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Thermalization of fluctuations in strongly coupled plasmas
e Dam T. Son, DT; JHEP. arXiv:0901.2338

e Simon Caron-Huot, DT, Paul Chesler; PRD in press, arXiv:1102.1073



Heavy Quarks in equilibrium Quantum Field Theory

d*x
MET — x4
a2 ~ L \f/

~=— “Artist’s” conception
of Brownian Motion

1. In equilbrium the drag and noise are balanced

<f(t)§(t’)> = 2T 6(t — t') < Fluctuation Dissipation Theorem



AdS/CFT

e Classical solutions in curved spacetime = CFT for nonzero temperature

dr? 1
2 T

r4

ds® = (nT)*r? [—f(r)dt2 — da:Q] -

Gravity

“Our” world r = 0

Black Hole r = 1

How can a static metric be dual to equilibrium=constant fluctuations ?



Heavy Quarks in equilibrium AdS
e Heavy quarks are classical strings in the 5d equilibrium AdS black hole geometry

e Solve classical string EOM and find:

Gravity

Stretched horizon

Not the dual of an equilibrated quark!



Detailed Balance and Hawking Radiation:

d?x°
M— = —n z°
a T AT \g}/
Drag Noise
Gravity
Evolves to Classical
PrOb D|St (Son,DT;lancu)
/I\ Plz, 7] x e PHz,mz]
UV Quant Flucts

Goals:
1. Will show that Hawking Radiation is balanced by gravity

2. Generalize to non-equilibrium



Detailed Balance and Hawking Radiation (Technical Discussion)

0

X 1. Fluctuations:

Gravity 1

\l/ Grr = 5 ({#(t1,11), 8 (t2,72)})

)

UV Quant Flucts Ora—ar = ([;f;(tl, 7“1)7 jj(tg, rg)]> :

2. Dissipation (Spectral Density)

e Equilibrium = Fluctuation Dissipation Theorem

1

Grr(w,r1,7r2) = (2 + nB(W)) Pra—ar(W,T1,72) n(w) ow/T _ 1




Formulas

e Action for string fluctuations, h*" = string metric
VA
S1 — SS9 = o /dtdr - [—\/ﬁh“” Mxraymal :

e hM" is the string metric
dr?

ot do” = —(xT)*r f(r)dr* + o5

e Retarded Green Function

1Gra(tir|tore) = 0(t — t/) ([Z(t1,71), Z(t2,m2)]) ,

G.q(t171]tars) is the classical response to a force at to79

VA

2

[aﬂ gm\/ﬁh“”é?,,] Gra(tﬂ“l’tgfl“g) = 5(t1 — t2)5(7’1 — 7“2) :



The classical Green Function or response to a force:

VA
o Ou gm\/ﬁh“"&/] G =F(t1 —t2)d(r1 —r2),
[ =o0
Upward wave
External Force C@
Downward wave
---------------------- r=1+¢




1/r

Retarded Response function

1.5

v (pi T)
(Infalling Time)

[tan™"(r) + tanh™" (r)] v =Eddington time




Statistical Fluctuations

Gravity

V
A

UV Quant Flucts

Grr = % {z(t1,71), 2(t2,72)})

e The statistical correlator obeys the homogeneous EOM

VA

o

[@L gm\/ﬁh”’/&, Grr(tlrl‘tQTg) =0

e So:
1. Specify the correlations (or density matrix) in the past

2. Final state fluctuations are correlated only through initial conditions



Correlations through Initial conditions

Specify Initial Data
O

Correlated through
Initial conditions



Correlations through Initial conditions

. . 3.5
Consider Init

3
Data Here

1 2° Points uncorrelated
2 by this Init data

S

1.5

1

0.5




Correlations through

This 1s the only

initial data that m
At late times

%%

Initial conditions

atters %

Time

Correlated through

Initial conditions

1. Final correlation come from correlated initial data very near horizon

e Short Wavelength

2. Initial data is inflated by near horizon geometry



Initial Data from Quantum Fluctuations
1. Initial data is determined at short distance = Flat Space Physics

2. Scalar Field in 1+1D vacuum flat space

1 1
9 {o(X1), 9(X2)}) = Ik log |unuw AX*AX"Y|  K=norm of action

3. String flucts in near horizon geometry

: 1
Gnear—horizon _ / dtdr [—zﬂh‘“’ 0z, x n = Drag Coefficient

The near horizon initial condition is:

local As?
1 e N
Grr(v1r1|vare) — _47777 log | 2Av Ar




Summary: Specify IC and Solve Equations of Motion

A
\2/—; (9M gm\/ﬁhwﬁy] Grr(tlrl‘tQTQ) =0
3.5
4 3

7 ﬁ\ Correlated via

Init. Cond ]
Aé/* log Init Cond
x log(Ar) : 115
=<

e e AT S 4 0.5

Time

\/_ / / DaN
G,r(1]2) = [% dr} gueVhR™(r}) Gro(111)0s | Like Harmonic Oscllator

[f

= [ drh o VAR (1) Gra (2123 | Grr(1'12),



From initial data to final correlations in two steps:

Use/Bopltzmann apro//
‘ Futl wave eqgn here

7“—1—|—e

= —

Gm(l\l’):/dtg Gra(1[2) [nVER" (r2)0y,) L, Gra(2l1),
ro=1+4e¢€

(a) From horizon to stretched horizon — Waves are very short wavelength

— Use collisionless Boltzmann approximation (geodesic/WKB/eikonal approx)

(b) The stretched horizon to boundary — Waves are longer wavelength

— Use full wave equation



Fluctuations from Equations of Motion

Grr(12) = [ dtundtan Gr(111) Gr(2/2) G (1120).

