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Outlook 

• Quark-Gluon Plasma(QGP) in heavy-ions collisions(HIC) 

• Holography description of QGP in equilibrium  

• Holography description of formation of 

     QGP in HIC   <=>  Black Holes formation in AdS 

• Thermalization time/Dethermalization time 

• Non-central collisions in holography description  

 



Quark-Gluon Plasma (QGP): a new state of matter 

QGP is  a state of matter formed from deconfined  quarks, antiquarks, 
and gluons at high temperature 

nuclear  
matter  

Deconfined   
phase  

 T increases, or  
  density  increases  

  
     
      

 
            

QCD:     asymptotic freedom, quark confinement  
     
      

 
            



Experiments: Heavy Ions collisions produced a medium 

 HIC are studied in several experiments: 

•      started in the 1990's at the Brookhaven Alternating  

           Gradient Synchrotron (AGS),   

•      the CERN Super Proton Synchrotron (SPS)  

•      the Brookhaven Relativistic Heavy-Ion Collider (RHIC)  

•      the LHC collider at CERN. 
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There are strong experimental evidences that  RHIC or LHC have created 
some medium which behaves collectively: 

 

• modification of particle spectra (compared to p+p) 

• jet quenching  

• high p_T-suppression of hadrons 

• elliptic flow 

• suppression of quarkonium  production 
           

Study of this medium is also related with study of Early Universe 

Fireball at the LHC is denser, larger and longer lived than at RHIC. 



QGP in Heavy Ion Collision and  Early Universe 

• One of the fundamental questions in physics is:     what happens to matter at extreme densities and 
temperatures as may have existed in the first microseconds after the Big Bang  

• The aim of heavy-ion physics is to  create such a state of matter in the laboratory.  
 

Evolution of the Early Universe Evolution of a Heavy Ion Collision 



pp collisions vs heavy ions collisions 
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A. B

Figure 6: A. Central PbPb collisions: the secondary jet is barely visible. B. Suppression of high

momentum part icles (jet quenching). The plot shows that high momentum pions and ⌘-mesons

are suppressed by a factor of 5 and the color neutral photons are not. Picture is taken from [141]
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Figure 7: A.Perturbat ive QCD factorizat ion in hadronic collisions. B. Perturbat ive QCD factor-

izat ion in heavy ion collisions. Yellow waves indicate the presence of a media.

If one considers the collision of two ions just as a superposit ion of a series of pairwise nucleon

collisions, then using data on proton-proton collisions and an est imat ion of pairwise nucleon col-

lisions, one can get est imat ion of the spectrum part icles that produced in a heavy ion collision.

In part icular, in this scenario the heavy ions collision should produce quite a lot of energet ic final

part icles, since some fract ion of the final part icles in proton-proton collisions is quite energet ic.

However, experimental data indicate that there is a suppression of high-energy part icles in the

final state of heavy ion collisions (REFS from Gubser, 1103.3636-remove) [2, 3, 4, 5] and there is

a typical length of order of a few fm 9 that an energet ic part icle can travel through the quark-

gluon plasma before it loses a large fract ion of its original energy. This is a manifestat ion of jet

quenching in heavy ion collisions. Another manifestat ion of jet quenching in heavy ion collisions

9The proton radius is a lit t le less than 1 fm.

�P. Sorensen, Highlights from Heavy Ion Collisions  

                        at RHIC….., 1201.0784[nucl-ex]  

Jet quenching  
 

Central collision 

 I.A., Holographic Description of Heavy Ion Collisions,  PoS ICMP2012 (2012) 025 
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In Fig.5.A. we depict two such jets traversed in opposite direct ions in the hot and dense matter

formed a heavy ion collision.

"Back" jet

Jet

QGP
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Figure 5: Collisions of two ions from the beam point of view. A. The central collision. The red

point shows two jets produced by quarks collision. In the present geometry we see a suppression of

” back-to-back” jet correlat ions. B. The non-central collisions. A drop of fluid with zero pressure

at its edges and a high pressure at its center. The pressure gradients are greater across the short

extent of the ”almond” than they are across its long direct ion. When the drop explodes, the

explosion is azimuthally asymmetric.

.

The right panel, Fig. 5.A, presents a non-central collision in which the impact parameter is

comparable to the nuclear radius from a beam’s eye view. The two Lorentz-contracted nuclei,

think circular “pancakes” , collide only in an blue region (“almond-shaped” region). The frag-

ments of the nuclei outside the blue region that did not collide (“ spectator nucleons” ). If observed

hadrons came from independent nucleon-nucleon collisions occurred within the shaped region, just

by the central limit theorem the final state hadrons would be dist ributed uniformly in azimuthal

angle φ (angle around the beam direct ion). Or in other words, if part icles free stream from the

” almond” region, its shape will not be transferred into momentum space, and the part icles will

be emit ted isotropically. However, uniformly dist ribut ions in azimuthal angle are ruled out by

the experimental data [32]. This observat ion support an hypothesis that nucleus-nucleus colli-

sions produced a strong coupling medium. A non-axially symmetric dist ribut ion of part icles over

momentum is is characterized by ”ellipt ic flow” parameter v2 [33]

dN

dφ
=

N

2⇡
(1 + v2(p? , b) cos(2φ) + ...) (3.1)

here dN is a total number of part icles produced in the angle dφ and other Fourier coefficients are

discarded for simplicity.

