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Motivation

Far from equilibrium dynamics

@ Compute real time dynamics.

@ Transition to hydrodynamics at late times.

@ In strongly correlated systems:
e Organizing principles out of equilibrium?
o Universality classes?

Examples:

@ Thermalization of quark-gluon plasma.

@ Quenches in condensed matter systems.

@ Fluctuations in the fractional Hall effect.

@ Much simpler class of problems =

@ Concrete setup: Two heat reservoirs at different
temperatures are put in contact at time t = 0.
cm

Energy density = e(x,t = 0) = 12 [Tfe(—x) + TE,@(X)]
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e Energy flow in strongly correlated systems
@ A universal regime of thermal transport
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A universal regime of thermal transport
Energy flow in strongly correlated systems Holograpahic Model
Linearized solution

A universal regime of thermal transport

[Bernard, Doyon ’12], [Bhaseen, Doyon, Lucas, Schalm ’13]
@ Two systems initially at equilibrium.
@ Independently thermalized.
@ Conservation equations and tracelessness:

3X<TXX> _ —8t<TtX> _ O, <TXX> — <Ttt>

(T¥) = F(x —t) — F(x + 1)

—_ ”emanating from interface: {<Ttt> =F(x—t)+F(x+1

@ Ind+1dim: (TH) = ag T (' + (d + 1)uruY)

7 7K Ji #0 s
T — e = !
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A universal regime of thermal transport
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Hydrodynamics

[Bernard, Doyon ’12], [Bhaseen, Doyon, Lucas, Schalm "13]
Prediction for the steady-state:

@ Lorentz-boosted energy density with u* = (cosh 6, sinh 0, 6) and
temperature
TLZT-GQ, TH:T~e"’ =

1
@ Heat current: Jg = (T%)g = ag T 7

@ Temperature: Tt =/ T, TR
@ Shockwave velocities: ¢2 = 1 = u ug.

with a4 ~ G—

T -T"(T = 7,Tp =19)
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A universal regime of thermal transport
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e Energy flow in strongly correlated systems

@ Holographic Model
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A universal regime of thermal transport
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Gravitational Dual

@ Energy transport: Lorentz-boosted thermal distribution
= Gravity dual: Boosted black brane

— 1 d+1 —
S= m/d Xv/=g{R+2A} .

ds? = g, dx*adx”

[2 2
= = {% — f(2) (cosh Adt — sinh 6dx)? + (cosh fdx — sinh 6dt)? + dx?3

d
where f(z) =1 — (7) and z, = ;2.

@ g,. is a solution of e.o.m. as long as z, # zx(t, x) and 6 # 6(t, x).
@ (t, x)-dependent solutions == linearization [E.Megias *15].

zo(t,x) =29 + 2t x)+-, 6t x) = 0Dt X) + -
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A universal regime of thermal transport
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e Energy flow in strongly correlated systems

@ Linearized solution
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A universal regime of thermal transport

Energy flow in strongly correlated systems Holograpahic Model
Linearized solution

Linearization

zo(t,x) =29 + 2t x) +--, 6(t,x) = OV (t, x) + -

dgu(t,x,z) dgu(t,x,z) O 0
0gi(t,x,2) dgu(t,x,2) O 0
(0) tx )
G = Gy + € 0 0 0 0
0 0 0 69(tx,2)
com _ 0= 2822,,1 (t x) 822"t x)
. 4 0)
0= o0 (¢, x) + 28,2,7 (t7 X)
Solution: Assuming some =
3 1 t t
T(t, = — _=— =
(£,X) Arzp(t,x) 2 Tini(X + \/ﬁ) + Tini(x \/ﬁ)}
2vV2 (o t t
o(t, = - T; —)-T, —
(t,x) €3 { ini (X + \@) ini \/2)}
with zh0 W Note c. — %
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A universal regime of thermal transport
Energy flow in strongly correlated systems Holograpahic Model
Linearized solution

Linearization

@ Let us consider the initial profile:

@ Then one gets the i-dependent solution:

it _(d=1) 1 [ (d-1) - e
(TH(t, x)) = Te 23(6)1 27 Z0) + e(Tini(x + cst) + Tini(x — cst)) |
11 1
x - . - T (x —
<T (t, X)> = ECS 862;1(6)1 [T|n|(X+ Cst) Tlm(X CSt)]v

= O(e) are corrections in % < 1= Small gradients in T(t, x).

Example: Tsteady state — T(t — +OO,X) = \/ﬁ = % + 0(62)
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A universal regime of thermal transport
Energy flow in strongly correlated systems Holograpahic Model
Linearized solution

Linearization
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e Information Flow
@ Entanglement Entropy
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Entanglement Entropy
Mutual Information
Information Flow Resultsind = 2

Entanglement Entropy

How does information get exchanged between the systems which are
isolated at t = 07?
@ Entanglement entropy: Holographic measure —> Generalization
of Bekenstein-Hawking entropy formula
[Ryu, Takayanagi '06], [Hubeny, Rangamani, Takayanagi ’07]
Area(ya)
4G(d+2) !

