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works for GS, low energy, thermal equilibrium. ..

Verstraete, Cirac, PRB 2006 Hastings PRB 2006
Hastings J. Stat. Phys 200/ Molnar et al. PRB 2015

area laws

applicability for QFT problems
LGT: systematically probed in | D, progress in 2D

review: MCB, K. Cichy arXiv:1910.00257
surtable for other QFT problems arXiv:1908.04536,1912.08836

high energy eigenstates, quenches. ..

Osborne, PRL 2006 Vidmar et al., PRL 2017/
Schuch et al., NJP 2008

volume law
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fundamental questions; thermalization, ETH...



olobal quench
in 1D

Dmin (t) ~ €at

Osborne, PRL 2006
Schuch et al,, NJP 2008

entanglement
barrier

1
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TNS challenge:
getting around this
limitation

Dubai JPhysA 2017/
| eviatan et al. 2017/

some recent progress White et al PRB 2018

Surace et al. 2018
Rakovzsky et al 2022
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alternative: give up
description of the full state

— .

spectral properties of @ isht-cone TN for
the QMB Hamiltonian non-equilibrium
- evolution of local
Yang, Iblisdir; Cirac, MCB, PRL 124, 100602 (2020)
Papaefstathiou, Robaina, Cirac, MCB, PRD 104, 014514 (2021) observables
Cakan, Cirac, MCB, PRB 103, ' 15113 (2021) ) )
Lu, MCB, Cirac, PRX Quantum 2, 02032 (2021) M. Frias-Perez, MCB,

Yang, Cirac, MCB, PRB 106, 024307 (2022) arXiv:2201.08402



spectral properties of

the OMB Hamiltonian  Yang blisdir, Girac, MCB, PRLI 24, 100602 (2020)
Papaefstathiou, Robaina, Cirac, MCB, PRD 104, 014514 (2021)
Cakan, Cirac, MCB, PRB 103, I 15113 (2021)
Lu, MCB, Cirac, PRX Quantum 2, 02032 (2021)
Yang, Cirac, MCB, PRB 106, 024307 (2022)

exploring properties of quantum many-
body systems at finite energy density

generalized
density of states —

can be connected to
equilibrium and non-
equilibrium properties




oeneralized density of states

g(E;0) =Y 6(E — En){E,|O|E,)

Z(SE E,)

unnormalised DOS

n) [(En | P)]*
DOS



oeneralized density of states

N " 6(E — En)(Ea|O|E,) = tr (O S(H — E))

0(H — FE) — P,(E)




oeneralized density of states

N " 6(E — En)(Ea|O|E,) = tr (0 S(H — E))




energy filter

filter as ensemble

diagonal In energy eigenbasis = microcanonical
tr (OPs(E))

tr Ps (E)
trP5(E) = DOS

= O(F)

equivalent to diagonal ensemble of
a certain pure state

reached only after long
time evolution

Lu et al. PRX Q2,02032 (202 1);Yang et al PRB 106, 024307 (2022)



energy filter

filtering a state

decrease energy variance = microcanonical
(Ps(E)¥|0|P5(E)¥) = O(E)
(W|Ps(E)|¥) = LDOS

BUT in general, entanglement of
filtered state grows

k
S < Fl—l—log\/ﬁ—l—kg

MCB, Huse, Cirac, PRB 101, 144305 (2020)

Lu et al. PRX Q2,02032 (2021);Yang et al PRB 106, 024307 (2022)



implementing the filter

Gausslan operator = not local

= COosIne approximation

—Max?/2

cos™ (z) ~ e T < /2
\ o i
Ps(Ey)
ch,a(EO)
2
Ey B

Lu et al. PRX Q2,02032 (202 1);Yang et al PRB 106, 024307 (2022)



implementing the filter

(Gaussian operator = not local

= COosIne approximation

F
1 M/ 2

| M |
cosX™M = g 2mX
| | 2M i, MI21m

peak at m=0

cutthe sum My =xv M

Lu et al. PRX Q2,02032 (2021);Yang et al PRB 106, 024307 (2022)



implementing the filter

Gaussian filter = approximated by series of

evolutions
H! E)Z2 # | |
exp ! ( o2 ) " Cr g 12mE/ I JiZ2mH/
' m=1! R
X!
nrofterms R = —
. 2X
largest time  Tmax = -
scaling factor 1 1 N, N

