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Abstract: <p>A quantum entanglement is a special kind of correlation; it may yield a strong correlation that is not possible in a classical ensemble,
or hide the correlation from all local observables. Especially important is the entanglement that arises from local interactions for its implications in
many-body physics and futured€™s quantum technol ogies.<br>

I will review a few characteristics of entangled qubits in connection to fault-tolerant quantum information processing, and present a class of
long-range entangled many-body states that are ground states of gapped local Hamiltonians on lattices. The class is qualitatively unconventional in
many ways, and substantially boosts the richness of many-body entanglement. Implications in mechanisms of localization, renormalization group
flow, quantum information storage, and topological order will be discussed.</p>
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Writing on sand requires constant monitoring and rewriting.
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Find a system where interaction protects
quantum information

Will reduce the experimental burden.
Will help building a quantum computer.
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Amplitude but phase
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Stabilizer code
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Entanglement can hide some degree of freedom
from local observers.
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Entanglement can hide some degree of freedom
from local observers.

[nevitably, the non-local info.
1s accessible in multiple ways

Underlying idea of
fault-tolerant quantum computing
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Protecting Information by

Entanglement

‘Entanglement can hide some degree of freedom
. from local observers.

* Inevitably, the non-local info.
. is accessible in multiple ways

+ Underlying idea of
. fault-tolerant quantum computing

* More interesting if this happens in ground states.
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A way to obtain interesting states

Wegner (1971), Kitaev (1997), Levin-Wen (2005) =
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Wegner (1971), Kitaev (1997), Levin-Wen (2005)
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Qubits on edges

Superposition of all deformations by small loops
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+——No flux; loop creation /annihilation
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Loop fluctuation cannot change the topology.
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3 § : EE ~— No flux; loop fluctuation

= Zﬁ—nl;'pl Gauss’ law; closed loops
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Entanglement = invariant under local unitaries.
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Local entanglement is washed away by local unitaries.
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Long-range Entang

lement

ravyi, Flastin,
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Bravyi, Hastings, Verstraete (2006)

[Woltram MathWorld)
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Superselection Rule
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The presence of open end

can be detected by a loop operator far away.

e : ion Law
[herefore, Conservatio

it cannot be changed by any operation near the open end.
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...makin g topological order

' Lbop (submanifold) condensate

charge, which can be thermally excited and fluctuate...
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3D Lattice
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Simple cubic lattice, with 2 qubits per site
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Haah, Phys. Rev. A 83 042330 (2011)
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Under periodic boundary conditions -
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Haah, Commun. Math. Phys. 324, 351 (2013
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Under periodic boundary conditions
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* Bravyi, Michalakis, Hastings, |. Math.Phys. (2010)
+ Hastings, Wen, PRB (2005)

+ Kitaev, Ann. Phys. (2003)

* Wen, Niu, PRB (1990)

Local indistinguishability implies:
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(Any local operator that acts on the ground—state subspace is trivial.)
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Aguado, Vidal; Gu, Levin, Swingle, Wen (2008)
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Entanglement RG
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Multi-scale Entanglement Renormalization Ansatz (Vidal 2006)

T 4 < Start with a qubit
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Multi-scale Entanglement Renormalization Ansatz (Vidal 2006)

T 4 < Start with a qubit

Apply quantum circuit of constant depth

< Expand the lattice
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Haah, Phys. Rev. B 89, 075119 (2014)
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Start with qubits
Apply quantum circuit of constant depith
___+‘ Expand the lattice

Apply quantum circuit of constant depth

- @—Expand the lattice
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~+ String can be arbitrarily extended.

* Excitations can be moved arbitrarily
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Energy Barrier
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Bravyi and Haah, Phys. Rev. Lett, 107 150504 (2011) ||
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The presence of flux insertion operator matters,
| its end point ™
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The presence of flux insertion operator matters,

not its end point

They intersect at a point
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Back to Quantum Memory

p(0) % p(t) 2 4 (1)
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Back to Quantum Memory

‘ Almost never be a ground state Independent of evolution

p(0) % ple) =5 p'(2)
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AS a quantum memory

Haah, \'|I.‘| Rev 1 eH 1171 20050 2] 3)
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Chamon (2005),
Haah (2011),
Kim (2011),
Yoshida (2013),
Vijay, Haah, Fu (2015)

S E ® ’ ® Why cube?

C ® Nothing special, just local interaction
All beyond TQFT

Immobile point-like excitation [Model Factory]

Composite excitations: oo =0
R : ker o'\ = imo
Still immobile T B
over polynomial rings
Trapped along a “submanifold." with coefficients in finite

prime field.
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