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Non-equilibrium dynamics
Classical/quantum open systems

H = Hsyst + Hbath + Hint

* Transport

* Pumping

* Thermal quenches
-> phase transitions, glasses
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Non-equilibrium dynamics

Quantum isolated systems
Revived interest => ultra cold atoms

Control of H
» Coherent dynamics
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» Approach to equilibrium => Foundation,
cosmology

» Quantum annealing: quantum computation,

~500 0 500

Kibble-Zurek mechanism

« Lack of thermal behavior
-> localization, integrability ...

* Exploration of
highly excited states

[Polkovnikov,Sengupta,Silva,Vengalattore, RMP’11]

Kinoshita et al., Nature 2006  ISLIIIIIINN

Normalized optical thickness



Fluctuation-dissipation relations:

statistical averages & dynamical responses
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Temperature ?



Effective temperature
Dissipative (classical) dynamics
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Effective temperature
Dissipative (classical) dynamics

! 1 —C(t —ty)
t —ty)=[ dt' R(t, ') = =
Xt~ t) / R(t.t) =~

Glasses display slow dyn. & aging
hot

x|

0 tow t X
X(t,tw) C(t,tw)
Partial equilibration => Teg

2 time scale regimes 0

C [Cugliandolo '02]



Quantum dynamics of isolated systems

Unitary

P(t)) =e™ I g

(global) Quantum 0 time
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Quantum dynamics of isolated systems

Unitary

i ¥(t))
R S
- (W(t) | H(D)|(1))
Lo .
energy ; no relax
(global) Quantum 0 time

quench T
H (o) — H(L)
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generic = Gibbs (self-bath)
T 7

effective temp.s ?
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Quench Gibbs
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Effective temp.s

Quench Gibbs
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Effective temp.s

Quench Gibbs

L — o0 poce_H(F)/T

{— 00

WMIO[ 1) =F (O)e (& T, = T

(23)
H(T)

O SO T O S g e JC R S OGN TN e
~ e

> fo(D.To) =



Effective temp.s

Quench Gibbs

R poce” /T

{— 00

WMIO[ 1) =F (O)e (& T, = T

(73)
H(T)

< Py

> Jo(l.Ty) =

corr. length, coherence time

(0i05)a  (Yoloi(0)o;(t)|vo)

Rossini,Silva,Mussardo,Santoro



Effective temp.s

1d-lattice model
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Effective temp.s

Quench Gibbs

poceHID/T

U(t) = ot

Foini,Gambassi,Cugliandolo PRB 84,212404 (201 1) + coming soon



Effective temp.s
Quench Gibbs

to—>oo poce_H(F)/T

(Vo] O(t+10)O(to)|%0) U(t) = o~ iH!

{ T Cl(t)

stationary regime

Foini,Gambassi,Cugliandolo PRB 84,212404 (201 1) + coming soon



Effective temp.s
Quench Gibbs

—H(I)/T
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Effective temp.s
Quench Gibbs

_H(T)/T
to— oo pPXE
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(O-dependent ?
dynamics !
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T"(To,I'=1)

R(t), C_|_ (t) invar. 'y < 1/F()




[Niemeijer '67] 0 | > 1 4



t |
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Effective temp.s
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Effective temp.s

(H)g = (H)civps = T"
6@& observable O
<C’)>Q — <O>GibbS@T:TE A= thermalization ?
&

&(@“\ RO(t),C9(t) Gibbs FDT = T (w)

...not really....

... generic !



Effective temp.s
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Effective temp.s

‘-\13‘0\6 0 Teff (CU )




Effective temp.s
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also for O'#QO: R(t),C.y(t) invar. Ty <> 1/Tg




Transverse field Ising chain
HT)=-J Y [ofof, +Taof]

T'=0 QPT
(oF) order parameter

LT

Long-range order

(07 ) 70

— — ——y —

Paramagnet I
(07)=0




Transverse field Ising chain

HI)=—J ) [ofof, +Tof]

Diagonalization: fermions

1—1
1. Jordan-Wigner: C; = (H Of)az-_ {C;r» ¢j} = 0i
J=1 {ci,cjt = {CI»C;[} =0
1 —ikj
2. Fourier transform (PBC): Ck = —7= Ze 7
VL4
_‘.

