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|. The Gauge-Gravity Duality
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AdS/CFT Correspondence

J.Maldacena, 1998
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AdS/CFT Background

) D3—brane Solution of Supergravity: Horowitz,Strominger, 1991
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Background Structure: AdS; x S5 (same R?)



HOLOGRAPHY

— Holographic Principle: Brane/Bulk correspondence
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— Brane — Bulk: Holographic Renormalization
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Gauge/Gravity and Boost-invariant Dynamics
Janik, R.P., 2005

hadronic gas

i |, described
mixed phase by hydrodynamics
QGP

pre-equilibrium stage
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Questions

— What is the Gravity Dual of a Flow ?
— QGP: (almost) Perfect fluid behaviour ?
— Hydro regime: I, Transport coefficients, Navier-Stokes ?

— Pre-hydrodynamic stage, thermalization ?



Il. The late time flow

— Boost-invariant T#
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— Proper-time evolution
f(7) o< 777 : Familylndex T, t't" >0=0<s<4

) o< 773 : Perfect Fluid
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— Holographic renormalization:

= Holographic Scaling Variable v at large 7
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Calculation of the Gravity Duals

— Boost-Invariant 5-d F-G metric:
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— Scaling jv = %
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— Asymptotic Solution

a(v) = A()—2m(v)
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AdS/CFT: Selection of the Perfect Fluid

— Kreschtmann Scalar: [R? = R“”aﬁRWag
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AdS/CFT = Perfect Fluid at large 7

Kreschtmann Scalar: R? = R¥*P R,
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A nonsingular background selects a moving Black Hole
geometry corresponding to the perfect fluid at large
proper-times



The Perfect fluid is Dual to a
Fifth-d Moving Black Brane
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— Asymptotic metric
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— BH off in the 5th dimension < Hwa-Bjorken flow
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Hydro beyond the Perfect fluid
Static Case

Kovtun, Policastro, Son, Starinets (2001)

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
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Hydro beyond the Perfect fluid
Dynamic Case

— Going beyond perfect fluid

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

— Going beyond boost-invariance
Fluid/Gravity Duality

Bhattacharyya, Hubeny, Minwalla, Ranganami, Loganayagam,...

T iea = (1) (0" + du) = 2(xT Vo™ +

Ve N/

per fect fluid viscosity
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~
second order hydrodynamics

Going beyond hydrodynamics? Out-of-Equilibrium?
Boost-Invariant Early-time dynamics: part Il



lll. Early-time Boost-Invariant Flow

— General Boost-Invariant Fefferman-Graham metric:

, e a(T,z) d72 i 2e b(T,z) d,yQ Ny c(1,2) dZCi d =2
ds® = 5 + —
Z Z

— Einstein Equation:

Rap + 4G4 =0

— To be solved: (a = 0,a;d’ = d,a;---)
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Preliminaries (1): Quasi-Normal Modes
R.Janik,R.P., 2006

Scalar Excitation of a Moving Black Hole

1 .
A = —=—8, (vV=gg"d:6) = 0
$= = (V—99"9;0)

Scalar “Quasi-Normal Modes”

o(r,v=z/TV%) = f(7) x $(v)

3 .
f(T) — \/F‘]:I:% (5007%) ~ 7—% €§Zw7'2/3

Short Excitation Decay
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e-folding conjecture
JJ Friess, SS Gubser, G. Michalogiorgakis,SS Pufu, 2007

1
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The Black Hole as an “Attractor”



Preliminaries (2): Scaling Solution
Kovchegov, Taliotis, 2007
— Evolution at small (S = 0) vs. large (S = 4/3) proper-time

Assuming Monodromy € Regularity
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— Evaluation of The Isotropization/Thermalization time

Matching : zfl“te(T) — (3/60)i — Z;arly<7_) _
Isotropization : T;s = (3NC2/27T260)3/8

Typical Scale : e(t) = eq 7%|r—g ~ 15 Gev fermi=?

== | Tiso ™ 3 fermai




Early-Time; General Features
G.Beuf, M.Heller, R.Janik, R.P., 2009

— Problems with Scaling at S = 0: Initial Conditions matter

a(t,z) = ...+ 28 {—1/167'_2352—1/67_234—1/67'_235}%—i iiK‘a“z—iiza“Ll}%—
’ s | 96 74 384 74

scaling canceled when s=0

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

Set : u(z?) = iag(z) v(2?) = ibg(z) w(z?) = ic{)(z)

[u—l—v—l—w]SOE/ (u’—l—v’—l—w’)dz2=—2/ (u® 4+ v + w?)zdz”
0 0

— The geometry should stay regular:

Holographic constraint at 7 = 0, 2 ~ 25ing
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— To be satisfied: Initial Conditions + Constraints



Investigations on Thermalization:
Energy Density

— “Family Index": S = —70,¢(7)
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— |.C. Dependence

vt+w = A) . tanh(z?)—tan(z?) B) . tanh(22+28/6)—tan(z?) C) 1 2/328(1422/2)/(22-1)

B): Temporary violation of positivity on 7,

de (T)
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Isotropization
Pressure Density

vVt w = A) : tanh(2?)—tan(z?)

B) : tanh(224-28/6)—tan(2?)



Far-from-equilibrium Dynamics:

Black hole formation

P.M.Chesler, L.G.Yaffe, 2009
4d Time-dependent Shear
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Conclusions and Prospects

Conclusions:

Gauge-Gravity Correspondence
A promising way to study Boost-Invariant Dynamics

Late-time (Hydro)Dynamics
Scaling, “almost-pefect” fluid, Einstein vs. Navier-Stokes

Early-time Dynamics
No scaling, singularity at all times, thermalization studies

Prospects

More Numerical Work
Classifying the thermalization solutions

More “Translation” Work
Relation with initial conditions

More Theoretical Work
Going beyond boost-invariance

From S*QCD to S°QCD 7
Approaching the “Gravity Dual” of QCD

Why Einstein Egs. may govern the QGP?



EXTRA SLIDES



Boost-Invariant Viscosity and Relaxation

time

R.Janik, R.Janik and M.Heller;

e Shear Viscosity equation (first order)

317 T

e Asymptotic Expansion of the Black Hole Solution

a(t,2),b(T, 2),c(t,2) = Z AL () 72n/3

R = RYPR 05 = > R, 77203

e Results
n 1
S  Ar

TRel — (1 —10g2)/27TT

— = — | Universal viscosity (needs n—2 )

Relaxation Time (needs n— 3)



EMERGENCE of the 5d BLACK HOLE

Balasubramanian,de Boer,Minic; Myers; Janik,R.P.

— 4d Perfect Fluid “on the brane”
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— Holographic Renormalisation (Resummed)
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