Quantum Quenches in a model with tuneable
integrability breaking interactions

Fabian Essler (Oxford)

in collaboration with

N. Robinson (Oxford), S. Manmana (Gottingen) &
S. Kehrein (Gottingen)

Engineering and Physical Sciences :
EPSRC Research Council Trieste, July 2014




Outline

A. Quantum quenches and integrability.
B. Interacting Peierls Insulator.
C. Integrable quenches.

D. Effects of integrability breaking interactions:
"prethermalization plateaux”

E. Characterization of the plateaux.

F. Termalization?



Quantum Quenches

A. Consider an isolated quantum system in the thermodynamic
limit; Hamiltonian H(h) (short-ranged), h e.g. bulk magnetic field

B. Prepare the system in the ground state | ) of H(ho)
C. At time t=0 change the Hamiltonian to H(h)
D. (Unitary) time evolution |¥ (1)) = exp(-iH(h)t) |¥)

E. Goal: study time evolution of local (in space) observables

CYMIOXIY ) . CHMIoIX)O 2D (1)) etc



Time evolution after a quantum quench

Density matrix of entire system: o (t)

Reduced density matrix: 0 s(t)=tra o (1)

0 g contains all local correlation functions in B:

pB(t) = = Z Trp(t) o7 ...0,%] of"...0," o j=0,X,Y,z

for B=[1,..,£] in a spin-1/2 quantum spin chain



Late time behaviour in generic systems: Thermalization

Deutsch ‘91, Srednicki ‘94,...

e Define Gibbs ensemble for L s
- . pa = €
the entire system AuB : 7
e B fixed by: i g H(R)) . Tr(p(0) H(R))
L—o0 L L— o0 L
e Reduced density matrix for B: pc,B = Tra(pa)

The system thermalizes if for any finite subsystem B

0 8(0)= Dep



t—co behaviour in integrable systems: GGE  Rigol et al 07

Let I be integrals of motion [Im, In]=[Im, H(h)]=0

Define GGE density matrix by: 0 ge=exp(-2 Am In)/Zgs
.1 1
Amfixed by Mm 7Trlpge In] = lim —Tr|p(0) )
Reduced density matrix of B: 0 g68=tra [ O gcl

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

Barthel & Schollwock ‘08
0 8(e0)= 0 gG,B

Cramer, Eisert et al ‘08



Physical Picture

Thermalization: Integrable models: A is not a standard

A acts as a heat heat bath: co information about the
bath with Teff initial state is retained.



Question:

What happens if we “weakly” break integrability?

remnants of integrability? thermalization?

fime
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Interacting Peierls Insulator

® Want a D=1 model so that we can do tDMRG;

® Preserve U(l) to aid tDMRG;

® 2 tuneable parameters: one for quench in integrable model,
one to break integrability;

® integrable model = free theory for simplicity

H(,U) = —JZ 1+ 5(—1)l} (c;clﬂ + h.c.) + UanlH

[=1 [=1

H(6,0)= » > ek d)al(k)aq(k) 2 bands of free fermions




Quenches in the free theory

Prepare the system in the ground state |¥y) of H(d:,0)
At t=0 quench [6; — J;

Single particle Greens function G(j,¢,t) = <x110(t)yc;fc£\\1/0(t)>
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0; = 0.75

Momentum occupation numbers for the two bands: 5. — 0.95
f = V.
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0; = 0.75

Momentum occupation numbers for the two bands: 5. — 0.95
f = V.

0.2 : : , , 1.05

T T I T T T T T
GE f=2.95782 —— GE 5 =2.95782 ——
T 1€ DR

0.95 -

n+ (k)

0.9 |

0.85 -

0.8

Momentum k

\/erg non-thermal!



5; = 0.75
5p = 0.25

L L
27 2

Greens function at t=co: G( gt — oo)

I I
05 + GEB=295782 |x

<  GGE
04}
g
T 03
'
02+
<
~
~ 0.1 -
~—
=
> 03K X X X X X X y X
-0.1 +

! !
-10 -9 0 5 10

smaller diHferences.



Break integrability through Interactions

Prepare the system in the ground state|¥,) of H(d;,0)
At =0 quench 0; — 0y Ui=0-—Us>0

Single particle Greens function G(j,¢,t) = (Wo(t)|cle,|To(t))

U ,




Analytic treatment through Continuous Unitary Transformation

method Glazek&Wilson ‘93; Wegner ‘93
Moeckel&Kehrein ‘08

® Express H in the form H= Ho + Hin
~— =~
quadratic xU
® Construct unitarily equivalent family of Hamiltonians
H(B) = e"(B) [ o—1(B)
® "Canonical” choice of generator n1(B) = [Ho(B), Hint(B)]

———pp  H(c0) is energy diagonal

® In practice expand H(B), 11(B) in power series in U

® Local operators transform as  (O(B) = "B Qe 1(B)



In our case:

1nt Va k‘B kl)aaz (k2) L (kS)aa4(k4)

e (k|B) = €4 (k|B = 0)

V. (k|B) =V, (k| B = O)G—B(eal(k1|B)—ea2(k2|B)+ea3(k3|B)_ea4(k4|3))2

energy diagonal at B=eo!



