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Ergodicity

Hamiltonian system  Phase space ' :  (q1,...,qn, P1,-- -, PN)
Dynamics: Hamiltonian H

= O
qliapi pPi = 3qi

INTRODUCTION Time average: A= ;@;%}A(p(t),q(t))

__
vol (')

Microcanonical average: <A>
mc

[ e, AP

Boltzmann’s ergodic hypothesis (1871):

A=(4A)n
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Ergodicity in QM

prepare initial state (ground state) =) change Hamiltonian

= measure ...

W(E=0) = S Galva) EP W) =3 G )

E><A(t)> = ZC;Cﬁe’%(EQ*E@)tAQﬁ

. P _ 2
time average: A= T'gﬂ@;/o dt(A(t)) = EO:ICQ\ Aca
Is described by diagonal ensemble:  ppg = Y |Calltoa) (¥l
(caution: L—>o and T — o imits notinterchangable...)
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* Spontaneous symmetry breaking
* Localization, glassy systems
= Many-body localization...

* Integrable systems

A quantum Newton’s cradle

T. Kinoshita, T. Wenger and D.S. Weiss,
Nature 440 (2006) 900-903.
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Eigenstate thermalization hypothesis

Deutsch (1991) : “quantum ergodicity”

1
321Gl Ao = iy 2Ey 2 Ao

a:En €l
Srednicki (1994), Huse: Eigenstate thermalization hypothesis

Ana = <A>mc (Ea) Va

Do they hold ???? I:> for many systems yes

For what observables ?? =) |ocal, few-body
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Integrability and the Generaized Gibbs Ensemble

* Classical picture: ergodicity on tori

[Qi,Q]=0 He{Q}ii .

* Quantum case: GGE
(M. Rigol, V. Dunjko, and M. Olshanii, 2008)

assumption: ergodicity holds on common subspace of constants of motion

|:> small subsystem is described by

1 _ .0: _ .Q;
PGGE = 3¢ SiBiQ 7Ty e~ TiBiQ

Generalized Gibbs Ensemble (GGE)
Tr( pgee@:) = <1/J(0) 0 W(0)> = B

GGE has been tested for many simple systems... What about a truely interacting system ??



Phase diagram of XXZ chain

XXZ chain H = Z(Sixsiil +87 82 +ASiZSiz+l)

phase diagram

Failure of the GGE Ising FM | Luttinger i 15ing AFM
: liquid :
1 o 1 >
/? !,:“O _{3\ A
B. Pozsgay, M. Mestyén, M. A. Werner, M. Kormos, G.Z., and G.Takdcs, Phys. Rev. Lett. 113, 117203 (2014) Heisenberg XY Heisenberg
[B. Wouters et al., Phys. Rev. Lett. 113, 117202 (2014) FM AFM
G. Goldstein and N. Andrei, PRA 90, 043625 (2014)]
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Time-evolving block decimation (TEBD) (Vidal):

¢ Initial state: Néel state / dimer state Matrix Product States:

1 1
U ) (5010 -1)e-0(Z5 010 -11m) W)= S, o). o) 0> 3 A AN AN ) o)

* Time evolution (TEBD)

Time-evolving block decimation (TEBD) m ~ m - ﬁ
0 16, 103 Oi.1!On

* Test local observables against exact results (GGE and SN
overlap-thermodynamic Bethe Ansatz) Time evolution:

w e 0o

G. Vidal, PRL 93, 040502 (2004); G. Vidal, PRL 98, 070201 (2007).
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Testing GGE

e |nitial state: Néel state / dimer state
1

|14 . ) (Zat0-1m)e-a(Js0 1 -11m)

* Time evolution

Time-evolving block decimation (TEBD)

* Test local observables against exact results (GGE and
overlap-thermodynamic Bethe Ansatz)
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overlap TEBD

- o
A= Tli;nm%./l) dt(AD) = 3 |CalPAne Ca = ((0)]0) Replace sum: > — / Hl Dpp(\)etstiralV}
= « n=
Average of an observable

A :/ﬁ Dp,,()\)e*L(f%RC'"W(O)'{p"(’\)”*s[{p"(’\)}])<{p,,(/\)}|A\{p,,()\)})
n=1

(overlap)? entropy

Assumption:

diagonal ensemble reached is the maximum entropy state that overlaps
with the initial state ( ~ saddle point)

E> overlap-thermodynamic Bethe ansatz !

J-S Caux and F H L Essler, PRL 110, 257203 (2013)

Bethe Ansatz for XXZ chain

XXZ chain is integrable

eigenstates

) = |...M1t...) [A1,...,An) = B(M1)...B(Awm)|Q)
Bethe ansatz equations syt /2N b B S i)
sin (\j — in/2) - H sin (Aj — Ak — in)
k#j
Additive, local charges QulAa, .., dw) = an(m)lh,m,m
i=1
Strings (bound states):
1-string 2-string 3-string
o fm i M X+ i¢ Thermodynamical limit: String
L Re X 2 re Re densities:
X_i A)dA
| % o pol2)

Correlation functions: Néel state

Néel state
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Correlation functions: Dimer state

Comparison

Dimer state

Dimer states

OS4——T—T T T T o éé' TrTrTTTTT
= ®) e A
+ 0.56/-" ..5!"'.’ i | 3 eea ]
s . , 5o s A, 025§ N 4
> ' S o oot .
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~ ITEBD —— | v 5 ; o iTEBD o D ﬁx\a
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Pozsgay, et al, Phys. Rev. Lett. 113, 117203 (2014)
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Conclusions |

* First serious test for a truly interacting system...

