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e Atomic Bose Einstein Condensates  Cornell,Wieman, Ketterle




e Atomic Bose Einstein Condensates

- Many technical breakthroughs since then




e BEC:spontaneously broken U(1)
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Dalla Torre, Demler, Polkovnikov

e Phase quenches in a BEC Betz et al, Schmiedmayer (Vienna)

[ gt/

A e o o o

Sy = /da:dt —(0¢1)* — (062)?]



Dalla Torre, Demler, Polkovnikov

e Phase quenches in a BEC Betz et al, Schmiedmayer (Vienna)
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e Phase quenches in a BEC Betz et al, Schmiedmayer (Vienna)
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Far-from-equilibrium dynamics
I

e A new window on (quantum) non-equilibrium
physics



e Fractional Charge determination from noise
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Far-from-equilibrium dynamics
B

e A new window on (quantum) non-equilibrium
physics

e The theory of quantum non-equilibrium
physics...






AdS/CFT
I

e The AdS/CFT correspondence

Maldacena;Witten;
Gubser, Klebanov, Polyakov

Zorr(J; 9, N) = expiSyys™ " (¢(poaas = J))

AdS String Theory

f

Nmatm’a: d.o.f.

qg —

Use AdS/CFT as a tool to generate strongly coupled critical theories



Real time responses
B

e A remarkable ability of AdAS/CFT  sonstarinets

Herzog, Son
- Direct crossover to hydrodynamics Herzog, Kovtun, Sachdev, Son
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Real time responses
B

e A remarkable ability of AdAS/CFT  sonstarinets

Herzog, Son
- Direct crossover to hydrodynamics Herzog, Kovtun, Sachdev, Son
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- Real-time dynamics:
Combine analytical with numerical data



Real time responses
B

e A remarkable ability of AdAS/CFT  sonstarinets

Herzog, Son
- Direct crossover to hydrodynamics Herzog, Kovtun, Sachdev, Son
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- Redal-time dynamics
- Full non-equilibrium and transition to hydro
beyond linear response
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- Real-time dynamics
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Real time responses
I

e A remarkable ability of AdAS/CFT  sonstarinets

Herzog, Son
- Direct crossover to hydrodynamics Herzog, Kovtun, Sachdev, Son
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- Real-time dynamics
- Full non-equilibrium and transition to hydro
- Strongly coupled systems, especially critical theories

New organizing principles out of equilibrium



Far-from-equilibrium dynamics
B

e Driven Steady State!

- Non-thermal distributions

e Universality in Non-equilibrium dynamics?
- Kibble-Zurek scaling

- Kolmogorov scaling

Chesler, Yaffe; de Boer, Kesko-Vakkuri +9; Bhaseen, Gauntlett, Simons, Sonner, Wiseman; Basu, Das, Nishioka
Takanayagi; Albash, Johnson; Abajo-Arrastia, Aparicio, Lopez; Ebrahim, Headrick; Bhattacharyya, Minwalla;....
Buchel, Lehner, Myers, van Niekerk; Das, Galante, Myers, .....



Motivation: unique ability of holography

Actual: Combination of holography, hydrodynamics and QFT



e Thermal Quenchin I+] CFTs Bernard, Doyon
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e Thermal Quench in I+] CFTs Bernard, Doyon
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e Thermal Quenchin I+] CFTs Bernard, Doyon

- Intuitive expectation




e Thermal Quench in |+| CFTs

Bernard, Doyon

TL TR
t =0
- Instead
T steady state with Jpeqt 7# 0 ‘ Trh
€T = —Ct xr = Ct



e Thermal Quenchin I+1 CFTs sermard. Doyon
Tr TR
+— 0
finite size effects at very late times.....
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e Thermal Quench in |+| CFTs

Bernard, Doyon
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e Thermal Quench in I+] CFTs Bernard, Doyon
T steady state with Jpeqt 7# 0 Trh
€T = —Ct xr = Ct
CTT
(J) = E(Tf —Tx)

- Call <J> = J(ﬁL,ﬁR) with 5L a 1/TL, BR: 1/TR

d'n
(JrHY = W J(Br — 1, Br + 1)

p=0



e What is this steady state!

