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Abstract We study the effect of back reaction on the energy
loss of light quarks in strongly coupled A/ = 4 supersymmet-
ric Yang-Mills (SYM) plasma, by using the AdS/CFT cor-
respondence. We perform the analysis within falling string
and shooting string approaches, respectively. It is shown that
the back reaction, arising from the presence of static heavy
quarks uniformly distributed over SYM, enhances the energy
loss, in agreement with the findings of the drag force and jet
quenching parameter.

1 Introduction

Ithas been widely accepted that the ultra-relativistic nucleus—
nucleus collisions at the Relativistic Heavy-Ion Collider
(RHIC) and Large Hadron Collider (LHC) have created a
new type of matter, called quark—gluon plasma (QGP). One
of the striking features of QGP is jet quenching: when ener-
getic jet partons pass through QGP, they interact with it and
thus lose their energy (for recent reviews of jet quenching, see
for example [1,2]). On the other hand, a lot of experimental
research indicates that QGP behaves as a strongly coupled,
near-perfect fluid [3,4]. Therefore, it is of great interest to
study the jet quenching in strongly coupled settings.

In this regard, the conjectured AdS/CFT duality between
type IIB string theory, formulated on AdSs x §° and N = 4
SYM theories in four dimensions [5—7], provides a powerful
tool for studying various aspects of QGP (see [8] for a recent
review with many phenomenological applications). Already,
the jet quenching of heavy quarks traversing in A' = 4 SYM
plasma has been studied by the drag force extracted from a
trailing string moving in the dual geometry [9,10]. On the
other hand, the energy loss of light quarks traveling through
the same plasma has been analyzed in various ways, such as
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the jet quenching parameter [11,12], falling string [13-17],
and shooting string [18, 19] approaches.

The purpose of this paper is to study the effect of back
reaction on the energy loss of light quarks. As is well known,
the QGP is comprised of a large amount of free quarks and
gluons. That would mean that, if one analyzes the dynamics
of a quark, the back reaction of other quarks may be taken
into account. But as far as we know, it remains difficult to
conduct such a research by considering the back reacting of
the string on the plasma (see [20] for some progress in this
direction). However, Chakrabortty recently proposed [21] a
relatively simple back reacted geometry, parameterized by
the mass of the black hole and long string density. Specifi-
cally, one considers a uniform distribution of infinitely long,
static strings hanging from the boundary of the AdS black
hole and stretching up to the horizon. Due to the presence
of these long strings, the AdS black hole gets back reacted
[21-25]. Later, the drag force [21] and jet quenching param-
eter [22] have been discussed in such a theory. It was found
that the inclusion of back reaction increases the drag force
and jet quenching with the canonical definition of the energy
scale. The absence of local physics makes it difficult to use a
parameter thus enhancing the energy loss. We then ask: how
does such back reaction modify the light quark energy loss?
Does such a back reaction have the same effect on the energy
loss of light quarks as with heavy quarks? We shall attempt
to answer these questions in the present work.

The structure of the paper is as follows. In the next section,
we introduce the back reacted gravity background given in
[21]. In Sects. 3 and 4, we study the effect of back reaction
on the energy loss of light quarks within the falling string and
shooting string approaches, in turn. Finally, we conclude with
the significance of our results in Sect. 4.
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2 Setup

The effect of back reaction could be described by the follow-
ing gravitational action [21]:
S 1

~ 167Gs

/ d°x/=g(R —2A) + Sp, (1

where G5 is the 5-dimensional Newton constant. R denotes
the Ricci scalar. A represents the cosmological constant. Sy,
is the matter part of the action, given by

1
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where 7; is the tension. h*# and g™V are the world-sheet
metric and space-time metric, respectively. «, B are the world
sheet coordinates. 1, v are the space-time directions.

The equations of motion with respect to the action (1) are

1
Ruv — zRg,w + Aguy = 87GsTyy, (3)
with
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where the delta function denotes the source divergences due
to the presence of the strings.
Following [21], one considers the space-time as

ds? = g,l(r)dt2 + grr (r)dr2 + 28, dx%dx?, 5)

where (a,b) run over n—1 space directions.

Using the static gauge r = £°, » = &', the non-vanishing
components of 7#*" become
bgn

pn—1’

bgrr

pn—1’

Tlt [ Trr I (6)

where the strings are considered to be uniformly distributed
over n — | directions with the density

bx)=TY» 8" Vx—X). with b>0. 7
i

By solving the Einstein equation, one has

2

Vi) =K+~ o 2
r)= R2 i1 (n — l)rn73’

®)

where K = 0, —1, 1 depending on whether the boundary is
flat, spherical or hyperbolic, respectively; and R denotes the
AdS radius. In this work we are mostly interested in the case
of K = 0, n = 4. Given that, the metric reads

2
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with
2 bR?
337
where r denotes the coordinate describing the 5th dimension.