SEMICLASSICAL THEORY OF QUANTUM QUENCH IN THE

* GGE fails for the XXZ chain, some states are more sensitive SINE-GORDON MODEL

=

no ergodicity on torus

follow up papers: GGE should fail for most systems with strings ...

reasons: ???? what next ??
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M. Kormos and G.Z. unpublished

ISSP Workshop, 2015, Tokyo



sine-Gordon model

Imaginary time action

. 1 .
S= 16% / dadr [(ach)z + 5(0) - )\cos(Btb)]

0<pB< 1/\/5, attractive regime |:> solitons / antisolitons
+ breathers

1/V2<p<1 = solitons / antisolitons

Soliton gas:
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Phase relaxation

<eia(1>(0,t)> =9

O=-27pf

left cuts n =2

Phase jumps each time a

soliton line is cut ! ightcuts . _

L . P-0
|:> <6m¢<z,f> - ;ZOP("*W’) (1 + (f{z)"**"* L1 (f{z)"*’”* cos(zm/,e))
1 1 tn 20 o
p(ny,n-) =——Q" " e Q=tp | dvvf(v)
0

Interaction quench

interaction quench: initial state < 40 o+ i
consits of soliton-antisoliton pairs [1ho) = exp {/0 o Kan(0)Z5(~0) b(9>} |0)

small quench = small velocity (gap !)

|:> 1. semiclassical theory works
2. S-matrix is universal

mi,ma __
Sm;:m/z = (_1) 5m1,m’25m27m1

Phase relaxation

<eiatl>(0,z)> =9

O=-27pf

left cuts n =2

Phase jumps each time a

soliton line is cut ! ightcuts . _

<ei‘*‘1’(“"‘>> ~  cos®(na/B) + sin®(ma/B)e T, = 4ﬂ/ dvof(v)
0

* does not relax to 0 !

* Bertini, Schuricht, Essler: <€mw”> ~1-tsin’(za/ B)/ T +...



Correlation function Correlation function: imiting cases

Colz,2'st,t") = <ei“®(’”’t)e*i‘1¢(ﬂ:'~f')> Local correlations:

A0+ ) — eoct .4 —At/r
Many more cases ... Ca(0;t,t") = cos” (mar/B) +sin” (ma/B) e

( 7 +sin? (ra/B) cos? (ma/B) {e”’/f(l +eTAUTY 42 AV A (1 — oty (%)} ,

Diffusive decay !

Equal time correlations
A~ Loy 4y — nR LA QD O o~ Qr—QL—QA—-Qp—Q1
Calw, a5, ) nR!n,L!nA!nD!n,I!QR QL QY QL Qe
RRMLRAMD NI

o - 4 o4 —4pAz+4
(ga_‘,.1+(1,5_*1[)),{@0(,5(2‘?%&)+1+(;1)~ {1+(271)’.1+17(2—1)10052 (2%1)]}) Co(Az;t,t) =cos” (ma/B) +sin” (ma/B) e 27 @p
A + 2sin? (ra/f) cos? (mar/ B) |e@P72PAT L o7/ (1 — ¢=9D])

Qp=p /0'D dv(Ax — 2vt) f(v)

59

L 1 ’ ’ N1 ’ . /
qL:Z/O dL'Z'Utf('U)JrZ/ﬁ dv[z’ —z — ot 7t)]f('u)+(—)(t7t)z/ dvfz’ —z —o(t' —t)]f(v)

Exponential decay...

Equal time correlations Local correlations
Equal time correlations Ca(Ax;t,t) — cost (ra/B) + gind (ra/B) e—4pAz+4Qp Local correlations: ¢, (0;t,) = cos* (/) + sin® (war/B) =2/
[ At
. —t/7 —At/r - - —t/7
+ 2sin? (ra/ ) cos? (mar/ B) [eQP72PAT 4 e=t/T(1 — = Op)) +sin’ (war/ ) cos® (wa/ ) 1 VT4 e BT) 420 A ED (1 — eI (;)]
with  Qp = /)/. dv(Az — 2vt) f(v)

0 T T T T T T T
o8 \écz t/t=0 ]
Exponential decay... 8-2 xS .
0:2 F | | | ki
L4 ' I ' T ) — t/t=0 ?_ * T * T y T —
— t/t=002 0_8L t/t=1 ]
12+ t/t=1 o~ 06fF 4

—_ — t/1=8 - 04}F

w1 | = o02f 4
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Conclusions Il Addition

* Universal semiclassical correlation functions in sine-Gordon

Our works on quantum quenches and work statistics in Luttinger

model .
liquids
» Diffusive phase correlations
A iad(x.t) Loschmidt echo in a Qubit-Coupled Luttinger Liquid
* universaldecay <& 11m<e > =0 1? [Phys. Rev. Lett. 111, 046402 (2013)]
—>00

Work statistics in a quenched Luttinger liquid

. . . Phys. Rev. B 86, 161109(R) (2012
* “Prethermalized state”, non-universal S-matrix needed... [Phys. Rev R®) (2012)]

Crossover from Adiabatic to Sudden Interaction Quench in a Luttinger Liquid

+ Applicable for non-integrable systems! [Phys. Rev. Lett. 106, 156406 (2011)]
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