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Outline

A. Introduction fo quantum quenches.
B. "Light-cone” effects.
C. New results for quenches to the Heisenberg chain.

D. Interpretation in terms of “excitations” relative to

particular states in the Hilbert space.

E. Some open questions.
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Isolated quantum systems out of equilibrium

Idea:

A. Consider a quantum many-particle system with Hamiltonian H
(no randomness, translationally invariant)

B. Prepare the system in an initial density matrix ©0(0) that

does not correspond to an eigenstate. Will assume that o (0)
fulfils cluster decomposition & is translationally invariant.

C. Time evolution p (t)= exp(-iHt) p (0) exp(iHt)

D. Study time evolution of local observables Tr[ o (1) O(x)]
in the thermodynamic limit.
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Local Relaxation

Given that we are considering an isolated system, does the
system relax in some way ?

® It can relax locally (in space).

® Entire System: AuB
A ® Take A infinite, B finite
® Ask questions only about B:

O

Physical Picture: A acts like a bath for B.

Expectation values
of local ops: Tr{ o (1)Os(x)]
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Local Relaxation

Given that we are considering an isolated system, does the
system relax in some way ?

® It can relax locally (in space).

A

No time-averaging involved !!!

/.
h

Physical Picture: A acts like a bath for B.
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Subsystems and Reduced Density Matrices

Density matrix of entire system: p (t)

A
Reduced density matrix: o g(t)=tra o (1) '

0 g contains all local correlation functions in B:

l m (8] ¥ Y X
pp(t) = . Z Ir [p(f) B4 e sy || O wvulp’ a j=0,%,y,2

for B=[l,..,£] in a spin-1/2 quantum spin chain
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Definition of the Stationary State

If limi—w 08(t)= 0s(c0) exists for any finite subsystem B:
— system approaches a stationary state; averages of all local

operators become fime-independent.
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Definition of the Stationary State

If limi—w 08(t)= 0s(c0) exists for any finite subsystem B:
— system approaches a stationary state; averages of all local

operators become fime-independent.

Question: What physical properties determine the ensemble

0 g(00) ?
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Thermalization (Deutsch ‘91, Srednicki ‘94)

Belief: "generic” system thermalize at infinite times.

Define a Gibbs ensemble for the entire system AuB
0 g=exp(- BH(h))/z

[ fixed by: tr[p ¢ H(h)l=Tr[ 0 (0) H(h) ]

Reduced density matrix for subsystem B: p0gg=tra O

The system thermalizes if for any finite subsystem B

cf

Goldstein et al ‘05
Barthel&Schollwock ‘08
Cramer, Eisert et al ‘08

pg(e0)= P

Pirsa: 14050072 Page 11/42



A acts as a heat
bath with T
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Rigol, Dunjko, Yurosvki

Generalized Gibbs Ensemble et

Integrable systems dont thermalize but are described by a GGE.
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Generalized Gibbs Ensemble
Let I, be local (in space) integrals of motion [In, I,)=[I H(h)]=0
Define GGE density matrix by: P ge=eXp(-2Z Am In)/Zge
A fixed by l'lia'n\_ %'I'r 10,6 Im] = LliI:’n\ lli'l’r|p(llj [,]

Reduced density matrix of B: 0 g68=tra [0 g6l

The system is described by a GGE if for any finite subsystem B

(0) Barthel&Schollwdck ‘08
Ploe)= 0O g68

Cramer, Eisert et al '08

Calabrese,Essler&Fagotti 12
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Generalized Gibbs Ensemble

A is not a standard heat bath:
00 information about the initial

state is retained.
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¢ - $ Cassidy,Clark&Rigol ‘11; Poszgay ‘11
Microcanonical Version e