One can think about this medium as a fluid and est imate flows according to the laws of

hydrodynamics. In idealized hydrodynamic framework, without hadronizat ion, one relates the

entropy dist ribut ion to mult iplicity, dS/ S ⇠ dN/ N . In hydrodynamics, one can think on the

blue region in Fig. 5.B as a drop of fluid, with zero pressure at its edges and a high pressure at

Non-central collision 

�Elliptic flow 
 

Imprints of anisotropies are more essential for small shear viscosity,  

since usually large viscosity erases stronger irregularity 

...))2cos(),(1(
2

2   
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N
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dN



The nuclear modification factor 
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Figure 6: A. Central PbPb collisions: the secondary jet is barely visible. B. Suppression of high

momentum part icles (jet quenching). The plot shows that high momentum pions and ⌘-mesons

are suppressed by a factor of 5 and the color neutral photons are not. Picture is taken from [141]
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Figure 7: A.Perturbat ive QCD factorizat ion in hadronic collisions. B. Perturbat ive QCD factor-

izat ion in heavy ion collisions. Yellow waves indicate the presence of a media.

If one considers the collision of two ions just as a superposit ion of a series of pairwise nucleon

collisions, then using data on proton-proton collisions and an est imat ion of pairwise nucleon col-

lisions, one can get est imat ion of the spectrum part icles that produced in a heavy ion collision.

In part icular, in this scenario the heavy ions collision should produce quite a lot of energet ic final

part icles, since some fract ion of the final part icles in proton-proton collisions is quite energet ic.

However, experimental data indicate that there is a suppression of high-energy part icles in the

final state of heavy ion collisions (REFS from Gubser, 1103.3636-remove) [2, 3, 4, 5] and there is

a typical length of order of a few fm 9 that an energet ic part icle can travel through the quark-

gluon plasma before it loses a large fract ion of its original energy. This is a manifestat ion of jet

quenching in heavy ion collisions. Another manifestat ion of jet quenching in heavy ion collisions

9The proton radius is a lit t le less than 1 fm.



Multiplicity:  Landau’s/Hologhrapic  formula   
    vs experimental data 

1/4~ NNsMLandau formula 

Plot from: ATLAS  
Collaboration  
1108.6027  
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S. Borsanyi et al., ”The QCD equation of state with dynamical quarks,” arXiv:1007.2580 



QGP as a strongly coupled fluid 

• Conclusion from the RHIC  and LHC experiments:  
appearance of QGP (not a weakly coupled gas of quarks 
and gluons,  but  a strongly coupled fluid).                                             

 
• This makes perturbative methods inapplicable 
 
• The lattice formulation of QCD does not work, since we 

have to study real-time phenomena. 
 

• This has provided a motivation to try to understand the 
dynamics of  QGP through the gauge/string duality 



Dual description of  QGP as a part of Gauge/string duality   

• There is  not yet exist a gravity dual construction for QCD.  

• Differences  between N = 4 SYM and QCD are less significant, when quarks and gluons 
are in the deconfined phase (because of the conformal  symmetry at the quantum level 
N = 4 SYM theory does not exhibit confinement.) 

 

• Lattice calculations show  that QCD exhibits a quasi-conformal behavior  at temperatures 

T >300 MeV and   the equation of state can be  approximated by E = 3 P     (a traceless 

conformal energy-momentum tensor).  

 

• The above observations, have motivated  to use the AdS/CFT correspondence as a tool to 
get  non-perturbative dynamics of QGP.  

 

• There is  the considerable success in description of the static  QGP. 

Review: Solana, Liu, Mateos, Rajagopal, Wiedemann, 1101.0618 



“Holographic description of  quark-gluon plasma” 

 

• Holographic description of  quark-gluon plasma in equilibrium  

 

 

• Holography description of quark-gluon plasma formation  
in heavy-ions collisions 

 

 

 



Holography for  thermal states 

TQFT in  

MD-spacetime 

 

   Black hole 
in AdSD+1-space-time  = 

       Hologhraphic description of QGP 
                                

                              (QGP in equilibruum) 
        

 

TQFT = QFT with  temperature 

 



 AdS/CFT correspondence in Euclidean space. T=0 

denotes Euclidean time ordering 

Hzz 0

+ requirement of  regularity at  horizon 
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Correlators with T=0 AdS/CFT  

Example.  D=2 

t 

Temperatute   M=BHAdS with  

Bose gas    

Vacuum correlators  M=AdS 

x-x’= 



Hologhraphic thermalization 

Thermalization of  QFT in 
Minkowski D-dim space-

time 

   Black Hole formation 
       in Anti de Sitter  
 (D+1)-dim space-time  

Hologhraphic Description of Formation of QGP 
                           

Studies of BH formation in AdSD+1 

Time of thermalization in HIC 

Multiplicity in HIC 

Profit: 