can be run in a quantum simulator
or simulated with TNS

Lu et al. PRX Q2,02032 (2021);Yang et al PRB 106, 024307 (2022)



implementing the filter

e.o. (broadened) local density of states

D/ (E)= 1!l |P.(E)]! "
R
P (E) = ! cpe i(H! E)tm R = xN/!
| m=! R tm =2m/N
IR
D!," (E): CmeI(E! Ei )t
m=1! R
Q simulator: prepare state, evolve,_m_easure t = 2x/|
' d ]c_t R=xr N/!
mproved nrotterms _, n N

Lu et al. PRX Quantum 2, 02032 (2021)



quantum algorithm (1)

for a state |! ! that can be efficiently prepared
product states, MPS. . ..

T the QC can efficiently measure

an i (t)=11]Ae" Mt
a (t)y=11]e Mt
P (BE)AP, (BE)[T T

can be determined up to error !

| 211 " .
1Py (E)?|! NUMe  + _ holy(N, /1, 1/")

microcanonical (generic case)
requires ! ! 1/ polyN

Lu et al. PRX Quantum 2, 02032 (2021)



quantum algorithm (2)

can compute observables:

P (BE)AP, (BE)[T T
P (E)?|! "

K (E) =

potential problem: denominator too small

shown to be large enough in vicinity of E;

better convergence

A(E) = TTAPL(E)

tr[ P (E)]

Lu et al. PRX Quantum 2, 02032 (2021)



quantum algorithm (2)

can be computed using Monte Carlo sampling

Ayt AP E)T, CIP(E)]!
&= e e

computed by quantum simulator

importance sampling (classical)

also for canonical quantities

- -
A= o dE € "Etr[P, (E)A]
'dE € "Etr[P, (E)]

Lu et al. PRX Quantum 2, 02032 (2021)



hybrid strategy for microcanonical quantities

| 1 M
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Lu et al. PRX Quantum 2, 02032 (2021)
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classical simulation
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Yang et al PRB 106, 024307 (2022)



classical simulation

non-integrable Ising model

= p also sampling over product
0.8 - 5 — /% states and evolve MPS
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Yang et al PRB 106, 024307 (2022)



more classical simulation of filters

diagonal ensemble

Ising non-integrable local observable
Hising = JZO‘Li]O'Li_*_l] + gZaK] i
+h Z ol 1‘
BE 10— 105 h=05 3
e

product initial states
— |\®N . '
|1Z+) = 0) approach thermal as filter narrow DOS Of SChWInger mOdel
entropy in diagonal ensemble | It : Il latt :
Cakan et al, PRBIO3, 115113 (2021) grows ~linearly with N s il st el
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alternative: give up
description of the full state

— .

spectral properties of @ isht-cone TN for
the QMB Hamiltonian non-equilibrium
- evolution of local
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@ ight-cone TN for M. Fr{as-Pérez, MCB,
ﬂon—equiﬁbrium arXiv:i2201.08402

evolution of local
observables

evolving operators: Heisenberg picture  Hartmann et al, PRL 2009

N B also for mixed states
€ Sa€ B¢ B¢ 2C 2C )

-m& B EE®  Operator space entanglement
Prosen Pizorn, PRL 2008

observables as TN to contract

i
I
I
I
I
i

different entanglement quantities

MCB, Hastings, Verstraete, Cirac, PRL 2009
Mualle~Hermes et al., NJP 2012

Hastings, Mahajan 2014

Frias-Pérez, MCB 2201.08402
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time-dependent observable as a I N
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time-dependent observable as a I N
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time-dependent observable as a I N
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evolved state
approximated as MPS



time-dependent observable as a I N

different approximate contraction strategies

evolved operator as
MPO

T
iz i1 m'kf -

gy gl

[F%L”.FL”.FM.FH.FH.FL
o @ o > H %_g > o o o

space

Heisenberg
@ picture

time




time-dependent observable as a I N

for infinite systems, transverse folding approach

MCB, Hastings, Verstraete, Cirac, PRL 2009
Muller-Hermes, Cirac, MCB, NJP 2012
H stings, Mahajan 2014
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transverse folding approach

for infinite systems, transverse folding approach

MCB, Hastings, Verstraete, Cirac, PRL 2009
E (t) Miiller-Hermes, Cirac, MCB, NJP 2012
Hastings, Mahajan 2014
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transverse folding approach

for infinite systems, transverse folding approach

MCB, Hastings, Verstraete, Cirac, PRL 2009
Muller-Hermes, Cirac, MCB, NJP 2012
Hastings, Mahajan 2014

