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Introduction and Motivation

Fast heavy quarks: important probes of deconfined phase I&.RH
This talk: Holographic description afangevin Diffusionof a heavy
guark. In particularfransverse momentum broadening

p1(to) = 0; (p7 (1)) ~ 2K, (t —to)

x| 1S a diffusion coefficient:
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Introduction and Motivation

Fast heavy quarks: important probes of deconfined phase I&.RH
This talk: Holographic description afangevin Diffusionof a heavy
guark. In particulariransverse momentum broadening

p1(to) = 0; (p7 (1)) ~ 2K, (t —to)

x| 1S a diffusion coefficient:

It enters a Langevin equation that can be extracted from a
gravity dual

It is constrained by RHIC data via thet quenching parameter
(j = 2/£J_/”U
Goal: Langevin diffusion from a holographic prespective.
Setup:generic 5D theory admitting asymptotically AdS back holes.

(Along the lines of earlier work in theldS < N = 4 SYM case, byGubser '06,
Casalderrey-Solana and Teaney '06, Son and Teaney '09y-i@recold-Mueller ’09
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Outline

Generalized Langevin dynamics: 4D perspective
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Outline

Generalized Langevin dynamics: 4D perspective

Holographic description of a probe heavy quark
Trailing string solution
Fluctuations along the string

Holographic computation of Langevin correlators
AdS/CFT prescription for real-time correlators
Langevin coefficients
An explicit model: comparison with RHIC analysis
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The Langevin Equation for a Heavy quark

Langevin equationdissipative stochastic process.
For a single particle with momentupi?):

dpn N
= = —np B(t) + (1)
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The Langevin Equation for a Heavy quark

Langevin equationdissipative stochastic process.
For a single particle with momentupi?):

dn N
= = —np B(t) + (1)

Two forces on the r.h.s:
np: “average” viscousriction force
£(t): Stochastic forcavith white noise

(E@®)y=0, (EOEEX))=r"5(t-1)
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The Langevin Equation for a Heavy quark

Langevin equationdissipative stochastic process.
For a single particle with momentupi?):

dn N
= = —np B(t) + (1)

Two forces on the r.h.s:
np: “average” viscousriction force
£(t): Stochastic forcavith white noise

€@)=0, (£OLE)) =r"6(t—1)

Physically, both forces have the same origin: the integraffect of
stochastic interactions with a mediuive will have in mind the
motion of a probe quark through the QGP.
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Solution of the Langevin equation

Go to 1D for simplicity. Assume p—independent

p=—npp(t)+E&(@), E@)EE)) = ré(t —t)

Lanaevin dvnamics of heavv auarks in non-conformal 5D holoaranhv



Solution of the Langevin equation

Go to 1D for simplicity. Assume p—independent
p=—npp(t)+ (1), E@)EQR)) = rd(t =)

t
= p(t) = poe Pt + / dt’ "0t (¢))
0
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Solution of the Langevin equation

Go to 1D for simplicity. Assume p—independent
p=—npp(t)+ (1), E@)EQR)) = rd(t =)

t
= p(t) = poe Pt + / dt’ "0t (¢))
0

(p(t)) = poe” ™"
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Solution of the Langevin equation

Go to 1D for simplicity. Assume p—independent
p=—npp(t)+ (1), E@)EQR)) = rd(t =)

t
= p(t) = poe Pt + / dt’ "0t (¢))
0

— A _ ,—2npt
D (1 e )

Long times( ¢ > 1/np): (p) — 0, ((Ap)?) — Kk/2np
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Solution of the Langevin equation

Go to 1D for simplicity. Assumep p—independent
p=—npp(t)+ (1), (E@)ER)) = rd(t —t)

t
= p(t) = poe Pt + / dt’ "0t (¢))
0

r (1 — 6_2"Dt)

~ 2
Long times( ¢ > 1/np): (p) — 0, ((Ap)?) — Kk/2np
Shorttimeq ¢t < 1/np):  (p) ~ po, ((Ap)?) ~ Kt

In casenp = np(p), the short-time analysis still holds.
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Transverse Momentum Broadening

Take a relativistic quark moving with initial velocitythrough the
plasma.

p=pl+p-,  T-p =0
The transverse momentum obeys a Langevin process with
(pt) = 0, but with an increasing dispersion pf:

=

(p™)?) ~ 26Tt
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Transverse Momentum Broadening

Take a relativistic quark moving with initial velocitythrough the
plasma.

p=pl+p-,  T-p =0

The transverse momentum obeys a Langevin process with
(pt) = 0, but with an increasing dispersion pf:

=

Define thget quenching parameter

@) _ @Y _ st
mean freepath vt v

(p™)?) ~ 26Tt

q
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RHIC Analysis

From the analysis of the RHIC data for hard probes produgcthmn
preferred values af are in the range:
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Nuclear modification factor for light meson suppression.

analysis from Eskolat al., '05
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Langevin coefficients and Holography

The diffusion coefficients are obtained as #zeo-frequency limit of
correlation function®f certain field theory operators, that can be
computed holographically.

