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Quark-Gluon Plasma 

Quark-Gluon Plasma is formed in Heavy Ion Collision at RHIC and LHC. 
  

What is QGP?

A quark-gluon plasma is a phase of QCD which exist at extremely
high temperature and/or density, which consists of free quarks and
gluons.

What is the behaviour of QGP?

I Weak coupled plasma: quasiparticle gas. The viscosity/entropy ratio

⌘

s
⇠ mean free path

de Broglie wavelength
� 1

I Strong coupled plasma: collective flow.

⌘

s
=?

Fundamental theory (QCD) is well known; perturbation theory does
not work. What shall we do?
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Quark-Gluon Plasma 

Shear viscosity 

1 0.08
4s

η
π

= ≈

η
s
< 0.1−0.2

Policastro, Son, and Starinets (2001) N=4 SYM: 

Hydrodynamics prediction:	   Teaney (2003) 

Naive pQCD:  ~1
s
η

AdS/CFT  predicts a universal lower bound for the ratio of shear viscosity to entropy. 

Kovton, Son and Starinets (2003) 

 Lattice:  C0.13 0.03,   at T=1.65 T
s
η
= ± Meyer (2007) 

Rapid thermalization 
Chesler  and Yaffe (2010) 
Janik et all (2012),(2014) 
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Maldacena Conjecture 

Classical	  gravity	  on	  AdSd+1 

Strongly	  coupled	  d	  -‐	  dimensional	  CFT	  which	  lives	  on	  
boundary	  of	  AdSd+1	   

Maldacena	  98	  

Duality	  unproven,	  but	  many	  consistency	  checks	  performed.	  
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AdS/CFT Correspondence 



AdS/CFT Correspondence 

CFTd 

Local Operators                                         Quantum Fields 

AdS/CFT  Dictionary 

Isometry SO(2,d) Conformal symmetry SO(2,d) 

Charges Charges 

Global Symmetry “G” Gauge Symmetry “G” 

Partition Function of operator Classical Action 

Z φ
!
x, z = 0( ) ≡ φ0

!
x( )"

#
$
%e

d 4xφ0
!
x( )Ο !x( )∫

CFT

1dAdS +

Gubser,	  Klebanov,	  
Polyakov’98,	  WiVen’98	  
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Anti-de-Sitter space (AdS5) 

u	  

AdS/CFT Correspondence 

5D	  bulk	  

4D	  boundary	  
0	  

x	   y	  

string propagator 
in the bulk 

Two-point  
correlation functions 

u	  plays	  a	  role	  of	  inverse	  energy	  scale	  in	  4D	  theory	  

2
2

2

dx d x du
ds

u

µ
µ +=
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Hard Probes:	  

Jets are produced within the expanding fireball and probe the QGP. 

Before they become hadronized and  create 

jets, the  scattered quarks radiate energy  

(~ GeV/fm) in the colored medium. 

The presence of hot matter 

modifies the properties of jets. 

QGP exists for  a few fm, making it impossible to study it using any external 

probes.  Use self-generated quarks/gluons/photons  
as probes of the medium 

Probing the hot matter 
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Nuclear Modification Factor:	  

3	  

CMS Preliminary data 
(2012) 

Jet suppression 

Naively, if medium 
has no effect, then  
RAA =1.  
 
 
 
RAA<1 means jet 
quenching 
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Light-Quark in string Setup 
N  = 4 Super-Yang-Mills theory in 4d in 
large NC and strong coupling limit 	   A Classical supergravity on the 

 10d 

Studying the theory at finite temperature Adding black hole to the geometry: 
AdS-schwarzchild metric 

Fundamental quarks in theory  Open strings moving in the 10d 
geometry  

5
5AdS S×λ

D7	   u=0	  

u=um	  

u=uh	  

Fundamental quark is dual to a string in the 
bulk with an endpoint attached to a D7-brane 
ending at um. 
 
 For a massive quark at rest: !! = !!!!!! !

1
!!
− 1
!!

!

