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Strong Interactions and Strings

Strong Interactions History

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

J.Maldacena
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DUALITY

e [Dj3-brane Solution of Supergravity: Horowitz, Strominger, 1991
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“Physical” Brane +  Extra-Dimensions
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Background Structure: AdS; x S5 (same R?)



HOLOGRAPHY

Exemple of (Wilson Lines)
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e Conformal case : AdS5/CFTy,
(Wilson Lines) = el V(L) ~ ¢TX1/L
e Confining case : ex: Horizon at z;, (Witten 1998)

(Wilson Lines) = e*V ) ~ eTXL(xz,)




2007| A case Study: QGP formation and
Relativistic Hydrodynamics

hadronic gas

: _, described
mixed phase by hydrodynamics
QGP

pre-equilibrium stage

“Abstracted” from Experiments:

e Kinematic Landscape

T =\/23 — 27 ; —110 Yo+ 21
B 0 1777_2 gibo—ibl

3 ZCT={£C2, 1’3}

e QGP: (Almost) Perfect fluid behaviour (small Viscosity)

e Fast QGP Formation

Strong Coupling QGP: What Strings can teach us?



Viscosity on the light of duality

Consider a graviton that falls on this stack of V 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 correspondence and the Quark-Gluon Plasi
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Kovtun, Policastro, Son, Starinets (2001-...)



Tool: Holographic Renormalization
K.Skenderis (2002)

e Using Fefferman-Graham Coordinates:

o gu(z) detdr’ + dz?

ds

o 4d < Hd metric:
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= QELOV)(: M) + zzgﬁ(: 0) + 24924)(& (L)) + ...

+...: derived from Einstein Eqgs.

e 4d Constraints
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EMERGENCE of the 5d BLACK HOLE

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

e 4d Perfect Fluid “on the brane”
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AdS/CFT: From Statics to Dynamics

R.Janik, RP (2005)

e Constraint Equations
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e Boost-invariant Tensor
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e 1-parameter family of proper-time evolution
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AdS/CFT = Perfect Fluid at large 7

R = R R,
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o
o

A nonsingular background selects a moving Black Hole
geometry corresponding to the perfect fluid at large
proper-times



Dual of a Perfect fluid in S*QCD “heavy ion

experiment’ : a Moving Black Hole
Z
V= m

e Asymptotic metric

ds® = —

e Black Hole off in the 5th dimension
3\ 1
Horizon : z, = (—) T3

Temperature : T(T)
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AdS/CFT: Anisotropy at small 7

Kovchegov, Taliotis arXiv:0705.1234
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Evaluation of 74,
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Conclusions

In progress:

Gauge-Gravity Correspondence
A promising way towards QCD at strong couplings

Results on AdS/CFT — S*QCD Hydrodynamics
Perfect Fluid, Viscosity, Isotropization

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

In outlook:

Can we go beyond Boost Invariance?
From Bjorken to Landau to “real” Hydrodynamics?

Can we follow the flow from Ions to Hadrons?
Initial and Final conditions for Hydrodynamics

From S*QCD to S°QCD Hydrodynamics ?
Can we construct the “Dual” of the QGP?



Some references...

—Strings :

e P. H. Frampton, Dual Resonance Models And
Superstrings, Singapore, Singapore: World Scientific
(1986);

e J. Polchinski, String theory. Vol. 1: An introduction to
the bosonic string, Phys. Lett. Cambridge, UK: Univ.
Pr. (1998);

J. Polchinski, String theory. Vol. 2: Superstring theory
and beyond Cambridge, UK: Univ. Pr. (1993);

e D. Lust and S. Theisen, Lectures on string theory, Lect.
Notes Phys. , Springer-Verlag 346 (1989);

—AdS/CFT !

e J. Maldacena, The Large N Limit of Superconformal
Field Theories and Supergravity, Adv. Theor. Math.
Phys. 2 (1998) 231;



S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge
Theory Correlators from Non-Critical String Theory,
Phys. Lett. B428 (1998) 105;

E. Witten, Anti De Sitter Space And Holography, Adv.
Theor. Math. Phys. 2 (1998) 253;

, Anti-de Sitter space, thermal phase transition, and
confinement in gauge theories, Adv. Theor. Math. Phys.
2 (1998) 505.

