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 Aim of this talk: Convince you that quantum information ideas can help
us to resolve long-standing open problems in condensed matter physics

e This talk lies between quantum info and condensed matter physics: A
Arguments are at different levels of rigor!

e To clarify this, | will use indicator Cubitts to mark the level of rigor:

Happy Cubitt:
Fully rigorous. Not fully rigorous (but still pretty ok).

o I'll try my best to keep Toby happy throughout most of the talk:
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- associate qubit (= spin ) to each vertex,
and singlet |s) =|01) — [10) to each dimer

= dimer covering represented by |o(D)) = @) |s)

 Resonating Valence Bond (RVB) state:

RVB) = |o(D))

« RVB: Is it a topological spin liquid?
- ground state of local Hamiltonian with topological ground space
- no long range order (symmetry breaking) in ground state

— Long-standing open question!

» “Toy model” for RVB: Orthogonal dimer state ), |D) where(D’|D) =0
- ground state of local Hamiltonian
- locally unitarily equivalent to Toric Code: topological ground space




Resonating valence bond states

Questions:
e Is the RVB ground state of a local Hamiltonian?

» Does it have a topological ground space structure?

« How does it relate to the Toric Code?
 Does it have long-range order or not?
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 Projected Entangled Pair States (PEPS):

entangled state
9  (eg. 32 1ii))

ol
@ linear map P

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

o flexibility in description: blocking of sites
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 Relation to Hamiltonians? Unique or topological ground state?
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- Injectivity: P has left-inverse (P~'P = 1)
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« entangled states |€2) unique ground state of local Hamiltonian
H=)h, h=1-|wlw] : h>0, h|Q2) =0

= PEPS |¥) unique ground state of local “parent Hamiltonian” 7' = )" 1/,
=P 'eP (P 'eP'): h' >0, #T)=0
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Symmetry and topological order

« What about systems with topological order?
e Injectivity implies unique ground state: Impossible for topological order!

. G-injectivity: P invertible on invariant subspace of symmetry, P ' P = Il :
P

Hinv
v®  po L e
—— where Iiny = & > U;
g

 e.g.: Toric Code < Zs, symmetry:

I, = %(]1@4 + Z%%) = Heyen -ﬁ

 G-injectivity = PEPS is ground state of local parent Hamiltonian
with topological ground space degeneracy
(Proof: e.qg. for Zs -injectivity — reversible mapping to Toric Code state + Hamiltonian)

e structure of ground space etc. is inherited from Toric Code
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0),]1) : spin-3 subspace
 Triangles have no or one singlet: / e 2) : “no singlet” tag
l€) = % Y eijrlighk) +1222) = %qm) —10))[2) + perm. + [222)

- RVB state: P = (|0)(02] + [1)(12]) + (|0){20] + [1)(21])
e dimer state: P, =[02)(02| + |12)(12] + |20)(20] + [21)(21| (“tagged” singlets)

« smooth RVB to dimer interpolation by “continuously removing tagging”
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« PEPS of RVB state Z2-injective on one star:

o lattice can be covered with stars

« singlet configurations can be locally distinguished
= reversible transformation to orthogonal dimer state

« Z9 symmetry = locally equivalent to Toric Code

« Hamiltonian for Toric Code = Ham. for dimer state = Hamiltonian for RVB
« Parent Hamiltonian with topological ground space structure!
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« Resonating Valence Bond state (RVB):
superposition of all singlet coverings of lattice

« RVB: ground state of local parent Hamiltonian with
topologically degenerate ground space (4-fold on torus)

« tool: Zs-injectivity of RVB PEPS on star
& invertible mapping to Toric Code

* Note: This does not tell us whether Hamiltonian has spectral gap!

« Dimer <> RVB interpolation by “continuously removing tagging”:
= continuous deformation of parent Hamiltonians H(0) = > h(9)
= topological ground space structure preserved throughout

* Is the ground state smooth along this interpolation,
or are there sudden changes (=phase transitions)?

« Also, we still need to figure out if there is long-range order ...
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« numerical study on cylindrical geometry Ty
» blocking = square lattice Ny

» expectation values (e.g. correlation functions):
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« numerical study on cylindrical geometry Ty
» blocking = square lattice Ny
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Numerical study of RVB states

« numerical study on cylindrical geometry Ty
» blocking = square lattice Ny
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Numerical result: RVB is topological spin liquid

» All correlations are bounded by gap of transfer operator! N~
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 gap of transfer operator bounds any kind of long-range order
= RVB is spin liquid (=no kind of long-range order)!

 no divergence along interpolation = RVB is in same phase as Toric Code!
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Summary

« kagome RVB: ground state of parent Hamiltonian | °
with topologically degenerate ground space p -

e tool: Z,-injectivity < invertible mapping to Toric Code

« Numerical study: Compelling evidence
that RVB is spin liquid (= has no long-range order),
and is in the same phase as the Toric Code

 Tools from quantum information can help us resolve
open questions in condensed matter physics ...

.. and hopefully lead to happier Cubitts.

Thank you!
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