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Motivation:

* system 1n equilibrium
+ non-dynamical, stationary

+ late-time state of a generic system

* time-dependent processes
+ perturbative methods

+ coarse-grained view of the system, low energy ettective
description, Hydrodynamics, Universal features

+ lack of adequate techniques for strongly correlated
condensed matter theories, quark-gluon plasma
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Thermalization in QGP |

'
!

| % Collision of two heavy
i nuclel (Gold or Lead) at the
i relativistic speed

|
|

| * Production of an

I Anisotropic Plasma
|
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* Hydrodynamics applies after
a very short time-scale, 1 fm Thermalization

* Strongly Coupled Plasma

Shuryak (2003,2004); #Heinz (2004); Luzum, Romatschke (2008)
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Cold Atom Systems:

Ultracold atomic gases well
suited for quantum quench
experiments:

% possibility of rapid quantum
quench by dynamically varying
microscopic Hamiltonian
parameters

# near perfect 1solation from
environment

Real-Time Non-Equilibrium
Experimental Studies

Smith, Beattie, Moulder, Campbell, Hadzibabic (2012)
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* What are the organizing principles for out-of-equilibrium
systems?

o Theoretical progress has been made for variety systems; 2d CfT, free field,
integrable models.

o Still seeking more applicable techniques.

* Perhaps re-organization of the problem will lead to new insights.

* Focus on field theories with holographic dual. Two dual theories
are just different descriptions of the same physical system.

* What can AdS/CFT correspondence offer?

o strongly coupled field theories
o real-time analysis
o finite temperature

o general space-time dimensions




Holographic Out-of-Equilibrium Systems:

<= 'There are two methods to produce out-of-equilibriums systems:
* injecting energy by turning on a source B, = &l 1+ ol
* starting from out-of-equilibrium initial states

<= In the gauge/gravity framework these correspond to:

* deforming the boundary field theory by a time-dependent
coupling  Lgym + Aa(t) Oa

* gravity configuration on the initial time-slice
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Deforming the SYM Action: S. Bhattacharyya, S. Minwalla; 2009
P. Chesler, L. Yaffe; 2009

S—> S+ f d*x ¢ (x)O(x) A. Buchel, L. Lehner, R. Myers; 2012

X Time-Dependent Coupling on the Boundary

Non-Normalizable Mode of the Bulk Field Dual to the
Corresponding Operator

P(x) = Plyags (x) = ,}%Z“M% Z)

4 I
f d"x Ay (x )] (x ) Future dAdS
s -G —limA (7. ) rerze?
74 Dynamics | Source =0
N\
fd4x hﬂv (X)Tuv(X) 5 Vacuu;\ Source =0
Trvery AdS
L 3 g/(/dbv) (x) = %1—1;1(1) ﬁ Euv (Z’ x) = o Y - hlu) Source = 0
The strongly coupled field theory evolves to an equilibrium state. Equilibrium state
* 1s field theory 1s
dual to static black
The evolution in the bulk is described by Einstein equations plus hole at
other present field equations of motion. temperature T.
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< We are interested 1in an unforced relaxation to the thermal state.

* Future
no time-dependent source pumping energy into the system horizon

JdAdS

Source =0

<= One needs to specify the initial out-of-equilibrium state. /
<= Initial state in the field theory 1s dual to bulk field configurations on <

oiys ! ] N\ Initial
an mitial time-slice. \ state |
<= The form of the bulk metric 1s determined by the ansatz for the N N
; N\
boundary stress tensor: o A

+ homogeneity assumption; not preceded by a hydrodynamic phase
+ rotational symmetry in two of the space-like directions N2

+ flatness of the boundary metric

+ The most general conserved and traceless stress tensor is:

homogeneity s at =)

_|_
conservation of the stress tensor \

energy density as part of initial conditions

‘T'he only possible static state with finite energy density
1s the 1sotropic and homogeneous plasma.

\/ The final state 1s already known from the start.

Heller, Mateos, van der Schee, Trancanelli; 2012 10 Heller, Mateos, van der Schee, Triana; 2013
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We are interested 1n studying difterent relaxation time-scales.

both metric and scalar field in the bulk:
1
= 167G

S /d5x\/—_g (R ) == %(8gb)2 — %m2¢2>

The symmetries of the stress tensor suggests:
dsi = 2drdt — A(t,7)dt* + 3(t,r)? (6_2B(t’r)dx% + eB(t’T)dxf_zr)
QZS = ¢(t7 T)
Since there 1s no source terms, different initial conditions with

the same value of energy density must relax to homogeneous

T4

° ° : T 4
and isotropic black hole: s (1 =t ) S

A€ = 3T

The field ansatz should satisty Einstein plus scalar equations of

motion.
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* Solving the equations of motion 1n the near boundary expansion gives the link

between the form of the expectation value of the boundary operators and their

dual bulk fields:

ay 2[)4(t)2
A(tylr) :7"2—|— 742 = 77"6 cee 3
a
Blir— 174;4(475) i atl:i(t) SRR AN =l = _747
B(t,r) =r— b‘;(:f g —2¢(t) = 167G5(0)
i
o(t,r) ¢2g) o
2

* The residual diffeomorphism freedom r — r + f(t)is fixed by the absence of
the term proportional to r in the near boundary expansion of A(t,r).

* Note that we have assumed m? = —3.