One way to see this is by deriving the Langevin equation
“microscopically,’via theDouble Field Formalism.
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Double Field Formalism

Take a system described by some d.ocd.}
with density matrixo(Q), ()': t).
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Double Field Formalism

Take a system described by some d.odd.}
with density matrixo(Q), )';1).

IO(Qf7 Q}a t) — U(Qfa Q07 t7 tO) p(Q(b Q67 tO) UT(Q;‘H Q67 ta tO)

the evolution operator is the path integral:

U(Q,Qo,t,t0) = /DQ SRl — /DQ e’ifttof L(Q,Q) %((tto))__gfo
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Double Field Formalism

Take a system described by some d.odd.}
with density matrixo(Q), )';1).

p(Qf? Q}a t) — U(Qfa Q07 ta tO) p(Q(b Q67 tO) UT(Q;‘H Q67 ta tO)

the evolution operator is the path integral:

U(Q,Qo,t,t0) = /DQ SRl — /DQ e’ifttof L(Q,Q) %((tto))__gfo

The density matrix at timeis a double path-integral:

0(Qf, Qr.t) / DQ / DQ’ SRS 5y, @b, o)
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Double Field Formalism

It Is natural to “double” the fields in the path integral:

0(Qs, 0 / DO, / DQ_eS1@+1=510-D (0, @b, 0)

think of Q. = @, Q_ = @’ as independent field variables, or as a
single field defined on the contour:

Imt

Qs

\——/

Ret
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Particle coupled to a bath

Now consider a system formed by:
a single particleX (¢) (the probe quark)
a QFT in a statistical ensemble (the QGP) with d.@{x)

S = So[X (t)] + Soap|®(z,t)] + Simt[X, ()]
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Particle coupled to a bath

Now consider a system formed by:
a single particleX (¢) (the probe quark)
a QFT in a statistical ensemble (the QGP) with d.@{x)

S =25 [X(t)] -+ SQGP [(I)(CC, t)] + Sint [X, (I)(ZC)]

assume a linear coupling;,,, = [ dt X (¢t)F(t)
F(t): some QFT operator built with the(z)’s

Suppose the particle starts at positigratt; = —oc, then

pi = 6(X — 2)3(X' — ;) © g (D, )
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Particle coupled to a bath

Now consider a system formed by:
a single particleX (¢) (the probe quark)
a QFT in a statistical ensemble (the QGP) with d.@{x)

S = So[X (t)] + Soap|®(z,t)] + Simt[X, ()]

assume a linear coupling;,,, = [ dt X (¢t)F(t)
F(t): some QFT operator built with the(z)’s

Suppose the particle starts at positigratt; = —oc, then

pi = 6(X — 2)3(X' — ;) © g (D, )

We are interested in theduced density matriat timet:

IO(Xa le t) — TTCI)(:E) [p(Xv Xla (I)a (I)lv t)}
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Reduced density matrix
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Reduced density matrix

(X, X' t) = /DX+/DX_G(iSo[XH—iSo[X—]) >

D [(I)i<x)]ei(5[<1>+]—5[<b_]+f dt X4 (8)F . (t)— [ dt X (8)F—(t)) phath

R
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Reduced density matrix

X X/ /DX+/DX e’LSO X_|_ ’LSO[ ])

D 0 ()] (S-S5SO 4] dt XL OF (=] dt X_O)F (1)) path

Cyp=0_g

The reduced density matrix evolves according to the effecti
action:

Séff[)f+, ] E%ﬂ}(+l E%ﬂ)(—]-+‘9jﬁw)c+a)(—]

oSTR[X 4. X-] _ <€ifth+(t).7-"+(t)—ifth_(t)}" (t)>
bath

Feynman and Vernon, '63
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Effective Action (Influence Functional)

Expand the exponential to quadratic orderXirr.

< ot [ dt Xy (8)F (8)—i f dt X (1) F— (t)> _
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Effective Action (Influence Functional)

Expand the exponential to quadratic orderXirr.

<€z'fdt X4 () Fp ()i  dt X () F- <t>> baih = 1
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Effective Action (Influence Functional)

Expand the exponential to quadratic orderXirr.

<€ifth+(t).7:+(t)—ifth(t).7:(t)> b~ 1 —|—i/dt <f(t)>(X_|_ . X_)
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Effective Action (Influence Functional)

Expand the exponential to quadratic orderXirr.

<eifth+(t).7:+(t)—ifth(t).7:(t)> b~ 1 —|—i/dt <f(t)>(X_|_ . X_)

1

5 /dtdt’[— X ()T () F 4 (@) X1 (¢) + X_@)i(F- () F1(t) X4 ()

FXL(OIF (O () X_(F) - X_(0i(F- () F- () X_(t)]
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Effective Action (Influence Functional)

Expand the exponential to quadratic orderXirr.

