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e QGP and Bjorken Hydrodynamics
QRGP: From Free-Streaming to Perfect-Fluid
e AdS/CFT and QCD Hydrodynamics
4 — 5d: Holographic renormalization
e AdS/CFT = asymptotic perfect fluid dynamics
Horizons vs. singularities

e Fast Thermalization to a perfect fluid

AdS/CFT: Quasi-Normal Modes of a Moving
Black Hole
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AdS/CFT Correspondence (1)

The Origin of String Theory
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AdS/CFT Correspondence (2)

J.Maldacena (1998)

AdS CFT

%\ ()t ’ DS\@
" O

3+
<>/ L= — "

Gravity Source N-Branes
Macroscopic Microscopic
-1
(GN)->0 l gN->0
AdSx S  Superstring SU(N) Gauge Theory on the N-Branes
5 5

Weak Gravity - N Strong Coupling
Strong Gravity Dual Ity Wesk COUp”ng



AdS/CFT Correspondence (3)

Holography
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More on AdS;

e Ds-brane Solution of Super Gravity:
= low energy |IB SuperString

ds? = V2 (=dt? + ) da?) + [P (dr? 4 17d€s)
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e “Maldacena limit":
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Background Structure: AdSs x S5



QGP formation and Relativistic
Hydrodynamics

QGP

e Boost Invariance

hadronic gas
mixed phase |- described

J.D.Bjorken (1982)

by hydrodynamics

pre-equilibrium stage
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o QGP: Perfect fluid behaviour

e Pre-equilibrium stage: Fast



The 4d Energy-Momentum Tensor

e (Constraint Equations

o TTT—i— Tyy+2Tm—0
D, T =71 dTTTT—I—TTT—l— 1y, =0

e Boost-invariant Tensor
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f(r)yoct™ : (0<s<4; Ttht” >0)
f(T) 773 : Perfect Fluid
f(t) <771t : Free streaming



AdS/CFT Correspondence

J.Maldacena (1998)
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4 — 5d:

Holographic Renormalization
K.Skenderis (2002)

e Fefferman-Graham Coordinates:

o Gudatdz’ + dz?
— >

ds

e 4d < Hd metric:

G = 90 (= M) + 2292 (= 0) + 2" g1 (o< (Th)) + - ..

+ ...: from Einstein Egs.



Test on Statics:
4d Perfect Fluid < 5d Black Hole

e 4d Perfect Fluid
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e Derivation of the Fefferman-Graham metrics
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e It is indeed the Static Black Hole
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Boost-Invariant Geometries

e Boost-Invariant 5-d F-G metric:

—eT2) q7r2 4 72eb(12) 4y2 4 eC(T’Z)al:zc2L dz?

ds? = 5 5
z z

e Einstein Equation(s):

la(T, 2),b(T, 2), (T, 2)] = [a(v),b(v), c(v)] + O (TL#)
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v(2d’ (v) (v)+a (V)Y (V)+2V (V) (v)) =64’ (v)—6b (v)—12¢ (v)+vd (v)? =0
3uc' (v)? 4+ vb' (v)? + 20" (v) 4 4vc” (v) — 6V (v) — 12/ (v) 4 20b (v) (v) = 0
20sb” (v) + 2sb' (v) + 8a’ (v) — vsa' (V)Y (v) — 8V (v) + vsb (v)*+
dvsc” (v) + 4sc (v) — 2usd’ (v)c' (v) + 2vsd (v)* =0 .

e Asymptotic Solution

a(v) = A(v)—2m(v)
b(v) = Aw)+ (25 —2)m(v)
clv) = Aw)+ (2—s)m(v)
(1)



Dual of a Perfect Relativistic fluid
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e Asymptotic metric
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e Black Hole off in the 5th dimension
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Free Streaming and general cases
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e Asymptotic metric
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e True Singularities ?

Ricci scalar:

1

Riemann tensor squared:

2
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AdS/CFT: Selection of the Perfect Fluid

e Curvature invariant: |R> = R#8 R0
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where w = v/A(%)



AdS/CFT: Selection of the Perfect Fluid

%QforSZ%i.l

o1
o
]

N
a1

o

T T 1T T T T 1T T 1T T T T T T T T 11
o0 01 02 03 04 05 06 07 08 09 10

w



Thermalization response-time of a perfect

fluid

e Quasi-normal scalar modes of a static Black Hole in
Fefferman-Graham coordinates

A6 = =0, (V=45"9y0) =0
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e Separation of variables ¢(t,2) = e“!'¢(2)
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e Dominant Decay Time
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e A note on Viscosity vs. Q-n modes



Thermalization response-time of a perfect

fluid

e Quasinormal scalar modes for the boost-invariant Black
Hole geometry
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Conclusions ||

e AdS/CFT and Hydrodynamics
Construction of the “Dual” of a relativistic fluid

e 4d — 5d : Holographic Renormalisation
5-d Metric from the 4-d T},

e 5d Physical Criterium
Non-singular 5d Horizon = Asymptotic
4d pertect fluid

e (Quasi-Normal mode analysis:
The perfect fluid is thermally “very stable”

Unexpected AdS/CFT consequences for QCD at strong
coupling?