Light Quarks                            Falling Strings	  



Thermalization distance 

11

xtherm 

Light quark dynamics highly depends on the initial conditions of  the string:	  

There is no known map between the string initial 
profiles and states in dual field theory. 
 
The only way, is calculating the energy-
momentum tensor of the string on the boundary 
and compare with the QCD results. 



SYM Stress-Tensor 
 

12

10

value of u, u = uc where we should specify the initial
condition needed to solve the equations of motion that
determine the shape of the rotating string. uc has a more
physical interpretation: it is the depth at which the local
velocity of the rotating string, !

0

R(uc), becomes equal
to the speed of light in the five-dimensional spacetime.
This has a simple interpretation from the point of view of
the string worldsheet. It can be verifed that the induced
metric on the string worldsheet gab has an event hori-
zon at u = uc. Thus disturbances on the string become
causally disconnected across uc. (This suggests that in
the boundary field theory the regime r � R(uc) = R

0

/v
can be thought of as the far field region, while r . R

0

/v
can be thought of as the near field region.) Even though
the AdS

5

spacetime with metric GMN has zero tempera-
ture, the worldsheet metric is that of a (1+1)-dimensional
Schwarzschild black hole whose horizon is at u = uc and
whose Hawking temperature is given by

T
ws

=
1

2⇡�uc
=

1

�
T

Unruh

(3.29)

where T
Unruh

= a
2⇡ is the Unruh temperature for an ac-

celerated particle with proper acceleration a. As it ra-
diates, the rotating test quark should experience small
kicks which would lead to Brownian motion in coordi-
nate space if the quark had finite mass. At strong cou-
pling such fluctuations can be found from small fluctua-
tions of the worldsheet fields XM (t, u) in the worldsheet
black hole geometry. The thermal nature of the world-
sheet metric indicates that such Brownian motion can be
described as if due to the presence of a thermal medium
with a temperature given by (3.29).

B. Gravitational perturbation set-up

In the limit N
c

! 1, the 5d gravitational constant
is parametrically small and consequently the presence of
the string acts as a small perturbation on the geometry.
To obtain leading order results in 1/N

c

we write the full
metric as

GMN = G(0)

MN + hMN , (3.30)

where G(0)

MN is the unperturbed metric (3.1), and lin-
earize the resulting Einstein equations in the perturba-
tion hMN . This results in the linearized equation of mo-
tion

� D2 hMN + 2DP D
(MhN)P � DMDN h + 8

L2 hMN

+
�
D2h � DP DQ hPQ � 4

L2 h
�
G(0)

MN = 22

5

tMN ,
(3.31)

where h ⌘ hM
M , DM is the covariant derivative under

the background metric (3.1), 2

5

is the 5d gravitational
constant and tMN is the 5d stress tensor of the string. In
N = 4 SYM theory, 2

5

= 4⇡2L3/N2

c , but this relation
would be di↵erent in other strongly coupled conformal
field theories with dual gravitational descriptions. We
shall see that 2

5

does not appear in any of our results.

According to the gauge/gravity dictionary, the on-shell
gravitational action

SG =
1

22

5

Z
d5x

p�G

✓
R +

12

L2

◆
+ SGH (3.32)

is the generating functional for the boundary stress ten-
sor [17, 18]. Here, G is the determinant of GMN , R is its
Ricci scalar, and SGH is the Gibbons-Hawking boundary
term [27], discussed and evaluated in the present context
in Ref. [25]. The 5d metric GMN induces a 4d metric gµ⌫

on the boundary of the the 5d geometry. The boundary
metric is related to the bulk metric by

gµ⌫(x) ⌘ lim
u!0

u2

L2

Gµ⌫(x, u) . (3.33)

Because GMN / 1/u2, the rescaling by u2 in (3.33) yields
a boundary metric that is regular at u = 0. The bound-
ary stress tensor is then given by [17]

Tµ⌫(x) =
2p�g

�S
G

�gµ⌫(x)
, (3.34)

with g denoting the determinant of gµ⌫ . We see that in
order to compute the boundary stress tensor, one needs
to find the string profile dual to the rotating quark and
compute its 5d stress tensor tMN . One then solves the
linearized Einstein equations (3.31) in the presence of
the string source and then extracts the boundary stress
tensor from the variation of the on-shell gravitational ac-
tion, as in (3.34). The 2

5

dependence drops out because
SG / 1/2

5

while we see from (3.31) that the perturbation
to the metric is proportional to 2

5

.