- Not an obvious driven state



Karrasch, llan, Moore

o Tl me dependent D M RG (density matrix renormalization group)

-  XXZ Hamiltonian

ho = Jn (Sp Sy 1 +58SY L+ A SESE 1) +bn(S2—S04)
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<Jg(n,t)>

e Time dependent DMRG
XXZ Hamiltonian

hp = Jn (SZ £+1+S%Sz+1+An
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Karrasch, llan, Moore

e Time dependent DMRG
- XXZ Hamiltonian
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e How to understand this state?

- Constant Heat flow vs Temperature relaxation

Intuitive expectation [ .~ 7
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T = —aT(x)?
EM Conservation plus CFT equation of state.

0T = —0,T*"
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T =0 = T(x)=T



e How to understand this state?
- holomorphic factorization (integrability)

- Ina I+1 dim CFT left and right movers do not interact

Left of the interface

2 2
Jp>o ~ 1T, Jp<o ~ 1}
Right of the interface

2 2
Jp>0 ~ TR ) Jp<0 ~ TR

At the interface ¢t =0

9 9
Jp>o ~ 17, Jp<co~Tg

very special to |+1 D



e How to understand this state!
- Constant and homogeneous

- Scaling plus linear response
] =2

Odd under 17, <> 1T'r

J = CL(TL — TR)(TL -+ TR)

_C7T
12

Linear response fixes @



Holography



e Holography
- Only Heat, i.e. pure AdS-gravity

sz/@m_m)

- aAdS Solution to Einstein with a constant unsourced Heat

current
L? L
2 __ 2 (0) 0
ds” = T—2d’r +g;; (r)dx"dz?



B
e Holography

- Unique solution: boosted BTZ black hole

2 M? cosh?(n)
L? r?

r2 + M? sinh*(n) M?

2
)t + =

- This is dual to a state with constant heat current

cT _
(TY*) = ETBH sinh(2n)

L
dz* + — sinh(2n)dzdt
33+L2sm(77)a: +r

ceey

eg Figueras,Wiseman
Fischetti, Marolf



B
e Holography

- Unique solution: boosted BTZ black hole

r? M? cosh®(n) r2 + M? sinh*(n) M? L?  dr?

dt? dz® + — sinh(2n)dzdt
)dt® + i ZE—|—L2SID(77)CU +7“

- This is dual to a state with constant heat current
(TO%) = %TTBH sinh(2n)

The novel steady state coincides with the boosted equilibrium state T, — T
identifying B
TR =Te "

Bhaseen, Doyon, Lucas, KS



e “Boosts” to understand real transport

Bhaseen, Green, Sondhi;

- Classical Hall effect Hartnoll, Kovtun
B N
- Ey -
P Y J—>"
rest frame boosted frame
E =0 EF=—-vxB
J =0 J = pv

Ji = O'ijEj — Ogpy = Bﬁ



e Checking with a free boson m =0

dp )
Ee uitlitbrium — £ —
quilib / (27_‘_) 1 — o BE, Ep ‘p|

g [ 9P p
(27’(’) 1 — e¢—B(coshnE—sinhnp)

1
— 5 Slnh(277) Eequilibrium

E~T? —J~T;-Ts Tr, = e"T
TRZB_nT



e Cumulants of density of states

Z(B, ) = Tre”PH=1E

H = / dxT / dxT'*

B+u=1/Tr , B—pu=1/Tg

() =

— J
dpm



Exact Dual Solution
B

o |+] CFT/AdS3 IS special Bhaseen, Doyon, Lucas, KS

- Factorization: can solve the full quench exactly

dsta = —& [er + G (1, t, z)dzt dz | .

= (1- -0 1) + (e -0 fi+o))

2
o = =255 (frle = 1) = fule + 1)),

oo = (14 o ine 0+ e +0)) — (a0~ fie+0))

(T7) = — (fale = t) = fulz+1))
ful@) = frl(@) = o0 (I + (T} - I7) ©(x))






e |s there an equivalent phenomenon in d+1
dimensional systems!?

_ Bernard, Doyon,
Int. QFT 44 free QF 1 CET Many papers...
Many papers...
!
Free QFTd—I—l CFTd_|_1

Collura, Martelloni
Bhaseen, Doyon, Lucas, KS



e |s there an equivalent phenomenon in d+1
dimensional systems!?