<€ifth+(t).7:+(t)—ifth(t)f(t)> b~ 1 —I—i/dt <f(t)>(X_|_ . X_)

1

5 /dtdt’[— X ()T () F 4 (@) X1 (¢) + X_@)i(F- () F1(t) X4 ()

F X4 (OUFLOF- ()X () = X_(Di(F- (O F- () X-(t)]

~ exp s / 0t (F)(Xs = X_) = - Xa(O)Car(t.0) ()
Gap(t, ) = (PF(t) Fp(t')) a,b=+,—

P Path Orderingalong the Keldysh contour.
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Path Ordering

+-operators are time-ordered;operators anti-time-ordered.
—-operators are always to the future-efoperators;
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Path Ordering

+-operators are time-ordered;operators anti-time-ordered.
—-operators are always to the future-efoperators;

Cii(t,1) = —i(TFL(OF () Goy(tt) = —i (F_()F4 ()

) | F® F.(t)

\/
W,

F_(D)

o,

F_(t') F_(t) F_(t)
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Keldysh Propagators

In operator formalism:

Gr(t) = —i6(t) ( [F(£), F(0)] ), Ga(t) =ib(=t) ([F(2), F(0)] )
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Keldysh Propagators

In operator formalism:

Gr(t) = —i0(t) ( [F(
Gsym(t) = <{]—'
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Keldysh Propagators

In operator formalism:
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Keldysh Propagators

In operator formalism:

(TF()F(0)) =0(t)(F()F(0))+0(—t)(F(0)F(t)) = Goym + %(GR + G4)
Gyt =Cum+5(Cr+Ca), G- =Guyn— (G +C)
Gy =G+ 5(~Cr+Ca) Gy =Guyn+5(Cr —C)
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Keldysh Propagators

In operator formalism:

(TF()F(0)) =0(t)(F()F(0))+0(—t)(F(0)F(t)) = Goym + %(GR + G4)
Gyt =Cum+5(Cr+Ca), G- =Guyn— (G +C)
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Effective Action

Putting it all together:
Serf = So[X4] — So[X_]

+ /(X+ — X_)Gr(X+ +X_) + % /(X+ — X )Goym(X4 — X)
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Effective Action

Putting it all together:
Serf = So[X4] — So[X_]

+ /(X+ - X_)Gr(X4 +X_) + % /(X+ — X_)Ggym(X4 — X)

Define X, = (X4+ + X_)/2, y=X4y — X_.
In the semiclassical limity < X;, and we can expand:

050
5Xcl (t)

SolX+4] — So[X-] ~ /dt y(?)
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Effective Action

Putting it all together:
Serf = So[X4] — So[X_]

+ /(X+ — X_)Gr(X+ +X_) + % /(X+ — X_)Gsym(Xy — X_)

Define X, = (X4+ + X_)/2, y=X4y — X_.
In the semiclassical limity < X;, and we can expand:

050

SolX+4] — So[X-] ~ /dt 5Xcl(t)y(t>
Seff[Xclay] = /dt y(t) (5)5(5(ét) T /dt/ GR(tvt/)Xcl(t/)>

% / dtdt' y(t)Gsym(t, t)y(t)
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Enter the Noise

The path integral foX has become:

/DXd/Dy exp[ /dty( ) (5;2(&) +/dt’ GR(tat/)Xcl(t,)>

/ dtdt’ y(t )Gsym(t,t’)y(t')]

2
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Enter the Noise

The path integral foX has become:

/DXd/Dy e:sz[ /dty( ) (5;2%) +/dt’ GR(tat/)Xcl(t,)>

/ dtdt’ y(t )Gsym(t,t')y(t’)]

2

“Integrate in” a Gaussian variabigt) with varianceGy,,, (t,t'):

/Dg/DXd/Dy e:cp[ /dty (;)iol +GRXCZ§) — ;/st;mf]
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Enter the Noise

The path integral foX has become:

/DXd/Dy e:z’;p[ /dty( ) (5;2%) +/dt’ GR(tat/)Xcl(t,)>

/ dtdt’ y(t )Gsym(t,t')y(t’)]

2

“Integrate in” a Gaussian variabigt) with varianceGy,,, (t,t'):

/Dg/DXd/Dy 6:cp[ /dty (;)iol +GRXCZ§) — ;/fGEyM]

Now integrate over to get aj-functional inX,;

:/ D¢ / DXod (20 4 GX — ¢ ) BEGne
0X
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Generalized Langevin Equation

Z=/D£/DXcz 5 (250 4 Gpx, - ¢ )eHeGame
5Xcl

The path integral is concentrated on the solution of thesatak
equation with a stochastic force:

d.S Lo / - - |
5Xd?t>+/_oo dt' Gr(t —t)Xaq(t') =€)  (EBER)) = Goym(t — 1)

Generalized Langevin Equation
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Generalized Langevin Equation