We determined the string profile in Section III.A. From
this, we may now compute the 5d string stress tensor,
which is what we need in order to determine the metric
perturbation due to the string. In general,

tMN = � T
0p�G

p�ggab@aXM@bX
N�3(r � rs) . (3.35)

For the rotating string given by (3.6) and (3.7) with
(3.17) and (3.19), this reduces to

Presence of string source with the following 
energy-momentum profile in the bulk perturb 
the metric: 
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value of u, u = uc where we should specify the initial
condition needed to solve the equations of motion that
determine the shape of the rotating string. uc has a more
physical interpretation: it is the depth at which the local
velocity of the rotating string, !

0

R(uc), becomes equal
to the speed of light in the five-dimensional spacetime.
This has a simple interpretation from the point of view of
the string worldsheet. It can be verifed that the induced
metric on the string worldsheet gab has an event hori-
zon at u = uc. Thus disturbances on the string become
causally disconnected across uc. (This suggests that in
the boundary field theory the regime r � R(uc) = R

0

/v
can be thought of as the far field region, while r . R

0

/v
can be thought of as the near field region.) Even though
the AdS

5

spacetime with metric GMN has zero tempera-
ture, the worldsheet metric is that of a (1+1)-dimensional
Schwarzschild black hole whose horizon is at u = uc and
whose Hawking temperature is given by

T
ws

=
1

2⇡�uc
=

1

�
T

Unruh

(3.29)

where T
Unruh

= a
2⇡ is the Unruh temperature for an ac-

celerated particle with proper acceleration a. As it ra-
diates, the rotating test quark should experience small
kicks which would lead to Brownian motion in coordi-
nate space if the quark had finite mass. At strong cou-
pling such fluctuations can be found from small fluctua-
tions of the worldsheet fields XM (t, u) in the worldsheet
black hole geometry. The thermal nature of the world-
sheet metric indicates that such Brownian motion can be
described as if due to the presence of a thermal medium
with a temperature given by (3.29).

B. Gravitational perturbation set-up

In the limit N
c

! 1, the 5d gravitational constant
is parametrically small and consequently the presence of
the string acts as a small perturbation on the geometry.
To obtain leading order results in 1/N

c

we write the full
metric as

GMN = G(0)

MN + hMN , (3.30)

where G(0)

MN is the unperturbed metric (3.1), and lin-
earize the resulting Einstein equations in the perturba-
tion hMN . This results in the linearized equation of mo-
tion

� D2 hMN + 2DP D
(MhN)P � DMDN h + 8

L2 hMN

+
�
D2h � DP DQ hPQ � 4

L2 h
�
G(0)

MN = 22

5

tMN ,
(3.31)

where h ⌘ hM
M , DM is the covariant derivative under

the background metric (3.1), 2

5

is the 5d gravitational
constant and tMN is the 5d stress tensor of the string. In
N = 4 SYM theory, 2

5

= 4⇡2L3/N2

c , but this relation
would be di↵erent in other strongly coupled conformal
field theories with dual gravitational descriptions. We
shall see that 2

5

does not appear in any of our results.

