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In first session...

TNS = entanglement based ansatz
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MPS PROPERTIES

Matrix Product States
RECAP

oood approximation of ground states
Verstraete, Cirac, PRB 2006
Hastings, J. Stat. Phys 2007/

oapped finite range Hamiltonian =

area law (ground state)
Cramer; Eisert, Plenio, RMP 2009

efficient calculation of expectation values

exponentially decaying correlations

can be prepared efficiently



PEPS PROPERTIES

Projected Entangled Pairs States

RECAP

no efficient calculation of expectation values

can hold algebraically c

cannot be prepared efficiently

ecaying correlations

oround state of local frustration-free Hamiltonians

efficient approximation of thermal states

Hastings PRB 2006
Molnar et al PRB 2015



INn this session...

other TNS

basic algorithms



MPO

Matrix Product Operators



MPO

Matrix Product Operator

Same kind of ansatz for operators




MPO

Matrix Product Operator

Same kind of ansatz for operators

290

M= Y (MM M iy in) (- N

1,J1---TN,JN
MPO Is an operator with MPS form in the chosen basis!

Verstraete et al., PRL 2004

Zwolak,Vidal, PRL 2004
Pirvu et al,, NJP 2010



MPO

Matrix Product Operator

local Hamiltonians are simple MPOs

finite state automata

recognize regular expressions

accept reject
1000 0000

(0%)1(0x) 0100 1100
0010 1010
0001

11000) 4 |0100) + |0010) + |0001)

0, 91R181+180,R1®1+1R180,®1+1R181RQ0, = Y ol



MPO

local Hamiltonians are simple MPOs

finite state automata —— recognize regular expressions

) | B: before 1
FSA = computational model  Sstates  So,SpeS o
2 Input alphabet 0, 1

(0%)1(0%) S'x2'>S transitions




MPO

Matrix Product Operator

local Hamiltonians are simple MPOs

translate to MPS/MPO —— input symbols = physical indices
nr of states = bond dimension

{0) | (03 valid transitions = non-vanishing
_. tensor elements
0 g

A
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Matrix Product Operator

local Hamiltonians are simple MPOs
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MPO

Matrix Product Operator

local Hamiltonians are simple MPOs

1 0 0 1
0 __ 1 _
w=(o1) =( o)

> MpPM=2 . MNTMPN|iy.iy) i, =0, 1
{ir}

expressed as operator(vector) valued matrix

(8 ) G

E : [4]
[1000) + [0100) + |0010) + [0001) Oy

1




MPO for Ising Hamiltonian

H=7) oot 4¢3 ol

Y MpPMP L MNUMPNi . iN) i =1, 0y, 0
{in}




MPO

Matrix Product Operator

an ansatz for density matrices
<. <. <. need some
properties
p= Ny (MM M)y in) (r - N

il)jl---iNajN

can we iImpose them locally?

p=pl trp =1 o> 0

not all MPO satisfy them!



O O G need some
properties
(MM MY )iy i) (s
il)jl---iNajN |
can we impose them locally?
‘ trp = 1 p =0
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Matrix Product Operator

an ansatz for density matrices
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Matrix Product Operator

an ansatz for density matrices
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MPO

Matrix Product Operator

an ansatz for density matrices
<. O O need some
properties
p= Ny (MM M)y in) (r - N

il)jl---iNajN

can we iImpose them locally?

p=p' trp = 1 >0
v v X

Kliesch et al., PRL 2014
de las Cuevas et al. ] Math Phys 2016



MPO

Matrix Product Operator

purification

0< X\ <
ps = ) Ailei) (el N
ancillary system A da<ds

U)sa = VAilpi)s @ i) a ps = tra ([Tsa)(Tsal)

/

orthogonal unrtary freedom on ancilla



MPO

Matrix Product Operator

purification | need some

é)@ (lm 00 .
Droperties

p= > (MM M iy . in) Gy - N
il)jl---iNajN

can we iImpose them locally?

p=7p' trp = 1 p>0
Verstraete et al., PRL 2004 IOS — tI'A | \IJSA> <\IJSA |
Zwolak and Vidal, PRL 2004



MPO

Matrix Product Operator

purification | | | need some

properties

p= > (MM M iy . in) Gy - N
il)jl---iNajN

can we iImpose them locally?