_ Bernard, Doyon,
Int. QFTH—l Free QFTH‘l CFT1+1 Many papers...
Many papers...
!
AdS/CFT
Free QFTd—I—l CFTd_|_1
2
Collura, Martelloni °
Bhaseen, Doyon, Lucas, KS N\

Final stage quench:
Hydrogy



e |s there an equivalent phenomenon in d+1
dimensional systems (CFTs)?



e 2+|d quantum critical system in cold atoms

Greiner, Mandel, Esslinger, Haensch, Bloch

Quantum critical
regime

s
AW

G g=w



e |s there an equivalent phenomenon in d+1
dimensional systems (CFTs)?



e |s there an equivalent phenomenon in d+1
dimensional systems (CFTs)?
- If such a steady state exists, what does it look like

(no holomorphic factorization in higher d; no integrability)

AdS/CFT: The unique non=singular stationary gravity solution dual to a state
with homogeneous constant heat flow is the boosted black brane.

- This state is the boosted equilibrium state

- Does this state in fact occur after a thermal quench!?



From holography to hydrodynamics



e Boosted equilibrium suggests hydro applies

- |+1 Conformal Hydro
N (P /
z = (7 )

- |+ Conformal = Integrable = no dissipation

8t,0:893<] 3 8tJ:E9$p



e Boosted equilibrium suggests hydro applies

- |+1 Conformal Hydro
N (P /
z = (7 )

- |+ Conformal = Integrable = no dissipation

8t,0:agg<] 3 atJ:(?a?p

J(x,t)=0(t+z)+0(t—x)—1
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e Boosted equilibrium suggests hydro applies

- |+1 Conformal Hydro
N (P /
z = (7 )

- |+ Conformal = Integrable = no dissipation

8t,0:agc<] 3 8tJ:(9x,0

J(z,t
J(x,t)=0(t+z)+0(t—x)—1 ’
p(z,t)
_J
[ ) [ )
— - _ -




e Boosted equilibrium suggests hydro applies

- |+1 Conformal Hydro
N (P /
z = (7 )

- |+ Conformal = Integrable = no dissipation

8tp:c9xJ 3 atjzﬁa?p

instantaneous thermalizatior

—
Jx,t)=0t+z)+0(t—x)—1 J(x, 1) /
p(z,1)

i A g

B




e Boosted equilibrium suggests hydro applies

- d+| Conformal Hydro for a thermal quench
Effective dimensional reduction to |+1 dimension

d+| Conformal = Integrable = dissipation

J(x,t)=0(t+z)+0(t—x)—1

J(z,t) o

A

sound fronts



e Boosted equilibrium suggests hydro applies

- d+| Conformal Hydro for a thermal quench
Effective dimensional reduction to |+1 dimension

d+| Conformal = Integrable = dissipation

J(x,t)=0(t+z)+0(t—x)—1

J(z,t) F—
- f{ I{
N

t < to < tq

A




e Boosted equilibrium suggests hydro applies

- d+| Conformal Hydro for a thermal quench

Effective dimensional reduction to |+ dimension

d+| Conformal = Integrable = dissipation

J(x,t)=0(t+z)+0(t—x)—1

A

—

B




d+1 dim Thermal Quench
B

e Assume intermediate homogeneous steady
state exists

- Holography: the state must be boosted thermal state

- Two-shock solution (Riemann problem)
knowns T7.TR

unknowns  Lgs, Nss, UL, UR

e

boosted state: otherwise 4 parameters

P, PL,PTs J
—

J L

r=—urt T =1upt

D




d+1 dim Thermal Quench
N

e Matching across shocks

Ty =T (x+urt) + T, (x — ugrt)

shock shock

4 equations for 4 unknowns

o

J L

r=—urt T =1upt



d+1 dim Thermal Quench

e Matching across shocks

Ty =T (x+urt) + T, (x — ugrt)

shock shock

4 equations for 4 unknowns

1 | x+d Iy +d? _ X —1
T.. = /T, T _ - _ Nes = =
Lok L= Y+ d-t = x +d Vix+d ) (x+d)
N
L 2
iy — g (1o =L X:(T>
d ur, +upr R
7




e Shocks are non-linear sound waves

. 1/ x+d e x+dt
Pa\ v+ dt BNy +d

020

O'O L I I I | I I I | I I I | I I I | I I I | I I I | I I I | I
0 2 4 6 8 10 12 14

T1/Tr

asymmetric



e Confirming with numerical (ideal) hydro

U ! X T d X T d asymmetric
= — _— Up = -
A\ v+ dt " X +d 4

T (Ty=2,Tr =1.9)

