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Two important RHIC Data

(Or part of why | came to talk about AdS5)



Energy Loss of Fast Partons — Cartoon
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wrEquilibrium Spectrum
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e Power law initial spectrum:

dN ( 1 )10
—_— O( —_—
dpr pT

e Exponential equilib. spectrum:

dN pT

— Xxe T
dpr

The initial spectrum will lose energy and approach the equilibrium spectrum

Tells something about density and interaction rates



Data on 7 p spectrum
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Heavy Quarks

The heavy quarks will either relax to the thermal spectrum and show the same vy

as all thermal particles or not depending on the Drag/Diffusion coefficients and p.



Energy Loss of Fast Partons — Cartoon
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e Power law initial spectrum:

dN ( 1 >10
A
dpr T

e Exponential equilib. spectrum:

dN pT

— Xxe T
dpr

The initial spectrum will lose energy and approach the equilibrium spectrum



Data on 7 p spectrum
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Heavy Quarks

The heavy quarks will either relax to the thermal spectrum and show the same vy

as all thermal particles or not depending on the Drag/Diffusion coefficients and p.
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Data Recapitulation
1. Energy loss significant

2. Heavy Quarks — Suppressed and flowing



Heavy Quarks in AdS/CFT
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7
= §\f)\T2 v (a) HKKKY (b) DT, J. Casalderrey (c) S. Gubser

="

— Our World

r=vt+ 5% [tan™!(z) — tanh ™' (2)]

Momentum Flow

/

ﬁ

ﬁ

Large drag of quarks in AdS/CFT



A heavy quark in AdS/CFT
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Not the dual of an equilibrated quark!



A heavy quark in AdS/CFT with noise

d*x ,
M-z =_n<+ § (EDEX)) =2Tn ot —t)
—~— —~—
Drag Noise
=T
Ax(t, z)

(Ax(t,z)Ax(t', 2") =7

Where is the noise? Hawking Radiation?



Brownian Motion



Brownian Motion

e ~ Amp

it  Conj. Amp

p(0) ¢

e Consider a heavy particle coupled to bath a force on the contour

ZQ _ </D:B1D332 ezf sMvi—i [ 5 Muvj ezfdtlFlgcl ezfdt2F2x2>
Bath

e Different correlators measure different time orderings

Gll(t, t’) = <F1F1>
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Gor(t, 1) = (F1Fy) = <F(t)ﬁ(t’)>



Quasi-Classical Motion — “ra” basis
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x, 1s small in classical limit
Conjugate Amp.

e Motion classical

Zg = </ Dz, Dz, e’LfMZBrma ezfdtlFraza ezfdtgFaazr>
Bath

e Only two point functions are:
(FrFa) =Gr (t,1) = 0@)([F®),F(t)])
(F,F) = Ggym(t, 1) {F@),Fit)})

Gsym(w) = —(1 + 2n)ImGR(w)



Brownian Motion

1. The Partition Function in a heavy quark approximation

Zo = /D%D% o0 S a|~-Mw?|zr —i [ dwzaGR(W)zr ,—5 [ dwea Geym(w) Ta

\ .

~

eiSeff
2. Replace Gaussian with fourier transform

6_% J dw 20Gsym(wW)za _ /Dgeifﬁmae—% J £Gaym (w)€

3. Finally do the integrals over x,

ZQ = Dz, D¢ 5 | —Mw?z, + Gr(w) z,(w) + £(w) o~ 3EGsym (W)€
—— —~—
Drag Noise



Result: Generalized Langevin with memory

d*X t

2. Noise= symmetrized force-force correlator
(£(t)§(0)) = ({£(1), 1(0)})

3. Fluctuation - Dissipation

(€()£(0)) = =(1 + 2n)ImGR(w)



Fluctuation Dissipation - Oscillator

1. Commutator (or spectral density) is independent of wave function

L:%(w), :?;(O)l X 0w — wy) — 0w + wp)

-~

spectral density = p(w)

2. Anti-commutator measures how modes are occupied

({@@EON = (5 +n) ) o

DO | —

for equilibrium n(w) = 1/(e*/T — 1)