Time evolution:

Approximate
free evolution

O(B=°°,t=0) -—— e e P O(B:oo’t)

CUT

|

l

Inverse
CUT

O(B:O’t=0) llllllllllllll* O(B:O’t)

Full time
evolution




Quenches in the interacting theory
5; =075, d; =05, U=0.15J
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® Good agreement between CUT and tDMRG up to U-J/2 on

time scales accessible by tDMRG (Jt<30)
N.B. system size always large enough to avoid revivals

® Good agreement also for density-density correlator
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® Good agreement between CUT and tDMRG up to U-J/2 on

time scales accessible by tDMRG (Jt<30)
N.B. system size always large enough to avoid revivals

® Good agreement also for density-density correlator

® 132 power-law decay to constant values Thermalization?
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® CUT approach shows that they are neither thermal
nor GGE

“Prethermalization Plateaux”

Moeckel&Kehrein ‘08

Kollar et al ‘11 D>l

Marcuzzi et al ‘13 D=1

® tDMRG suggests PPs exist in an extended U range
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Description of PPs: “"Deformed GGE”

generator of time evolution in CUT: H' =) > & (k)al(k)aa(k).
a==x k>0

— mode occupation numbers conserved na.(k) = al,(k)as(k)

pre-image under CUT

Qo (k) = al(k)aa(k) —=U Y  N2.(alk,k, B = c0) al, (q1)a, (g2)al, (q3)ar, (qa)

Physical interpretation as quasiparticle occupation numbers




Commutation relations:

[Qa(k)a Qﬁ(p)] — O(UQ) [Qa(k)a H(5f7 U)] — O(U)
— charges not (perturbatively) conserved at the operator level,
but only weakly

Tr (p(t) Qo (k) — (¥o| Qu (k)| ¥o) = O(U?)

Define a density matrix ("deformed GGE") by

fix Lagrange multipliers by trlopr Qa(k)] = (Vo Qa(k)[Wo)-

o pt reproduces the prethermalization plateaux values to o(U)

for both two-point and 4-point functions.



At this stage the picture is as follows:

® Free theory: relaxation to a GGE

® Weakly interacting (non-integrable) theory:
relaxation to a prethermalization plateau

® PP can be described by a ‘deformed GGE”



Late time behaViOur ?  Bertini, Essler & Robinson

Both CUT and tDMRG break down at late times.

—P try “equations of motion” approach in B=co basis

Consider O(B=co)=quasiparticle mode occupation numbers: good
diagnostic for leaving the prethermalization plateau



Proceed as in derivation of quantum Kinetic equation

Pk t) = (al,(q, )as(g, B))e (=2 (0)
ga (Q) — €x (Q) + 4U,0fyy (q, O)Vorywoz (Q7 ka ka Q)

t
paala) == U2 Y [t KE (ks b 10) ps () ()
k1,ko g

¢
—U? Z / dt’ Lg(khk%k&t/‘@ P ps (kl)Pu3u4(k2)Pu5u6 (K3),
k1,k2,k3 !

pr—(q) =4iU Y M7 (g, k. k,q) [p1+(a:t) — p1~(2,0)] p+—(q)

Dropping the O(U?) terms precisely recovers the CUT PP results.



t
faalg) =—U? ) / dt’ K (K1, k2, t'|q) puiws (k1) pugu, (K2)
ky,ko Y

t
— U? Z / dt’ LE(ky, ks, ks, t'|q) Pz (K1) Ppsps (k2) Pps s (k3),
k1,k2,k3 !

pr—(q) =4iU Y M7 (g, k. k,q) [p1+(a:t) — p1~(2,0)] p+—(q)

Structure is different from quantum kinetic equation:
® cannot remove integrals (E-diagonal interactions)
® mixture of first-/second order equations

work in progress on numerical integration Thermalization?



Quenches to strongly interacting systems
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L L
H(0,U) = —JZ 1+0(-1)"] (Cerl_|_1 + h.c.) + UanlH
=1 [=1

H(O,U) is integrable (spin-1/2 XXZ chain)

=P quench to XXZ chain with weak integrability-breaking term

L
—Jo Z(—l)l (c;fclﬂ — h.c.)
=1

No analytic understanding of this limit.



Summary and Outlook

1. Nice prethermalization plateaux in quenches to weakly
interacting (weakly non-integrable) models in D=1

2. Statistical description of these plateaux through “deformed
GGE"” (charges do not commute with H)

3. Derived differential equations that hopefully describe both
the plateaux and the eventual thermalization.

4. How general is all this? PPs in interacting integrable theories
with weak integrability breaking terms?



And now
for something
completely different...




Yesterday: I. Bloch, U. Schollwoeck

“Light-cone” effects after quantum quenches

L. Bonnes, FE& A. Laeuchli arXiv:1404.4062

Results for quenches Ai=4 — A = cos(m/4)

ground state



http://arxiv.org/abs/1404.4062
http://arxiv.org/abs/1404.4062

Observation:

Light-cone velocity depends on initial state

(and not just final Hamiltonian):
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Have a theory for this effect in terms of “excitations at finite
energy density”