3. Bogoliubov rotation: Ck = UkMNk T+ VEN_y



Spectrum

5

H(T) =Y e(D)(nine —1/2)

k 4

ex(I) :2\/1-|-F2 — 2T cosk
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' -I'=15
. 0005 0 = 05 1
Dynamics k/r
Heisenberg picture: O(t) = eHt et
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Dyn. of excitations: Nk (t) = e N — Nk =1LMk

conserved



Spectrum o
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HT) =) e mim —1/2) ]
' 4
ex(T) =2v/1+T12 —2 T cosk o
Pl
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Dynamics

Heisenberg picture: O(t) = eHt et

Dyn. of excitations: . (t) = e

conserved



Relaxation

time

N‘ 7 N‘ v, k‘ A
t=0
quench

space

® |1o)=|GS(H(I'y))) has extensive energy
® Ballistic excit.s, plane waves

® Finite systems => recurrence

(eq.) Sachdev,Young '97
Igloi, Rieger, 2000,>2010
Calabrese, Cardy, >2006
Rossini, Mussardo, Santoro, Silva, Suzuki, >2009

Calabrese, Essler, Fagotti, >201 |



observables: O=o; (X ¢l ¢; density of fermions)

1
/_— — < X X +
O'=M(t)= E oF C, R ox L x ([M, M=)

Why critical quenches!?
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initial state

observables: O=o; (X ¢l ¢; density of fermions)

1
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initial state

.‘.

observables: O=o; (X cl¢; density of fermions)

O/

1
EM(t)zzzaf C.R o L x ([M, M]y)
/)

Why critical quenches!?
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because....

o {(Yg|nk|wo)}r “more” thermal

Z 66

® O, 'specia

9
p |

® no lattice = €, ~ |k| CFT [Calabrese,Cardy '06]



because....

o {(Yg|nk|wo)}r “more” thermal

Z 66

® 0. “special”

® no lattice = €, ~ ‘k‘ CFT [Calabrese,Cardy '06]

No Gibbs....
... GGE

[...-Calabrese,Essler,Fagotti-Blass,Rieger,lgloi]

1 “measure” temp.s
Bk — Te]\f?(MZQGIC(F)) of GGE ’

» |ocal vs. non-local ? [Rossini et al. 2010]

2z xZT
O'i,M O;



Role of “locality™

Transverse magnetization

z _ o 0. _
cfj—QCij 1

Order parameter

7—1

07 = exp [iﬂ Z c;cl} (c;r + c;)
=1

[Rossini, Suzuki, Mussardo, Santoro, Silva '09]
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focus © Order parameter
d>17
» (0”(1)) »0 VI' £y M thermal behav.
b= oo QT +#0

» (0% (t+tg)o%(tg)) ~ e /T T~ Too(T=TF)

...we focus on the stationary regime
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Order parameter r+#0
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C*(r,t) = (o7 (t+10), 074, (to) 1)

Order parameter r+#0

R*(r,t) = i{[o?
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Order parameter r+#0
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Order parameter

FDT - effective temp.

i Tm R(w) :th(ﬁ%) Re C/(w)

R(t):% i . (fiﬁ%i)”d”d(iét)

odd n=1

1 d"tanhzx
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Order parameter

FDT - effective temp.
B hw

i Tm R(w) :th<7> Re C/(w)

R(t):% i . (z‘%h)“dndféw

odd n=1

1 d"tanhzx

n! dx™

R
—— =1 T
t— 00 — A, an(27T§H> — TZ

=0



Order parameter

FDT - effective temp.

HTfo t>>1

I-ITfo t>>1 FDT class
“Tgff w=0r=0

eff| aaT p0=0r=10

E
Teff




Conclusions

» Effective temperatures via FDRs in generic
closed quantum systems

* “Dynamic” probe of thermal behavior beyond
expectation values or time/space length scales

\s\\S*
* Dynamics strongly depends on the observable
* Correlations spread ballistically - light cones
* Symmetries of stationary crit. dynamics

* No thermal behavior - role of effective temp.s!?

©Foini
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