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WHY SHOULD TNS BE
USEFUL?

States appearing in Nature are peculiar

State at random from H
Hilbert space Is not naturally
close to product appearing

We look for the
particular corner of the
Hilbert space

 TNS = Tensor Network States
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Which properties characterize ground states of relevant
Hamiltonians?

ENTANGLEMENT

) @ [b)
) @ [5) + |b) @ |a)

e _irpon] entanglement
entropy

TNS = entanglement based ansatz
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* PEPS = Projected Entangled Pairs States
RERS

complete family

oood approximation of thermal states
Hastings PRB 2006
Molnar et al PRB 2015

no efficient calculation of expectation values

but approximate contractions possible
can hold algebraically decaying correlations

cannot be prepared efficiently
Schuch et al PRL 2007
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Meurice et al. 2013
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Relevant states can be described as MPS
Mass Spectrum TN allow reliable continuum limit

Chiral condensate (order parameter of chiral

Symmetry breaki ng) MCB, Cichy, Jansen, Cirac, JHEPT [ (2013) 158
PoS 2014 arXiv:1412.0596

Buyens et al., PRL 2014; arXiv:1509.00246

Real time evolution Rico et al, PRL 2014; NJP 2014

Thermal equilibrium states well approximated by MPO

Temperature dependence of chiral condensate

MCB, Cichy, Cirac, Jansen, Saito, PRD 92,034519 (2015);
Phys. Rev. D 93,094512 (2016) arXiv:1603.05002

Multiflavour Schwinger mode] also Buyens et al, arXiv: 1 606.03385
Phase diagram at finite density: no sign problem

S.Kihn et al,, in preparation
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sissgenzed
:——Z (¢he’" dny1 — huc.) +mz 1)" ¢}, fn iz ZLQ
plus constraint: Gauss' Law
1 n
spinless fermions Ly—Ln_1=¢l¢n— 5 11— (=1)"]

D sSpINs

1 . .
5= — E (Une G e A O'n)

2a

+Zl+ ng,agsz

fermions; Jordan-Wigner ¢, = H(Wi)%

RE &
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MPS representation with OPEN BOUNDARIES

| all terms
basis ‘...Segsog S€€SO"'> are local

can be implemented with
explicitly gauge invariant tensors — Buyens etal, PRL 2014

1 | .
bl = S8 E (Une G S S ORI O'n)

n

2
+%;(1 F(=1)"03) + = ;Li
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MPS representation with OPEN BOUNDARIES

| all terms
basis ‘...Segsog 86680"'> are local

Gauss' law fixes photon content

1
Ln = Ln1 = 3o + (=1)"]

non-local

£ .. - Se So e So...)
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Scan parameters

—CTRUMWITH MPS

mass gaps and GS energy density

m/g | |
N the continuum z — oo
== OXO) \
x z € [5, 600]
finite-size \
N hWleead (Uerire) ol
convergence \
i D € [20, 120]

JHEP| (20 5snlEsis
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scalar

24820 ) vector
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> i 3240
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D, _
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@ truncation error m/g=0 =z =100
6Xl : : : : : N = 300

5| E,=-18957.65026
+

4.
: 3|
@)
88
o 2

1.

+
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@ finite-size scaling m/g=0 z =100
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continuum limit
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@ continuum limit

-4

x 10
6

'E = 18957.65026

m/g =0
—0.3158}
+ ~0.3159}
~0.316} ++‘+
03161}
—0.3162}
—0.3163}
very precise for all masses
MPS with MPS with 3 35
m/g  DMRG e SCE J (10
0 05641859 056414(26) 1,128379 1.1283(10)
0,125 0.53950(7) 0.53946(20)  1.22(2)  1221(2)
025 051918(5) 051915(14)  124(3)  1.239(6)
05 048747(2) 0.48748(6) 203)  1.231(5)

_0_31W

see also Buyens et al,, PRL 2014
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i e m gl Vg .
0.2 . , ———
‘ Analytical
Wl 4 04)2
=0
0.1 | | -
hopp m/g=0 smooth restauration
of chiral symmetry
e | range
Suzuk 1 1 1 _>achs Wipf 92
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Taylor 1or 1ong-range: neea 1arge oraer or smai step!