0 gG=exp(— > N Im)/ng

ensembles are the
saddle point

same locally in space

v

e rep=| Dy) ¢ (Dsl

“"Representative State” |Dg)= simultaneous eigenstate of

all local conservation laws such that

I c | (D, [, |,
in = lim —Tr[p(t =0)I,] = lim —- | ‘ s)
Lo L L—oc L (‘]-)x“l).\,>
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Light-Cone (Horizon) Effects

Calabrese&Cardy ‘05, ‘06 certain quenches to CFTs in 1+1 dimensions:

j . ‘ . ; ) (’ for t - )
:,‘[“i'»"'l'(”.” s ,.'\tl“f'»fl(lllﬂ]_f]. .{[l(l]‘f":‘.' X :

r/2
( Lnr /AT ( ewtl/To 1‘“].’ !2

Horizon effect in connected correlators at r=2vt

"Quasiparticle” picture:

2vt

A J

0 r
entangled pairs
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Transverse field Ising chain order parameter 2-point function

H(h)=-JY oioi +hY ol
J J

U(1)[0% 2003 q;:.:.‘ //,_.,_.._-- quench
(W ()|es [ ())* / ho=O.2 — h=0.8
(0.4 4
|=20 fixed
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Density-density correlator for spinless fermions

H fhz_ (lj. 165 1 fﬂ.r'_) : "Z”;”; £1 3 Manmana et al ‘07

/ J

(£) = {ni(t)ni(t)) ni(t))(n;(t)),
0.005

quench
Vo=10 2V

(d)V=20

-0.005
0 10 20 0 1(3:. ' 20
=yl 1=
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Cold atom Experimenfs Cheneau et al 12 Barmettler et al ‘12

a quench

quench
Uo/J=40 — U/J=9

position
———

‘ {
I Z{ _j(”*’” +1+ h.c.)H4 — it (R ]]}..

occupation parity 2-point function for M
Cu(t) = (8;(t)8;4a(t)) = (3;(£))(8;+a(t))

§;(t) = exp(im[n;(t) — n|) T T
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Cold atom Experimenfs Cheneau et al 12 Barmettler et al ‘12

a quench

quench
Uo/J=40 — U/J=9

position

{
H T{ ,I(UZH‘H Fh.e.) P njin; i"}"

occupation parity 2-point function for WA
Ca(t) = (8;(t)34+a(t)) = (3;(t))(3j4a(t)) ,

§;(t) = exp(im[n;(t) — n|) bt g
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Why does this happen although there is no “speed limit”
in non-relativistic quantum theory?
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Lieb-Robinson bounds Lieb&Robinson 72

Consider some non-relativistic quantum spin system

A o —  °

L

; L —v|t]’
H() \If.l.();,'{[l)‘ < r'.\,,,,,, |(),1| |(),r; | nx])( | ) ’

From this it follows that Bravyi, Hastings& Verstraete ‘06

[ 77 i \ 5 : ; PINAYA: S = yare ¢ St S
(OA(t)Op(t) < &(|A| + |B|)e (L—2vt)/§ ¢,§. v are constants

Jconn

There is a kind of “speed limit” for “sizeable” connected
correlations to emerge.
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Lieb-Robinson bounds Lieb&Robinson 72

Consider some non-relativistic quantum spin system

;¢

L

) L —vlt]"
H() \I/l.();,’{“)‘ < r'.\,,,,,, |()1| |();; | I‘X])( | ) "

From this it follows that Bravyi, Hastings& Verstraete ‘06

(OA4(H)Op(t)) < ¢(|Af 4 U}“, (L—2vt)/§ ¢, &, v are constants

X ;‘"l'll]”l

There is a kind of “speed limit” for “sizeable” connected
correlations to emerge.
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Question: what is the light-cone propagation velocity after
quantum quenches in non-relativistic systems?

Oe;i(p) |

Answer for free theories: max;, 5
' ap

€;(p) dispersion relation of particle species j

What about interacting theories?
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Quantum quenches in the spin-1/2 Heisenberg XXZ chain

=1

H(A)=J Z (SFST , +SYSY | + ASFSE,).