p=p trp = 1 p>0
Verstraete et al., PRL 2004 IOS — tI.A|\IJSA><\I]SA|

Zwolak andVidal, PRL 2004



MPO

Matrix Product Operator

purification ~eed some
properties
— t Miljl Mi2j2 MiNjN . - . .
P = Z r( M 7 M )i i) (- U

il)jl---iNajN

can we iImpose them locally?

p=p trp = 1 p>0
Verstraete et al., PRL 2004 IOS — tI.A|\IJSA><\I]SA|

Zwolak andVidal, PRL 2004



MPO

Matrix Product Operator

purification ~eed some
properties
— t Miljl Mi2j2 MiNjN . - . .
P = Z r( M 7 M )i i) (- U

il)jl---iNajN

can we iImpose them locally?

p=p trp = 1 p>0
Verstraete et al., PRL 2004 IOS — tI.A|\IJSA><\I]SA|

Zwolak andVidal, PRL 2004



MPO

Matrix Product Operator

Bond dimension determines
number of parameters

Nd*D?
Schmidt rank — Schmidt rank Iin operator space
entanglement — operator space entanglement

entropy



MPO

Matrix Product Operator

expectation values

(0), = tr(0 p) = trs[O tra([0) (¥])] = tx(O [W) (W])
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MPO

Matrix Product Operator

expectation values

(0), = tr(0 p) = trs[O tra([0) (¥])] = tx(O [W) (W])

— (W[O[W)
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M ;
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OTHER TNS

not fulfilling area law



1 TIN

Tree Tensor States

efficlent contraction

Isometries 4—D— —

Shi et al PRA (2006)
Tagliacozzo et al PRB80 (2009)
Silvi et al PRA8IT (2010)
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Tree Tensor States

efficlent contraction

\‘ isometries 4—D— =

Shi et al PRA (2006)
Tagliacozzo et al PRB80 (2009)
Silvi et al PRA8IT (2010)



1 TIN

Tree Tensor States

efficlent contraction

Isometries 4—D— —

reduced density matrix

the rank of
this matrix
determines
the max
entanglement

Shi et al PRA (2006)
Tagliacozzo et al PRB80 (2009)
Silvi et al PRA8IT (2010)



1 TIN

Tree Tensor States

efficlent contraction

Isometries 4—D— —

can be log L

I homogeneous case: average
correlations decay as power law

works also In two dimensions, or PBC

because no loops = canonical form

Shi et al PRA74 (2006)
Tagliacozzo et al PRB80 (2009)
Silvi et al PRA8IT (2010)



MERA

Multiscale Entanglement Renormalization Ansatz

tree as real space renormalization

Vidal PRL99 (2007)



MERA

Multiscale Entanglement Renormalization Ansatz

A tree as real space renormalization
A A cannot get rid of short
A )A A< )A range correlations

state with
C1 11T T T short-range
correlations

Vidal PRL99 (2007)



MERA

Multiscale Entanglement Renormalization Ansatz

disentanglers

MERA = Q circurt to
prepare the state

state with
C1 1T T 1 short-range
correlations




MERA

Multiscale Entanglement Renormalization Ansatz

efficient contraction

........

llllllllll




MERA

Multiscale Entanglement Renormalization Ansatz

efficient contraction




MERA

Multiscale Entanglement Renormalization Ansatz

P

efficient contraction

causal cone

bounded width
log L height




MERA

Multiscale Entanglement Renormalization Ansatz

efficient contraction

causal cone

bounded width
log L height

S(L) < logxlog L

logarithmic violation of area law
can describe critical systems

N 2D MERA are a subset of PEPS




WHAT CANWE DO
\/\/\TI—I TNS7




BASIC ALGORITHMS

two main types

variational optimization

used for ground states

applying a (local) operator
basis of most common
evolution algorithms



BASIC ALGORITHMS

variational minimization of energy

_ C anC 2 2uC 2
H=au-a-u vl -
C auC auC 2ut aut
‘Eo> ~
—3—0—0—0
. - (V|¥)
Variational principle € uC puC aut auC
, <\IJ\H|\I/> , AHeﬂ:A
111111 > 111111 —
(A} (U|T) A AN.gA

White, PRL 1992
Verstraete, Porras, Cirac, PRL 2004
Schollwock, RMP 2005, Ann. Phys. 201 |