 Formation of BH in AdS.  Deformations of AdS metric 

                                                  leading to BH formation 

• colliding gravitational shock waves   

 

   

 

• drop of a shell of matter with vanishing rest mass       

         ("null dust"),   
              infalling shell geometry = Vaidya metric 

 

 

• sudden perturbations of the metric near the boundary that 
propagate into the bulk 

Gubser, Pufu, Yarom,  Phys.Rev. , 2008  (I) 

Gubser, Pufu, Yarom,  JHEP , 2009           (II) 

Alvarez-Gaume, C. Gomez, Vera,   

Tavanfar,  Vazquez-Mozo,    PRL, 2009 

IA, Bagrov, Guseva, Joukowskaya, E.Pozdeeva            

2009, 2010,2012  JHEP 

Kiritsis, Taliotis,  2011  JHEP 

Chesler, Yaffe,  PRL, 2011 

 Danielsson, Keski-Vakkuri , Kruczenski, 1999 

                     …… 

Balasubramanian +9. PRL, 2011, Phys.Rev.2011 



Deformations of AdS metric by infalling shell  

d+1-dimensional infalling shell geometry is described in Poincar'e coordinates by the Vaidya 
metric  Danielsson, Keski-Vakkuri and  Kruczenski 

1) 

2) 

 Danielsson, Keski-Vakkuri and  Kruczenski 



Correlators via Geodesics in AdS/CFT  
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2 2
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Vacuum correlators:  M=AdS Temperatute:   M=BHAdS 



Thermalization with Vadya AdS 

Equal-time correlators 



Evaporation  vs  thermalization 

No thermalization for large l 



tdethermalization /tthermalization 



tdethermalization /tthermalization 

Data: 



tthermalization 

Data: 

Balasubramanian +9,PRL, 2011,Phys.Rev.2011 

I.A., I.Volovich,1211.6041 

~ nl r



tdethermalization /tthermalization 

Data: 

~ 2therml fm



Thermalization Time  and Centricity 

Non-centricity Kerr-ADS-BH 

In progress with A.Koshelev, A.Bagrov 



Kerr-ADS-BH Geometry 

Geodesics 



Geodesics which start and finish at  

rm r
r

v

v

Figure 2: Example of a non equal-t ime BTZ geodesic completely contained in wedge I, i.e. with

= ˜= 1 and C (3.17) posit ive. AdS3 geodesics with r ∗ > A verify the same pattern.

The value of the constant t0 is set by the boundary condit ions (4.5)

t0 =
t1 + t2

2
+

1

4rh
log Cm− 2 , (4.9)

and we then have

v∗ =
t1 + t2

2
+

1

4rh
log

(r ∗ − rh)2 − A2

(r ∗ + rh)2 − A2
. (4.10)

Invert ing the relat ion between l and the integrals of mot ion A and r ∗ (3.21), we observe

that the second term on the rhs equals − l / 2. Hence we finally obtain

l = t1 + t2 − 2v∗ , (4.11)

which generalizes (4.6) to geodesics with arbit rary spacelike separated endpoints. For an

infalling shell with t rajectory v = 0, represent ing a sudden perturbat ion of the dual CFT

at t = 0, we reproduce the same threshold for thermal behavior as that found in the study

of quantum quenches [25,26].

4.2 N on-equi l ibr ium geodesics

Weturn now to theconstruct ion of geodesics that intersect the infalling shell. Thematching

condit ions for geodesics across the shell have been derived in [15]. Let us briefly reobtain

them here for completeness. Using the affine parameterizat ion, the geodesic equat ions are

ẋ =
r

r 2
, (4.12)

v̈ = − r v̇2 +
r 2

r 3
, (4.13)

r̈ = 2r ṙ v̇ + (r 2 − mΘ(v))v̈ −
1

2
mδ(v)v̇2 , (4.14)

whereΘ(v) is the step funct ion. In the AdS and BTZ backgrounds the geodesic equat ions

contained two integrat ion constants, r ∗ and A, associated to invariance under x and t

t ranslat ions. The collapse geometry only preserves invariance under t ranslat ions in x,

hence above appears only the associated conserved quant ity r ∗. The breakdown of t ime

translat ions implies that the energy parameters in the AdS and BTZ segments of geodesics

that intersect the shell will differ.

– 14 –

Thermal point 

a=0 
* 



Conclusion 
Formation of QGP of 4-dim QCD    Black Hole formation in AdS5 

  

•  Multiplicity: AdS-estimations fit experimental data  

       

 

  
 

•        

 

Non-centricity decreases thermalization time.  

  

 

  

•        

 

  

0.15

data NNS s

•        New phase transition      (T  vs            ) 



BACKUP:  Phase diagram from dual approach  

Formation of trapped surfaces  is only possible 

when Q<Qcr 

Red for  a smeared matter 

Blue for a point-like source   
I.A., A.Bagrov, Joukovskaya, 0909.1294 

   I.A., A.Bagrov, E.Pozdeeva, 1201.6542 


