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Abstract: <span>Projected Entangled Pair States (PEPS) provide a local description of correlated many-body states. | will discuss how PEP!
used to characterize topological spin liquids, in particular Resonating Valence Bond states. On the one hand, | will show how the symmetrie
local PEPS description allow to identify that these states appear as topologically degenerate ground states of local Hamiltonians.&nbsp; On t
hand, I will discuss how from exact diagonalization of the transfer operator one can extract both the topological order and the spin liquid na
the ground state.</span>
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Introduction

 Tensor network states:

- efficient description of strongly correlated quantum states
from local tensors (local entanglement)

- powerful ansatz for numerical simulations
- analytical ansatz, solvable models (e.g. AKLT, Toric Code, ...)
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Introduction

» Tensor network states:

- efficient description of strongly correlated quantum states
from local tensors (local entanglement)

- powerful ansatz for numerical simulations
- analytical ansatz, solvable models (e.g. AKLT, Toric Code, ...)

« This talk: use PEPS to identify topological systems, in part. spin liquids

« Topological spin liquid:
- system w/ high symmetry which does not break any symmetry
- topological ground space structure

« Difficult: Identify topological order & absence of any long-range order

- Apply PEPS to characterize topological spin liquid nature of RVB states

» Concepts apply to general (tinv.) PEPS - both to variational ansatzes
and to tensors obtained from iPEPS simulations
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Resonating valence bond states
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- focus on kagome lattice (highly frustrated)
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Resonating valence bond states

- focus on kagome lattice (highly frustrated)

« Dimer covering D : complete covering
of lattice with “dimers” (=pairs of ad|. vertices)

« dimer config. DD < vector | D) in some Hilbert space
« associate spin-1 to each vertex,

and singlet |s) = |01) - [10) to each dimer
= dimer covering represented by |o(D)) = ) |s)
* Resonating Valence Bond (RVB) state:

IRVB) = Z” lo(D))

« RVB: ansatz for Heisenberg antiferromagnets (Pauling, Anderson)

» Is the RVB state a topological spin liquid?
- ground state of some local Hamiltonian
- topological ground space degeneracy
- no long range order (symmetry breaking) in ground state
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Resonating valence bond states

Questions:
» Is the RVB ground state of a local Hamiltonian?
« Does it have a topological ground space structure?

« How does it relate to known topological models?
» Does it have long-range order or not?
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The dimer model

« Difficulty in RVB: Different singlet configurations not orthogonal
- “Toy model” for RVB: Orthogonal dimer state > _,, |D) where (D'|D) = 0.
« Hamiltonian:

H=—ZHA—ZH;§:4

7 %

valid dimer resonance
configurations moves on stars
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Projected Entangled Pair States (PEPS)

 Projected Entangled Pair States (PEPS):
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Projected Entangled Pair States (PEPS)

- Projected Entangled Pair States (PEPS):

*—o

entangled state
(6.9. T2, li,4))

linear map P

« Tensor network notation:

o B e

ez Az
ol sl

P Z.\:l . sli){a, B,7, 0
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Projected Entangled Pair States (PEPS)

 Projected Entangled Pair States (PEPS):
*—
entangled state

Co Xl | o B e g
3 —//_[.‘éﬁ//_’_-éﬁ//—lﬁ

linear map P P =) Al g.sli)a, 3,7,

« Tensor network notation:

« many states (Toric Code, RVB state, ...) have an exact PEPS description

« flexibility in description: blocking of sites (and more ...)
' @
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Projected Entangled Pair States (PEPS)

« Projected Entangled Pair States (PEPS):
*—
entangled state

s 45 . ] D
(e.9. X;21 1i.4)) Q/—h%/_l_%/_h
a —//_'.‘éﬁ/;l_-éﬂ//—lﬁ

linear map P P =) Al g.sli)a, 3,7,

« Tensor network notation:

« many states (Toric Code, RVB state, ...) have an exact PEPS description

« flexibility in description: blocking of sites (and more ... )
' @

- Relation to Hamiltonians? Unique or topological ground state?
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Injectivity

- Injectivity: P has left-inverse (P~'P = 1)
P e
1

) = o

= auxiliary entanglement can be directly accessed:
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Injectivity

- Injectivity: P has left-inverse (P~'P = 1)
P s

@’ P ol

= auxiliary entanglement can be directly accessed:

T *’.
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Injectivity

- Injectivity: P has left-inverse (P~'P = 1)
P e

3 P*l o ...
| ®

= auxiliary entanglement can be directly accessed:

ny® | 7,® ol .1. \—-'>,l.
o L0 e
T |

o ol

- entangled states [€2) unique ground state of local Hamiltonian
H=>h, h=1-|wlw| : h20, h|Q2) =0

= PEPS |¥) unique ground state of local “parent Hamiltonian” /' = 5" 1/,
hW=(PlePH)ih(PreP ). n>20, A|¥)=0
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PEPS representation of the RVB state

« PEPS representation for the kagome RVB & dimer:
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PEPS representation of the RVB state

- PEPS representation for the kagome RVB & dimer:

10}, 1) : spin-3 subspace
« Triangles have no or one singlet: '/ s 2) : “no singlet” tag

IS
l€) ,‘_. S €ijulizk) +]222) -.ng(“”) 110))[2) + perm. + [222)
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PEPS representation of the RVB state

- PEPS representation for the kagome RVB & dimer:

10}, 1) : spin-3 subspace
« Triangles have no or one singlet: '/ _—12) :“no singlet” tag
¥
13 {.Z’wﬁ ijk) +(222) :"(\(H) 110))|2) + perm. + |222)

« RVB state: P = (|0)(02| + |1)(12]) + (|0)(20] + [1){21])
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Z» symmetry in the RVB PEPS

» PEPS of RVB & dimer state has Z., symmetry:

representation Z = |0)(0| + [1)(1] - [2)(2| = diag(1,1.-1)

Y l€) —{J(;HI) 10))|2) + perm. + [222)

@ P = (0)(02] +[1)(12]) + (0)(20] + [1){21])
P, =102){(02] + [12)(12| + [20){20] + |21)(21|
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Z» symmetry in the RVB PEPS

» PEPS of RVB & dimer state has 7., symmetry:

representation Z = [0)(0] + |[1){1] - |2)(2| = diag(1,1,-1)

Y €) _[_(“I> 10))|2) + perm. + |222)

@ P = (|0)(02] + [1)(12]) + (]0){(20] + [1)(21])
P, =02)(02] + [12)(12] + [20){20] + |21){21]

» composition of Z; - invariant objects = Z,- invariant object

= P is supported on invariant subspace / tensor A has symmetry:
D ;
® Z

@J P=P(Z®ZQ®7Z®Z) —Q\Ij‘ = < ¢ z
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Hamiltonians for topological tensor networks

- G-injectivity: P invertible on invariant subspace of symmetry, P~'P =11, :
@ ”in\‘

P/V P : h | 7@1
. wnere ”in\' = r(,—| Zl’”
g

- state mapped reversibly to known topol. model (e.g. Toric Code: P =11, )

p @ r @
«

] /".

— parent Hamiltonian k' = ((P")®") hrcode(P)®?
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Hamiltonians for topological tensor networks

- G-injectivity: P invertible on invariant subspace of symmetry, P~'P =11, :
@ ”in\‘

/;' D | h | r®4
—l wnere ”im' = m Z["!I
g

- state mapped reversibly to known topol. model (e.g. Toric Code: P =11, )

T ~’.

r_ @

— parent Hamiltonian k' = ((P")®") hrcode(P)®?

« |I) ground state of local Hamiltonian with topo. ground space degeneracy
» one-to-one mapping between ground states <> same ground space structure
« h' depends smoothly on P : interpolation P () — interpolation H'(0) = > h'()
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