BASIC ALGORITHMS

variational minimization of energy

H= EHi—naa

Variational principle

- (U|H|¥)
(Ay (U|w) A

sweep back and forth
over tensors

P 00
Heg EEE80
P € aut auC
NGHO € ant auC
@ € anl auC
AH.g A
AN.gA

White, PRL 1992
Verstraete, Porras, Cirac, PRL 2004
Schollwock, RMP 2005, Ann. Phys. 201 |



BASIC ALGORITHMS

variational minimization of energy

AH.g A
in —— g H, A:)\minNe A
A AN A g i
canonical form guaranteed convergence
tensor structure O(D?®) PBC:higher cost O(D>)
sparse matrices also excitations
symmetries can be integrated
DMRG

PEPS O(D10)



Ising model

N = 20

MPS

Matlab — eigs

an example

2N — 1048576

=38 S

Initialized
Constructed
Initialized
Initialized
Created the Hamiltonian

Constructed the hamil MPO

Initial value, with initial state
1.531982113+1.335737077e-161

Starting findGroundState with initial value
0 10 0.07659910564

1 10 -1.255389855

Ground state found for D=10 with eigenvalue
Starting findGroundState with initial value
0 20 -1.255389855

Ground state found for D=20 with eigenvalue
Starting findGroundState with initial value
0 30 -1.255389856

Ground state found for D=3@0 with eigenvalue
Starting findGroundState with initial value
0 40 -1.255389856

Ground state found for D=40 with eigenvalue
Starting findGroundState with initial value
0 50 -1.255389856

Ground state found for D=50 with eigenvalue
Starting findGroundState with initial value
0 60 -1.255389856

Ground state found for D=60 with eigenvalue
Starting findGroundState with initial value
0 70 -1.255389856

e L e SO BACHY AT

default Contractor
Contractor
random state,

RN AR, TRt TR .~ m @ e——aN

norm 1-1.110223025e-161

E=1.531982113
-25.10779711 (Energy
E=-25.10779711

-25.10779711 (Energy
E=-25.10779711

-25.10779711 (Energy
E=-25.10779711

-25.10779711 (Energy
E=-25.10779711

-25.10779711 (Energy
E=-25.10779711

-25.10779711 (Energy
E=-25.10779711

P P —————

A 2 S A

H = JZ agi]agi+1] + gZJQ[f]

per

per

per

per

per

per

Jf
g

Dinax = 2MV/2 = 1024
Eas/N = —1.255389855581190

particle=-1.
particle=-1.
particle=-1.
particle=-1.
particle=-1.

particle=-1.

arguments: L=20, J=1, g=1, h=0, outfile=testIsing_L20_J1gl.txt, app=0, D=10

255389855)

255389856)

255389856)

255389856)

255389856)

255389856)

time=0.

time=0.

time=1.

time=2

time=4.

time=6.

590109

74278

43884

.700611

59483

448116



Ising model

an example

20 28V = 1048576
200 2% ~ 10%

Initialized
Constructed
Initialized
Initialized

default Contractor
Contractor
random state,
Created the Hamiltonian
Constructed the hamil MPO
Initial value, with initial state
10.37197956+7.21644966e-161

Starting findGroundState with initial value
0 10 0.05185989779

1 10 -1.271418419

Ground state found for D=10 with eigenvalue
Starting findGroundState with initial value
0 20 -1.271424619

Ground state found for D=20 with eigenvalue
Starting findGroundState with initial value
(%) 30 -1.271425849

Ground state found for D=30 with eigenvalue
Starting findGroundState with initial value
(%) 40 -1.271425906

Ground state found for D=40 with eigenvalue
Starting findGroundState with initial value
(%) 50 -1.271425908

Ground state found for D=50 with eigenvalue
Starting findGroundState with initial value
(%) 60 -1.271425908

Ground state found for D=60 with eigenvalue
Starting findGroundState with initial value
0 70 -1.271425908

H = JZ agi]agi+1] + gZJQ[f]

norm 1+8.326672685e-171

E=10.37197956
-254.2849239 (Energy
E=-254.2849239

-254.2851697 (Energy
E=-254.2851697

-254.2851813 (Energy
E=-254.2851813

-254.2851816 (Energy
E=-254.2851816

-254.2851816 (Energy
E=-254.2851816

-254.2851816 (Energy
E=-254.2851816

per

per

per

per

per

per

Jf
g

D....=2N2 =1024
Diyax = 2N/% ~ 10%

particle=-1.
particle=-1.
particle=-1.
particle=-1.
particle=-1.