The boundary is r = o0o. The horizon is located at r = ry,
defined by f(r;,) = 0. This allows us to write m as

2 4
m=<1—zbi)r—h (11)

2mR?

fory=1-—3— (10)
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The temperature of the black hole is

N T 6ry —bR? 12)
B 2z r=m 6m R}

On the other hand, if one works with z = R? /r as the
radial coordinate, then (9) turns into

2 2
ds? = f_z (—f(z)dt2 + dx? + %) , (13)
with
4 3
fay=1-2me _2h (14)

RO 3 RY’
now the horizon is z = z;, and the boundary is z = 0.

It should be noted that (9) or (13) is thermodynamically
stable under tensor and vector perturbations. Also, it recovers
to usual Ad S5-Schwarzschild black hole for b = 0. For more
details, we refer to [21].

3 Back reaction effect on light quark energy loss
3.1 Falling string

In AdS/CFT, a possible way to study the energy loss of light
quarks is using a falling string. As in previous studies, various
authors [13-17] have used this method to study the energy
loss of massless, high-energy jets passing through N' = 4
SYM plasma in different ways, e.g., with or without the addi-
tion of fundamental-charge matter and specifying different
initial conditions. Interestingly, almost all of the analyses
with respect to the stopping distance traveled by the falling
string in Ad S5-Schwarzschild black hole are consistent. Here
we employ the approach of [16,17], where an R-charged cur-
rent is generated by a massless gauge field in the gravity dual.
The induced current is considered as an energetic jet passing
through the medium. When the wave packet of the mass-
less gauge field falls into the horizon of the dual geometry,
the image jet on the boundary dissipates and thermalizes (in
the medium). The stopping distance is therefore defined as
the distance for a jet passing through the medium before it
thermalizes.
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In the WKB approximation, the wave packet of the gauge
field in the dual geometry is highly localized in the momen-
tum space. Given that, the wave function of the gauge field
can be factorized as

Aj(t,z) =exp |:;l— (quk + / dzqz>i| Aj(t, 2), (15)

where g is the 4-momentum, conserved as the metric pre-
serves the translational symmetry along the 4-dimensional
space-time. g, denotes the momentum along the bulk direc-
tion. Aj (t, z) represents the slow-varying with respect to ¢
and z. j, k are the 4-dimensional space-time coordinates.

In the classical limit (or # — 0), the equation of motion
of the wave pack will reduce to a null geodesic,

0 = (ds?) = dx'g;;dx/ + dzg..dz, (16)
resulting in

dz 1 dxt dx/7Y?
= |8 | (17)
- Jz. dr dx

where A is an affine parameter for the trajectory. The 4-
dimensional translation invariance,

dx/

8ii g (18)
is conserved and proportional to ¢g;, yielding
i L.
o <874 (19)
Then dividing (19) by (17) gives
i ijg.
Cllx_z = Ve (—quk?;z)m' e

To proceed, one assumes the 3-momentum ¢ to point
in one of X directions, say the x3 direction, and writes
gi = (—,0,0,|G|), where w and g are the energy and the
spatial momentum of the particle, respectively. Then from
(13) and (20), the stopping distance for the back reacted grav-
ity background is obtained:

x= /Zh . dz , Q1)
0 (1 &5~ f)V?

where g2 = qir]iqu = —w? + g%
In order to compare with [17], we work with the coordinate
U= 12/4 instead of z. Then (21) becomes

du

(22)

Note that by setting » = 0 and u;, = 1 (which corre-
sponds to 27T = 1) in (22), the stopping distance of SYM

Fig. 1 Left: x/xsym versus b with fixed T. Here we take |g| = 0.99
and R =1

is reproduced, that is,

1
u
syu = /0 S 23)

2
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which is exactly Eq. (2.3) in [17]. We tried to derive the
analytic expression for (22) to see how the stopping distance
scales with the jet’s energy for a given value of b but have
not succeeded yet, so we have to turn to numerics.

InFig. 1, we compare the stopping distance in the medium
with and without back reaction for two different tempera-
tures, where the top is for 77 = 1, while the bottom is for
7T = 0.5. From these figures, one sees that, at fixed = T,
increasing b leads to decreasing x /xsym, indicating that the
stopping distance decreases with the increase in b. Therefore,
one concludes that the inclusion of back reaction decreases
the stopping distance thus enhancing the energy loss of light
quarks, consistently with the findings of the drag force [21]
and the jet quenching parameter [22]. Also, by comparing
the two figures, one finds that the higher is the temperature,
the smaller the absolute value of the slope, which means the
back reaction has a stronger effect on the stopping distance
(or energy loss) at low temperature, in accord with [21,22]
as well.

3.2 Shooting string

In this section, we study the energy loss of light quarks within
the finite-endpoint-momentum shooting string approach, or
in the short shooting string approach [18,19], Therein, one
considers a particular type of classical string motion: the
string endpoint starts near the horizon and then shoots toward
the boundary, carrying some energy and momentum which
is gradually bled off into the rest of the string during its rise.

