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The Gauge-Gravity Correspondence
“Duality”: Open String < Closed String
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AdS/CFT Correspondence

J.Maldacena (1998)
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Weak Gravity ——— Strong Coupling
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WHY AdS; ® 557

e Solution of Gravity for D3 Branes: Horowitz,Strominger, 1991
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e “"Maldacena breakthrough™: Maldacena, 1998
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Background Structure: AdS; @ S5 (same R?)



HOLOGRAPHY

e Holographic Principle: Brane/Bulk correspondence
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Confining Geometry

e Brane — Bulk: Holographic Renormalization

K.Skenderis (2002)
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Gauge/Gravity and QGP Dynamics
Janik, R.P. (2005)
Janik, Heller, Benincasa, Buchel...
Kovchegov, Taliotis, Albacete,...
Nakamura,Sin,Kinoshita, Mukoyama, Nakamura, Oda,Natsuume, Okamura,...
Bhattacharyya, Hubeny, Minwalla, Ranganami, Loganayagam,...

hadronic gas

. _, described
mixed phase by hydrodynamics
QGP

pre-equilibrium stage
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Questions

e What is the Gravity Dual of a Flow?

e QGP: (almost) Perfect fluid behaviour, why?

e Universal Transport coefficients, Navier-Stokes, ...
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e Fast Pre (and Out-of)-Equilibrium stage, how and why?



AdS/CFT = Perfect Fluid at large 7

R.Janik, RP (2005)

e Boost-invariant T+ (Bjorken, 1983)

(f(T) 0 0 0
- 0 —7'3ddT (7)—72f(T) 0 0
S 0 f(T)+573f(7) 0

\ O 0 0 )

f(T)ox 77« T tht" >0=0<s<4

f(r) =3 Perfect Fluid
f(T) cc 771 Free streaming
f(T) x 779 Full Anisotropy €E=p| = —pr,

e Holographic renormalization:
= Existence of a Dynamical Scaling
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The Moving Black Hole in 5-d

e Holographic Renormalization:

= Regularity Criterium
R? = RR 08
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Nonsingular Dual Geometry < Perfect Fluid

e Asymptotic metric
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= Black Hole (Brane) Moving off in the 5th dimension
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Horizon : zp(71) = (3/60)% T3

Temperature - T(T) ~ 1/zp ~ 773

Entropy : S(1) ~ Area ~ 7 -1/2} ~ const



Some recent Results

e Beyond perfect fluid

In-flow Viscosity, Relaxation time, Transport Coeff., etc...
Janik, Heller, Bak, Benincasa, Buchel, Nakamura, Sin,......
Kinoshita, Mukoyama, Nakamura, Oda,Natsuume, Okamura,...

e Beyond boost-invariance

General hydrodynamic equations from AdS/CFT

Bhattacharyya, Hubeny, Minwalla, Ranganami, Loganayagam,...
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second order hydrodynamics

e Beyond hydrodynamics?
= Isotropization/Thermalization problem
= Look to boost-invariant early-time dynamics



Early time Boost-Invariant Dynamics

G.Beuf, M.Heller, R.Janik, R.P. (2009)

e General Boost-Invariant Fefferman-Graham metric:
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e Einstein Equation(s):

Rap + 4G4 =0

e Results

— No scaling at early time

— The metric is singular at all times (including 7 = 0!):

— The geometry should stay regular:

— = |nitial Bulk Conditions 4+ Constraints



Transition to the hydrodynamic regime
Energy Density

e Family Index s : (hydro: s =4/3)
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Transition to the hydrodynamic regime

Pressure Isotropisation
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Prospects

In progress:

— Gauge-Gravity Correspondence
A promising way towards QCD at strong coupling

— Results on AdS/CFT — S*QCD Hydrodynamics
Einstein vs. Navier-Stokes, Thermalization,...

— Other studies
Jet Quenching, Quark Dragging, and many others...

What in front of us?

— More Theoretical Work
Gauge/Gravity beyond AdS/CFEFT

— More “Translation” Work
Formulating Observables: V5, Diffraction, Soft /Hard
Interplay

— From S*QCD to S°QCD *?
Construct the “Gravity Dual” of QCD

Why all that seems to work?



EXTRA SLIDES



Initial Conditions: Shock Waves

Vi

nucleus 1

e Dual Shock Wave

e Dual Color Glass Condensate

nucleus 2

Janik,R.P.(2005)

G.Beuf (2009)
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e Shock-wave collisions?

Grumiller,Romatschke ;Albacete, Kovchegov, Taliotis (2008)

But...problems...



HYDRODYNAMICS wvs. GRAVITY

Viscosity on the light of duality

Consider a graviton that falls on this stack of NV D3-branes
Will be absorbed by the D3 branes.
The process of absorption can be looked at from two different perspectives:

o

Absorption by D3 branes (~ viscosity) = absorption by black hole

AdS/CFT corr nden nd th rk-Gluon Plas

Policastro, Son, Starinets (2001)



AdS/CFT: Anisotropy at small 7

Kovchegov, Taliotis arXiv:0705.1234

Evaluation of The Isotropization/Thermalization time
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EMERGENCE of the 5d BLACK HOLE

Balasubramanian,de Boer,Minic (2002)

e 4d Perfect Fluid “on the brane”
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e Holographic Renormalisation (Resummed) Janik,R.P. (2005)
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Strings vs. Reality: Elliptic Flow

Ollitrault (1992)
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Strong Interactions and Strings

Historical Remark

Strings < QCD < Strings
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