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Heavy ion collision

Brookhaven: Relativistic heavy ion collider (gold ion)
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Heavy ion collision

Brookhaven: Relativistic heavy ion collider (gold ion)
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Heavy ion collision

oo
Brookhaven: Relativistic heavy ion collider (gold ion)
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QCD ~ maximally supersymmetric gauge theory = CFT

Fundamental interactions

Coupling

non—perturbative
no analytical tool

interaction particles

gauge theory

electromagnetic photon+-electron

SU@3)

Uu(1)

electroweak W=, Z u,v+Higgs

SU(2) xU(1)

strong gluon-+quarks

SU(3)

A strong force
SU?2)
— S

only analytical tool: perturbation theory

maximally supersymmetric (N'=4) gauge theory

u@) perturbative

Interaction particles

gauge theory

N = 4 supersymm. | gluon+quarks+scalars

SU(N)

all fields N — 1 component matrix
V1234
N\

/!
N\ /!

W12534

Al P123456

L=

2
9y m

V(P, W) = 2 [P, P2 4+ W[, V]

[d*aTr [-2F2? — 1(D®)? + WPV + V]

Energy

no running 5 = 0 — CFT

no confinement

supersymmetric

heavy ion collision:

finite T — SUSY is broken

quark-gluon plasma is not confined
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AdS/CFT correspondence (Maldacena 1998)

string theory
gravity

Gauge theory

AdS space

Minkowski space



AdS: string theory on Anti de Sitter D gravitation
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AdS: string theory on Anti de Sitter D gravitation

positively curved space Anti de Sitter: negatively curved space
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AdS: string theory on Anti de Sitter D gravitation

positively curved space Anti de Sitter: negatively curved space
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relativistic point particle: ds? = —daz% -+ daz% + ...
S o< worldline < [ ds = [ Vx - xzdT -

relativistic string: ds? = —daf% -+ da:% + ...
S o worldsheet < [dA = [ \/(:1: . 2)2 — &22?drdo

S2 Y2+ YR+ Y2+ Y2+ Y2+ Y2=R?

-
AdSs - X5+ X7+ X534+ X34+ X7 — X2 =—R? -

x(T,0)
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AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°

-5 BE500
5D sph
’32 ti j? Sitt
space
e
£<:>
o=
A
>
spac —
time extra dimension
SOY2=R? —++++-—=-R?
B [ drde (9, XM Xy + 8.Y MO Y) + . ..

N =4 D=4 SU(N) SYM

2= [d*aTr [ 3F? = S(DP)? + W PW + V]
V(P W) = ;[®, ®]? + W[, W]

PSU(2,2|4
8 = O superconformal SO(5) >§SO|(1),4)

gaugeinvariants:©O = Tr(P?), det( )




AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°

4D
Minkowski
space
ere

e extra dimension
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Couplings: VA = R—,Z gs = % — 0
8%
2D QFT

String energy levels: E(\)
E(\) = E(c0) + A+ 2+ ...

N = 4 D=4 SU(N) SYM

8 = O superconformal

[d*aTr [—2F2? — 1(D®D)? + WPV + V]

V(P, W) = 2 [P, P2 + W[D, V]
PSU(2,2|4)
SO(5)xS0(1,4)

gaugeinvariants:O = Tr(P2), det( )

Dictionary

strong<—>weak

U

A= g}Q/MN , N — oo planar limit

(On(@)Om(0)) = r2xas
Anomalous dim A ()
AN) = A0) + XA+ X200+ ...




AdS/CFT correspondence (Maldacena 1998)

IIp superstrlng on AdSg x S°
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2D QFT

String energy levels: ()
E(\) = E(c0) + A+ 2+ ...

