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What can MPS/TNS say about LGTY?



TINS

* [NS = Tensor Network States

Context: quantum many body systems



TINS

* [NS = Tensor Network States

Context: quantum many body systems

o
O
o O
E ® e



TINS

« [NS = Tensor Network States

Context: quantum many body systems

interacting with each
{|Z->}§l—1 other



TINS

* [NS = Tensor Network States

Context: quantum many body systems

interacting with each
{|i>}d_1 other

Goal: describe
o equilibrium states



TINS

* [NS = Tensor Network States

Context: quantum many body systems

interacting with each
O other

Goal: describe
o equilibrium states

oround, thermal states



TINS

 INS = Tensor Network States

A general state of the N-
body Hilbert space has ) = Zcilm,m B o)
exponentially many
coefficients

&




A genera

body Hilbe

expo

RS

stal

TINS

rt space has
ally many

coefficients

e of the N-

 INS = Tensor Network States

i i

N-legged
tensor

dN



TINS

 INS = Tensor Network States

A general state of the \N-

body Hilbert space has ) = Zc‘i ivllit .. i)
exponentially many i) 1/ 7

coefficients

N-legged
B e
o ® ATNS has only a d”
JRRTRRL SR polynomial number
® of parameters



@

® @
oo ® OTNS

€

Non-perturbative for Hamiltonian systems



@

® @
oo ® OTNS

€

Non-perturbative for Hamiltonian systems

Extremely successtul for [D systems (MPS)



@

® @
oo ® OTNS

€

Non-perturbative for Hamiltonian systems

Extremely successtul for [D systems (MPS)

Promising Improvements for higher dimensions



@TNS

Non-perturbative for Hamiltonian systems

Extremely successtul for [D systems (MPS)
Promising Improvements for higher dimensions

oround states
ow-lying excrtations
thermal states
time evolution




@TNS

Non-perturbative for Hamiltonian systems

Extremely successtul for [D systems (MPS)
Promising Improvements for higher dimensions

oround states apply to
ow-lying excrtations LGT

lacrmaal stales

time evolution i









BIMRCG on Sc

Yrecedents

nwinger model

hidnEsrE Al RIRDL A0

best precisionsEs
GS, vecian



BIMRCG on Sc

Yrecedents

nwinger model

hidnEsrE Al RIRDL A0

DMRG on \®*

Sugihara NPB 2004

best precisionsEs
GS, vecian



Yrecedents

DMRG on Schwinger model
hidnEsrE Al RIRDL A0

DMRG on  A®*
Sugihara NPB 2004

TN—extensions

best precisionsEs
GS, vecian

time evolution,
finte T



Yrecedents

DMRG on Schwinger model
hidnEsrE Al RIRDL A0

DMRG on  A®*
Sugihara NPB 2004

TN—extensions

time evolution,
i) WG A i

Sugihara JHEP 2005
see also lagliacozzo PRB 201 |

best precisionsEs
GS, vecian




Yrecedents

DMRG on Schwinger model
hidnEsrE Al RIRDL A0

DMRG on  A®*
Sugihara NPB 2004

I N—extensions |
time evolution,
MIESRor LGT 25 T

Sugihara JHEP 2005
see also lagliacozzo PRB 201 |

MRSFereritical QR
Milsted et al. 2013

best precisionsEs
GS, vecian




Yrecedents

DMRG on Schwinger model
hidnEsrE Al RIRDL A0

DMRG on  A®*
Sugihara NPB 2004

I N—extensions |
time evolution,
MIESRor LGT 25 T

Sugihara JHEP 2005
see also lagliacozzo PRB 201 |

MRSFereritical QR
Milsted et al. 2013

best precisionsEs
GS, vecian

TNS for classical gauge models
Meurias @i al, 20 2



SCHWINGER MODEL AS
BES | BENCH FOR NS
TECHNIQUES



SCHWINGER MODEL AS
TESTBENCH FOR MPS
TECHNIQUES



MPS

« MPS = Matrix Product States

Z Chi |GGy

Bl ool N



MPS

« MPS = Matrix Product States

U) = ) tr(APAZ .. AP .. i)

