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Plan

 Jet Quenching : Introduction
 Open-Closed Duality 
  AdS/CFT and QCD 
 Black Hole and Thermalization
 Duality of Gluon propagation
 gravity dual of RHIC collision.
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RHIC@Brookhaven NL



Au-Au collision

Relativistic Heavy Ion Collider  
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Relativistic Heavy Ion Collider  

 E~100 GeV/nucleon

 Seek QGP  

 Nuclei-Nuclei collisions at 
high energy are very different 
from a simple superposition of 
pp/np/nn   
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What is discovered?

• Original Aim: QGP, 
                   weakly interacting. 

• Found something else!
--a system with Thermal behavior 
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Evidence of Thermal Equilibium

 1. Abundance ratios for particle species 
shows equilibrium at freeze-out. 

 2. Flow :  Evidence of collective interaction.
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Flow

Anisotropy due to strong collective interaction 
and depends on the degree of thermalization.
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Implication of Thermalization 

 means Equilibrated 
 Eqb. in such time scale 

 
➡ Strongly interacting! 

call it sQGP
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Yet more interesting phenomena 

  and Another eveidence for 
strong interaction character is 

             

   Jet Quenching 

10



 p+p and d+Au data show the existence of back-to-back pairs of jets. 
Central Au+Au data show the jet peak around the trigger particle, at 0 
degrees, but no recoil jets. Such absence of recoil jet is expected in 

the case of strong energy loss in a dense medium.

Jet quenching in RHIC



Jet quenching in RHIC

• Jets of pp 
do not appear in Au-Au collision.

• Gluon absorbed in medium by recollision, 
all by strong character  Thermalization.
Impossible to handle in QCD.

The most dramatic observation in RHIC.



Central Question

1. What happen to the asymptotic freedom?

Why medium has strong coupling? 

2. How to deal with strong coupling?
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In this talk, I Claim:  
 Jet quenching is described by AdS-Black Hole 

More specifically: 

THE MEDIUM CREATED BY RHIC COLLISION is 
described by the dual of  ADS-BLACK HOLE.

Furthermore: 
The whole process of RHIC collision can be 
described by a CLASSICAL GRAVITY
As far as the YM-coupling is strong!
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Steps: 

 What is AdS/CFT?
 What is gravity dual of thermalized YM? 

AdS-BH!
 What is dual of gluon propagation in 

deconfined phase?  
 Jet-Quenching in AdS/CFT?
 Dual of collision process?
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       Need

 a Digression for string theory 
         by a few slides
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Low energy character of string Th:              
             Massless spectrum

 Open String:                         :gauge theory

 
 Closed string:                        : gravity

J=spin from vibration of string,

   -1=12(1+2+3+…)=regulated mass 
from quantum fluctuation of string
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Open closed duality

unlike a point particle,

Objects with Structure like strings 
 requires Consistency. 
     Various String Dualities

Among them, what we need here is 

Open-closed duality
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 Open-closed string connections

 Open → closed St. perturbatively

  Closed  → Open sting  only via D-brane
 
It’s a nonperturbative effect 
                                         discovered  only in 90’
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      -brane

 Closed string soliton- a nonperturbative 
object.

 That this object has dual description by 
dynamics of open string ending on it, is 
the major discovery of 90’
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Gauge-Gravity duality
 Open 1-loop(→) /Closed tree↑ 

(string dynamics 
according to time direction.

 Open=gauge/Closed=gravity

 Hence gauge/gravity duality.

 Such duality is formulated by 
Maldacena exactly as 
AdS/CFT correspondence.

→
↑
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 From D-brane side : 
open string ⇒ gauge theory ⇒ SYM, N=4

 From gravity side: 

For p=3, it has D3 solution:

Near r~0, geometry   ⇒  
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added on the worldsheet beyond the four embedding coordinates of the string to ensure
consistency of the theory. In the standard quantization of four dimensional string
theory an additional field called the Liouville field arises [4], which may be interpreted
as a fifth space-time dimension. Polyakov has suggested [47, 48] that such a five
dimensional string theory could be related to four dimensional gauge theories if the
couplings of the Liouville field to the other fields take some specific forms. As we will
see, the AdS/CFT correspondence realizes this idea, but with five additional dimensions
(in addition to the radial coordinate on AdS which can be thought of as a generalization
of the Liouville field), leading to a standard (critical) ten dimensional string theory.

