Title: Replica topological order in quantum mixed states and quantum error correction

Speakers: Roger Mong

Series: Quantum Matter

Date: May 22, 2024 - 1:30 PM

URL.: https://pirsa.org/24050089

Abstract:

Topological phases of matter offer a promising platform for quantum computation and quantum error correction. Nevertheless, unlike its coun
in pure states, descriptions of topological order in mixed states remain relatively under-explored. We will give various definitions for re
topological order in mixed states. Similar to the replica trick, our definitions also involve n copies of density matrix of the mixed state. Withir

framework, we categorize topological orders in mixed states as either quantum, classical, or trivial, depending on the type of informatio
encode.

For the case of the toric code model in the presence of decoherence, we associate for each phase a quantum channel and describes the :
the code space. We show that in the quantum-topological phase, there exists a postselection-based error correction protocol that recc
guantum information, while in the classical-topological phase, the quantum information has decohere and cannot be fully recovered. We acct
this by describing the mixed state as a projected entangled pairs state (PEPS) and identifying the symmetry-protected topological orde
boundary state to the bulk topology.
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Topological order in two-dimensions

Phases of matter that support fractionalized
excitations.

Examples

1 Toric code

0 Fractianal quantum Hall
0 Z, Spin liquids

0 Chiral spin liquids
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Topological order

01 Anyons
Fusion, braiding, etc.

Topological quantum field theory (TQFT)

0 Wavefunction characterizations
Ground state degeneracy
Topological entanglement entropy

Entanglement spectrum
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Topological order in mixed states?

1 Unstable to thermal effects

Gibbs ensemble is smoothly connected to trivial state

1 Stable to small local decoherence
67)1( (p) = (1 = pz)p + pa Xrp Xy
Ef(p) — (1 - pz)p +pzerZr

Threshold in quantum error correction code p. ~ 11%

o How to characterize mixed states topological order?
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Vectorization (double approach)

1 Vectorization

ja)(b] = [a) ® |b7)

Pure states to double pure states
Density operator to wavefunctions

Quantum channels to operators

11 Can characterize mixed state using existing tools
E.g., Bao, Fan, Vishwanath, Altman 2023
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Vectorization (double approach)

Phase diagram

Pz

TC

Classical memory

TC?
QEC code

trivial

No memory

TC

Classical memory

[Bao, Fan, Vishwanath, Altman 2023;
Fan, Bao, Aliman, Vishwanath 2023;

Wang, Wu, Wang 2023;
Sang, Zou, Hsieh 2023]
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Vectorization (double approach)

o Vectorization |¥tc) (Yrc| = |Y1c) ® |Yre)

o X- and Z-flip errors

W) (H EXEZ) )

EX =(1—py) +p:(Xr ® X)), EZ=...

o Diagnose topological order of wavefunction
Observables are quadratic in p!

(P01 ® O2|¥) o< Tr(O1p O2p)
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Mixed state topological order

Questions

7 What does it means to for a state to have
topological order?

0 What is the interpretation of using n copies of the
mixed state?

1 How can tensor networks be used to characterize
topological order?

0 What are the possible phases that results from the
toric code (TC) with errors?

[Z. Li, RM, arXiv:2402.09516]
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Pure state topological order

o Ground state degeneracy

Two states |¢),|¢) are degenerate if they are
locally indistinguishable but globally different.

(Y[Alp) = (8] Alo)
[{hlp)| # 1

1 Geometry

Set of locally indistinguishable states form CP%~*

01 Wilson loops

Forms a matrix algebra
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Mixed state topological order

0 Local distinguishability

Tr(A1pAzp--- Anp) _ Tr(Ai0Az0 - - - Ano) for operators supported
Tr(p™) Tr(o™) on a contractible region

0 Global distinguishability

distance

o 1
dist,, (p, o) def 91/ ||P - U”n

n-Schatten norm
def i

e, % 2 [2e(jad)]
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Mixed state topological or

1 Geometric definition

Let 8™ (p) denote the set of n-replica states that
are n-replica locally indistinguishable from p.

1 Classification

(i) p is called n-replica trivial if S(™(p) is a single
point.

(ii) p is called n-replica classical topologically or-
dered (CTO) if S™ (p) has a finite number of ex-
treme points.

(iii) p is called n-replica quantum topologically or-
dered (QTO) if the extreme points of S (p) form
a submanifold with dimension > 1.

der

[Z. Li, RM, arXiv:2402.09516]
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Mixed state topological order

' Local distinguishability

Tr(A1pAzp--- Anp) _ Tr(AioAz0--- Ano) for operators supported
Tr(p™) Tri{o®) on a contractible region

- Global distinguishability

distance

dist,, (p, o) g

n-Schatten norm

def 1
lell, = <
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Mixed state topological or
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Mixed state topological order

' Local distinguishability

Tr(A1pAzp--- Anp) _ Tr(AioAz0 --- Ano) for operators supported
Tr(p™) Tr(o™) on a contractible region

- Global distinguishability

distance

dist,, (p, o) g

n-Schatten norm

def 1
lell, = <
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