Bl oo lh T



MPS

« MPS = Matrix Product States

d ; -
L

D bond dimension

U) = ) tr(APAZ .. AP .. i)

Bl oo lh T



MPS

« MPS = Matrix Product States

d ; -
L

D bond dimension

U) = ) tr(APAZ .. AP .. i)

Bl oo lh T

e D e
w=(01) =G o



MPS

« MPS = Matrix Product States

d ; -
L

D bond dimension

U) = ) tr(APAZ .. AP .. i)

Bl oo lh T

E 1 n G
#=(0 1) = o

HEOQE - ) L 000 ) - (0015, 5



MPS

« MPS = Matrix Product States

d ; -
L

D bond dimension

U) = ) tr(APAZ .. AP .. i)

Bl oo lh T

0-( ) #-( 1Y) b2

HEOQE - ) L 000 ) - (0015, 5



MPS

« MPS = Matrix Product States

d ; -
L

D bond dimension

U) = ) tr(APAZ .. AP .. i)

Bl oo lh T



MPS

« MPS = Matrix Product States

d i -
x"\\‘/ ap ;IZZ)GZ

D bond dimension

U) = ) tr(APAZ .. AP .. i)

very efficient algorithms for:

ground states —, glso excitations
time evolution

mixed states (thermal)



it sl




SCHWINGER MODEL

discrete Hamiltonian (staggered) formulation
Kogut, Susskind /5

Jordan-Wigner — spin model

1 : :

Sscraa i z@n i =1 —z@n oy

el — gQaQ E (an € "0, r an)
mn

;CZ’Q S 1+ (-1)rad)+ > L2

(Gauss Law
1
Wiy = M) = 5[02 ="




SCHWINGER MODEL

s . (s, 0 s. £ s

—|— o i -+ —q6; A
O e O
g &2 2 : On—1 n—+1 n)

. Z 1+ (-1)"2)+ > L2

(Gauss Law
1
Wiy = M) = 5[(7737, = (=1




SCHWINGER MODEL

s . (s, 0 s. £ s

I . |

o = g — 4+ —10, _—

e — e E (O‘n € "0, r O'n)
n

I Ul | s o
'CLQQZ';(l iy Un)Jrzn:Ln
Gauss Law Tixes photon content

1
k<n eliminate gauge dof




SCHWINGER MODEL

s . (s, 0 s. £ s

= ag On—1 ‘|‘(7;,r+1€_wn(77:)
| il | (s
| CL92 Z (1 | ( 1) On) - Z

Gauss Law Tixes photon content

1
Ln:zo+§zag+...

k<n eliminate gauge dof



SCHWINGER MODEL

it — P (Jf{ew’”cr; 1 T cff{ﬂe_’@”cf;)
= CZ’Q > 1+ (-1)"cd) +Z@

Gauss Law Tixes photon content

1
k<n eliminate gauge dof



SCHWINGER MODEL

it — P (Jf{ew’”cr; 1 T cff{ﬂe_’@”cf;)
= CZ’Q > 1+ (-1)"cd) +Z@

Gauss Law Tixes photon content

1
k<n eliminate gauge dof



COMPUTING THE SPECTRUM WITH MPS

arXiv: [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

arXiv; [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

m/g

arXiv; [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

mass gaps and GS energy density

m/g | |
in the continuum ga — 0

arXiv; [ 30588




COMPUTING THE SP

Scan parameters

m/g

aga

~CTRUM WiITFE .

mass gaps and GS energy density
in the continuum ga — 0

1/(ga)* € [5, 600]

arXiv: [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

mass gaps and GS energy density

m/g | |
in the continuum ga — 0

ga 1/(ga)* € [5, 600]

N N o 1/(ga) (up to ~850)

arXiv: [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

mass gaps and GS energy density

e in the continuum ga — 0
ga 1/(ga)* € [5, 600]