1=1
Initial density matrix: p(t =0)=Z5 exp[-BH(A)], B ,',Il,,
Gibbs distribution for
H(A) at temperature T
Observable: S*(j3t) = (Si,o(t)S5(2)) — (ST 2(t))(S: (1))
..................................... ..............--............................
1 L/2 L

Compute this numerically using METTS (Minimally Entangled
Typical Thermal States) MPS methods. White ‘09
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Results for quenches A; =4 — A = cos(7/4)

oround state

L
=]

Nice light-cone effect.
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Observation: Light-cone velocity depends on initial state
(and not just final Hamiltonian):

t [sul

/
4

tracted

]-l

0.5

dashed: T=0
solid: T=J

Increasing T decreases
the velocity.
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Question: what properties of the initial state determine v?

Observation: good data collapse if we plot velocity as a function

of final state energy Te{H (A )p(t = 0)
( ’ I .
3 T T T T
} |
> 8} L .
Ua (o]
261 V. ¢ ) 6 07 08 09 ~
. B . ? (o} 3 A
~ 1\ " g
\\i *;5
24 0 1=0.Az=cos(x/4) R e -4
¢ A=101ocos(n/4) ~ — T
F | m A=1010 cos(/4) \“_,\' i ._.' S 1
.| O T=0.az112 2 !l' |
“=lle A=l0w12 ! STy
B A=|5t01/2 \?i i 4
X i ] i 1 i 1 i ] —
0.5 04 0.3 0.2 0.1 0
Epfe
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The XXZ chain is integrable. Stationary state should be
described by an appropriate GGE. For |Al<1 this should include

both “ultra-local” and “semi-local” conservation laws

Lieb ‘67 Sutherland ‘70,
Q" Z‘ e o o “n'f ™ ol Baxter ‘72, Luscher 76,
; | Faddeev&Takhtajan ‘84

JIOl = N N ginl] GG el Prosen&llievski ‘13

These are difficult to handle.
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The XXZ chain is integrable. Stationary state should be
described by an appropriate GGE. For |Al<1 this should include

both “ultra-local” and “semi-local” conservation laws

Lieb ‘67 Sutherland ‘70,
Q' Z‘ J N sl Baxter ‘72, Liischer ‘76,
§ | Faddeev&Takhtajan ‘84

JO o N N gl g el Prosen&Ilievski 13

These are difficult to handle.
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Caux& Essler 13 Time evolution of observables after quench
to integrable models prepared in state [¥)

(W[O(t)| P,
f]i“l (O(t)) = lim |— ()1)

‘ + ¢, o V).
'S L—roc 2( \I}“l’ ) '

"Representative State” |D4)= simultaneous eigenstate of

all local conservation laws such that

) . | i . ) | ':.“I’-, [” (l)_‘\;
in = lim =Tr|p(t = 0)1,] lim —¥.
L— '

=00 L L—oo L ;'([)“i(])__}

|D) is constructed from a generalized TBA

Has been done so far only for simple 0 (t=0): Caux& Essler 13 Ising

Caux et al 13, ‘14 Lieb-Liniger, XXZ

Bertini, Schuricht&Essler ‘14 sine-Gordon
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Caux& Essler 13 Time evolution of observables after quench
to integrable models prepared in state |¥)

: , (W[O(t)|D,
lim (O(t)) lim |- l ( )‘ > +d, o U
L—oc o L—roc 2\ \l!‘(l)x;

"Representative State” |d)= simultaneous eigenstate of

all local conservation laws such that

_ N : . 1 (®|L,|P,)
in = lim —FII'”J(f {)_)l”; lim _¥

L—oo L L=oo L (D4|Ps)

|Ds) is constructed from a generalized TBA

Has been done so far only for simple p (+=0): Caux&

Caux et al ‘13, 14 Lieb-Liniger, XXZ

Bertini, Schuricht&Essler ‘14 sine-Gordon
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Main idea: light cone velocity determined by “excitations”
over the representative state.