Equilbrium is when the FDT is satsified



AdS/CFT



Small Fluctuations of the Straight String

r=r,
-------------------------- r=1+4c¢€
e Action
[ Tension mass i
/./\.\ /\

§=_ /dtdr % To(r) (0ra)? — %(@@2

e Tension depends on radius
Tension = T,,(r) o< VA f(r)rt — vV 4(r — 1)

e Find two solutions: infalling (—) and one outgoing (+)

r(w,r) ~ (r— 1)$iw/47TT



Infalling solution has a physical interpretation:

e Near the horizon we have

o To(r)
—
r(w,r) ~ (r—1)

e Multiply by constant 270/ AT

?O(rh) Orx(Tp, tl — gzt(rh, tl

WV TV
Tension Drag
r="Tn

Horizon motion is overdamped — no acceleration on stretched horizon

—iw /47T — (’r — 1) a’r'aj(w7,r) —

— W

41’

x(w,r)



Infalling solution has a physical interpretation:

e Near the horizon we have

o To(r)
—
r(w,r) ~ (r—1)

e Multiply by constant 270/ AT

To(rh) Opz(rh, t) = ni(rp,t) + 777

Tension Drag noise
r="Tm

—iw /47T — (’r — 1) a’r'aj(w7,r) —

— W

41’

Horizon motion is overdamped — no acceleration on stretched horizon

x(w,r)



Strategy: Integrate out the fluctuations below the stretched horizon

r=Tmn

r=r,=1+4c¢€

Find an effective action and an EOM for the horizon endpoint "

h
Seff



Classical Membrane Paradigm

Sout

e Re write the action
S :Sout 4+ Sin
:(Sout + Sh) + (Sin o Sh)
e \Vary the pieces

05 =(65° + §SM) + (65™ — 65™)

Choose S” so that the out and in actions are separately minimized



Actually doing the membrane paradigm

[ Tension mass

i h 1 == m h

St — S = —/dtdfr — To(r) (Orxy)(Ore) — ——Zrda| — S
2 2f
e Varying with respect to x, gives
2
mw
lﬁr (T, (r)0rzy (w,T)) + 7 T (w,r)| =0
5Sh , y
To(rp)O0rxy(w,r) = 5 <= Horizon boundary condition
La

e Recall: the classical solution obeys infalling boundary condition: = = C/(r — 1)~i/47T

T,(r)orx, = —iwn " <« Infalling bc

So at a classical level the horizon action

h h - h
Seﬁ:[d$a[_zwn]$r
G (w)



Actually doing the membrane paradigm

[ Tension mass

i h 1 == m h

St — S = —/dtdfr — To(r) (Orxy)(Ore) — ——Zrda| — S
2 2f
e Varying with respect to x, gives
2
mw
[(% (T, (r)0rzy (w,T)) + 7 T (w,r)| =0
5Sh , y
To(rp)O0rxy(w,r) = 5 <= Horizon boundary condition
La

e The classical solution obeys infalling boundary condtion: x = C’(r — 1)_’“"/47@

T,(r)0,x, = —iwnz" < Infalling be

So at a quantum level guess the horizon action:

1
- qh - h - h h h
ISl = —z/w xa[—zwn}xr — §/w maul —I—2n)w7z]xa
Gh (w) Gh ()

sym




Brownian Motion of the horizon

iSh. = —i/ xZ’[—iwn}xf}—l‘/ [ (14 2n)wn |z
w ~—~ 2 w b g -
Gr(w) Goym (W)

1. Dynamics of String in AdS5
. ) . h
7 = / [Dxl Dazﬂ |:ID>332 D:Bg] ' 717152 gl et
2. Particle Dynamics

A\ J
~"

ZQ e /Dw Dx 8 if:[a,[ J\4(""’2]','6’7" 6 /Lf i:':[aGR(:')xT’e_—% fdwwa Gsym(W) T q
T a
ei‘seff