1.3 Black p-Branes

The recent insight into the connection between large N field theories and string theory
has emerged from the study of p-branes in string theory. The p-branes were originally
found as classical solutions to supergravity, which is the low energy limit of string
theory. Later it was pointed out by Polchinski that D-branes give their full string
theoretical description. Various comparisons of the two descriptions led to the discovery
of the AdS/CFT correspondence.

1.3.1 Classical Solutions

String theory has a variety of classical solutions corresponding to extended black holes
[49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59]. Complete descriptions of all possible black
hole solutions would be beyond the scope of this review, and we will discuss here only
illustrative examples corresponding to parallel Dp branes. For a more extensive review
of extended objects in string theory, see [60, 61].

Let us consider type II string theory in ten dimensions, and look for a black hole
solution carrying electric charge with respect to the Ramond-Ramond (R-R) (p + 1)-
form Ap+1 [50, 55, 58]. In type IIA (IIB) theory, p is even (odd). The theory contains
also magnetically charged (6−p)-branes, which are electrically charged under the dual
dA7−p = ∗dAp+1 potential. Therefore, R-R charges have to be quantized according to
the Dirac quantization condition. To find the solution, we start with the low energy
effective action in the string frame,

S =
1

(2π)7l8s

∫
d10x

√
−g

(

e−2φ
(
R + 4(∇φ)2

)
− 2

(8 − p)!
F 2

p+2

)

, (1.9)

where ls is the string length, related to the string tension (2πα′)−1 as α′ = l2s , and Fp+2

is the field strength of the (p + 1)-form potential, Fp+2 = dAp+1. In the self-dual case
of p = 3 we work directly with the equations of motion. We then look for a solution
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Mills Lagrangian plus some higher derivative corrections, for example terms of the
form α′2Tr(F 4). Finally, Sint describes the interactions between the brane modes and
the bulk modes. The leading terms in this interaction Lagrangian can be obtained by
covariantizing the brane action, introducing the background metric for the brane [150].

We can expand the bulk action as a free quadratic part describing the propagation
of free massless modes (including the graviton), plus some interactions which are pro-
portional to positive powers of the square root of the Newton constant. Schematically
we have

Sbulk ∼ 1

2κ2

∫ √
gR ∼

∫
(∂h)2 + κ(∂h)2h + · · · , (3.2)

where we have written the metric as g = η+κh. We indicate explicitly the dependence
on the graviton, but the other terms in the Lagrangian, involving other fields, can be
expanded in a similar way. Similarly, the interaction Lagrangian Sint is proportional to
positive powers of κ. If we take the low energy limit, all interaction terms proportional
to κ drop out. This is the well known fact that gravity becomes free at long distances
(low energies).

In order to see more clearly what happens in this low energy limit it is convenient
to keep the energy fixed and send ls → 0 (α′ → 0) keeping all the dimensionless
parameters fixed, including the string coupling constant and N . In this limit the
coupling κ ∼ gsα′2 → 0, so that the interaction Lagrangian relating the bulk and the
brane vanishes. In addition all the higher derivative terms in the brane action vanish,
leaving just the pure N = 4 U(N) gauge theory in 3 + 1 dimensions, which is known
to be a conformal field theory. And, the supergravity theory in the bulk becomes free.
So, in this low energy limit we have two decoupled systems. On the one hand we have
free gravity in the bulk and on the other hand we have the four dimensional gauge
theory.

Next, we consider the same system from a different point of view. D-branes are
massive charged objects which act as a source for the various supergravity fields. As
shown in section 1.3 we can find a D3 brane solution [58] of supergravity, of the form

ds2 = f−1/2(−dt2 + dx2
1 + dx2

2 + dx2
3) + f 1/2(dr2 + r2dΩ2

5) ,

F5 = (1 + ∗)dtdx1dx2dx3df
−1 ,

f = 1 +
R4

r4
, R4 ≡ 4πgsα

′2N .

(3.3)

Note that since gtt is non-constant, the energy Ep of an object as measured by an
observer at a constant position r and the energy E measured by an observer at infinity
are related by the redshift factor

