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Introduction / Motivation
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Hierarchy in AdS/CFT
AdS CFT
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Brownian motion

— Historically, a crucial step
toward microphysics of nature

» 1827 Brown erratic
motion

Robert Brown (1773-
1858)

pollen particle

» Due to collisions with fluid particles
» Al lowed to determine Avogadro #: N,= 6x10% <

(©.0)

» Ubiquitous
>6Langevin ed. (friction + random force)



Brownian motion in AdS/CFT
Do the same in AdS/CFT!

Brownian motion of an external quark in CFT
plasma

Langevin dynamics from bulk viewpoint?
Fluctuation—-dissipation theorem

Read off nature of constituents of strongly
coupled plasma

Related work:
Rest at fon'ter REICophysiog? e Goser
asalderrey-%oTana+leaney
Transverse momentum broadening: Gubser, Casalderrey-Solana+Teaney -




Preview: BM in AdS/CFT

endpoint =
Brownian particle

AdS boundary

C? at infinity

fundamental
string

hor izon

black hole



Outline

» Intro/motivation
» Boundary BM

» Bulk BM

» Time scales

» BM on stretched horizon
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Paul Langevin (1872-
1946)

Boundary BM

— Langevin dynamics



Simplest Langevin eq.

p(t) = —yop(t) + R(¢)
CER

(instantaneou random
S) force

(R()) =0, (R(R(t))=rKoS(t—t)

white noise



Simplest Langevin eq.

vulioLaliL - - IGS1atc
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Generalized Langevin equation

B(0) = — j dt'y(t — £ p(¢) + R(D) + F(b)

delayed random
frictio force
n

(R())=0, (R(OR(E))=xr(t—t)

» Qualitatively similar to simple
LE
» ballistic regime
» diffusive regime



Time scales
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How to determine vy, x
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Bulk |

SM
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Bulk setup

: endpoint =
» AdS, Schwarzschild BH Brom r
tig
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Physics of BM in AdS/CFT

» Horizon kicks endpoint on
hor izon
(= Hawking radiation)

» Fluctuation propagates to
AdS boundary

» Endpoint on boundary
(= Brownian particle) exhibits

BWiho | e process IS dual to
quark hit by plasma
particles
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Assumptions

» Probe approximation
» Small g,

No interaction with bulk

Only interaction is at horizon
» Small fluctuation

Expand Nambu-Goto action
to quadratic order

Transverse positions are
similar to Klein—-Gordon scalar

19

boundary

X(t, 1)

hor izo



Transverse fluctuations

20 Fimrt



Bulk-boundary dictionary

-
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Semiclassical analysis

ﬂITTIIOI\Ie
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Semiclassical analysis

LlGubser| [Casalderrey—-Solana+leaney]
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Forced motion
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Forced motion: results (AdS;)

» Admittance
1 _apim 1-io/ma'm

Hlw) = vlw] —iw 2 1—amBiw/2n

» Random force correlator

~4m 11— (Bw/27)? 1
K(w) = a f31— (w/2ma’'m)? = teoll ~ T
(no
N,

» FD theorem

2m Re(y[w]) = Br(w) ) satisfi

can B proven

generally
25



Time scales
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Time scales

Lrelax { tmfp} {tcoll J
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Time scales from R-correlators
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Time scales from R-correlators
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Sketch of derivation (1/2)

k

R®) =) ef(t—t) ;

pulses

i=1 I I

Probabi |l ity that there are A pulses In period

[O’T]: Pk (T) — p Ml —_~ (,u’[)k (Poisson dist.)
I
2-pt func:
(REOR(E)) = Z P(D) Z (6 f (£ = tDf (E= ()N
[,j=1

= 41 : random signs — (Ei5j> - 51’1’

!/ k B !
(F(e = Df & = el =7 | duf(t—wf@ —w
0
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Sketch of derivation (2/2)

=) (ROR()) = u j du f(t —wf(t —w

(R(@)R(@") = 2mpus(w + 0 ) f (w)f (w")

Similarly, for 4-pt




(RRRR) from bulk BM
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(RRRR) from bulk BM

» Holographic renormalization [Skenderis]

Similar to KG scalar, but not quite

» Lorentzian AdS/CFT [Skenderis + van Rees]

» IR divergence
Near the horizon, bulk integral d/veﬁgzzs\/é;//
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IR divergence

Reason:

Near the horizon, local
temperature Is high

String fluctuates wildly
Expansion of NG action breaks dewn

Interpretation:

String covers entire horizon,
becoming a “part” of BH [susgijtpet

al.] | ff\
Background gets renormalized aapass

Remedy:

Introduce an IR cut off

** where expansion breaks down




Times scales from AdS/CFT (weak)

Resulting timescales:

Lrelax ™~ \/I T2 Ceonl ™~ T tmfp r A= ﬁ



Times scales from AdS/CFT (strong)

Resulting timescales:

Lrelax ™~ \/I T2 Ceonl ™~ T tmfp r A= ﬁ
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BM on stretched horizon



Membrane paradigm?

» Attribute physical properties to “stretched
horizon”
E.g. temperature, resiga?nce,

(ingoing: thermal, outgoing:

any) .
Can we reproduce this by
Interaction




Langevin eq. at stretched horizon

» EOM for endpoint:—#0,.X(¢t, 1) = F,(t)
» Postulate:
t
R@ == | de'y—)0XE ) + R

(Rs()) =0,  (Ry()Rs(t)) = Ks(t —t)



Langevin eq. at stretched horizon

dw (+) —Lw(t r)_l_a( ) —La)(t+r)_|_h C]

\/_[1 )\Y

ﬁ Plug into EOM

» Gan satisfy EOM if
yo(£) < 8(8),  Ry(w) x v al”

X(t,r~ry) =

» Correlation function:

(Rs () Ry(0))  (aS7Tal) oc ———

ebw — 1

40



Granular structure on stretched horizon

» BH covered by “stringy gas”

external
string

Frictional / random forces
can be due to this gas

"cloud" of
stringy gas

Can we use Brownian string
to probe this?

41



Granular structure on stretched horizon

2 2
P AdSy BR o7 (~h()dt? + dX3_y) + L

r2h(r)
d—1 d—
h(r)=1—(r?H) Tzéz( 4nl12)rH

One quasiparticle / string bit per Planck area

¢

[
AX ~—°¢
ry P
@ ap’ s are moving at speed of

B(I ght

At ~ (stretched horizon gt= (1 + 2€)ry

Ve \/ETH )

Proper distance from actual horizbn~ /el
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Granular structure on stretched horizon

¢

String endpoint collides with a quasiparticle once

In time £p
At ~ —
TL

Cf. Mean-free—path time tead off R.—correlator:
tmfp - ?

¢

) Scatterlr;g;ormabllﬁgyj{)rl str(Lng %ggpomt:
tmfp L gf (L~ %)
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Conclusions
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Conclusions

» Boundary BM < bulk “Brownian string”

Can study QG in principle

» Semiclassically, can reproduce Langevin dyn.
from bulk

random force ¢ Hawking rad. ( “kick” by

horizon)
friction o absorption
» Time scales In strong coupling QGP:  t . ., t.,
tmfp

# FD theorem



Conclusions
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Thanks!
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