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Topological states of
matter

« Electrons coupled to strong magnetic fields
gives rise to topological states
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« What about photons alone?
« What about non-Abelian photons, gauge bosons?

Gauge theories
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Gauge Theories

- HEFP, form QLED, QCD, Standard Model,
elementary gauge bosons

e-

-» COND=-MAT  spin liquids, dimers (electrons
in a material), emerging gauge bosons

- Lattice allows for non=-perturbative
formulation of QCD

Wilson, K. G. Confinement of quarks.
Phys. Rev. D 10, 2445-2459 (1974).
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Achievements LGT

Lvidences of mass=gap in Yang Mills from
first principles.
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Light Hadron Masses from Lattice QCD.
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3 =
Matrix elements input for R |
phenomenology of Standard model  : 8
Aoki, S. et al. »yii*
Review of lattice results concerning o ;;
low energy particle physics. Arxiv:1310.8555 % SInSs
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Limitations LGT

QUD at non-zero temperature and density
(nuclear matter)?

T
<4
3 o uark—ghion
5 5 plasma (QGP)
o |5 §e
MeV g =.4
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hadronic
(c}gnfjned] alggljlgFL
ase juar
F maglesr \ Bquid [ CFL
vacuum frieutrori| stars)

310 MeV K . - .
Real)time dynamics (experiments at RICH and
CLRN

Time—»

Hydrodynamic

Initial state Evolution

Classification of phases in presence of
dynamical matter
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TN/Quantum Many Body
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Guantum simulations
Froposal for experiments with
Trapped ions
Super conducting qubits
Cold atoms, Rydberg atoms

Characterize the static and dynamics of
lattice gauge theories

Both Abelian/non-Abelian
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Connection between LGT
and topological models

« Toric code Plli*__._
H p— —Je AS — Jm B I i ;:\._"_._._3:_._-_
C
As=T[st B, =]]<! A
s€l lep A E
[A37 Bp] =0 = —
* —
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The gauge invariant
Hilbert space

=— Je > Jm IJm =1

B Hp ={Y) - As|Y) = [¥)}

H=— Zpo — hy ) (G
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Constructing a LGT
Notion of symmetry

h a.k 9)
9,k €g o

™ » " |
e Lonstituents on links
« Local symmetry operators Ags(h)|y) =
sSiTe e
e S TTe
- R
52 83
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e Left right rotations of the state

L(h™")R(K)|g) = [~ gk)

Tagliacozzo, L., Celi, A. & Lewenstein, M.
TN for LGT with continuous groups.
ArXiv:1405.4811
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Orthogonality theorem

serre, J.=-P. Linear representations of finite groups.
(Springer-Verlag, 1977).

Matrix representation of g in irrep r: I',(9)
N

G > (g™ ()i = iafa(r ')

- giay

Tl i
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LR multiplication

L(h=")R(k)|g) = |h™"gk)

.

Benasque 09-14 Luca Tagliacozzo, LGT and TN




T’{’“"

LGT from TN
The gauge invariant Hilbert space
Gauge invariant operators
Results
Variational ansatz
Model building
Spectra
Order parameters
Topological phase transition
Conclusions

Benasque 09-14 Luca Tagliacozzo, LGT and TN

18



generalilzed Cross

As(h)

Benasque 09-14

operators

R(h)31 @ R(h)SE @ L(h’_l)ﬁa @ L(h_1)34

As(h)
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Gauge invariant Hilbert
space

Hp = 1)+ As(h)|¥) = |¥) Vs, h}
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Dynamic on Hp
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i -
Ihe two ways [ . .

1 rq

TFS/PEPS

MERA,Hierarchical TN

T

Tagliacozzo, L. & Vidal, G. Tagliacozzo, L., Celi, A. & Lewenstein, M.
Fhys. Rev. B 83, 115127 (2011) AerV _1405 4811
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Variational Ansatz for
gauge 1invariant states
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Truncated Ko, continuous
groups on finite spaces

Hilbert space on link
when G continuous
is Infinite dim.

We can express 1t
as direct sum of irrep

Keep only few -

Finite dim. Hilbert
opace
Finite bond dim TN.

- Horn, D. FLB 100, 149-151 (1981).
- Orland, P. & &ohrllch D.
Nucl. fhys B 338, 647- 572 (1990).

ler); = (L(k~")R(h)ler))i

— >
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- bhandrasekharan, S. & Wiese, U.-J Nucl Phys. B492 (1997) 455-474. "
Benasque 09-14 Luca Tagliacozzo, LGT and TN ArXiv:1405.4811 21



Vertex operators

V i~ >
S 1 "‘--.__‘:‘M:._____..--".. 15‘ .-'1
P e
e f ‘-“"'-.._i
52 83

i

Co-diagonal operators to
Symmetry constraints

(jfﬂ*

Y = GYGT

Can be used to extend
the LGT Hamiltonian

Ardonne, L., Fendley, F. & Fradkin, L. ey J
Ann. Fhys. 310, 493-551 (2004). ArXiv:1405.4011
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Low energy spectrum MuRA

72 LGT 8x8 torus

0.1 0.2 0.3 " 0.4 0.5 0.6

Phys. Rev. B 83, 115127 (201l)

Benasque 09-14 Luca Tagliacozzo, LGT and TN 30



Benasque 09-14

LGT from TN

Results

b
Order parameters entropies..

conclusions

Luca Tagliacozzo, LGT and TN

31



Disorder parameter MLRA

o . . 1 ,
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Topological fidelities
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Topological QFT with TPS
From the ground state of to the ground state of

Hro = Z A, + Z B, Haom = Z [(ap,ap,al al, + H.c.)
s p

P

— (uplupzup ”m + H.c ) ]
Through a wave function modification

1(0))

4(0)) = [Qrc) - [(7/2)) = Qam)
H(0) = Hrc +V(9)

S=ciL+~yr+c/L+..

ArXiv:1405.4811
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Topological ntropy
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Stéphan et. al. Phys9 Rev. 5 80, 184421 (2009).
Stéphan et. al. J. Stat 2012, F02003 (2012).

ArXiv:1405.4811

Benasque 09-14 Luca Tagliacozzo, LGT and TN 36



- " o -
sSchmidt-gap
Li, H. & Haldane, F. D. M. Fhys. Hev. Lett. 101, 010504 (2008).

De Chiara et. al Fhys. Rev. Lett. 109, (2012).
A, Liuchli, arXiv:1303.0741
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Does not detect the topological phase
transition
Luitz, D. et al. J. Stat. 2014, P0O8007 (2014).
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i »
Conclusions
We have presented a TN framework to analyze
LGT

It is suted both for theoretical analysis
and to design numerical ansatz

Discrete, Continous Abelian and Non-Abelian
model can be considered

Both hierarchical TN and TPS/PEFS

Already have benchmark numerical results in
2D

Basily extended to include matter
Interesting time to come...

THANKS FOR THE ATTENTION 111
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