Sa = Area with boundary 0A

® Regularization: Area(73") ~ 7.

@ Spatial induced metric on surface: ds? = h,,do? + gy, dy?.

@ Action: S=L [ dS\/m

@ Minimal surface =+ Geodesic equations for metric gap = gyy Gab:

ax? 9x° ~

s = affine parameter = S-S0 = 1.
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Entanglement Entropy
Mutual Information
Information Flow Resultsind = 2

Entanglement Entropy

Sreg o

al~ ) (A~ 01V
= 74G%+2 (Ared( ya) — Area(yga ))
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Entanglement Entropy
Mutual Information
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Entanglement Entropy

Suv
S=L ds=2L-sy,,

—Suv

. 1
reg _ _ gdiv _ oL . -
S ) <suv z(sw)>

@ Geodesic equations are 3 coupled equations of 2nd order —-
solutions:

= 6 boundary conditions:
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Geodesics

Information Flow

Entanglement Entropy
Mutual Information
Resultsind = 2
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Entanglement Entropy

Contour plot of T(t, x) with T, =0.5and Tz = 0.6.
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Entanglement Entropy
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e Information Flow

@ Mutual Information
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Mutual Information

What do we learn about A by looking at B?

= Mutual information: /(A, B) = S(A) + S(B) — S(AU B)

TR R ES———

Basic features:
@ Shockwaves transport information.
@ When does system A find out about the existence of system B?
@ /(A, B) = finite =+ no need to regularize!!!

[ We find: 8I(A,B) > 0 ]
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Mutual Information
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e Information Flow

@ Resultsind =2
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Resultsind =2

@ Exact analytical solution [Bhaseen et al. *13]

2
ds? — % (dz2 + ngx“dx”) ,

g = —(1 — %Z (fR(X — t) + fL(X+ t))) + (iz (fR(X — t) — f[_(X+ t)))
o = 22 (falx— )~ i(x+1)

2 2 2 2
0o = (145 Ualx -0+ 00+ 1) ) = (-0~ x+1))

@ Energy-momentum tensor

(T = (T =

I (fR(X = t) =+ fL(X F t))

672
(T™) fr(x —t) — fi(x + 1))

L(
6m2L
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Resultsind =2

@ Entanglement entropy in a boosted BH in (Ax, At = 0) =
Entanglement entropy in a non-boosted BH in (AXx, Af)

Svoost(Te, Ta, £) = 2log < sinh? (7(T,) sinh? WT,;))

1

Valid in the steady-state regime ¢ > |x|.
@ Entanglement entropy in a stepwise BH

ds® = ds?O(—x) + dsz0(x)
S(Te, x1; Tr, XR

) =
L cosh ( LXL) sinh (ﬂ' TRXR) TR sinh (ﬂ' TLXL) cosh (7T' TRXR)
7TTL TR

=2log

Valid in the regime t = 0.
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Resultsind =2

@ 'Conservation’ of entanglement entropy (t = 0 <> t = c0):

S(Ty, 6t = 0) + S(Ta, £ t = 0) = 2S00s(Ti, T, i t = o)

.
0.180F7 T T T =] 0.348317 ¢
7,=0.200
P gl
il T, ] 0348317
. 0348317 . 7,=0.20, Tz=0.195
0.176 |
e
Treaty ue=0.1975 5 RO
,,,,,, G =0 m0=0=q i
< 0.348316
. “
0172 . . B 0.348316
Sa o
* .348316 .
0170F e o w o ® ] s . e e ]
Tr=0.195 0.348316
0.168 . n n . A i . . n
0.0 05 1.0 15 20 0.0 0.5 1.0 1.5 2.0
t t

= Sa(t) + Sg(t) not exactly conserved at intermediate times.
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Universal t-evolution of entanglement entropy (d = 2)

5.600 = mg=————— -

gé Tty 51e=0.55
&

e

Numerics -~

ool e 32 T S -S(t=0) . . _
A7 Si=w) - &t=0) W=
@ 041 // 1 = 3p2 — 2p3

L
0.27 /’/,.:"'// ] with p = (t—ty) /At = (t—x.) /¢
r Good for |T, — Tg| < T, + Tg
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Conclusions and future directions

@ We have studied a holographic model for time-dep energy flow.

@ Linearization for d > 3 = analytical solution valid for
| T, — Tg| <« T, + Tg (linear response regime).

@ Exact solution for d = 2 [Bhaseen et al. ’13].

@ We have computed the time evolution of Entanglement Entropies
= Mutual information grows with time.

@ Universal time evolution of entanglement entropy in the linear
response regime (d = 2).

What next?
@ Complete analysis beyond linear response regime for d > 3:
0 < T;/Tgr < 1= Full numerical solution of Einstein e.o.m.

[Chesler, Yaffe 09], [Amado,Yarom ’15], [Ecker, Grumiller, Stricker
’15], [Erdmenger, Fernandez, Flory, EM, Straub, Witkowski *16].

@ Other possible solutions? [Chang, Karch, Yarom °14].
@ Higher dimensions: What changes?
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Thank You!
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