(L(t)] [R(1))

Eo(t)



transverse folding a

Dproach

for infinite systems, transverse folding approach
MCB, Hastings, Verstraete, Cirac, PRL 2009

(L(t)]

ol

BH—E—N
H—E—N

Muller-Hermes, Cirac, MCB, NJP 2012
Hastings, Mahajan 2014

R(1))



transverse folding approach

inturtion: model free propagating excitations




transverse folding approach

inturtion: model free propagating excitations

closest real case: global quench
in free fermionic models

recent interest: influence functional
Sonner et al, Ann. Phys 202 |
Lerose et al. PRX 202 | TEJ"I PORAL

Ye, Chan, J. Chem. Phys. 202 | ENTAINGL'EM'ENf'""é’"""."'o" """" _
a e(s o
3__ """"""""""""" & 4D """ D.D """ a... B DDD “““““ __
: S ° folded -
< | @ i
S S N D A N S22 e _
BB L e
1_ ................................................................................................ —
———a————a— !
. XY mode| [e oigna
i
0 1 2 3 4 5 6 7 8
Eo(t) Miiller-Hermes, Cirac, MCB, NJP 2012

see also Giudice et al,, PRLI28, 220401 (2022)



transverse folding + light cone

cancelling local unitaries

e
T i e
i e

e

"

Frias-Pérez, MCB, 2201.08402



transverse folding + light cone =TLCC

cancelling local unrtaries

gain In efficiency
systematic increment of 1

improved convergence with

Hastings' truncation
Hastings, Mahajan 2014

Frias-Pérez, MCB, 2201.08402



transverse folc

ing + light cone =TLCC
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Frias-Pérez, MCB, 2201.08402



transverse folding + light cone =TLCC

N! 1 IN IN
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Frias-Pérez, MCB, 2201.08402



computing response functions

11
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Frias-Pérez, MCB, 2201.08402



computing response functions

Ca2(t, !, ") = tr( # O3 ()01} (0))

B———
B——a——
BIOB—E——1-(
B——a——
E——a—a

Ti 0,,0,(t)

double lightcone

Frias-Pérez, MCB, 2201.08402



computing response functions

Ca2(t, !, ") = tr( # O3 ()01} (0))

-

i

infinite temperature
1 =0

Frias-Pérez, MCB, 2201.08402



COIm

buting response functions

Ca2(t, !, ") = tr( # O3 ()01} (0))

arbrtrary distance

Frias-Pérez, MCB, 2201.08402



computing response functions

tilted Ising |
. OF =317 fy + S0+ 1T
energy density E
infinite temperature P

10-

integrable
(1,0.5, 0)

r (0l(t)ol%0))

\

non—integrabled .
(1,! 1.5,05) 1

Frias-Pérez, MCB, 2201.08402



computing response functions
tilted Ising

OF =31 71 hy + (X + 12y

energy density

infinite temperature A
2.0
() mmmmmwwﬁ'ﬂoowwwaaaa55555 diffusion
| =
b2 .’ $ constant
mm 401 $ 7
gl.()' TS J
.
0.5+ =)
01 |
. o) 0.0- 0 10
non-integrable = - - - -
(1,! 1.5,0.5) t

Frias-Pérez, MCB, 2201.08402



To conclude

(]

energy filters & TNS can provide other
(classical and quantum) tools to get dynamical
properties

quantum/hybrid algorithms
Lu, PRX Quantum 2,020321 (2021)

Yang, PRB 106, 024307 (2022)

Quantum: provable efficiency, no sign problem

TNS: alternatives to the most popular algorithms
for equilibrium and evolution

4/\

spectral properties of a light-cone TN contraction
QMB Hamiltonian for local observables
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Papaefstathiou, Robaina, Cirac, MCB, PRD 104, 014514 (2021)
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