N N o 1/(ga) (up to ~850)
D D € (20, 120]

arXiv: [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

mass gaps and GS energy density

m/g N the continuum ga — 0
ga 1/(ga)* € [5, 600]
N N o< 1/(ga) (Up e =cS58)
CONvVErgcnce \

D D € [20, 120]

arXiv: [ 30588




COMPUTING THE SP

Scan parameters

m/g

~CTRUM WiITFE .

mass gaps and GS energy density

N the continuum ga — 0

ga 1/(ga)* € [5, 600]

finite-size \

N N o 1/(ga) (up to ~850)

CONvVErgcnce \

D D € [20, 120]

arXiv: [ 30588




COMPUTING THE SPECTRUM WITH MPS

Scan parameters

mass gaps and GS energy density
in the continuum ga — 0

m/g
=0 \
ga

finrte-size
\ N N o< 1/(ga) (Up e =cS58)

CONvVErgcnce \

1/(ga)* € [5, 600]

D D € [20, 120]

arXiv: [ 30588




RESULTS



-dispersion relation-

®
®
&
o
L + D=40
® o D=80
* D=100
m/g =
2486} 1/(ga)® =25 -
N = 160
_o4g8lE . . . . .
80 02 03 04 505 06 07 08

P

arXival3 05 00cs




-dispersion relation-

D=40
D=80
D=100

m/g =

 oround state

N =160

&

1/(ga)® =25

<

1 0.2 0.3 04 , 05 0.6 0.7

<OP>

0.8

arXival305:00cs




-dispersion relation-
®
D=40
D=80
D=100
vector
m/g =
! 1 2 __ 25 -
oround state /(ga)

N =160

&

<

1 0.2 0.3 04 , 05 0.6 0.7

<OP>

0.8

arXival305:00cs




-dispersion relation-

K

scalar
D=40
D=80
D=100

vector
m/g =
! 1 2 __ 25 -
oround state /(ga)

N =160

&

<

1 0.2 0.3 04 , 05 0.6 0.7

<OP>

0.8

arXival305:00cs




-dispersion relation-

scalar
D=4(
D=80
vector D=1
m/g =
i 1 2 — 95 -
oround state /(ga) °

N =160

@ | | | | |
+ 02 03 04 ,05 06 07

<OP>

0.8

arXival305:00cs




@ truncation error m/g=0 1/(ga)? =100

N = 300

arXiv: | 3055008




truncation error

E-E

Dmax

m/g =0 1/{(Ga)s=mi
N = 300

arXiv: | 3055008




@ truncation error m/g=0 1/(ga)’* =100
N = 300

E_ED ax

xlO_4
; ; ; ; 1
5} E =—18957.65027 0.04
4-
3-
2.
| 0.03
© ST TR RISy S
- 0005 001 0015 0« x
1/D
g 0.02
a
0
]

0

E1=—18945 713955

0.005

0.01

0.015
1/D

0.02 0.025

arXiv: | 3055008




@ truncation error m/g=0 1/(ga)? =100

E_EDmax

5
g 0.02}

E-E

N = 300

x10~
Z :EO=—18957.65027 + 3
| 2.5} E =-18933.96208 +
1 L

B Fo . 9)

- 0 0.(;05 O.E)l 0.(;15 0.62 0.625 e
1/D cé 1 .5

-

.