particle=-1.

arguments: L=200, J=1, g=1, h=0, outfile=testIsing_L200_J1gl.txt, app=0, D=10

271424619)

271425849)

271425906)

271425908)

271425908)

271425908)

time=8.0116

time=16.437139

time=42.901364

time=102.71914

time=197.829282

time=298.47571



BASIC ALGORITHMS

approximate action of local operators

local truncation

P
@ g I

variational truncation

PIIIIIT . e

basis of most common evolution algorithms | aiso other

algorithms
exist




BASIC ALGORITHMS

local truncation: EBD

P

C ot > o O
. C
recall canonical form ® —
Schmidt values
can be made explicit ! ¢ |
ARl = 2K L @ —

IR
Hoellell o

Vidal, PRL 2003, 2004



BASIC ALGORITHMS

local truncation: EBD

Vidal, PRL 2003, 2004



BASIC ALGORITHMS

local truncation: EBD

Vidal, PRL 2003, 2004



BASIC ALGORITHMS

local truncation: EBD

Vidal, PRL 2003, 2004



BASIC ALGORITHMS

local truncation: EBD

also possible in
the TD limit

Vidal, PRL 2003, 2004




BASIC ALGORITHMS

olobal truncation

W (A))
N
S O—0—0—00
I%lf{? [T — O|<I>0>H2 > mjn(ANeﬁA— AM — M A + const)
Neffg S S g NeffA:M
O O—O0-—0
M .
O—0O0—0O000




TIME EVOLUTION WITH MPS



BASIC ALGORITHMS

simulate time evolution

o) - )Y —
initial MPS #

W) = > tr(AYAZ). AW )iy i)

€ B¢ BC B¢ B¢ 20 B¢ 20 B¢ B B B¢
TEBD Vidal, PRL 2003, 2004

- D M RG Verstraete, Garcia-Ripoll, Cirac, PRL 2004



BASIC ALGORITHMS

simulate time evolution

M
U(t) — [U(0) apply evolution step
H =|H_.|+ H, Suzuki- Trotter expansion

@ OO OO PO PO 9O O

TEBD Vidal, PRL 2003, 2004
JE-DI\/l RG Verstraete, Garcia-Ripoll, Cirac, PRL 2004




BASIC ALGORITHMS

simulate time evolution

U(t) — [U(8)]"

apply evolution step

H = H, +|H, Suzuki- Trotter expansion
oo ol[e o[e o]/@ a][® 9

TEBD Vidal, PRL 2003, 2004
t-DMRG

Verstraete, Garcia-Ripoll, Cirac, PRL 2004



BASIC ALGORITHMS

simulate time evolution

M
U(t) — [U(0) apply evolution step
H=H, + H, Suzuki- Trotter expansion
U(S) ~ e tHeogmtHo0 as local terms!

€ JC R IC SC IC SC T JC IC JC G
TEBD Vidal, PRL 2003, 2004
t—DM RG Verstraete, Garcia-Ripoll, Cirac, PRL 2004




BASIC ALGORITHMS

simulate time evolution

M
U(t) — [U(0) apply evolution step
H=H, + H, Suzuki- Trotter expansion
U(6) ~ e 0™ 1Ho0 as local terms!

MPOs

= e e e e e N o
o B o B N B o
€ JaC SuC Bt Sl Sl St St At R 2t BuC

TEBD Vidal, PRL 2003, 2004
t-DM RG Verstraete, Garcia-Ripoll, Cirac, PRL 2004




basic time evolution
algorithms

inrtial MPS

discrete time
U(t) — [U5)]"

Suzuki- Trotter expansion

! l l l l U(5) ~ e—iHeée—iHO(S

TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcfa-Ripoll, Cirac, PRL 2004




basic time evolution
algorithms

TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcfa-Ripoll, Cirac, PRL 2004

inrtial MPS

discrete time
U(t) — [U5)]"

Suzuki- Trotter expansion
U(5) ~ e—iHeée—iHO(S

truncate bond dimension



basic time evolution
algorithms

time evolved state
approximated by MPS

™™\
TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcfa-Ripoll, Cirac, PRL 2004

inrtial MPS

discrete time
U(t) — [U5)]"