A /Di/DXcz 0 (55;0 + GrXy — §> e~ 3EGsymé
cl

The path integral is concentrated on the solution of thesatak
equation with a stochastic force:

— o0

o i [t nt—Xalt) = €0 (€W = Gt )
5Xcl(t) R cl sym
Generalized Langevin Equation

For a free particle) Sy /60 X = P. Integrate second term by parts:

o +OO o
Pr [ ata )X (E—t) =€) 590 = Gun(®)
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Recovering Local Langevin Equation

P [Tara) k-t =€) (€O = Gt

Suppose > 7. (autocorrelation time of the force)
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Recovering Local Langevin Equation

o +OO .
P [ ata)X (1) =€) (EDEE) = Gun(t.t)
Suppose > 7. (autocorrelation time of the force)
+OO . . +OO
/ dt' Xt —t) = nX(@t) n= ( / dt’v(t’))
0 0

+00
Gam(t—1) = rdlt—1), K= / dt G sym (1)

— 00
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Recovering Local Langevin Equation

P [Tara) k-t =€) (€O = Gt

Suppose > 7. (autocorrelation time of the force)

[T atexe-o) = ax 0= /O“"dm(y))

+00
Gom(t—1) = k-1, K= / dt G sym (1)

— 00

X _ for a relativistic particle
P'\" M ’

P = —npP(t)+£(t) nD >
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Fourier Space
Go to Fourier space:

+00 .
Goym(w) = / dt UGy (1),

=
Gasym () = / dt €t (Gr(t) — Ga(t)) = 2iIm Gr(w)

— 00
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Fourier Space
Go to Fourier space:

+00 .
Goym(w) = / dt UGy (1),

— 00

—+00

Gasym () = / dt ¢! (GR(t) — Ga(t)) = 2iIm Gr(w)
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Fourier Space
Go to Fourier space:

+0o0 .
Gy () = / dt €' Gy (8),

+00 .
Gasym () = / dt €t (Gr(t) — Ga(t)) = 2iIm Gr(w)
oo ImGRr(w)
"= /—OO Gsym(t)_ Gsym(w)‘w:O = w w=0

Relation betweelr,,, (w) andGr(w) is ensemble-dependent.
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Fourier Space
Go to Fourier space:

+00 .
Gy () = / dt €' Gy (8),

— 00

+00 _
Gasym () = / dt 6t (Gr(t) — Ga(t)) = 2iIm G r(w)

— 00

i= [ Gam(= Gom)

— 0

w=0

- ImGg(w)

W w=0

77:

Relation betweelr,,, (w) andGr(w) is ensemble-dependent.

For an equilibrium ensemble at temperatiite

Gropmnl)) = = @uitln (%) ImGr(w) = k=2Tn=2MTnp

Einstein’s Relation for a non relativistic particle

Lanaevin dvnamics of heavv auarks in
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Holographic correlators

The functions entering the generalized langevin equafona
point particle are given in terms obrrelation function®f the
QFT operatotF that seesX (¢) as an external source

ST _ < o0 J dt X(t)]—"(t)>
QFT
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Holographic correlators

The functions entering the generalized langevin equafona
point particle are given in terms obrrelation function®f the
QFT operatotF that seesX (¢) as an external source

ST < ot [ di X(t)]—"(t)>

QFT

These are precisely the objects we can calculateldi®/CFT:
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Holographic correlators

The functions entering the generalized langevin equafona
point particle are given in terms obrrelation function®f the
QFT operatotF that seesX (¢) as an external source

ST < ot [ di X(t)]—"(t)>
QFT

These are precisely the objects we can calculateldi®/CFT:
1. Find the bulk field dual to F
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Holographic correlators

The functions entering the generalized langevin equafona
point particle are given in terms obrrelation function®f the
QFT operatotF that seesX (¢) as an external source

ST < ot [ di X(t)]—"(t)>
QFT

These are precisely the objects we can calculateldi®/CFT:
1. Find the bulk field dual to F
2. Solve its classical equations of motion
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Holographic correlators

The functions entering the generalized langevin equafona
point particle are given in terms obrrelation function®f the
QFT operatotF that seesX (¢) as an external source

ST < ot [ di X(t)]—"(t)>
QFT

These are precisely the objects we can calculateldi®/CFT:
1. Find the bulk field dual to F
2. Solve its classical equations of motion

3. Find the correlators from the boundary on-shell action,
following the Son-Starinets prescription for real-time
Green'’s functions
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5D Holographic setup

We consider a 5D black hole background (in the string frame)

2 2 dr? 2 i
ds” = b=(r) ) f(r)dt* + dz'dz;
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5D Holographic setup

We consider a 5D black hole background (in the string frame)

2 2 dr? 2 i
ds” = b=(r) ) f(r)dt* + dz'dz;

Boundary:

r — 0, f(r)y—1 log b(r) ~ log¢/r + sub.,
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5D Holographic setup

We consider a 5D black hole background (in the string frame)