According to the gauge/gravity dictionary, the on-shell
gravitational action

SG =
1

22

5

Z
d5x

p�G

✓
R +

12

L2

◆
+ SGH (3.32)

is the generating functional for the boundary stress ten-
sor [17, 18]. Here, G is the determinant of GMN , R is its
Ricci scalar, and SGH is the Gibbons-Hawking boundary
term [27], discussed and evaluated in the present context
in Ref. [25]. The 5d metric GMN induces a 4d metric gµ⌫

on the boundary of the the 5d geometry. The boundary
metric is related to the bulk metric by

gµ⌫(x) ⌘ lim
u!0

u2

L2

Gµ⌫(x, u) . (3.33)

Because GMN / 1/u2, the rescaling by u2 in (3.33) yields
a boundary metric that is regular at u = 0. The bound-
ary stress tensor is then given by [17]

Tµ⌫(x) =
2p�g

�S
G

�gµ⌫(x)
, (3.34)

with g denoting the determinant of gµ⌫ . We see that in
order to compute the boundary stress tensor, one needs
to find the string profile dual to the rotating quark and
compute its 5d stress tensor tMN . One then solves the
linearized Einstein equations (3.31) in the presence of
the string source and then extracts the boundary stress
tensor from the variation of the on-shell gravitational ac-
tion, as in (3.34). The 2

5

dependence drops out because
SG / 1/2

5

while we see from (3.31) that the perturbation
to the metric is proportional to 2

5

.

We determined the string profile in Section III.A. From
this, we may now compute the 5d string stress tensor,
which is what we need in order to determine the metric
perturbation due to the string. In general,

tMN = � T
0p�G

p�ggab@aXM@bX
N�3(r � rs) . (3.35)

For the rotating string given by (3.6) and (3.7) with
(3.17) and (3.19), this reduces to

Metric perturbation hMN : 
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value of u, u = uc where we should specify the initial
condition needed to solve the equations of motion that
determine the shape of the rotating string. uc has a more
physical interpretation: it is the depth at which the local
velocity of the rotating string, !

0

R(uc), becomes equal
to the speed of light in the five-dimensional spacetime.
This has a simple interpretation from the point of view of
the string worldsheet. It can be verifed that the induced
metric on the string worldsheet gab has an event hori-
zon at u = uc. Thus disturbances on the string become
causally disconnected across uc. (This suggests that in
the boundary field theory the regime r � R(uc) = R

0

/v
can be thought of as the far field region, while r . R

0

/v
can be thought of as the near field region.) Even though
the AdS

5

spacetime with metric GMN has zero tempera-
ture, the worldsheet metric is that of a (1+1)-dimensional
Schwarzschild black hole whose horizon is at u = uc and
whose Hawking temperature is given by

T
ws

=
1

2⇡�uc
=

1

�
T

Unruh

(3.29)

where T
Unruh

= a
2⇡ is the Unruh temperature for an ac-

celerated particle with proper acceleration a. As it ra-
diates, the rotating test quark should experience small
kicks which would lead to Brownian motion in coordi-
nate space if the quark had finite mass. At strong cou-
pling such fluctuations can be found from small fluctua-
tions of the worldsheet fields XM (t, u) in the worldsheet
black hole geometry. The thermal nature of the world-
sheet metric indicates that such Brownian motion can be
described as if due to the presence of a thermal medium
with a temperature given by (3.29).

B. Gravitational perturbation set-up

In the limit N
c

! 1, the 5d gravitational constant
is parametrically small and consequently the presence of
the string acts as a small perturbation on the geometry.
To obtain leading order results in 1/N

c

we write the full
metric as

GMN = G(0)

MN + hMN , (3.30)

where G(0)

MN is the unperturbed metric (3.1), and lin-
earize the resulting Einstein equations in the perturba-
tion hMN . This results in the linearized equation of mo-
tion

� D2 hMN + 2DP D
(MhN)P � DMDN h + 8

L2 hMN

+
�
D2h � DP DQ hPQ � 4

L2 h
�
G(0)

MN = 22

5

tMN ,
(3.31)

where h ⌘ hM
M , DM is the covariant derivative under

the background metric (3.1), 2

5

is the 5d gravitational
constant and tMN is the 5d stress tensor of the string. In
N = 4 SYM theory, 2

5

= 4⇡2L3/N2

c , but this relation
would be di↵erent in other strongly coupled conformal
field theories with dual gravitational descriptions. We
shall see that 2

5

does not appear in any of our results.