O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri and
Y. Oz, Large N field theories, String Theory and Gravity,
Phys.Rept. 323 (2000)183.

—Wilson Loops and AdS/CFT

J. Maldacena, Wilson loops in large N field theories,
Phys. Rev. Lett. 80 (1998) 4859;

BlueS.-J. Rey and J. Yee, Macroscopic strings as heavy
quarks in large N gauge theory and anti-de Sitter
supergravity, hep-th/9803001;

JJ. Sonnenschein and A. Loewy, On the Supergravity
Evaluation of Wilson Loop Correlators in Confining
Theories, JHEP 0001 (2000) 042.



—AdS/CFT and Hydrodynamics

V. Schomerus, “Strings for Quantumchromodynamics,”
arXiv:0706.1209 [hep-ph].

G. Policastro, D. T. Son and A. O. Starinets, “The shear
viscosity of strongly coupled N = 4 supersymmetric
Yang-Mills plasma,” Phys. Rev. Lett. 87, 081601 (2001);

D. T. Son and A. O. Starinets, “Viscosity, Black Holes,
and Quantum Field Theory,” arXiv:0704.0240 [hep-th].;

R.A. Janik and R. Peschanski, P h ys. Rev. D 73,
045013 (2006) Asymptotic perfect fluid dynamics as a
consequence of AdS/CFT, Phys. Rev. D73(2006) 045013

R.A. Janik, Viscous plasma evolution from gravity using
AdS/CFT, Phys. Rev. Lett. 98 (2007) 022302.



EXTRA SLIDES



Initial Conditions: Shock Waves (1)

e One Initial Shock Wave

Janik,R.P.(2005)

ds® =

o —2dxtdrT 4 py2*0(x7)de T + dx P+ d2

~2

e Shock-wave collisions

Grumiller,Romatschke (2008)
Albacete,Kovchegov, Taliotis (2008)
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Initial Conditions: Shock Waves (2)

1
~?F <T__> ~2 <[__>
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From: Albacete,Kovchegov, Taliotis



Initial Conditions: Shock Waves (3)

e Strong Coupling: Full Stopping ~ Landau

- 0.3'_ - O(TS)
- | — o)

From: Grumiller,Romatschke
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Calculation of the Moving Duals

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

a(T 2) 12 2 b(T,z)d 2 C(T,Z)d 2 dz>
ds? = — T y"te Ly n <

e Scaling v = #
la(7,2),0(T, 2),c(T, 2)] = la(v), b(v), c ( )
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3uc (V)2 +ob (v)*+200" (v)+4vd” (v) -6V (v)—12¢ (v)+20b (v)d (v) =
20sb” (v) + 2sb'(v) + 8a'(v) — vsa' (v)b'(v) — 8b'(v) + Usb’(v)
4vsc’ (v) + 4sc (v) — 2vusd (v)c (v) + 2vsc (v)* =

e Asymptotic Solution

A(v) — 2m(v)
A(v) 4+ (28 — 2)m(v)
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a(v)
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c(v)



Free Streaming and general cases

e Asymptotic metric
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e True Singularities 7

Ricci scalar:

1

Riemann tensor squared:

2
N2 = R R,,0s



AdS/CFT: Selection of the Perfect Fluid

e Curvature invariant: |R? = R“”O‘ﬁRumﬁ
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e - 8(5w'® + 20w + 174w® 4 20w* + 5)
perfect fluid — (1 n w4)4

where w = v/A(3)1 = V3.



AdS/CFT: Selection of the Perfect Fluid
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Thermalization response-time of a perfect

fluid

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

0 (V=99"9;6) = 0

e Separation of variables ¢(t, z) = e*“'¢(2)

| — 32 2 |
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e Dominant Decay Time

— 2.74667 1
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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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