2 2 dr? 2 i
ds” = b=(r) ) f(r)dt* + dz'dz;

Boundary:
r — 0, f(r)y—1 log b(r) ~ log¢/r + sub.,
Horizon:

r— T, f(rn) =0, 4nT = f(rn)
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5D Holographic setup

We consider a 5D black hole background (in the string frame)

dr?

ds* = b*(r) )

— f(r)dt? + dz'dx;

Boundary:
r — 0, f(r)y—1 log b(r) ~ log¢/r + sub.,
Horizon:

T — Th, f(rn) =0, AT = f(rp)

The dual gauge theory is in a deconfined phase.
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Trailing string

Probe quark moving at velocity on the boundary

0

Classical string attached at the boundary and extendirggin t
Interior.

boundary

worldsheet horizon

U
U

BH horizon ,’l

y 4
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Traliling string profile

1
D2 /dtd?“ \Y% det §QB7 gaﬂ — g,ul/(?aX'uaﬁXy, Q, 5 — .7
ey

SNG = —
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Trailing string profile

1
o [ i, 0 = 90 XX B L
7-‘-8

SNG = —

Look for solutions: X!l (¢,7) = vt + £(r),  £(0) = 0.

L. anaevin dvnamics of heavv auarks in non-conformal 5D holoaranhv



Trailing string profile

1
o [ i, 0 = 90 XX B L
7-‘-8

ONG = —

Look for solutions: X!l (¢,7) = vt + £(r),  £(0) = 0.

Induced worldsheet metric:

_y U0 ) Horizon @ f(r.) = v?
sas w'(r)  fr)ylee? ) 0<r <
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Trailing string profile

1
o [ i, 0 = 90 XX B L
7-‘-8

ONG = —

Look for solutions: X!l (¢,7) = vt + £(r),  £(0) = 0.

Induced worldsheet metric:

_y U0 ) Horizon @ f(r.) = v?
sas w'(r)  fr)ylee? ) 0<r <

Drag frocein the longitudinal direction:

dpl b (rs)

_ class || class __ 1 bQ(TS>
dt 2742

v=-np*"p D" = 1 e
S

Gursoy, Kiritsis, Michalogeorgakis, FN, '09
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The Worldsheet Black Hole

The 2D metric can be diagonalized by a diffeomorphism:

v’
2

and it becomes that of a 2D black hole, b, € b(rs), etc)

t:T—l—C(T), C,:

b4
(b*f — C%)

ds* = b | —(f —v?)dr* + dr?| | C = vb?

with horizonr = r, wheref(r,) = v°. re < T
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The Worldsheet Black Hole

The 2D metric can be diagonalized by a diffeomorphism:

=), =
and it becomes that of a 2D black hole, b, € b(rs), etc)
b4
ds® = b’ [—(f —v?)dr? + iF 04)dr2] ,  C=ub]
with horizonr = r, wheref(r,) = v°. re < T

Hawking temperature:

1[4 f’ ~T v <1
: \/fo {~T/ﬂ vl
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Traling string fluctuations

Now we consider fluctuations around the trailing string 8ohu

—

X(t,r) = (vt+ §(r))% 46X (r 1)
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Traling string fluctuations

Now we consider fluctuations around the trailing string 8ohu

—

X(t,r) = (vt+ f(r))% + 56X (r,t)

Recall the boundary coupling:

Sbar = /thi(t)]'—i(t) ~ SI())dr -+ /5Xi(0,t)fi(t)
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Traling string fluctuations

Now we consider fluctuations around the trailing string 8ohu

—

X(t,r) = (vt+ f(r))% + 56X (r,t)

Recall the boundary coupling:
S, — / X () Fo(t) ~ S0, + / 5X(0, £)Fo(1)
5)?(73 t) Is the bulk field dual to the boundary operator

— According to the AdS/CFT prescriptiamrrelators ofF are
obtained from the solutions of the wave equations&i(r, ¢)
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Quadratic action

To obtain the linear equations f6% , expand the string NG action
to quadratic order around the traling string.
In the diagonal WS frame:

3
1
ﬁaa(sxllaﬁaxll + ) 0a0X; 030X}

1 1
Sz(\?g; = /der iy s L8
=2

272 2
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Quadratic action

To obtain the linear equations f6% , expand the string NG action
to quadratic order around the traling string.
In the diagonal WS frame:

3
1
ﬁaadxllaﬁaxll + ) 0a0X; 030X}

1 1
Sz(\?g; — /der iy
i=2

272 2

= Oy H 956Xt =0 8, Z72H* 936X =0
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Quadratic action

To obtain the linear equations f6X , expand the string NG action
to quadratic order around the traling string.
In the diagonal WS frame:

2 1 .