Suzuki- Trotter expansion
U(5) ~ e—iHeée—iHO(S
truncate bond dimension

terate

compute observables



BASIC ALGORITHMS

simulate time evolution

works for real and imaginary time

imaginary time for ground states,
thermal equilibrium

O—0—0—0—0—-0—0—-0—-0-0-0-0 observables
& W o o NN 4 AN N4 A4
TEBD Vidal, PRL 2003, 2004

- D M RG Verstraete, Garcia-Ripoll, Cirac, PRL 2004



BASIC ALGORITHMS

imaginary time evolution = ground state

lim G_TH‘(I)()> — ‘Emin>

T— 00

Do) = ch‘En>
e TPg) = che_TE”\En>

e—Tqu)O> & CO‘EO> 4 Z Cne_T(E"_EO>‘En>
n>0



BASIC ALGORITHMS

imaginary time evolution = ground state

Ground state energy per site Ising model

Imaginary time evolution

1.25 r I '
= I | ' :
. —— Exact value (J=1., g=1.) :
L : D=60, dt=0.02, 0T=2 [] ]
I * == D=40_ dt=0.5. oT=3 1]
+——= D=60. dt=0.5. order 3
126 |

I llllllll

-1.27 -

-1.28 :




BASIC ALGORITHMS

simulate time evolution

works for real and imaginary time

imaginary time for ground states,

thermal equill

Orium

but out of equilibrium entanglemen

- can grow fast
Osborne, PRL 2006
Schuch et al.,, NJP 2008

=0 compute

N AN AN T U U N N N N
N AN AN T N U e N N N N N

=0 observables



BASIC ALGORITHMS

real time dynamics

D =40
1 —D =60
D =80

1 D =100
1 —D =20¢




ENTANGLEMENT AND TIME
cVOLUTION



ENTANGLEMENT GROW TH

Entropy of evolved state may grow linearly

dim

2000 r
bond
500 r

Dmaa’;

Jquired
2 4 6 8

time

Osborne, PRL 2006
Schuch et al,, NJP 2008

required bond for
fixed precision

DNeOzt

lImits the simulation of
out of equilibrium



many physical srtuations (In closed anad
open guantum systems) can be successfully
studied!

short times, adiabatic, low
energy can work well

Garcia-Ripoll, NJP 2006
Wall, Carr NJP 2012

Paeckel et al Ann. Phys. 2019



SOME OTHER APPLICATIONS



MIXED STATES

open systems, thermal. ..



MIXED STATES

similar problems...

equilibrium — thermal states | |
Imaginary time evolution

time-dependent — real time evolution

unitary — p(t) = U(t)p(0)U(t)T

C Bl B SuC o St dp(t)

non-unitary - = L(p)

Verstraete et al., PRL 2004: Prosen, Znidaric PRL 2008
Cal, Barthel, PRL 2013, ...




THERMAL STATES



THERMAL STATES

Gibbs ensemble as imaginary time evolution

ooal: approximate as MPO

, Hastings PRB 2006
, g
efficient! Molnar et al PRB 2015

use Suzuki- Trotter expansion for exponential

M
e PH — =FPHq — (e_%H) 1



THERMAL STATES

purification natural




THERMAL STATES

purification natural

JUUJuu



THERMAL STATES

purification natural

02050202020 vectorize




THERMAL STATES

purification natural




THERMAL STATES

purification natural




THERMAL STATES

purification natural

GEEEEE




THERMAL STATES

purification natural

p(B) o p(B/2)p(B/2)"

GEEEEE




THERMAL STATES

purification natural

p(B) o p(B/2)p(B/2)"

GEEEEE

combining real time evolution can compute thermal
response functions Barthel, NJP 2013

vectorize

alternative method: METTS white, PRL 2009
Binder; Barthel, PRB 2015



OPEN SYSTEMS



OPEN SYSTEMS

non-unitary dynamics

Real-time evolution produces
dp(t) _ _ 0 a steady state
L(p) — L(ps) =0 4

dt
fixed point of dissipative QC
Liouvillian map dissipative QPT
We can approximate it as a MPO
simulating long variationally
time evolution ~DMRG
~Imaginary time evolution Cui et al, PRLI14, (2015)

