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Motivation

Behavior of strongly correlated systems out of equilibrium

In general far from equilibrium is challenging ...

Thermalization of 1+1 systems: universal steady state !

[Bernard,Doyon '12] [Brantut et al '13]

theory and experiment: [Karrasch et al. '12] [Schmidutz et al '13]

[Basheen '13]
Ansatz for 1+D relativistic CF'T [Chang,Karch,Yarom '13]

[Bhaseen,Doyon,Lucas,Schalm '13]

Gauge/gravity duality: real time, non-equilibrium, finite T interacting systems

——p dynamically construct dual of 1+D conjectured steady state



Qutline

« 1+1 steady state

« 1+D steady state

« Black brane steady state



* Two isolated quantum systems at different T in instantaneous thermal contact
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* Large systems: late time steady state forms

* In 1+1 CFT the heat flow is universal

[Bernard,Doyon '12; Basheen '13; Chang,Karch,Yarom '13]



Two dimensional steady state

Following [Chang,Karch,Yarom '13]

1+1 CFT flat space: ds® = —dt* 4+ dz? = dz dz
Conformal : fT‘u"u =0=1.=0

Conservation : V,T" =0 = T,, =T4(2), Tz =T_(2)

O

Ti(x+t)+T (x—t) T_(x—1t)—Ty(x+1)

In Cartesian : THY =
n Cartesian : T (Ilu_iy_fmx+ﬂ Ty(x+t)+T (x—1t)

The energy density (pressure) satisfies a wave equation:
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* Late time is fully determined by initial profile and BC.

* Fixed pressure at spatial infinity
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* Boundary conditions:

T (t.r — £ox) = ( F%’{L PD )
R/L



* Late time is fully determined by initial profile and BC.

* Fixed pressure at spatial infinity
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* No matter the interpolating initial profile



* Late time is fully determined by initial profile and BC.

* Fixed pressure at spatial infinity

Tt t — 00
e
S P,
T — —00 T — 00
* Steady state forms: T oo = %(pL + Pg)



1+1 steady state

Asymptotic heat baths in thermal equilibrium

Pressure and

energy density:

Ttt _

i

12

[E_TE + r:_]']%}

Heat flow:

Ttr —

T

1

2

[:r:_TE — E_TE )

Tt t — 00
P ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
L «
L
R B .
Py
r — —00 T — OO
Ttx
~

\\\

r — —00 T —r OO



1+1 finite system

Pressure and energy density: t/l =0
Ttt
x=0 x =1
Heat flow:
Tt.’r




Pressure and energy density:

Heat flow:

1+1 finite system
L/l =0.3
Ttt -
x =10 r =1
Tta:
x =0 =1



Pressure and energy density:

Heat flow:

1+1 finite system
Ll =0.8

Ttt
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Tta:
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1+1 finite system

Pressure and energy density: t/l=1
Ttt
x=0 x =1
Heat flow:
Tt:v




1+1 universal steady state

* (Conformal and conservation of stress tensor

/<<
Pressure and energy density: Heat flow:
Ttt - Ttm
\ \\\
.
x=0 r=1 x=0 x =1
tt 1 - 1
Tlt—r:v;zi(PL'FPH) T |t—11—§(PL_FE)



Higher dimensional universal flow

Following [Chang,Karch,Yarom '13]

* Assumption: same structure of L and R moving waves describes the system

* 1+D CFT with pressure gradient in x direction but homogeneous in z;
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* Do the 2 steps and the steady state plateau form?



Higher dimensional universal flow

Conjecture: late time generic CF'T connected to asymptotic heat baths

Tt t — 00
P
< v
v, ~ F
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I I1 I11
L moving wave Steady state R moving wave

Universal heat flow and energy density determined imposing only Y/ MT“V — 0



Ansatz for steady states

Regions I and III

e(Py = AP) 0 0
BC : T (x — Foo) = 0 Py+ AP 0
0 0 Py+ AP. ..
1
v __WL(QT—F”ULt) —|—6(P0—|—AP) WL(erth)
. H J— Vr,
Ansatz : = ( W, (CE' + ULt) —’ULWL(CC + ?)Lt) + Py + AP
i _ (o Wr(@ = vRt) + €(Py — AP) Wg(x — vgt)
H— Wgr(x — vgrt) vpWgr(x —vgrt) + Pp — AP

WL(—OO) = 0, WL(OO) = JL y WR<OO) = O, WR(—OO) = JR

Region 11
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Matching cond:
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Y

Conformal €(P)

d=3

0.0 ————1

0.0

I I.ID 6p2

Thermodynamic branch
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Higher dimensional universal steady state

Conjecture: late time generic CFT connected to asymptotic heat baths

Ttt
P +AP t — 0o
e 0 0 0
N P,=AP
xr — —00 T — o0
Assumptions : V,T"" =0 and thermal equilibrium at = = %L

I—> Flow driven steady state

What about diffusion?