3
1
ﬁaaaxllaﬁax‘l + > aaaxfaﬁaxf}

1=2
= Oy HP 936X+ =0 8, Z72H* 956X =0

_ b!
HOP = V (f=v?) (b f-C?) ’ ,
0 V(f =)' f = C?)
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Asymptotic solutions

Look for harmonic solutionsiX (r, 7) = e “76 X (1, w)
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Asymptotic solutions

Look for harmonic solutionsiX (r, 7) = e “76 X (1, w)
Near the boundary — 0 :

y
O2U(r,w) — 20, U(r,w) + V2w U(rw) =0, ¥=sxlt

r

Solutions are linear combinations of a normalizable and a
non-normaliable mode¥ (r, w) ~ Cs + Cyr?

L. anaevin dvnamics of heavv auarks in non-conformal 5D holoaranhv



Asymptotic solutions

Look for harmonic solutionsiX (r, 7) = e “76 X (1, w)
Near the boundary — 0 :

2
5’?\11(7“,w) _ _@T\IJ(T,U}) + ’}/QCUQ\IJ(T,UJ) — 07 U = 5X||7—L

r

Solutions are linear combinations of a normalizable and a
non-normaliable mode¥ (r, w) ~ Cs + Cyr?

Near the worldsheet horizon:

&«\IJ+< - ))2\1;_0

02U
z AnTs(rs — 7

(rs — )
Solutions are infalling and outgoing waves:

\IJ(T,W) ~ Out(rs — T)+ﬁ + C'm(rs — T)_47’I::1)—18
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Retaded Correlator

L HoP ik
g = / drdt H*00, Vo5 ¥ H*P = { 2t

A HP/Z2 |
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Retaded Correlator

L HP 1
S = / drdt H*P 0, WOz ¥ HP = { 2t

AHP 22 |

Son + Starinets prescription for the retarded propagator:

Gr(w) =H*Uh(r,w) 0y Yr(r,w)

Boundary

U 1 Is the solution with boundary conditions:

Urp(0,w) =1, Up(r,w) ~ (rs — T)—ﬁf%s o
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Retaded Correlator

L H P 1
S = / drdt H*P 0, WOz ¥ HP = { 2t

AHP 22 |

Son + Starinets prescription for the retarded propagator:

Gr(w) =H*Uh(r,w) 0y Yr(r,w)

Boundary

U 1 Is the solution with boundary conditions:

Urp(0,w) =1, Up(r,w) ~ (rs — r)—ﬁf%s o
1 1 H'™
G = H™ 6X5* 0, 6X5 Gl = 5 x I Oy 5 X!
H 2742 i Rl par’ i 2ml2 72 R R

Bdr
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Symmetric Correlator

Worldsheet fluctuations are WS satisfy a wave equation falasc
fields propagating in 2D black hole metric.

— they have d@hermal equilibriundistribution with temperature;.
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Symmetric Correlator

Worldsheet fluctuations are WS satisfy a wave equation falasc
fields propagating in 2D black hole metric.

— they have d@hermal equilibriundistribution with temperature;.

This argument can be made more rigorous using the holograpgjuiivalent of the Keldysh
contour: impose analiticity through the horizon in the exted Kruskal diagram of the WS black

hole (Son + Herzog, 'O
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Symmetric Correlator

Worldsheet fluctuations are WS satisfy a wave equation falasc
fields propagating in 2D black hole metric.

— they have d@hermal equilibriundistribution with temperaturé;.

This argument can be made more rigorous using the holograpgjuiivalent of the Keldysh

contour: impose analiticity through the horizon in the exted Kruskal diagram of the WS black

hole (Son + Herzog, 'O
— We can extract the symmetric correlator from the retarded on

w
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Symmetric Correlator

Worldsheet fluctuations are WS satisfy a wave equation falasc
fields propagating in 2D black hole metric.

— they have d@hermal equilibriundistribution with temperaturé;.

This argument can be made more rigorous using the holograpgjuiivalent of the Keldysh
contour: impose analiticity through the horizon in the exted Kruskal diagram of the WS black

hole (Son + Herzog, 'O
— We can extract the symmetric correlator from the retarded on

w

This isnotthe thermal equilibrium relation for fluctuations in the
plasma, sincé€’, # T
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Langevin Diffusion consta
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Langevin Diffusion constants

1
o = Gaym() = 9T, m Gpr(w) O
W= w w=

HTT —>

ImGRg(r,t) = U0, U= J"(rt), orJ" =0

21

= we can computémGr(w) anywhere. e.g. @
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Langevin Diffusion constants

1
o = Gaym() = 9T, m Gpr(w) O
W= w w=

HTT —>

U* 0, U= J"(r,t), 9J =0

ImGR(r,t) =

21
= we can computémGr(w) anywhere. e.g. @

H?“?“(,r)
AnTs(rs — 1)

re~rs, W~ C’h(rs—r)_‘lgfs ImGpr = ‘Ch‘QW
Ts
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Langevin Diffusion constants