E = f−1/4Ep . (3.4)
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This means that the same object brought closer and closer to r = 0 would appear to
have lower and lower energy for the observer at infinity. Now we take the low energy
limit in the background described by equation (3.3). There are two kinds of low energy
excitations (from the point of view of an observer at infinity). We can have massless
particles propagating in the bulk region with wavelengths that becomes very large, or
we can have any kind of excitation that we bring closer and closer to r = 0. In the
low energy limit these two types of excitations decouple from each other. The bulk
massless particles decouple from the near horizon region (around r = 0) because the
low energy absorption cross section goes like σ ∼ ω3R8 [10, 11], where ω is the energy.
This can be understood from the fact that in this limit the wavelength of the particle
becomes much bigger than the typical gravitational size of the brane (which is of order
R). Similarly, the excitations that live very close to r = 0 find it harder and harder to
climb the gravitational potential and escape to the asymptotic region. In conclusion,
the low energy theory consists of two decoupled pieces, one is free bulk supergravity
and the second is the near horizon region of the geometry. In the near horizon region,
r " R, we can approximate f ∼ R4/r4, and the geometry becomes

ds2 =
r2

R2
(−dt2 + dx2

1 + dx2
2 + dx2

3) + R2 dr2

r2
+ R2dΩ2

5, (3.5)

which is the geometry of AdS5 × S5.

We see that both from the point of view of a field theory of open strings living
on the brane, and from the point of view of the supergravity description, we have
two decoupled theories in the low-energy limit. In both cases one of the decoupled
systems is supergravity in flat space. So, it is natural to identify the second system
which appears in both descriptions. Thus, we are led to the conjecture that N = 4
U(N) super-Yang-Mills theory in 3+1 dimensions is the same as (or dual to) type IIB
superstring theory on AdS5 × S5 [5].

We could be a bit more precise about the near horizon limit and how it is being
taken. Suppose that we take α′ → 0, as we did when we discussed the field theory
living on the brane. We want to keep fixed the energies of the objects in the throat
(the near-horizon region) in string units, so that we can consider arbitrary excited
string states there. This implies that

√
α′Ep ∼ fixed. For small α′ (3.4) reduces to

E ∼ Epr/
√

α′. Since we want to keep fixed the energy measured from infinity, which
is the way energies are measured in the field theory, we need to take r → 0 keeping
r/α′ fixed. It is then convenient to define a new variable U ≡ r/α′, so that the metric
becomes

ds2 = α′
[

U2

√
4πgsN

(−dt2 + dx2
1 + dx2

2 + dx2
3) +

√
4πgsN

dU2

U2
+

√
4πgsNdΩ2

5

]

. (3.6)

This can also be seen by considering a D3 brane sitting at %r. As discussed in section
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Near horizon geometry of D3

  

Circumference

r

Throat 
geometry=

AdS5

D3

Flat case  (=      )
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AdS/CFT duality: Summary

1. String theory in 5d AdS  is dual to  
N =4 Super Yang Mill in 4d.

2. 5d v.s 4d  ⇒ Holographic 
correspondence.

3.  For large t’ Hooft 
coupling,                  , 
string theory ⇒ classical gravity.

4. Small coupling: hard theory.

4d,N=4
SYM with CFS

 

€ 

SO(4,2)

5d AdS
with isometry

€ 

SO(4,2)

€ 

R = λ1/4
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Gluon propagation in  AdS background 

 Mikhailov(hep-th/0305196)

calculated energy of ripple along the string from 
N to S passing through the center. 

N

S

Lienard  formular for the radiation 
apart from  square root
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Holography of radiation 
                                             SJS with Zahed

 gluon propagation at boundary v.s 
null geodesic along the path passing the 
center. 

 We get point-sphere correspondence.

Position of P

r(  )=Rtan
P
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Holography of radiation in 
Black hole background

P will be absorbed into the BH or never get to it 
according to the observer.

The dual picture to this is stopping at 

P

Maximal propagation 
distance=
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A prediction 

 At fixed temp. 
Hadrons of size less 
than 
will not show the Jet 
quenching phenomena. 

Or, 
 For a fixed radius of 
nuclei, at low 
temperature, J-Q will 
not appear.

28

€ 

1 /πT

Size 
of hadron

Situation of 
No Jet Quenching
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  Gravity dual of RHIC collision

                 More on
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Sequence of events after mini-bang

1. Formation of High-T  QGP 

2. Expand and cool, at  Tc : QGP to Hadrons.  

3. Freeze-out : hadrons no longer interact with 
each other.  
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Corresponding Questions 
     for Dual Gravity: 

31

 Thermalization: Creation of AdS-BH 

 Fireball cooling: Evolution of B.H.

 Deconfinement P.T: Hawking-Page P.T  

 Fate of  the Black hole? 
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Gravity description of             dynamics

      dynamics is described by the AdS 
string.