@ Springer
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Therefore, this motion is termed finite-endpoint-momentum
shooting string motion.

Now we follow the argument in [18, 19] to study the effect
of back reaction on the energy loss of light quarks for the
background metric (13). The instantaneous energy loss is
dE L] 1
dx 27 22
where L denotes the null geodesics that the endpoint follows.
From the above expression one finds that a small z (which
means that the endpoint starts near the boundary) will yield a
large energy loss, implying the jets will be quenched quickly
and will not be observable. To avoid this situation, the strings
need to start close to the horizon.

Here again, one considers the quark moving along the x3
direction. Also, for convenience, we take R = 1. The energy
and momentum of the quark are conserved as

(24)

E = —E&ZZ) (25)
n z

and
1 dx

Pxz = PE (26)

where 7n represents the auxiliary field. Given that, the null
geodesics reads

L= = fd @)
= —_-——= - )—/—.
Pxs dx
The finite-momentum endpoints will move along s> = 0,
leading to

dx\? 1
<d_z> T - f@) (@5)

If the endpoints follow the null geodesics, the denominator
of (28) will vanish at z = z,, resulting in

L=—y[f(zs), (29)

which leads to

dx 1
e 30
dz Vf(ze) — f(2) C0)

Finally, one arrives at the energy loss for the back reacted
gravity background,

d_E:_ 1 \/f(Z*). (31)
dx 2o’ 72

To find how the energy loss depends on b and on x, one
needs to solve the null geodesics equation (30). Note that it is
hard to solve (30) analytically, but it is possible numerically.
The numerical procedures are as follows: 1. Sending z, — 0
and then, for a given value of b, one can numerically integrate
(30) and invert to get z(x). 2. Plugging z(x) into (31) one can
obtain dE /dx as a function of x and b.

@ Springer

Before proceeding, we recall the results of AV = 4 SYM
[19], given by

dE p
(-) = TV 4T, (32)

where T = 1/mzp and A = g%MNC = a% One sees that, for

small, intermediate and large x, dE/dx looks like T2, xT3
and x>T4, respectively.

Let us discuss the results. In the left panel of Fig. 2, we
plot (dE/dx)/(dE/dx)sym against b with fixed tempera-
ture, e.g., 7 T = 0.5, for two different values of x, where the
top is for x = 0.1 while the bottom is for x = 0.01. From
these figures, one can see that increasing b leads to increas-
ing (dE/dx)/(dE/dx)sym, indicating that the inclusion of
back reaction increases the energy loss, in agreement with
the analysis of the stopping distance from the previous sec-
tion and also consistent with findings of the drag force [21]
and jet quenching parameter [22]. Moreover, by comparing
the two figures, one finds that the bigger x is, the larger the
slope of the curve, implying b has stronger effect for large x.

Also, in the right panel of Fig. 2, we plot (dE/dx)/
(dE/dx)sym against b with fixed x = 0.1 for two values
of 7T, where the top is for 77 = 0.5 while the bottom is
for T = 1. It is seen that with the increase in 7', the slope
of the curve decreases, indicating that b has a stronger effect
on the energy loss at low temperature, in agreement with the
findings of the stopping distance. The physical interpretation
of the results will be discussed in the next section.

4 Conclusion and discussion

Using the AdS/CFT correspondence, we studied the effect of
back reaction on the energy loss of a light quark in a strongly
coupled N' = 4 SYM plasma within the falling string and
shooting string approaches, respectively. The back reaction
considered here comes from the presence of static heavy
quarks uniformly distributed over the SYM plasma. The cor-
responding back reaction effect is modeled by means of the
deformation of the geometry due to a finite density string
cloud. For the falling string case, we computed the stop-
ping distance of an image jet induced by a massless source
field, characterized by a massless particle falling along the
null geodesic and found that the inclusion of back reaction
decreases the stopping distance thus enhancing the energy
loss. Meanwhile for the shooting string case, we investi-
gated the instantaneous energy loss using the finite-endpoint-
momentum shooting string approach and observed that the
presence of back reaction increases the energy loss. For both
cases, it is found that the back reaction effect is more pro-
nounced at low temperature. All these results are in agree-
ment with the findings of the drag force [21] and jet quench-
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Fig. 2 (dE/dx)/(dE/dx), versus b

ing parameter [22] analyses. Going one step further, one may
draw the conclusion that the effects of back reaction on the
energy loss of heavy quarks and light quarks are consistent:
the presence of back reaction enhances the quark energy loss.

However, there are some drawbacks with this model. First,
it is a major simplification of the real physical system (the
heavy quarks in homogeneous approximation might not be
consistent with reality), but the hope is that it captures some
of the physics to provide useful insight. Moreover, it is con-
formal, different from QCD. Then considering such an effect
in non-conformal systems would also be instructive.
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