According to the gauge/gravity dictionary, the on-shell
gravitational action

SG =
1

22

5

Z
d5x

p�G

✓
R +

12

L2

◆
+ SGH (3.32)

is the generating functional for the boundary stress ten-
sor [17, 18]. Here, G is the determinant of GMN , R is its
Ricci scalar, and SGH is the Gibbons-Hawking boundary
term [27], discussed and evaluated in the present context
in Ref. [25]. The 5d metric GMN induces a 4d metric gµ⌫

on the boundary of the the 5d geometry. The boundary
metric is related to the bulk metric by

gµ⌫(x) ⌘ lim
u!0

u2

L2

Gµ⌫(x, u) . (3.33)

Because GMN / 1/u2, the rescaling by u2 in (3.33) yields
a boundary metric that is regular at u = 0. The bound-
ary stress tensor is then given by [17]

Tµ⌫(x) =
2p�g

�S
G

�gµ⌫(x)
, (3.34)

with g denoting the determinant of gµ⌫ . We see that in
order to compute the boundary stress tensor, one needs
to find the string profile dual to the rotating quark and
compute its 5d stress tensor tMN . One then solves the
linearized Einstein equations (3.31) in the presence of
the string source and then extracts the boundary stress
tensor from the variation of the on-shell gravitational ac-
tion, as in (3.34). The 2

5

dependence drops out because
SG / 1/2

5

while we see from (3.31) that the perturbation
to the metric is proportional to 2

5

.

We determined the string profile in Section III.A. From
this, we may now compute the 5d string stress tensor,
which is what we need in order to determine the metric
perturbation due to the string. In general,

tMN = � T
0p�G

p�ggab@aXM@bX
N�3(r � rs) . (3.35)

For the rotating string given by (3.6) and (3.7) with
(3.17) and (3.19), this reduces to

Linearized Einstein equation for hMN: 
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value of u, u = uc where we should specify the initial
condition needed to solve the equations of motion that
determine the shape of the rotating string. uc has a more
physical interpretation: it is the depth at which the local
velocity of the rotating string, !

0

R(uc), becomes equal
to the speed of light in the five-dimensional spacetime.
This has a simple interpretation from the point of view of
the string worldsheet. It can be verifed that the induced
metric on the string worldsheet gab has an event hori-
zon at u = uc. Thus disturbances on the string become
causally disconnected across uc. (This suggests that in
the boundary field theory the regime r � R(uc) = R

0

/v
can be thought of as the far field region, while r . R

0

/v
can be thought of as the near field region.) Even though
the AdS

5

spacetime with metric GMN has zero tempera-
ture, the worldsheet metric is that of a (1+1)-dimensional
Schwarzschild black hole whose horizon is at u = uc and
whose Hawking temperature is given by

T
ws

=
1

2⇡�uc
=

1

�
T

Unruh

(3.29)

where T
Unruh

= a
2⇡ is the Unruh temperature for an ac-

celerated particle with proper acceleration a. As it ra-
diates, the rotating test quark should experience small
kicks which would lead to Brownian motion in coordi-
nate space if the quark had finite mass. At strong cou-
pling such fluctuations can be found from small fluctua-
tions of the worldsheet fields XM (t, u) in the worldsheet
black hole geometry. The thermal nature of the world-
sheet metric indicates that such Brownian motion can be
described as if due to the presence of a thermal medium
with a temperature given by (3.29).

B. Gravitational perturbation set-up

In the limit N
c

! 1, the 5d gravitational constant
is parametrically small and consequently the presence of
the string acts as a small perturbation on the geometry.
To obtain leading order results in 1/N

c

we write the full
metric as

GMN = G(0)

MN + hMN , (3.30)

where G(0)

MN is the unperturbed metric (3.1), and lin-
earize the resulting Einstein equations in the perturba-
tion hMN . This results in the linearized equation of mo-
tion

� D2 hMN + 2DP D
(MhN)P � DMDN h + 8

L2 hMN

+
�
D2h � DP DQ hPQ � 4

L2 h
�
G(0)

MN = 22

5

tMN ,
(3.31)

where h ⌘ hM
M , DM is the covariant derivative under

the background metric (3.1), 2

5

is the 5d gravitational
constant and tMN is the 5d stress tensor of the string. In
N = 4 SYM theory, 2

5

= 4⇡2L3/N2

c , but this relation
would be di↵erent in other strongly coupled conformal
field theories with dual gravitational descriptions. We
shall see that 2

5

does not appear in any of our results.

