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TNS are very useful in the
guantum many-body contextEe



works for GS, low energy, thermal equilibriumE

Verstraete, Cirac, PRB 20B1astings PRB 2006
Hastings J. Stat. Phys 200Molnaret al.PRB 201*

area laws

applicability for QFT problems
LGT: systematically probed in 1D, progress in .

review: MCB, K. Cichy arXiv:1910.0(
suitable for other QFT problenasxiv:1908.04536,1912.08¢

high energy eigenstates, quenchesE

Osborne, PRL 2006 Vidmaret al, PRL 2017
Schucket al, NJP 2008

volume law



entanglement growth in non-equilibrium
scenarios limits the applicability of MPS

fundamental questions: thermalization, ETHE



alternative: give up
description of the full state

evolving operators: Heisenberg piCtuk@nann et al, PRL 20

—Hm_a'}»{' also for mixed state

ﬁi‘[w} operator space entangleme
Prosen Pizorn, PRL 20(

observables as TN to contract

g e differententanglememjuantities
MCB, Hastings, Verstraete, Cirac, PRL .
(L) R()) MYller-Hermes et al., NJP 2012
(L(t- ) $:48 [R¢-2) Hastings, Mahajan 2014
g 08 Fras-PZrez, MCB 2201.08402




Recent work in this spiritE

exploring properties of guantum many-
body systems at Pnite energy density

spectral properties G generalized
a QMB Hamiltonian  density of states
Yang, Iblisdir, Cirac, MCB, PRL124, 100602 (: /\
Papaefstathiou, Robaina, Cirac, MCB, PRD104, 014514

,akan, Cirac, MCB, PRB 103, 115113 (20 ¢ ~
Lu, MCB, Cirac, PRX Quantum 2,02032 (2C Can be Connected to

Yang, Cirac, MCB, arXiv:2204.09 T
equilibrium and non-
equilibrium properties




generalized density of states

g(E:0)=  I(E! E,)"E,|O|E.?
n
average expectation value In

eigenstates with given energy



generalized density of states

g(E;O)=  !(E! E,)"En|O|En?

n

O=| —» g(E)= I(E! E,)

unnormalised DOS

O=[l1"l| — g(E:!)= I(E! E,)|"En|! #?
n local DOS



generalized density of states

I(E! E,)"E,|O|E #=tr OB&H! E)

n

QH! E)" B (E)

\ P (E)




energy blter

Plter as ensemble

diagonal in energy eigenbasisicrocanonical
tr(OP: (E))
tr P, (E)
trP,(E) = DOS

equivalent to diagonal ensemble of
a certain pure state

reached only after long
time evolution

Lu et al. PRX Q2, 02032 (2021);Yang et al arXiv:2204.



energy blter

pltering a state

decrease energy variareanicrocanonical
P (E)! |OIP (E)! T
P (E)" = LDOS

| BUT in general, entanglement of
“~p) Pltered state grows

Kk L
S! |—1+Iog N + Ko

MCB, Huse, Cirac, PR&1, 144305 (202
DoS

Lu et al. PRX Q2, 02032 (2021);Yang et al arXiv:2204.



Implementing the Plter

Gaussian operates not local
= CcOoSIne approximation

cod! (x) 1 & Mx*/2 X< 1/2
| "# |
| O |
P (Eo)
B - (Eo)
|
= E

Lu et al. PRX Q2, 02032 (2021);Yang et al arXiv:2204.



Implementing the Plter

Gaussian operates not local
= CcOoSIne approximation

1

cosX [V = e+ e }M

Lu et al. PRX Q2, 02032 (2021);Yang et al arXiv:2204.



Implementing the Plter

Gaussian bltes approximated by series of

evolutions
R
exp 1 : E) . T o imBlagimijo
m=! R X
nrofterms R = —
largest time 1.« = %X

scaling factcae! N, N

can be run in a guantum simulator
or simulated with TNS

Lu et al. PRX Q2, 02032 (2021);Yang et al arXiv:2204.



Implementing the Plter

e.g. (broadened) local density of states
Dy, (E) = (V|H (E)‘?

- R = xN/!
P_ E) = Cme! I(H! E)t,,
(B Z tmn =2m/N

m=! R

IR |
D!’u (E): Cme|(E! E!)tm
m=1! R

| ‘e! thm“ T

Q simulator: prepare state, evolve, measurg__ = 2y/ §
R=xr N/!
th,=2m/ir N

Lu et al. PRX Quantum 2, 02032 (20

Improved nr. of term



guantum algorithm (1)

for a statd! ! that can be efbciently prepa

product states, MPSE SGS MCB et al PRA 200

: : ISOPEP Szaletel, Pollmann PRL 2c
It the QC can etbciently meas 3qyette

aA,! (t) = 11 ‘Ae! IHt ‘l I PEPS
a (t)=I1]e Mt

Ps(E)APS(E)[!
I Ps(E)?|

Wel, Malz, Cirac PRL 20

can be determined up to errar

IN time T = poly( N, /1, 1/..)
microcanonical (generic ca
requires! ! 1/ polyN

Dymarsky, Liu PRE 2C
Lu et al. PRX Quantum 2, 02032 (20



guantum algorithm (2)

can compute observables:

T Ps(E)APS(E)|! ™
I Ps(E)?!

