Horizon formation and far-from-equilibrium
dynamics in strongly coupled plasma

Laurence G. Yaffe
University of Washington

based on work with Paul Chesler: arXiv:0906.4426, arXiv:0906.4426

KITP, 7/17/09




Thermal plasma physics from AdS/CFT
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Thermal plasma physics from AdS/CFT

® Equ111br um (N =4 SYM) (static, Euclidean signature)

i equation Of state SUGRA mode 014 SYM operator mass /7T

Ry

e correlation lengths, screening ] 23361
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e confinement/deconfinement ! U5t 5.1085
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e rotation Oryy 7.4116

e chemical potentials

e N earequilibr um (real-time response, Minkowski signature)

e viscosity, diffusion
e quasi-normal modes, late time expansions
e photo-emission

second-order transport coefhcients

non-linear conductivity
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(classical string dynamics)

e Probe dynamics
e heavy quark drag

1an motion

e wakes, Brown

ispersion

e heavy meson stability, d

e light quark jets




Thermal plasma physi
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from AdS/CFT

e Probe dynamics

(classical string dynamics)
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ar-from-equilibrium dynamics

P77
plasma formation

early thermalization

turbulence

initial value problems with non-trivial
time-dependent bulk geometry



Non-equilibrium initial states

e Specity complete density matrix p ? Ugh!
e Pick geometry on initial Cauchy surface 7 Ugh!

e Want “operational” description:

i ol

t<< 0 GF- 10 t>0
equilibrium shake evolve

.. Specify time-dependent external fields
ext. field

= time-dependent dynamics non-equilibrium response

= external work done on system

simple initial state =~ excitation




Anisotropy dynamics

e Metric g# = external field coupling to stress-energy 17'#”

. time-dependent geometry = non-equilibrium (74¥)

e Case I: perfect spatial homogeneity; arbitrary anisotropy

ds? = —dt® + e (dz? + dy?) + e 72/ D) 22

e Case II: boost invariance & transverse homogeneity \time_de¥eometry

ds?i= Sdnd Lo r ) g d W2l 2T gy 2

\ proper time rapidity/
&)




(Gravitational description

. , , LN apparent horizon
e Solve 5-d Einstein equations with time-dependent teme

J4t . SINIRE A
boundary condition G48 —= g#¥ and simple initial

condition (AdS or AdS-BH)

o Extract {T'*¥) from sub-leading near-boundary
asymptotics

e Note:

e time-dependent boundary conditions produce
dynamic event horizon

o “Teleological” event horizon growth occurs outside Vi i’
causal future of boundary time dependence evenl horizon  boundary

= cvent horizon area (pulled back to boundary) cannot.
represent entropy in non-equilibrium setting




Practical issues (I)

e (Coordinate choice:
X Bad: Fefferman-Graham or similar ¢; £, x)

v Good: Incoming Eddington-Finkelstein

ds® = —A(v,r) dv* + 2dvdr + X(v,r)? {eB(”’T) (dz? + dy?) + e 2Bw:) g2

e U =const. on iIncoming (radial) null geodesics
e dv/dr =1A on outgoing (radial) null geodesics
e g'=0rg =directional derivative along incoming null geodesics,

e U =0vg+1AO0rg =directional derivative along outgoing null geodesics

e Boundary conditions as 7 —*co:
SI@HSENEHVAND 2 HERDI S i B = AD)

e Casell: A—s2, X —-r1¥3 B- —251nt+ v(1)




Einstein equations

o Ryn — %GMN(R—I—QA) ==}

e Non-trivial components: vv, rr, vr, zz, xx+yy
= 5 equations, 3 unknown functions (A,B,X)

e Need to separate dynamics from constraints

— | OB IR D H L
= % (B) +3(¥YB+B'Y)

= (
0
O3 DTS /5721 L))
0
0

=) e %(lg2 st A, E) ) Y — boundary value constraint

/! 1 /2
>+ §B E, T — 1nitial value constraint

e N.B.: A=non-dynamical auxillary field




Practical issues (I1)

e Need to solve for “velocities,” 0y B, 0y 2, and auxillary field A

S(r,v) = —E<fv)2/dw2(w,v)3

Ti

| 3
B(r,v) = _E(T,U)3/2/r X(w,v)

e Discretize r = oo system of coupled ODEs

e Must treat near-boundary behavior accurately

= match discretized numerics to large 7 asymptotics
A




Practical issues (I11)

¢ Must remove residual reparameterize freedom: » = » + a(v)

X Bad: fix coordinate location of event horizon

v Good: fixa; =0
e Must excise region surrounding singularity: 7 < 7min(¥) < #horizon(?V)

e Must choose specific boundary time dependence

Ex: f(v) = 2¢[1 — tanh(v/7)] ~(1) = ch(t—mp)8 e~/ (7=T0)
HiomE= e o nI AL

A

1 AR




Case I: Results

horizon
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Case I: Horizon area

apparent horizon

event horizon

Actual Horizon

horizon area

Apparent Horizon




Case I: Isotropization time

c| I s U B U R

77 | 0.23 0.31 0.41 0.52 0.65 0.79 0.94
’TisoT 067 068 071 092 182 15 18
TaabymH HS O 22 D) 1T SRR IR 191319

T = final equilibrium temperature
Tiso = 1SOtropization time

T =plasma creation time scale

Tio & 0.7/T ™ To~ 0.5 fm/c at T =~ 350 MeV --- relevant at RHIC???




Case II: Results

horizon area
o

= vent horizon
=== Apparent horizon




Case II: Hydro comparison

c=3/2

T —T¢f

St AR LE 2C] Cy
el +
Al e | kg EI8 H (ko

faf {12 (AL _1 LRGN
T 4(AT)AB | 3(AT)A3)7

7T4A4 | 201 502 :I

Pi=3ans |1~ 2B T aans

: I 1 HEH A 6112
=—=Event horizon 1 ArE — meA% |1 — ip ]
Apparent horizon L 2m(AT)2/3 24m2(AT)4/3

=== 24 order gradient expansion LA b [ I 24+ 71+ 1In2 ] ’

Ig =
I 2m(AT)2/3 5 24m2(AT)4/3

Janik, Peschanski; Kinoshita, Mukohyama, Nakamura; Booth, Heller, Spalinski




Case II: Relaxation time

c 1 f et R R L o T B v vt it i i3y o 1 1 2

T 2ot it s ot ol T REt e s et i ot 2 131 ]) 199
T, 0.93 0.77 0.60 0.40 0.27 0.27 0.41 0.62 0.80 0.97
AT, gigntiaAst o iz olsrititaisot itz il 96! 1111313
el DL T L L STLE e ot L TR I R SR
Gt oleo i elos it o i og s olgd (e 2440201110011 0.04)10.00

DT 0,06 —0.03 —0.22 —056 —1.1 16 0.91 047 024 0.13

T. = hydro onset time

T. = initial hydro temperature

¢ ©0: T T T+ 0 “instantaneous” relaxation to local equilibrium
C_)O: T*’\/A/\/-(:, T*T* ’\/O(]_)
AT>009 always = limit of validity of hydro controlled by relaxation of

non-hydro modes, not by growth of higher-order viscous terms




Open questions

Sensitivity to choice of boundary time dependence?
e wider range of amplitudes

e periodic forcing

Precise connection between entropy & apparent horizon area?
e ambiguities in definition of non-equilibrium entropy

e foliation dependence of apparent horizon area

Feasibility of evolving anisotropic & inhomogeneous geometries?
e non-boost invariant colliding shocks
e finite expanding fluids

e turbulent driven systems

Relevance for heavy ion collisions?




