energy and momentum, drag
force, or energy loss of particle in the thermal plasma, we have
to calculate the canonical momentum densities. In that case
one can obtain the following expressions:

0 _1
ﬂ’o‘ ﬂ’f _ T
7'[6 7'[1 - P2
e T g
xr? fkr2
—f sz Fx' (AZ)
k
% %rz . 1- %rz .2
_f 7Y XX _f sz
K, K
r
1+fk1%x'2 ——f;;z xx'

Corresponding to the single quark, in CFT side, we have an
open string in AdS space which stretched from r = r,, on
D7-brane to r = 7, at the horizon. An ansatz made in order
to describe the system may be

x(r,t) = x(r) + vt, (A.3)

where v is the constant velocity of the single quark. In that
case by using equation of motion (15) one can find

fkr2 "¢
RV P
v J

where C is an integration constant and /=g is obtained by
using the following:

(A.4)

1 %Tz 2 fkT2 12

-g=——|1- Yl AL
%1/3 fkR2

@ (A5)

By using these results in the canonical momentum densities
(15) we find
k. = ~T,Cv,
(A.6)
m = T,Cv*.

In the case of quark-antiquark, one can obtain the following
equations, respectively,

| (B e ) i )
e [ )
2[4 (e -2

(A7)

and the momentum densities are obtained by the following:

Ty T
0 _1 20p1/3
”%)/ S oi
n) 7 R*\/~g
) m
2 1/3 2 1/3.2
r 3.0 1 4 r 1/3 12 r 13 1. Hr Si ’
R (fk PRI )X Ry T Ve ) (49)
2 1/3 2 2 1/3,2
r 13 1ot x r 3.02) . T 3.0 A", Sx !
. P% Yy Xx <fk P% y ﬁ% X yx — 7 x—%zﬁ y
7 (s + 3 s~ (45
, Tk f %’2/3r; Ji
R k 12 12 k . .
H1/3,2 + /3 (x ty ) _%2/3 (xx tyy )

There are two interesting motions for the meson. The first one
is the moving quark-antiquark pair with constant speed v. The
second case is the rotational motion of the quark-antiquark
pair.

The first system may be described by the following ansatz:

x(r,t)=vt+x(r),
(A9)
y(r,t)=y(r).



10

These solutions satisfty boundary conditions as x(co,t) = vt
and y(co) = +I/2. In order to obtain drag force, we calculate
7} and 7} components, solve them for x” and y’, respectivel

x y p > Y, resp Y
and obtain

1R ( 7/1’21/2)
m—|1- 3
r fkR
Si v 2 r? 2/3
" [(% AN A
R -1/2
H(w))-fmy]
R[SV
Yy H  R?

2 2 122 i
9 (TgF fo - () ) A ] |

x'(r) =

Y (r) =

(A.10)
As before, by using reality condition one can obtain
2 2
()} = [(& 1)
x R
(A1)

2
(2 gprrs %0 2)] )
(=5
where 7,
r. and above solutions are similar to single quark solution
(I = 0). Here, as the string have a chance of turning around
smoothly, it requires that dy/dx = y'/x' = co at r,,. So,
it is necessary to have . = 0. Therefore, one can find the
momentum component as

is turning point of string. If 7' = 0, then r,;, =

1 T
T, =

y R mm%l/3( min)

\/ fk (rmm) rrznin VZ

% ( mll’l) R2

(A.12)

In the second case we add a rotational motion with angular
velocity 0 to the motion of meson. Therefore, the string may
be described by the x(r,t) = vt + x(r)sin0 and y(r,t) =
y(r) cos 0 profiles.

Also there is another condition due to our conjecture,
y'/x" = cot®, which reduces to y'/x' — ocoatthe® — 0
limit, which agrees with the first case.

These boundary conditions can also satisfy with two
separated string which move at velocity v along X-axis and
simultaneously swing a circle with radius //2. Specifying
these boundary conditions does not lead to a unique solution
for equation of motion, so we should specify additional
conditions for this motion.