Garcia-Ripoll et al., Zwolak, Prosen, ... Mascarenhas et al,, PRA92 (2015)


http://arxiv.org/abs/1412.5746

OPEN SYSTEMS

non-unitary dynamics

Dynamics determined by Liouvillian

dp L
ar L(p) -I
t - |p)
vectorize |p) NESS
superoperator L fixed point of evolution

p(t)) = |p(0)) Llp) =0



SOME ALTERNATIVES FOR
REAL TIME EVOLUTION

avold representing the
state as MPS




ALTERNATIVELY..

time dependent problem Is contracting

observables as [N the network

0006060600060 60
e e N B N o
— -3 5-H 50 -E E .-
- 5 5 50 5-E
— -0 51 50 . E e

= N o B e B B B N

3 53 5-E 50 5 5
— - 5H 5N - E -

TN describe

observables, not
states

not possible
#P complete

key: entanglement in TN




OBSERVABLE AS TN

(W ()]0]w(1))
oooo : oooo

N }ififih'kh'khif'

AWHHTHH
| ERIEEEEEEEEE.

COOOO%_g[’:_gOOOO

space



tensor networks may describe partition
functions (observables)

need to
contract a TN

TRG approaches

Nishino, JPS) 1995
Levin & Wen PRL 2008
Xie et al PRL2009: Zhao et al PRB 2010




tensor networks may describe partition
functions (observables)

need to
contract a TN B F

TRG approaches

Nishino, JPS) 1995
Levin & Wen PRL 2008
Xie et al PRL2009: Zhao et al PRB 2010




OBSERVABLE AS TN

inturtion: model free propagating excitations

, ings, Verstraete, Cirac, PRL 2009
ermes, Cirac, MCB, NJP 2012

<
(C3
=
S oo
L o9



loy lensor Network model helps to
understand entanglement in the network




1OY MODEL TN

> s

€) |r)

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



1OY MODEL TN

€) |r)

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



1OY MODEL TN

MCB, Hastings, Verstraete, Cirac, PRL 2009
Muller-Hermes, Cirac, MCB, NJP 2012
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MCB, Hastings, Verstraete, Cirac, PRL 2009
Muller-Hermes, Cirac, MCB, NJP 2012
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various evolution algorithms

evolving the (pure state) ansatz  vidal PRL 2003, PRL 2007

White, Feiguin, PRL 2004

Daley et al., 2004
—0—-0—0~0—0-0—0-0-0-0-0-0— Haegeman et al., 201 |

Osborne, PRL 2006

o
entanglement can grow fast! Schuch et al, NJP 2008

evolving operators: Heisenberg picture  Hartmann et al, PRL 2009

also for mixed states

operator space entanglement
Prosen Pizorn, PRL 2008

o000

observables as TN to contract
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ahadad-bh R b MCB, Hastings, Verstraete, Cirac, PRL 2009
iz Muller-Hermes et al, NJP 2012
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THERMALIZATION

a question we would like to solve
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THERMALIZATION

Closed quantum system inrtialized out of equilibrium

does 1t thermalize?

bservables / \ predicted by

Al

m values! !
independent of

detalls of inrtial state?

statistical mechanics!?

analytical technigues: exactly solvable systems

GGE

Rigol et al. PRL 2007/
Cramer et al. PRL 2008
Calabrese et al. PRL 201 |
lievski et al. PRL 2015
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non-integrable systems —

THERMALIZATION

Closed quantum system inrtialized out of equilibrium

observa

N

therma

Al

Deutsch PRAY |
Srednicki PRE94
Rigol et al. Nature 2008

does 1t thermalize!

m values! '

ales/ \ predicted by

statistical mechanics!?

independent of
detalls of initial state!?

numerical

ETH mechanism

time scales!

simulations of real
time evolution
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TNS challenge:

getting around this
limitation
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Dubai JPhysA 2017
Leviatan et al. 201/
White et al PRB 2018
Surace et al. 2018

some recent progress

Dmin (t) ~ €at

Osborne, PRL 2006 e 4 worlk in
Schuch et al., NJP 2008 1 [ | '
= progress.

Yang et al. PRL 2020
Lui et al PRX Quantum 2021
Frias-Pérez, MCB 220 | .(28402
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(product state thermal states’
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_ easy to write as MPS observables ( well approximated as MPO




to conclude...

TNS: (quantum inspired) methods to describe quantum many- W
body systems

AIINSE= entanglement based ansatz
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other TNS %‘}A @

Vidal PRL 2007

~

efficient algorithms to find ground states, thermal states

simulating time evolution/arbitrary quantum circuits requires
truncation = limited
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