Alternative: reconstruct L, from spin content €ffectively truncation
in max electric flux
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Scan parameters; perform extrapolations for each g
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finite-size
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temperature, In the continuum z — oo
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convergence \
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THERMAL PROPERTIES WITH MPO
m/g =70 g8=04  x=06.25




R ERMAL PROPER TIES VA BRSNS
m/g = g8 =0.4 r = 6.25




THERMAL PROPERTIES WITH MPO

m/g = g8 =0.4

r = 6.2 |
2. convergence in O
L R
00158
0.0145}
: <4 N =40
: o N =50
oo4 | N =60
0 0.5 1 1.5
§ x 103



R ERMAL PROPER TIES VA BRSNS
m/g = g8 =0.4 r = 6.25

2. convergence in O

z . PR
00150 <<
0.0145}
: <4 N =40
: o N =50 |
oo | N :60
0 0.5 1 1.5
d x 103
<z =% ]
0.012f Tr =51
5 T =201
S z =45
0.01; e o



THERMAL PROPERTIES WITH MPO

m/g = g =04 2 =06.25 |
_7 2. convergence in O
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DENSITY WITH MPS

Several fermion flavors, chemical potentials
oround state density changes (first order PT)

10

AN

0 0.5 | 1.5 2 2.5 3 3.5 4 0 0.125 0.25 0.5
m/g

S. KUhn et al, in preparation
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MPS (TNS) tool for classical simulation

Ultimately wanted: quantum simulator of HEP models

Several proposals exist using ultracold atoms
Zohar et al. PRL 2010, 2012

finte dimensional dof Tagliacozzo et al. Nat. Comm. 2013
Banerjee et al,, PRL 2012

MPS can be very good to validate such schemes

Rico et al. PRL 2014
Pichler et al, PRX 2016
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QUANTUM SIMULATION OF
SCHWINGER MODEL

two fermionic two types
species of bosons

Ny Zohar et al. PRA 2013

Gauge Invariance from angular momentum
conservation

1 |
Ulal b, U, 1 . UlePnl,
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Questions that MPS can answer

Approaching the continuum limrt
Fifect of small Ny, errors...

Adiabatic preparation procedure: scaling
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o 0 00

S.Kdhn et al, Phys. Rev. A 90, 042305 (2014)
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fermions
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s

S.Kdhn et al, Phys. Rev. A 90, 042305 (2014)
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S.Kdhn et al, Phys. Rev. A 90, 042305 (2014)
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MPS: FEASIBILITY STUDY

QOQOQO
/

angular o
momentum /¢ = 70

fermions

Continuum limit

As learned from the MPS simulations

Study convergence of the G5

S.Kdhn et al, Phys. Rev. A 90, 042305 (2014)
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MPS: FEASIBILITY STUDY
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MPS: FEASIBILITY STUDY

Also adiabatic preparation procedure
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NON-ABELIAN MODELS

H = Z (\If};Un\PnH + h.c.) + mZ(—l)”\I!IL\I!n + % Z -

S. Kiihn et al, JHEP 07 (2015) 130



https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCIQFjAAahUKEwjAz8-EyOXHAhVG7BQKHQYrBuo&url=http%3A%2F%2Flink.aps.org%2Fdoi%2F10.1103%2FPhysRevA.90.042305&usg=AFQjCNEA0NO0inodmdRza2VZw3c-6qJVBw&sig2=4b19xKDtXEpBHmQ6aqO_Rw&cad=rja
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCIQFjAAahUKEwjAz8-EyOXHAhVG7BQKHQYrBuo&url=http%3A%2F%2Flink.aps.org%2Fdoi%2F10.1103%2FPhysRevA.90.042305&usg=AFQjCNEA0NO0inodmdRza2VZw3c-6qJVBw&sig2=4b19xKDtXEpBHmQ6aqO_Rw&cad=rja

QUANTUM SIMULATION OF
NON-ABELIAN MODELS

H = Z (\If};Un\PnH + h.c.) + mZ(—l)”\I!IL\I!n + % Z -

Truncated model with exact SU(2) symmetry
Zohar, Burrello 2015
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QUANTUM SIMULATION OF
NON-ABELIAN MODELS

H=Y (ViU Vpi1+hc)+m)y (-1)"0iv, N Z e

Truncated model with exact SU(2) symmetry

Zohar, Burrello 2015
Simplest case: link variables with dimension 5
Staggered fermions: two colors per site
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Truncated model with exact SU(2) symmetry
Zohar, Burrello 2015

Simplest case: link variables with dimension 5
Staggered fermions: two colors per site

Simulating statical and dynamical properties
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Ground state energy with external charges
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SU(2) STRING BREAKING

Ground state energy with external charges

Proposed observables to detect string
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