Here, we assume that the string is initially upright, moves
at velocity v, and rotates around its center of mass.
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Now, one can obtain the following:

Ax' 4 By'2 + Cx'y' +D =0,

(A.13)
A'x"? +By +C’x'y'+D =0,
where

A = %%sin%0 [ﬂx (7;}/3 %2/3y292<%251n 9>

- Te ™ R (%1/3 V20 R*sin’0

A Y
213 >

B = %%cos’0 [71}(2 <% - %2/3(1/ + x0 cos 0)2%2>

—Té?’/l/3 20> %°sin® 9(1/ + x6 cos 0) ]

C= -2y0%*in’0 [ﬂiz%’m cos + Tg%’%z

X (%’1/3)/2929‘223m26 - %;‘/3

X (v+x9cos€),

2 12?f2/3 Ji 242 2
D=%n 7. [%2%—y9s1n6
—(v + x0 cos 9)2] ,

A =2 sm@[ <y£‘/3—%2/3y20%51n 9)

_T§%4/3y292%651n26(v + x0 cos 0)2] ,

I o2 2 12 fk
B —,%cose[rry <%1/3

- %2/3(1/ + x6 cos 6)29?2>

T§%2/3<%2 <<%2%’1/3(v + x0 cos 9)2
A Y
%2/3 >

X [71)1,2%2/3 + Té%’%z <%2%1/3(v+ x0 c039)2

C' = —2y0%*sin’0 cos 0

_;;(22 >] (v+ xécose),
2/3 _
D' = 9?271)1,2%? [@{;{ - y*0%sin’0
k
—(v + x6 cos 0)2] ,

(A.14)
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and we set /R = R. Therefore, from (A.13), one can obtain

2, 12 q12
P ()

x (r)y=2 3 ,
C*-C"-4(BA-B'A")
i i R (A15)
— 12 12 -1

y'(r)=2 D(A_(ﬂy /7y )A,)
C2-C”-4(BA-B'A)

Here, if the rotational motion vanishes (8 = 0), one can see
that coefficients of x' y’ vanish (C = C" = 0) and our solutions
recover the motion of quark-antiquark pair without rotation.
In order to obtain drag force we use reality condition and find

1 2
(=
nl )’
Then one can find two equations as C> — 4AB = 0 and c” -
4A'B' = 0. These equations specify 7. and 7'[)1,, respectively.

A B C D

oD (A.16)

B. Jet-Quenching

First of all we introduce light-cone coordinates x* = (t +
x')/V/2 and rewrite the metric (1) in the following form:

FEN l(WW Ji )((dx+)2 +(dx7)’)

AN ZE
w32 fe _
_ ( = + FZE dxtdx (B.1)

2 er
o (L (dxd +axd) + 2 ).
. (Rz(x2+ )+ o

We begin with the general relation for the jet-quenching
parameter,

. Sy
g=8V2 B (B.2)
where §; = S - S, (S denotes gq pair action and S, denotes
the action of isolated g and g). It means that the jet-quenching
parameter is proportional to energy of the string, so we expect
that this quantity will be opposite to the drag force which is
indeed energy loss of the string. Therefore, calculation of the
jet-quenching parameter reduces to obtain actions S and S,,.
One can image the situation with an open string whose
endpoints lie on the brane. In the light-cone coordinates, the
string may be described by (7, 0). We use the static gauge
where 7 = x” and 0 = x* = y, and all other coordinates are
considered as constants. In that case —-L/2 < y < L/2 and
L™ < x™ <0, and because of L™ > L one can assume that the
world-sheet is invariant along the x~ direction. Therefore, the
string may be described by the function r( y), so the boundary

1

condition is #(£L/2) = oo. Then the Nambu-Goto action is
given by

\/EL* L/2 %2/3],2 fk r2 1 2
S = 27-[(x’ J dy R2 — %1/3 E + f—r .
0 k
(B.3)

One can remove the ' by using the equation of motion. For
the low energy limit (E — 0) one can obtain

g L der 200 (PP Sy
2na )y, fr R2 203

RZ
1 .
* [ T @R - fk/?ﬂ”)Brz]

(B.4)

Now, one can extract action S, which can be interpreted as the
self-energy of the isolated quark and the isolated antiquark. In
that case one can obtain

= (%) 1/3 1/3.2
So L—j erZ% (% r__t ) (B.5)

" 2! " fi R2 o

Therefore, we can extract S; as the following:

g L L r" ir 2R*
" VB2na' ), (72°r*|R? - f|7') Bfyrt
(B.6)

These relations give us the jet-quenching parameter.
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