According to the gauge/gravity dictionary, the on-shell
gravitational action

SG =
1
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5

Z
d5x

p�G

✓
R +

12

L2

◆
+ SGH (3.32)

is the generating functional for the boundary stress ten-
sor [17, 18]. Here, G is the determinant of GMN , R is its
Ricci scalar, and SGH is the Gibbons-Hawking boundary
term [27], discussed and evaluated in the present context
in Ref. [25]. The 5d metric GMN induces a 4d metric gµ⌫

on the boundary of the the 5d geometry. The boundary
metric is related to the bulk metric by

gµ⌫(x) ⌘ lim
u!0

u2

L2

Gµ⌫(x, u) . (3.33)

Because GMN / 1/u2, the rescaling by u2 in (3.33) yields
a boundary metric that is regular at u = 0. The bound-
ary stress tensor is then given by [17]

Tµ⌫(x) =
2p�g

�S
G

�gµ⌫(x)
, (3.34)

with g denoting the determinant of gµ⌫ . We see that in
order to compute the boundary stress tensor, one needs
to find the string profile dual to the rotating quark and
compute its 5d stress tensor tMN . One then solves the
linearized Einstein equations (3.31) in the presence of
the string source and then extracts the boundary stress
tensor from the variation of the on-shell gravitational ac-
tion, as in (3.34). The 2

5

dependence drops out because
SG / 1/2

5

while we see from (3.31) that the perturbation
to the metric is proportional to 2

5

.

We determined the string profile in Section III.A. From
this, we may now compute the 5d string stress tensor,
which is what we need in order to determine the metric
perturbation due to the string. In general,

tMN = � T
0p�G

p�ggab@aXM@bX
N�3(r � rs) . (3.35)

For the rotating string given by (3.6) and (3.7) with
(3.17) and (3.19), this reduces to

SYM energy-momentum tensor: 
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value of u, u = uc where we should specify the initial
condition needed to solve the equations of motion that
determine the shape of the rotating string. uc has a more
physical interpretation: it is the depth at which the local
velocity of the rotating string, !

0

R(uc), becomes equal
to the speed of light in the five-dimensional spacetime.
This has a simple interpretation from the point of view of
the string worldsheet. It can be verifed that the induced
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causally disconnected across uc. (This suggests that in
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where T
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celerated particle with proper acceleration a. As it ra-
diates, the rotating test quark should experience small
kicks which would lead to Brownian motion in coordi-
nate space if the quark had finite mass. At strong cou-
pling such fluctuations can be found from small fluctua-
tions of the worldsheet fields XM (t, u) in the worldsheet
black hole geometry. The thermal nature of the world-
sheet metric indicates that such Brownian motion can be
described as if due to the presence of a thermal medium
with a temperature given by (3.29).

B. Gravitational perturbation set-up

In the limit N
c

! 1, the 5d gravitational constant
is parametrically small and consequently the presence of
the string acts as a small perturbation on the geometry.
To obtain leading order results in 1/N

c

we write the full
metric as

GMN = G(0)

MN + hMN , (3.30)

where G(0)

MN is the unperturbed metric (3.1), and lin-
earize the resulting Einstein equations in the perturba-
tion hMN . This results in the linearized equation of mo-
tion
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+
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tMN ,
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where h ⌘ hM
M , DM is the covariant derivative under

the background metric (3.1), 2

5

is the 5d gravitational
constant and tMN is the 5d stress tensor of the string. In
N = 4 SYM theory, 2
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= 4⇡2L3/N2

c , but this relation
would be di↵erent in other strongly coupled conformal
field theories with dual gravitational descriptions. We
shall see that 2

5

does not appear in any of our results.