Ks, (E) =

potential problem: denominator too sn

shown to be large enough'inlog N vicinityg,

microcanonical fol | 1/ poly(N)

better convergence
A (E) = TLAPI(E)
| tr[ Py (E)]

Lu et al. PRX Quantum 2, 02032 (20



guantum algorithm (2)

can be computed using Monte Carlo sampling

_ o HHAP(E)T
A (E)=1 EIGIE

Lu et al. PRX Quantum 2, 02032 (20



guantum algorithm (2)

can be computed using Monte Carlo sampling

N ATIARE)T™, TP (E)]!
U NTN Y (5 [BZAI oy =3[

computed by quantum simula

Importance sampling (classical)

also for canonical guantities

= | " E
A= Fo dE € "Et[P, (E)A]
L dE € "Etr[P, (E)]

Lu et al. PRX Quantum 2, 02032 (20



hybrid strategy for microcanonical quantities

. o
Ising model, N=100 M = Nm(! nz +1)
@) | [—p=a
0.5 |—¢=1
o $=4 (MC)

® =1 (MC)
0.4 | * §=4 (MC, cutoff=10"2)
* §=1 (MC, cutoff=10 2)

Q 0.3
= 2 T o
= P
02 B =] a (o) Py
o o ° o ) 0
o ° =)
o
- O
0.15
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Lu et al. PRX Quantum 2, 02032 (20



guantum-inspired classical algorithm:
simulate evolution with TNS

In 1D with MPS we canread ! 1/ logN

MCB, Huse, Cirac, PR&1, 144305 (202(

Yang et al arXiv:2204.094.



classical simulation

0.101
non-integrable Ising model oo,
&
5 <. 0,001
0.8 - g - ,,g S
| £x % "4 0.051
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average magnetization Monte Carlo steps

MPO + sampling over product states
Yang et al arXiv:2204.094



classical simulation

non-integrable Ising model

= p also sampling over produ
0.8 - 5 /% states and evolve MPS
€ 0.1- il :
0.6 = /| E/N =0.72
£ 0.0 - A
§ = K —+— D =40
g 047 0.5 7 —F— D =60
= 0.04 -
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«  N=60 A i < 0.02 - '
004+ N=80 f/! *» 1=Q5 N 0
' 4 = N S
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microcanonical properties
average magnetization

Yang et al arXiv:2204.094



further examples of classical simulation o
plters



DoS of Schwinger model

large lattice spaci small lattice spaci
N=60 x=5 D=400 N=60 x=300 D=400
_g.x I o ] [ 1 T]

—M=500 | 3,

——M=1000 l
...... M=1500 ! w | -
M=2000 1

100}

O.(%4IEmin(l) 0.O7Emax
10-150 O5E 10-15 ] | I
T max min 0 O'5Emax Emax
asymmetric shaf near Gaussian sha

|. Papaefstathiou et al., PRD104, 014514 (2



diagonal ensemble



probing thermalization
Hlsmg—JZa “Ll —I—gZO' —I—hZO‘

= 40 . .
iIntegrable cas non-integrable cas
g=08 h=0 thermal 4= _-105 h=0.5
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Yang, Iblisdir, Cirac, MCB, PRL124, 100602 (



diagonal ensemble

p(0) = Z CnCon | En) [ Em )

,m |En><Em| — |En>’Em>

pp (V) = Z cn|?|En){E,|  non-degenerate spectru

n

lim %/dt(\P(t)\O\\P(t)} _ ;\cn\mnn — te[pp (U0)O]

T'— 00

pltering off-diagonal eleme|FE,)(E,,|

effective Hamiltoniec H- = HQI -1 H'

Cakan, Cirac, MCB, PRB103, 115113 (2



NUMERICAL RESULT

Ising non-integrable

Hising = J Z ot 4 g Z ol 05

J:hzggi] /_*50.4

i §0.3
J=19g=-1.05 h=0.5 /'go.z
0.1

product initial states 0

Z+) = [0)®V

local observabl

| | Il'OOI

g 10”!

_ 2
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1/6

approach thermal as Plter narrc
entropy In diagonal ensemble

grows ~linearly with N
Cakan, Cirac, MCB, PRB103, 115113 (2



Ising integrable

Hyging = J Y ool 4 g% ol

J=1g=1.05

product initial states

Z+) = [0)®V

NUMERICAL RESULT

local observabl
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Cakan, Cirac, MCB, PRB103, 115113 (2



To conclude MPQ

energy blters can
provide other (classica
and quantum) tools to
get dynamical propertig

guantum/hybrid algorithms
Lu, PRX Quantum 2, 020321 (2

Yang, arxXiv:2204.09439
Quantum: provable efbciency, no sign problem

TNS: alternatives to the most popular algorithms
for equilibrium and evolution
spectral properties of l pure states with lo

QMB Hamiltonian diagOnaI ensembl' energy Variance

Yang, PRL124, 100602 (2020) Cakan, PRB103, 115113 (20 prmi 01, 144305 (907
Papaefstathiou, PRD104, 014514 (2 B101, 1443054 <Eey



Thanks for your attention!

energy blters can
provide other (classica
and quantum) tools to
get dynamical propertig

guantum/hybrid algorithms
Lu, PRX Quantum 2, 020321 (2

Yang, arXiv:2204.09439
Quantum: provable efbciency, no sign problem

TNS: alternatives to the most popular algorithms
for equilibrium and evolution
spectral properties of l pure states with lo

QMB Hamiltonian  diagonal ensembl energy variance

Yang, PRL124,100602 (2020) Cakan, PRB103, 115113 (20  prmio1 144305 (202(
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