N = 4 D=4 SU(N) SYM
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V(P, V) = 2P, P2 + W[D, V]

PSU (2,24
B = O superconformal SO(5) >§SO|(1)4)

gaugeinvariants:O = Tr(®?), det( )

Dictionary
A= gYMN N — oo planar limit
strong<—>weak (On(z)Om(0)) = e |2522()\)
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2D integrable QFT

spectrum: Q@ = 1,2,..., 00 dispersion: en(p) = \/Q2 . Sng
Exact scattering matrix: Sg, 0, (p1,p2, A)




AdS/CFT correspondence: confirmation

supersymmetric BPS operators
— 1 2 1 \s
Z =P+ 1Py, X = P34+ 1Py

Opps =Tr(Z7) & [11... 1)
Apps =J

weak<+>strong

BPS string configuration

SS

Epps(A\) = J




AdS/CFT correspondence: confirmation

supersymmetric BPS operators
— 1 2 1 \s
Z =P+ 1Py, X = P34+ 1Py

Opps =Tr(Z7) < | 11... 1)
Apps =J

weak<+>strong

2D integrable QFT

BPS string configuration

SS

Epps(A\) = J

supersymmetric groundstate Fg(J) = A(A\) — J =0




AdS/CFT correspondence: confirmation

supersymmetric BPS operators
— 1 2 1 \s
Z =P+ 1Py, X = P34+ 1Py

Opps =Tr(Z7) < | 11... 1)
Apps =J

weak<+>strong

2D integrable QFT

BPS string configuration

SS

Epps(A\) = J

supersymmetric groundstate Fg(J) = A(A\) — J =0

Nontrivial anomalous dimension

supersymmetric theory: Excited state

O =Tr(ZXZX +..) < | 111 +.




Confirmation: excited state - Konishi operator

nonsupersymmetric operator: Konishi

O =T (ZXZX +..) & | 1t +

operator mixing
T e 3 %
o — 3 o

AN

/N
N

= A0) +AA1 + ...+ MDA+

& & (% [Fiamberti .."08]

= —2496 + 576(5 — 1440(s

string configuration

moving bumps (sine-Gordon) [Hofman .. '07]
string action=saddle point+loop corr.

E(\) =E(c0) + A+ % +...
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Confirmation: excited state - Konishi operator

nonsupersymmetric operator: Konishi
O =T (ZXZX +..) & | 1t +
operator mixing
T e T3 T
o — 3 o

string configuration

/N
N

AN = A0) +AAL + ...+ N AL+

moving bumps (sine-Gordon) [Hofman .. '07]
(Fiamberti .08 string action=saddle point+loop corr.
lamberti ..’ B B
EQ\) = E(co) + 2 + & 4 .
= —2496 + 576(3 — 1440(s X) (0) VA A

two particle state

b= FEpa+ Epsc
Bethe Ansatz: e/ S(p, —p) =1

Fpa =2B(p,\) =2)/1+ 2(sin§)2
—eQL

Ersc = Y0 [ 34551(q,p)Sq1(q, —p)e
Fa = A4 = —2496 + 576(3 — 1440¢s [Z.B., R. Janik '09]




AdS/CFT correspondence: applications

Minimal surface

—quark

M

R0 lfn

time

=

dimension

exact for strong coupling A — oo

quark-antiquark potential

Wilson loop: (¢~ Audaxt)
non-perturbative

2
V) =4
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AdS/CFT corresp

Minimal surface
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Einstein equation
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growing black hole
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ndence: applications

quark-antiquark potential

Wilson loop: (¢ Apdaxt)
non-perturbative

2
V) =4

Heavy ion collision: expansion

(T},0) matter distribution
relativistic hydrodynamics
OuTH” = 0 and T[L‘:O
viscous quark-gluon plasma
expansion in time: perfect fluid + g =

1
47

+...




Gauge theor

Conclusion= Trust the AdS/CFT correspondence!

string theory

ravit
y gravity

Minkowski space

AdS space

quark—gluon plasma

time

expands, cools

oA

grows

N\

- DHlack hole

heavy’ions

space

extra dimension
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