1
o = Gaym() = 9T, m Gpr(w) O
W= w w=

HTT —>

U* 0, U= J"(r,t), 9J =0

ImGR(r,t) =

21
= we can computémGr(w) anywhere. e.g. @

7{rr(r)
AnTs(rs — 1)

r~ry, WU Ch(rs—r)_‘lgfs ImGpr = Ch|*w
s

On the other hand we can compuitér) exactly in thew — 0 limit,

U =~1] —+ CQ(W)/ HTT(’IJ)dT, CQ(W) ~ W
0
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Langevin Diffusion constants

1
o = Gaym() = 9T, m Gpr(w) O
W= w w=

HTT —>

U* 0, U= J"(r,t), 9J =0

ImGR(r,t) =

21
= we can computémGr(w) anywhere. e.g. @

7{rr(r)
AnTs(rs — 1)

r~ry, WU Ch(rs—r)_‘lgfs ImGpr = Ch|*w
s

On the other hand we can compuitér) exactly in thew — 0 limit,

U =~1] —+ CQ(W)/ HTT(’IJ)dT, CQ(W) ~ W
0

= (=1
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Langevin Diffusion constants

1
o = Gaym() = 9T, m Gpr(w) O
W= w w=

HTT —>

U* 0, U= J"(r,t), 9J =0

ImGR(r,t) =

21
= we can computémGr(w) anywhere. e.g. @

7{rr(r)
AnTs(rs — 1)

r~ry, WU Ch(rs—r)_‘lgfs ImGpr = Ch|*w
s

On the other hand we can compuitér) exactly in thew — 0 limit,

U =~1] —+ CQ(W)/ HTT(’IJ)dT, CQ(W) ~ W
0

:>Ch:1 = H(T)

- 2m(rs —7)

Ts
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Langevin Diffusion constants

1
o = Gaym() = 9T, m Gpr(w) O
W= w w=

HTT —>

U* 0, U= J"(r,t), 9J =0

ImGR(r,t) =

21
= we can computémGr(w) anywhere. e.g. @

7{rr(r)
AnTs(rs — 1)

re~rs, W~ C’h(rs—r)_‘l%s ImGpr = ‘Ch‘QW
s

On the other hand we can compuiter) exactly in thew — 0 limit,

U =~1-+ C’g(w)/ H™ (r")dr’ Co(w) ~ w
0
[ b2 T, il

:>Ch:1 = H(T)

- 2m(rs —7)

Ts 7'('6%

| @) T/ |
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Langevin Friction terms
p=—np(p)pls — np(p)F" + £(¢).

To connect with holographic calculation we must write the
Langevin equations into equations fox.
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Langevin Friction terms

p=—n) (p)pls — i (p)p- + ().

To connect with holographic calculation we must write the
Langevin equations into equations fox.

X =v+6X, p= — = YMT + 5
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Langevin Friction terms

p=—n) (p)pls — i (p)p- + ().

To connect with holographic calculation we must write the
Langevin equations into equations fox.

5, 5, M)f
X =v+6X, p= = = yMT + 5

p :
\/1—X X

Expand to first order- equations for position fluctuations:

YMSX+ = —nto Xt + 1),
BMsX = —plls X)) + £l (2)

H
77” - WMvﬁ
D 8]3

L. anaevin dvnamics of heavv auarks in non-conformal 5D holoaranhv



Modified Einstein Reltations

1 I |

|
_ [ ONp
= D =g 77D+M7U}

Jp

The coefficients computed holographically are

w=0 N QTS .

g N w
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Modified Einstein Reltations

1 I |

||
S - H M anD
s v IR vl L }

Jp

The coefficients computed holographically are

L

w w=0 QTS .

n==

= modified Einstein relations

. 2vM Tsnf), Kl = 2V MTy |n

(Cfr. non-relativistic, thermal equilibrium E.R. = 2T Mnp)
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Modified Einstein Reltations

1 1 on!
L+ 1 [ || i Uys)
= D "= s pT iy
The coefficients computed holographically are
" N w w=0 N QTS .
= modified Einstein relations
an H
- = 2yM Tsnl%a RH — 273MT3 ” DT M~yv—= a
P

(Cfr. non-relativistic, thermal equilibrium E.R. = 2T Mnp)

Consistency checkyl, = 5 = ndlass = (2r2)~1b(r,)2 /My
satisfiles both relations!
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Validity of the local approximation

Local Langevin equationlong timeapproximation,

t > Teorr ™~ 1/Ts
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Validity of the local approximation

Local Langevin equationlong timeapproximation,

> Tcorr ™ 1/Ts

Ap* description in terms of | : short timesolution oflocal
Langevin.

t < Trelaz ™ 1/77D
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Validity of the local approximation

Local Langevin equationlong timeapproximation,

> Tcorr ™ 1/T3

Ap* description in terms of | : short timesolution oflocal
Langevin.

t < Trelaz ™ 1/77D

Consistency:

1/np > 1/T,

If this fails, need théull non-localgeneralized Langevin dynamics

L. anaevin dvnamics of heavv auarks in non-conformal 5D holoaranhv



Einstein-Dilaton gravity

A simple 5D concrete realization.