T (Ty=7,Tg =1.9) ~

0.8

0.6

04

0.2

T -T" (T, =2,Tr =19 .
(L r=19) formation of

steady state

This is not
input!




e Dissipative corrections should not change this

- Small shocks can be traced in linear response

T —T —t//d t/\d
i L 2—|—erfx /\/_—i—erfx+ /\/_

T(x,t) =T
(@8) =11+ = 4Dt 4Dyt

width , /Dt is smaller than the distance ¢ / \/a

Numerically confirmed by Chang, Karch,Yarom



e Dissipative corrections should not change this

- Small shocks can be traced in linear response

T —T —t//d t/\d
i L 2—|—erfaj /\/_—i—erfx+ /\/_

T(x,t) =T
(@8) =11+ = 4Dt 4Dyt

width , /Dt is smaller than the distance ¢ / \/a

Numerically confirmed by Chang, Karch,Yarom

e Turbulence?

- Assumption: completely smooth T discontinuity

- Allows reduction to eff |+| dim system



From holography and hydrodynamics to QFT/CFT



Non-Thermal distributions
N

e The Fluctuation Spectrum
- So far we have looked at xpv  (Z}.v)

- Cumulants of the current at the interface

cn = (J"(z =0))
Extended Fluctuation Relation

dn
(JHh) = T J(BL — 1, Br + 1)



Non-Thermal distributions

e The Fluctuation Spectrum

- So far we have looked at xpv  (Z}.v)

Cumulants of the current at the interface

cn = (J"(x=0))

Extended Fluctuation Relation

holds in any d !

(=hydro)



Non-Thermal distributions
N

e Proof of the Extended Fluctuation Relation

0 0 B B
(86L N 351%) (O(t)pt=0) = ((Hr — Hr)O(t)pt=0) where pi—g =€ BrHr—BrHR

At late times, in the steady state

0 0
(35L ; 553) (O)ss = ((HL(=1) — Hr(=1))O)ss

: dHR(t dHrp (t
Energy conservation CZ( ) __ dI;t( ) _ J(t) and PT reversal

Hp(t) — Hr(t) — Hp(—t) + Hr(—t) = 2/t dt' J(t")

—t
EFR follows

(% _ %) (Ot))gs = /_tt dt' (J(t")O(t))ss



e Summary

- |+1 dim CFTs show novel steady states with
homogeneous heat flow after a thermal quench.

- This steady state can be identified as a boosted thermal
equilibrium state.

- The same happens in d+| CFTs.An intermediate steady state
appears. Holography determines that is a boosted equilibrium
state.

Warning!
This is a collective effect. This cannot be seen in free field theory.

(Many |+1 CFTs have a free field representation, but this is not so in d+1 CFTs.)



e Summary

|+1 dim CFTs show novel steady states with
homogeneous heat flow after a thermal quench.

This steady state can be identified as a boosted thermal
equilibrium state.

The same happens in d+1 CFTs.An intermediate steady state
appears. Holography determines that is a boosted equilibrium
state.

Knowing this, hydrodynamics applies. Two non-linear
sound shock Riemann problem can be solved analytically

(ideal).

All higher order moments follow from energy conservation.
This is QFT information beyond hydrodynamics.



¢ Outlook
- Direct Momentum relaxation vs dissipation.

- Effects of turbulence.
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¢ Outlook
- Direct Momentum relaxation vs dissipation.

- Effects of turbulence.

J(x,t)
p(z,t)
ng(z,t)

- Including charge discontinuity in the quench.

- Include superfluid component

G o o & o o

- Direct connection to cold atom experimental set-ups



Thank you