Lo

0.04 v ' v v - O .5

Elz—l 8945.73955
0.03}

0.01} ] _O .5
0 0.01 0.02 0.03 0.04 0.05
.. 1/D

arXiv: | 3055008




@ finite-size scaling m/g=0 1/(ga)® =100

arXiv: | 3055008




@ finite-size scaling m/g=0 1/(ga)® =100

—0.3158
—0.3159

-0.316
—0.3161
-0.3162
—0.3163
-0.3164

03165} .
~0.3166

x 107

arXiv: | 3055008




@ finite-size scaling m/g=0 1/(ga)® =100

—0.3158F
-0.3159}

-0.316}
-0.3161F
-0.3162F
—0.3163F
—0.3164F

—03165}

—0.3166
0

1.5

1/N

25

3

35

x107

0.6
0.598
0.596
0.594
0.592

0.59
0.588

0.586
0 0.2 0.4 0.6 0.8 1 1.2

2 _
1/N XIO5

arXiv: | 3055008




@ finite-size scaling m/g=0 1/(ga)® =100

—0.3158F
-0.3159}

-0.316}
-0.3161F
-0.3162F
—0.3163F
—0.3164F

-0.3165F .

—0.3166
0

0.6

0.598}
0.596}
0.594}
0.592}

0.59¢
0.588}

0.586
0

arXiv: | 3055008




@ finite-size scaling m/g=0 1/(ga)® =100

—0.3158F
-0.3159}

-0.316}
-0.3161F
-0.3162F
—0.3163F
—0.3164F

—03165p

—0.3166
0

0.6

0.5 1 1.5

2
1/N

25 3 35

x107

0.598}

0.596}

0.594}

0.592}

0.59¢

0.588}

0.586

0 02 04 06 08

1/N?

1

12

x107

1.19

1.185

1.18

1.175

117K
0 02 04 06 08 1 12

1/N? x 107

arXiv: | 3055008




@ continuum limit

m/g =0

arXiv; [ 30588




@ continuum limit

—0.31

-0.312

-0.314

—0.316

—0.318

0.05

0.1

aqga

0.15

0.2

m/g =0

0.25

arXiv: | 3055008




@ continuum limit

—0.31

-0.312

-0.314

—0.316

—0.318

—0.3183675

—0.3183099

0.05

exact

N
\
N
N
\
\
N\
N
N

\
Y
\
AY
AY

0.1

aqga

0.15

N
N
N
N
N
Y
AN
N
\|
N

0.2

m/g =0

0.25

arXiv: | 3055008




@ continuum limit

—0.31

—0.3183675

—0.3183099 +
exact +\+

-0.312

~0.314 .
T+

0316 +

0.62

—0.31
0.61

0 0.05 0.1 0.15
ga[ 0.6

0.59

0.58

0.57

0.05

m/g =0

0.1

aga

0.15

0.2 0.25

arXiv:1305.3765




@ continuum limit

—0.31

—0.3183675

—0.3183099 +
exact +\+

-0.312

~0.314 .
T+

0316 +

0.62

—0.31
0.61

0 0.05 0.1 0.15
ga[ 0.6

0.59

0.58

0.57

0.05

m/g =0

0.1

aga

0.15

0.2 0.25

arXiv:1305.3765




@ continuum limit

—0.31

—0.3183675

-0.312

exact +
0314 F
+
0316 +
0.62

—0.31
0.61

0 0.05 0.1 0.15
ga[ 0.6

0.59

0.58

0.57

~0.3183099  +

m/g =0

0.05

0.1

0.5641895

exact

aga

0.15

0.2 0.25

arXiv:1305.3765




@ continuum lin "

1.25
—-0.31
—0.3183675
—0.312 —0.3183099 12
exact
-0.314 o
1.15
ot
~0316 +
1.1
—-0.31
0.05 0.1 0.15
ga 0.6
0.59
o 0.5641895
0.57 exact

0 0.05 0.1 0.15 0.2 0.25

ga arXiv:1305.3765




@ continuum lin "

1.25
—0.31
—0.3183675
—0.312 —0.3183099 2
exact
0314 S 1.128096
-0.316 +
1.1
—-0.31
0.05 0.1 0.15
ga 0.6
0.59
o 0.5641895
0.57 exact

0 0.05 0.1 0.15 0.2 0.25

ga arXiv:1305.3765




@ continuum lin "

1.25
—0.31
—0.3183675
o032 —0.3183099 2
exact
—0314 115 i 1128096
+ 1.128379
~0.316 + | exact
1.1
—-0.31
0.05 0.1 0.15
gCL 0.6
0.59
o 0.5641895
0.57 exact