3. Go through the same steps as with the particle

2
{& (To(r)Orzr(w,r)) + %azr (w,r)| =0 <= Bulk equation of motion
To(rn)Orar(w,rh) + £"(w) = —iwnz! (w) <= Horizon boundary condition
To(rm)0rz(W,rm) =0 < Neumann boundary condition



Summary



Hawking radiation and the random force

e Still overdamped motion with a random force

Tension Random force Drag
- % ~ f-h’\ /—’F
To("ah)arx(tarh) + f (t) — 7795 (t)
e Picture
r=r,
TO<Th>
--------- / cs------T=1+4¢€
—na" §h(t)

e Random force satisfies a horizon fluctuation dissipation theorem
(" (e (t')) = 2Tno(t - t')
e More Generally when times of order 1 /7T’

(€"(W)E" (~w)) = (1 + 2n)uwr

Gives rise to random motion on the string



Preliminaries

e Action

S = \{ dtdr g s [—\Fh“”c?#a:ﬁ az] :
T

e Coordinates and Metric: t,7r — v, r

2
hdotde” = (nT)? [—A(r)dv2 + Tdrdv] .

s

e Drag

8\ _ VA
Q—Q:B:B
T

T =

® Tension



Formal solution and initial data

Gsym(1]2) = {\ﬁ/dm GaxV R (7 )GR(1|1/)§>}

Gsym(1'12),

X {\;j/dr'z gz,;a;\/ﬁhtt(ré)CH:;(Q]Q’)ﬁf2

N _J/

formal sol

N

= —

Relevant initial data

at late times




Two step evolution:
(a) From horizon to stretched horizon

(b) The stretched horizon to boundary

— Take (choice) reflective boundary conditions gr(t171 = 1 + €|tors)

Gr(1") = [ dt2 Gr(112) Tofr) 5 gn(taralt)

\ .

~"

composition rule

= —

ro=1+4c¢€

=0



Result

looks like a feynman graph

48 N\

Gom(1[2) = [ dtundtan Gr(1]11) Grl(224) Glyn(14]20).
where

Goom(tilta) = To(r1)To(r2) Or, Orygsym (1]2)

ri1,ro=1-+4c¢€

2
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2n G 14 Th 4 1.2
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Need to show that G (w) = (1 + 2n)wn

sym



Grr(V171|V2T2) =

Solution to Geodesic Equations

‘|‘f( —27rTv1< r
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Non—equilibrium Chesler Yaffe

e |n 4D world a strong gravitation pulse rips up vacuum creating plasma

ds* = Adv?® + 2drdv + X* (edei + 6_2Bd£€ﬁ) ,

0
IO

-2

I4

=S |-

e Surface Properties
1 0A(r,v VA
27T o (v) = 5 fg ) n(v) = Q—wa(rh(v),v) .
— " r=rp(v) N 7T _
Lyapunov exponent 7

non-equil drag



Results

1. Anti-commutator

Gom(112) = [ dvinduan Gr(1[11) Gr(2121) Ghyn(1120).

where

G (0y]ug) = — Y IOIN2) 5 5 41 o= 2 2 Tenha

T
2. Commutator — initial conditions from canonical commutation relations

p(1]2) = /dvlhdv% Gr(1|1y) GRr(2|2) @h(vlh|02h2 :

-~

from commutation rel.

where

p" (vinlvan) = 2v/n(vin)n(van)d (v1 — v2)



Equilibration

e Take Wigner transforms of horizon correlator. Dissipation is local

R T )

— 00

=2n(v)w.

e For a non equilibrium timescale 7 we have

72,2

Gl (0.) = (5 +1() ) #(0:0) + 0 (55 )

High frequencies are born into equilibrium on the event horizon



Conclusions

1. Quantum Mechanics of AdS5 leads to thermal noise

e Prototypical Example - Brownian Motion

2. Other fields also fluctuate: the dilation ¢, the graviton h*”, etc, fluctuate

e Applications?

3. Gave a different derivation of the Hawking flux that extends to non-equilibrium
1. Relation to Tunneling?
2. Entanglement entropy?

3. Fluctuation Dissipation: gravity pulls down, and fields fluctuate