→
  
ti
m
e
        

↑
 i
n
n
e
r 
A
d
S
 

V = − c

L
, where c = 4π2(2g2

Y MN)1/2

Rey + Y ee,Maldacena
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String picture of scattering

For sufficiently small 

 

D

C

D

A

B

C

D

A

B

A

B

C

Figure 2: At each interaction vertex of two scattering mesons a closed string must pop up. This is

a unique feature of AdS space that does not take place easily in flat space.

3.3 Creation of Closed Strings

Short of solving the pertinent gravity equations in bulk with light-like wall-wall initial

conditions as described geometrically above, we will provide some heuristic arguments for

how the black-hole may form in bulk. The key idea is that as these walls come closer to

each other on the boundary they involve parton-parton and hadron-hadron scattering.

The many parton collisions at the boundary trigger i. elastic collisions which are dual

to massive closed strings; ii. inelastic collisions which are dual surface flips. An example

of the former process is shown in Fig. 3. Since the minimal string is not a straightline

connecting two sources on the boundary (infinite warping factor), the string must stretch

inside the AdS space [28, 29]. As two mesonic composites come together, the recombination

from AB + CD to AD + BC should happen just before B and C touch each other, since

that is energetically favored. For example, when the separation (in boundary) of AB and

BC are both L and that of BC is ε, then for small enough ε the difference of total lengths

of the string is

lAB + lCD − lAD − lBC = −2
c

L
+

c

2L + ε
+

c

ε
> 0, (6)

where c is just a constant. Thus in a hadron-hadron scattering process, recombination of

the string must arise at the vertex (where B and C coincide) generating a closed string.

This is a remarkable feature of AdS space with no analogue in flat geometry. Although the

above example is for pure AdS, we expect the mechanism to be universal regardless of the

geometry in the IR region if the UV region remains AdS.

Each of these liberate closed strings that fall in the AdS space under AdS gravity.

Some of the the closed string states can be in a black hole state if sufficiently much energy is

contained in a small enough region. However, the creation of the such black holes does not

11

S − J. Sin, to appear
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Closed string creation  

 This process is unusual from flat 
space string point of view. 

 The unusual effectiveness of  creation 
of closed string.

 1 for each interaction vertex.
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What is gauge theory object for this?

 Lots of Glue  balls!

 This unusual object is responsible to 
the unusual effectiveness of 
thermalization.

 What is then gravity picture of 
thermalization due to these glueballs?
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Formation of AdS-BH

 The closed strings can leave the bdry and 
reach the center of AdS.

 When multitudes of closed strings arrive at 
the same time they form ads black hole. 

 Focus effect of AdS help Equilibrium.
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 Let                  be the transverse 
density.  Then the condition of BH 
formation is 

 Entropy, 
 Hawking temperature,
 
 formation time:

37

BH formation conditions
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Expansion and cooling
 Fixed entropyBH size is fixed.
 CoolingBH is moving apart from us.
 Choose co-ord. S.t we are on the probe 
brane in the BH b.g.

This is the set up of brane cosmology.



11/4/2005 HIM meeting 39

Brane cosmology and cooling

 Use DBI action of probe brane as in 
mirage cosmology: 

 Get the dynamics of the probe brane 
r(t) in warped back ground.

 Motion of brane  Expansion of the 
brane universe(=RHIC fire ball) by 
induced metric.
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Cooling rate

 The brane cosmology says:  

 This is slower than the ideal fluid 
expansion 

 Interaction, not only making the fireball 
fluid, it slows down the expansion.  

 The Hydro. Must be replaced by GR.
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Fate of AdS BH (I)
Hawking Page transition(Large BH)

 Deconfinementconfinement  phase 
transition.

 AdS BH metric and double Wick 
rotated non-extremal D4 solution 
compete. 

 One wins the other according to T.

Z = ... + e−SAdSBH/kT + e−SD4/kT + ...
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Fate of AdS BH (2) 
Hawking Radiation(Small BH)

 One may imagine that the black hole formed is 
not a large black hole but a Small BH.

 Then they are not stable under the Hawking 
evaporation.

 Then the final stage of the black hole is nothing 
but a explosive evaporation which may be dual 
of Hadronization.

 One may calculate the evaporation rate 

42

dM

dt
∼ −(t0 − t)−2/3
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Conclusion 1

1.Formation of ads BH thermalized 
strongly interacting firball. 

2.BH horizon Jet quenching.   

3.Cooling rate  string cosmology
Hyrodynamics must be replaced by 
full GR. 

4.Hawking-Page v.s Hawking Radiation
for the freeze-out.
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Conclusion 2

If you accept sQGP, you’d

better to learn string theory
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