According to the gauge/gravity dictionary, the on-shell
gravitational action

SG =
1

22

5

Z
d5x

p�G

✓
R +

12

L2

◆
+ SGH (3.32)

is the generating functional for the boundary stress ten-
sor [17, 18]. Here, G is the determinant of GMN , R is its
Ricci scalar, and SGH is the Gibbons-Hawking boundary
term [27], discussed and evaluated in the present context
in Ref. [25]. The 5d metric GMN induces a 4d metric gµ⌫

on the boundary of the the 5d geometry. The boundary
metric is related to the bulk metric by

gµ⌫(x) ⌘ lim
u!0

u2

L2

Gµ⌫(x, u) . (3.33)

Because GMN / 1/u2, the rescaling by u2 in (3.33) yields
a boundary metric that is regular at u = 0. The bound-
ary stress tensor is then given by [17]

Tµ⌫(x) =
2p�g

�S
G

�gµ⌫(x)
, (3.34)

with g denoting the determinant of gµ⌫ . We see that in
order to compute the boundary stress tensor, one needs
to find the string profile dual to the rotating quark and
compute its 5d stress tensor tMN . One then solves the
linearized Einstein equations (3.31) in the presence of
the string source and then extracts the boundary stress
tensor from the variation of the on-shell gravitational ac-
tion, as in (3.34). The 2

5

dependence drops out because
SG / 1/2

5

while we see from (3.31) that the perturbation
to the metric is proportional to 2

5

.

We determined the string profile in Section III.A. From
this, we may now compute the 5d string stress tensor,
which is what we need in order to determine the metric
perturbation due to the string. In general,

tMN = � T
0p�G

p�ggab@aXM@bX
N�3(r � rs) . (3.35)

For the rotating string given by (3.6) and (3.7) with
(3.17) and (3.19), this reduces to

On-shell gravitational action: 

hMN has 15 degrees of freedom                        Tµν has 5 degrees of freedom 
 ?



Gauge-Invariants 
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It is possible to construct gauge invariant quantities out of linear combinations of hMN and its 
derivatives.	  
	  

✓ There are just 5 of them.   
✓  Their equation of motions are completely decoupled. 
 
The gauge invariant which is transformed as scalar under rotation Z, can give us the energy 
density of the SYM stress tensor on the boundary: 

Asymptotic behavior of Z:	  

Energy density:	  



Boundary Jet Energy Density in AdS5 
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-� -� -� � � � �
-���

-���

-���

-���

-���

-���

���

�

�

String 1 created at uc=0.1 : 
                              Eq=100 GeV,  Q2=176 GeV2 

String 2 created at uc=0.01 :  
                               Eq=100 GeV,  Q2=6000 GeV2 

One can define the opening angle of jet:   

x	  

y	  
θ

!! = !"#$%&[ !!
!!

]  

!! = !"#$%&[ !!
!!

]  

 
 

!! = 0.13 
 
 
 
 
!! =0.65 

�=���
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�

����

����

����

����

����

����

����

θ

�ϵ
/�
Ω

!! = !"#$%&[ !!
!!

]  

 
 

!! = 0.13 
 
 
 
 
!! =0.65 



15

Thank you 

Thank you 



Back up slides 



Our prescription of jet in AdS/CFT: based on separation of hard and soft sectors 
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Jet Prescription in AdS/CFT 

Jet energy lose rate:	  



Jet Nuclear Modification Factor 
 

RAA
jet ( pT )AdS /CFT ≡

Rmedium
jet ( pT )
RAdS5
jet ( pT )

We define a renormalized RAA  in AdS/CFT:	  

R. Morad and W. A. Horowitz, 
 JHEP 11 (2014) 017  
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∆Esub, ren(pi , L, T ) ≡  
∆Emedium(pi , L, T ) − ∆Evacuum(pi , L, T ) 