Motivate this by Lehmann representation #H(A)n) = Euln)

(WO(t)|Py) Z_‘q‘, n) (n|O|®, e En—Ea, )t

n

important states are those with E, — Eg, = O(1)

want
+—— Yexcitation spectrum”
around this state

Pirsa: 14050072 Page 34/42



Pirsa: 14050072

Free theories: (think of a Fermi gas)

® single species, dispersion € (p) H =) e(p)i(p)
>
® In lll"ledl'ly T‘elafed 1.0 I’](K) PGGE = ;(‘X])(Z;\A-IAI(A'))

A.
Fagotti& Essler ‘13

® can describe |D) by densities of particles and holes Pl (k)

] l
( '\J.

(k) = Tr [pcce n(k)] _ (Bs|n(k)|Ds) P (k) = L B /)h(;l_) _ (27

21 2m 2n L +

® Excitations= particles and holes with energies * ¢ (p)

® velocity= max,| € ‘(p)|
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Free theories: (think of a Fermi gas)

® single species, dispersion € (p) H =) e(p)i(p)
P
® 1. linearly related to n(k) PGGE = ;('xl)(zx\kﬁ(k))

A.
Fagotti& Essler ‘13

® can describe |Dy) by densities of particles and holes P! (k)

) 1

( *\I.

(k) = Tr [poce k)] _ (@s[A(k)|Ps)  pr(k) = 1 b (k) = (27

2T o 2m L+

® Excitations= particles and holes with energies * ¢ (p)

® velocity= max,| € ‘(p)|
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Integrable theories like XXZ:

® several (M) species (“strings”) of elementary excitations

M depends on A. cf one type of excitation (spinon) over GS

e can describe |Dy) by particle/hole densities p"(k), j=1,2....,.

particle/hole densities related in non-trivial way.

® Excitations= particles and holes; energies ie_,-(p)[{pf‘f'(};)}]

|

Depend on |y

dei(p)
dp

® veloCity  vpax = max;,

("dressing”) !

Pirsa: 14050072 Page 37/42



GGE hypothesis: |0y is fixed by the “initial data”

| ; 1 (D, |1, |D,
lim ]—'l'r lp(t = 0)I,] = lim _<'—'>

L—oo L L-x L (Dg|Dy)

Vmax IS determined by expectation values of all
conservation laws in the initial density matrix!
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Technical Procedure:

We  egs 7] . 3 l
initial data” (numerics) Ilun = [x [p(t = 0)1,,]

, |
locally in space |@5){Ps| «— pccE = 7 SXP (Z At h)

[ do Thermodynamic Bethe Ansatz for “"Hamiltonian” Z’\’ [
f

l saddle point

l)!f.h(A.‘ {/\I }) B ‘(l),,->

a

l adjust {\¢}

no

=

li 1 (D|1,|Ps) . |

l'l . —— — - 7’ ‘; -

g -n\ ARCAED — LI]I}IL 7 [ [p(/ = ())/,,] \ That® a
Fa Bingo!
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Comparison to METTS results

quenches A; =4 — A = cos(r/4)

- consistent

ction

fEEI:E'

0 5 10 15 20
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Comparison to METTS results

quenches Ai =4 — A =cos(n/4)

- consistent

ction

‘fira:f'

0 5 10 15 20
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Summary and Outlook

1. Light-cone effects after quantum quenches are much more
complicated/interesting than perhaps previously thought.

2. Related to properties of “excitations” around particular
Hamiltonian eigenstates high up in the spectrum.

3. Integrability allows description of such “excitations”.

4. Refined treatment (retaining more conservation laws in GGE)
highly desirable.

5. Signatures of slower types of excitations? (v)
6. What about non-integrable models (“excitations” will have

. . . ? =
finite lifetimes) Lars Bonnes & Andreas Lauchli
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