0 0.05 0.1 0.15 0.2 0.25

ga arXiv:1305.3765




@ continuum lin "

1.25
—-0.31
—0.31837(7)
—0.312 —0.3183099 -2
exact
—0314 T 1.1283(10)
o 1.128379
~0.316 + | exact
1.1
-0.31
0.05 0.1 0.15
ga 0.6
0.59
- 0.5641895
0.57 exact

0 0.05 0.1 0.15 0.2 0.25

ga arXiv: 1 305.3765




@ continuum lin "

031 1.25
—0.31837(7)
~0312 —0.3183099 -2
exact
—0314 T 1.1283(10)
o 1.128379
~0.316 + | exact
1.1
—0.31
0.05 0.1 0.15
ga 0.6
0.59
cood agreement with o 0.5641895
0.57 exact

exact values

0 0.05 0.1 0.15 0.2 0.25

ga arXiv: 1 305.3765




truncation error
same game for

. finite-size scaling
RREISSIVE €ase

continuum limit

000

arXiv; [ 30588




truncation error
same game for

. finite-size scaling
RREISSIVE €ase

000

continuum limit

m/g

gl 28

0.25

0.5

arXiv: | 3055008




truncation error
same game for

. finite-size scaling
RREISSIVE €ase

000

continuum limit

mlg  DMRG

0.125 0.53950(7)

025 0.51918(5)

05 048747(2)

arXiv; [ 30588




@ truncation error

same game for
massive case

@ finite-size scaling

@ continuum limit

MPS with

mlg  DMRG g

0.125 0.53950(7) 0.53946(20)

025 0.51918(5) 0.51915(14)

05 048747(2) 0.48748(6)

arXiv; [ 30588




@ truncation error
@ finite-size scaling
@ continuum limit

same game for
massive case

mlg  DMRG MFgBVgth SCE
0.125 053950(7) 053946(20)  1.22(2)
025 051918(5) 051915(14)  124(3)
05 048747(2) 048748(6) 120(3)

arXiv: [ 30588




@ truncation error
@ finite-size scaling
@ continuum limit

same game for
massive case

mig  DMRG MFgBVgth SCE M?ngth
0.125 0.53950(7) 0.53946(20)  122(2) 1.221(2)
025 051918(5) 051915(14)  124(3) 1.239(6)
05 048747(2) 0.48748(6) 1203)  1.231(5)

arXiv; [ 30588




@ truncation error
@ finite-size scaling
@ continuum limit

same game for
massive case

mig  DMRG MFgBVgth SCE M?ngth
0.125 0.53950(7) 0.53946(20)  122(2) 1.221(2)
025 051918(5) 051915(14)  124(3) 1.239(6)
05 048747(2) 0.48748(6) 1203)  1.231(5)

comparable or better precision than
avallable numerics

arXiv; [ 30588




MPS STATES = OBSERVABLES



MPS STATES = OBSERVABLES

compute the chiral condensate In the GS



MPS STATES = OBSERVABLES

compute the chiral condensate In the GS

no exact value known for m/g#0



MPS STATES = OBSERVABLES

compute the chiral condensate In the GS

no exact value known for m/g#0

estimations exist



MPS STATES = OBSERVABLES

compute the chiral condensate In the GS

no exact value known for m/g#0

estimations exist
de Forcrand et al. 9/

Hosotani 97/



MPS STATES = OBSERVABLES

compute the chiral condensate In the GS

no exact value known for m/g#0

estimations exist
de Forcrand etain

Hosotani 97/

in the spin language

\/_Z 1+0



MPS STATES = OBSERVABLES

compute the chiral condensate In the GS

no exact value known for m/g#0

estimations exist
de Forcrand etain

Hosotani 97/

in the spin language

\/_Z 1+0

divergent — substracted condensate from exact
solution of non-interacting case
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THANK YOU!
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