Which branch is realized?

)



Higher dimensional universal steady state

Conjecture: late tim

e generic CF'T connected to asymptotic heat baths

Ttt
P + AP b oo
K A 5wt =1 (%)
R 0 4 )
T o0 xr — 00
Assumptions : V7" =0 and thermal equilibrium at = = +L

I—> Flow driven steady state

2" Order Hydrodynamics

What about diffusion?

Which branch is realized?

= _ close to equilibrium dynamics

- good at Op small, but breaks

at Op large or large dissipation



Higher dimensional universal steady state

Conjecture: late time generic CFT connected to asymptotic heat baths

Ttt
P + AP t — 00
4@ P, o, {F;sl ;H} g (ip.
R 0 0 0
N pP,—-4p
r — —00 xr — OO
Assumptions : V,T"" =0 and thermal equilibrium at = = %L

I—> Flow driven steady state

What about diffusion?
ﬁ

Which branch is realized?

Gauge/Gravity duality

- non-equilibrium dynamics

)



AdS/CFT correspondence

=

* Generating functions:  Z,pp = ¢ 7498

Fields in Ads <% Operators in CFT

i — O

D — Gy T2 -T;rrf

Black hole «— Finite temperature

IR Uv

* Real time dynamics in interacting systems




Black brane steady states

* Thermalization: driven steady state

BH 5:%/&‘1.z~g’—_g(ﬁ+d{d_1])
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Black brane steady states

* Thermalization: driven steady state in ABJM (planar, strongly coupled)

2+1 strongly coupled CF'T in flat space

TR
Black brane sols such that dual CFT :
. 2P(TriL) 0 0
Tr(pT*(tas, ) esiw = | 0 P(Tgp) 0

0 0 P{Tgr/L)



Black brane steady states

* Homogeneous black brane

r

3
ds? = 2dtdr — r? (1 — ({;:—T) ) df2 + r? (d.z‘g_ + ri.rg)

2P(T) 0
Tr(pTH) = 0 P(T) 0
0 0 P(T)

,'n J
» Steady state black brane asymptotes at T EX w/ TR/L



Black brane steady states

Following [Chesler,Yaffe '13]

* Metric ansatz :

ds® = 2dt (dr — At x,r)dt — F(t,x, r]d.z') + 23t 1) (EE“'r'ﬁd.z'g_ - E_E“'r'ﬂd.rg)

1P+ (0,B) =0
~Y20°F — X%(9,B) 0,F + Cp[B, ©|F = Sp[%, B
49°9, 8 + 4579, 5% = S¢[E, B, F]
4v40, B + 4520, 2B = Sg[¥., B, F. ¥
2v'0F A = S4[X, B, F. %, B
Y = Qg[E. B. F, A
X =X + A0 X 0.F = Q, ;[S. B. F., Al

Nested eoms :

C' and S depend only on spatial derivatives

() depends on spatial and time derivatives



* UV boundary conditions (7 =+ 0¢ ) : 452 — 2dtdr + 12 [:—t'ffg +dr? + d.z'g}

A— é[r +E(ta)? — Bt x) +

r+ Lt o)
filt, ) 300 ba(t, ) 4
F=—a(t x)+ + O
I n) + e T ey o)
e 3h3(t, ) g
Y=r+{(t.x) — 00+ (2.2 +0(r)
balt, x) 4
b= reoyp PO
a1 3f1 0
* Stress tensor of dual CFT: Tr(pT") =po | 51 —a1—3b3 0
0 0 —(l] + 3!!1}1;:
* To generate steady state impose:
4 )

poay (t,x — o) = —P(Tg/L)

t=0.7r— *oc) =10 halt =0.0 —= *oc) =0
\fﬂ ) 3 ) )

t=0 — bG=10 fi=20 n = —Ap (1 —ﬁ'tanh(jtanh(g)))
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Numerical Results
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Cconclusions

141 CFT steady state is universal. 14+D is conjectured to be too.

Far from equilibrium CF'T generates late time steady state

Good agreement with the predicted universal result for dp < 0.7

Very large pressure difference? Transition to the other branch?

Extension to non-CFTs, add conserved currents

Experimentally testable...

Gauge/gravity: insight on far from equilibrium dynamics
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