A 7
TV VO

-~

bulk flucts outgoing Green fcns  horizon flucts
| | | | 2
9 1 /4 1.8
1 1.6
Init conditions L 114 -
*********** 2 CGrr Ay | 12
o log(r) |t 1
| | | | | \ | | \ 08

4 3 -2 1 0 1 2 3 4 5
v(2rT) (Time)

The fluctuations on the stretched horizon are from UV vacuum flucts in past

G (t1]t2) = Blow-up of initial data oc log(7)

= — gah@tz log |1 — 6_2”T(t1_t2>\ .



The horizon fluctuations and the Lyapunov exponent

l | 1 1 2
5 1/4 18
116
Init conditions 5 Lh 114 -
S I th L L et /Al 412
oclog(r) | e 1
| | | | | | | | | 08

4 3 2 4 0 1 2 3 4 5
venT) (Time)

1. Thermal looking:

G" (w) =Fourier-Trans of — QatlatQ log |1 — e—QWT(tl—tz)‘
s

1
ew/T — 1

= (5 4+ n(w)) 2wn n(w) =
2. Temperature < inflation rate

27" = Lyapunov exponent of diverging geodesics



Dissipation - Spectral Density

Gravity

¥
A

UV Quant Flucts

Pra—ar — <[j3(t17 T1)7 C%(tz’ TQ)D

e The spectral density also obeys the EOM

VA

2

a,u ga:a:\/ﬁh'uyay] Pra—ar (t1T1’t2T2) =0
e But initial conditions are given by the canonical commutation relations

nVhR®E(r) Um 8y, pra—ar(ti71|tars) = i6(r1 — ra).

to—1tq



Spectral Density

J/ J )

bulk spectral fcn outgoing Green fcns  horizon spectral fcn

gra—ar(1’2) :/dtlhdch gR(l‘lh) GR(Z‘Qh) \pﬁa—ar(lhuh) )

Init conditions

)z e

4 3 -2 1 0 1 2 3 4 5
v(2rT) (Time)
Where the horizon spectral density

h

P ar(t1,t2) = local due to canonical commutation relations

=27 [—ié’(tl — tz)] (2wn in Fourier space)



Detailed Balance

Grr(w,m1,72) = (5 +n(w)) p(w,r1,72)

:L,O

Gravity

V
A

x(t,r)
UV Quant Flucts
1. Fluctuations (Anti-commutator)
gw(w,rl,rg) GR(w 7“1’7%) Gr(w rglrh ) (5 + )an
bulkﬁucts outgoing Green fcns HOI’IZC?FT—ﬂUC’[S

2. DiSSipatiOn: (Commutator)

Pra—ar (W, 71,72) = Grw,m1|r) GRr(W, T2|TH) 2wn)

g - / (& 7 =’

bulk spec dense outgoing Green fcns Horizon spec dense



Fluctuation dissipation and stochastic dynamics

T ="Tm
"Fl
I
LR
A R
’ Y
V4 | |
4 1 “ t3
t o’ P
1 . Y .
R4 LY *a
'¢ “ ~~~
‘4' A S
_.-="" average [ t2 . ~-
~~~
r=1
T ~Y 1
obs \L/AT

1. Every step 11, T2, t3 fluctuates to a new trailing string — — random force

2. The average of the trailing strings gives the drag — average string — drag



Non-equilibrium



Non-equilibrium setup Chesler-Yaffe
1. Chesler&Yaffe create QGP by turning a gravitational pulse in vacuum
2. Corresponds to non-equilbrium geometry with BH formation in Ad.S5

0
IO

Diverging Geodesics

A4




Fluctuations in non-equilibrium

0

log correlation
here

e Surface Properties — on event horizon

Metric—coeff

/AN

_ 1&4(7“, vy

2T e (V) = o extrinsic curvature

2 Or

Lyapunov exponent

r=rp(v)



Result:

e General form of near horizon fluctuations in non-equilibrium

\/77(@1)77(?12)

v

Y2 21 Tog (V') dv’ |

GQ’I‘(U]—|U2) — = a'Ula’UQ log |1 — 6_ v1

e Can map the near horizon fluctuations up to boundary (numerics in progress)




Not conclusions, but picture:

Gravity

“Our” world r = o0

Black Hole r = 1

Gravity pulls down, but quantum fields fluctuate, reaching equilibrium
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