Sp = —Mgfd%\/?g [R - %(8(1))2 —V(®)
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Einstein-Dilaton gravity

A simple 5D concrete realization.

!
UV AdS asymptotics
4

~ —
r

b(r) ~ =\2/3(r), A(r) ~ (logr) ™" r— 0
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Einstein-Dilaton gravity

A simple 5D concrete realization.

Sp = —Mg/d%\/—_g [R = %(8(1))2 — V(®)

UV AdS asymptotics
4

~ —
r

b(r) ~ =\2/3(r), A(r) ~ (logr) ™" r— 0

V ~ X3(log \)Y/2 as\ — oo
= mass gap, Wilson loop confinement, Hawking-Page

deconfinement phase transiti@h?l =71, # 0
Gursoy, Kiritsis, Mazzanti, F.N., '07-'09
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Einstein-Dilaton gravity

A simple 5D concrete realization.

!
UV AdS asymptotics
4

~ —
r

b(r) ~ =\2/3(r), A(r) ~ (logr) ™" r— 0

V ~ X3(log \)Y/2 as\ — oo

= mass gap, Wilson loop confinement, Hawking-Page
deconfinement phase transiti@h?l =71, # 0
Gursoy, Kiritsis, Mazzanti, F.N., '07-'09

Specific choice o/ (®) gives good agreeement with Lattice
thermo and spectras. L. Mazzanti's talk)
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Qhat

We can compute the transverse momentum broadeining bno@den
numerically, given the solution for the background metric

q\ — Qi p— 2b2(T3) TS
U

2
Tl v
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Qhat

We can compute the transverse momentum broadeining bno@den
numerically, given the solution for the background metric
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Qhat

We can compute the transverse momentum broadeining bno@den
numerically, given the solution for the background metric

T =R My
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Qhat

We can compute the transverse momentum broadeining bno@den
numerically, given the solution for the background metric

T =R My

T =50} Me ¥

T=250 MeV

f > ' = [y - ' S ST : - pdGey)
I o Tins [ i T T i 5 1] |5 20

The order of magnitude is correct. Comparison to data is haedal
momentum dependence.
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Validity of the local approximation, pt. 2

Parametrization in terms gfjustified Iif:
1/77D > 1/Ts

This translates to a bound on guark momentum:

p < 1.5M, (M,/T)’
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Validity of the local approximation, pt. 2

Parametrization in terms gfjustified if:
1/np > 1/Ts
This translates to a bound on quark momentum:

p < 1.5M, (M,/T)’
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Validity of the local approximation, pt. 2

Parametrization in terms gfjustified if:
1/np > 1/Ts
This translates to a bound on quark momentum:

p < 1.5M, (M,/T)’

Bottom
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Final Comments and Open Questions

I've discussed the computation for a quark of infinite mass; F
finite mass one has to put the boundary@at> 0. The low
frequency limit and; aremass-inedependent
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Final Comments and Open Questions

I've discussed the computation for a quark of infinite mass; F
finite mass one has to put the boundary@at> 0. The low
frequency limit and; aremass-inedependent

Is the local Langevin approx. a good one?
Look atp, broadening keeping a non-trivial kernel and colored
noise.
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Final Comments and Open Questions

I've discussed the computation for a quark of infinite mass; F
finite mass one has to put the boundary@at> 0. The low
frequency limit and; aremass-inedependent

Is the local Langevin approx. a good one?

Look atp, broadening keeping a non-trivial kernel and colored
noise.

What happens for large times, 1/np?

Need to extend the analysis to large momentum variatiaas, |.
non-constant.

L. anaevin dvnamics of heavv auarks in non-conformal 5D holoaranhv



Final Comments and Open Questions

I've discussed the computation for a quark of infinite mass; F
finite mass one has to put the boundary@at> 0. The low
frequency limit and; aremass-inedependent

Is the local Langevin approx. a good one?
Look atp, broadening keeping a non-trivial kernel and colored
noise.

What happens for large times, 1/np?
Need to extend the analysis to large momentum variatiaas, |.
non-constant.

What kind of momentum distribution do we find at large
Look for stationary solution of the associated Fokker-Bkan
equation. Complicated by anysotropy.
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Final Comments and Open Questions

I've discussed the computation for a quark of infinite mass; F
finite mass one has to put the boundary@at> 0. The low
frequency limit and; aremass-inedependent

Is the local Langevin approx. a good one?
Look atp, broadening keeping a non-trivial kernel and colored
noise.

What happens for large times, 1/np?
Need to extend the analysis to large momentum variatiaas, |.
non-constant.

What kind of momentum distribution do we find at large
Look for stationary solution of the associated Fokker-Bkan
equation. Complicated by anysotropy.

Compare with direct resulfer b/c suppression (not much
avalilable at the moment, wait for LHC)
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