* The normalizable time-dependent modes a4, b4(t), ¢2(t) are determined by
evolving the metric components and the scalar field forward 1n time from

appropriate initial configurations.
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Equations of Motion:

* Using the definition of derivative along

outgoing radial null geodesics: e % AR

* the equations of motion get the nested

form:
0= 28,() + 3azrzq.5+ 35;% e evolution equations for
= the initial-value problem;
0=20,(B)+ —<—B+ 0B specify the form of the
e ; metric and scalar field
0 = %0,(%) +2%0,% - 25° + om¢*% on the neighboring time

slice.

e : : 1
U= A T S e e e F 5 el BRI 1 gy e 6m2¢2

Y2
, S | holds on the initial
constraint equations; the 0= &5 + 13 (30,B)2 + (8.6)?) Tt
evolution equations
guarantee that they are SN %aﬂ@ = éz(gBQ L 47 hc;lds Zﬂ the
obeyed provided that: QunEeID
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Inltlal COnditiOHS: 1. satisfy the constraint equation:
0=82% + éz (3(8.B)? + (8,0)?)
2. right form of the near boundary expansion:

_ bu(?) i 0;ba(t) =

—— —

* The mitial conditions are given for the Bt,r)=—4 5
metric anisotropic function, B(t,r), and 3. bulk regularity
the scalar field,¢(¢,7) , on the initial time 2
slice. fit=0,2) = §5Z4,
4
| fotr—0 5824 sin z,
* The functions we have considered are: <, 3
i 150 >
falt = 0520 i e e e e
15 2
* (¢, r) 18 a convex function and must : =Tt
vanish forr >0 . )
S DY b47(:7)

*  We should make sure where X(¢,r)

vanishes 1s hidden behind the event [

horizon on the 1mnitial time slice.
specitying the energy density, e
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Solving Bulk Equations of Motion (Numerics):

1
= 62 (3(8,B)° + (6-¢)?) initial out-of-equilibrium state

}

orven geometry and scalar field on the mnitial time-slice

Bt=0,r) & ¢t =0,r)- = (i—0
0 = 28,(%) +259,Z — 25% + 1—12"”205222 - X(t=0,r)

3%Z¢+3%¢2—m2¢ = gb(t:(),r)

0 = 20,(¢) + Pseudo-Spectral

Method

= 3223 s %&B B b

12

) )
0=A- =

$0,% + 3B0,B + 4+ ¢0,¢ — ém%p? = A=)

hz@th+%A&h — 0:0 & O0:B

Proceed to the next time step using a finite difference scheme.

I e Ot O e 0T 1),
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What are we going to get?

1 * Thermalization The event horizon radius is: 7 —rea(t) =0
. . : . / i
Criterion: with the null normal vector: 7 (t) = SA(t,rpn(t) = 0
G(t) = TEH(t) s 7TT Ie tth = 5 % 10_4 SEH(t) XX Z (tj'rEH(t))g
LI J—l————-—
[ N IS

* [sotropization

Criterion:
= AZ(t) Ollise)e DGl
*  Fquilibration
Criterion:
p(0) = |00 Bl <5 x 10
s il
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Numerical Results: =i ke
o Isotropic case
E3¢,(1) e (D)/8 gr(o0)
1.0k
1.5¢ 0.8-/
10} o
0.5\ 0.4} 3
02 04 06—0F 10 12 14 " 4 ~ AR e Sians Ft=020— §5Z4
-0.5+1 00 02 04 06 08 10
E¢,(1) Sgr(D)/8 gr(00)
g et 5 s
15} 0.8/
10} ==
5] 4] 1
= e e Z; ol I = S5 il 2
02 04 060670 12 14 T e e 3
0.5} 00 02 04 06 08 1.0
. . e R ) ;
Time-scales of relaxation for ¢; = f3(0, z, 5,) = = Ez*exp | ——(z — Bz)
“h

Lin

6¢ teq
1/6 0.633236
1/2  1.05992
5/6 1.57635

0.079232
0.592548
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= Anisotropic Gase
|
| &) AP()/E |
! Time-scales of relaxation for ¢; = f3(0, 2, 85) and B; = f3(0, 2,0.5) = g
! s 6 ?
| 5¢ teq Lin 50 ;Z x ‘21 \ !
1/6  0.43656 0.255016 1.42388 B o e e e e e
1?3 009813 0.255598 1.423%6 05| 0204608101214 = | 0280/ GO GIB ORI NE t
| : . : .
1L 1.1525 0.286825 1.4238
l 5/6 1.64636 0.632499 1.42316 spr(0)/sgr(co) i
1.0}
| g 0.8 [
| == g'j ' ?
'l Time-scales of relaxation for ¢; = f5(0,2,0.5) and B; = f3(0, z, 85) 3 02| |
' Bx = tor tioo 02 04 06 08 10 !
1/6 1.15317 0.0602394 1.01136
50 1.15303 0.147214  1.2986
[} a5 o5 9863257 1. 4238 ; e :
5/6  1.14811 0.606601 1.52925 el == Ex"exp [ = (2= Ba) ] |
h |
i
Time-scales of relaxation for ¢; = f3(0, 2, 85) and B; = f3(0, 2,1/6) !
BB teq tth tiso t@q < tth < t’iSO)
1/6 0.436572 0 1.01144
PO S e 060 245~ 01136 Ui Uit
23 e e U CE R B 2 T8
5/6 1.57775 0.591871 1.01105
/ tth < tiso < teq.
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Time-scales of relaxation for ¢; = f3(0, 2, Bs) and B; = f4(0, 2)

e - — - w--on—mac—T-

6¢ teq tin e 9 =0
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Comments:

+ Gauge/Gravity duality provides a useful framework to study
out-of-equilibrium strongly coupled systems.

¢  QGP formation and relaxation
+ Local tme-dependent processes
<+ Non-conformal theories

¢+ Rewivals and relaxation 1n finite size systems

Thank you
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