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Abstract: The interplay of quantum fluctuations and interactions can yield novel quantum phases of matter with fascinating properties.
Understanding the physics of such systems is a very challenging problem as it requires to solve quantum many body problems--which are
generically exponentialy hard to solve on classical computers. In this context, universal quantum computers are potentially an ideal setting for
simulating the emergent quantum many-body physics. In this talk, | will discuss two different classes of quantum phases. First, we consider
symmetry protected topological (SPT) phases and show that a topological phase transitions can be simulated using shallow circuits. We then utilize
guantum convolutional neural networks (QCNNS) as classifiers and introduce an efficient framework to train them. Second, we focus on the
realization of topological ordered phases and simulate the braiding of anyons. Taking into account additional symmetries, we then investigate phase
transitions between different symmetry enriched topological (SET) phases.
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Matter occurs in different phases

Spontaneous symmetry breaking

[Landau ‘37
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Topological Quantum Phases

Long range entangled states of matter

» Fractional Quantum Hall effect @ (7sui 62 Laughin &3
» Quantum Spin-liquids tanderson73)
» Symmetry Protected Topological phases @ tuiness  sge s oo oo o 66 o6

Quantum Computers as a tool
to realize exotic states of matter
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Realization and Characterization of
Topological States on Quantum Processors
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(I) Symmetry Protected Topological (SPT) phases

[Smith, Jobst, Green, FP. PRR 4, L022020 (2022)] * A *
[Liu, Smith, Knap, FR PRL 130, 220603 (2023)]

(I) Topologically Ordered phases

[K. ). Satzinger, Y. Liu, A. Smith, C. Knapp et al,, Science 374, 6572 (2021)]
[Liu, Smith, Shtengel, FR PRX Quantum 3,040315 (2022)]

° -3
[Haller; Xu, Liu, FB PRR 5,043078 (2023)] ‘
[Liu, Shtengel, FP arXiv:2312.05079]
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Spontaneous symmetry breaking (SSB) TI.ITI

Quantum phase transition in transverse field Ising model: Z, symmetry

H=—Zo}?o}§_l—g20f (RER222 )
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SSB Symmetric
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Local order parameter in SSB Phase:
Landau theory of phase transitions
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Symmetry Protected Topological (SPT) phases

Quantum phase transition in cluster state model: Z, X Z, symmetry

H= D 50 =8 2,5
J J

TUTI

> >
Symmetric Symmetric g
E E E
Y, Y, X,
Classified by “Symmetry fractionalization” f I B e S #

[FRTurner, Berg, Oshikawa '10, Chen et al."| I; Schuch etal 'l 1]
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Symmetry Protected Topological (SPT) phases TI.ITI

Quantum phase transition in cluster state model: Z, X Z, symmetry

H= D 50~ 2,5
J J

lim (] o) =0 lim ([] o #0
if=llrrco i<k<j e i<k<j
: : >
Symmetric Symmetric g
E E E
Y, Y, o,
Classified by “Symmetry fractionalization” f " e - #
[FRTurner, Berg, Oshikawa '10, Chen et al."| I; Schuch etal 'l 1]

Non-local “string”order parameter
[den Nijs and Rommelse '89, FP and Turner'| 2]
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Exact quantum circuit crossing a phase transition TI.ITI

H = E [—sz 0;0;41 — 9z 0; + Gzzz 05 C’i+1¢’z‘+2]

1

Ao — ¥, 6767

0

4
Exact matrix-product state (MPS)
1 . .
3 along a path = Exact circuit!
- e , [Wolf et al.'05, Jones et al. PRR 3, 033265 (2021)]
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[Smith, Jobst, Green, FF PRR 4, L022020 (2022)]
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Measuring string order TI.ITI

k—2
Results on a 20 qubit IBM-Q device: Ss°(g) = (qp|(_1-( 1T &;’) A

j=i+2

|0) H HH7 & 1

[7)
0) - D g
U % 0.8
|0) - H = g 0.7
oy — _{ — 205
U §° v 04
|0) ——— SRR e < 0.3
3 0.2
: 1 — 0 (.1
: U £ 0
0) D ®w -0.1

-1 -0.75-0.5-0.25 0 0.25 05 075 1
Tuning parameter g
lwo(8))

> Accurate representation on quantum processor

[Smith, Jobst, Green, FF, PRR 4, L022020 (2022)]
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Determining the phase diagram of model systems TI.ITI

o Az Az AT AZAT  AZ
H= E [_gzz 0i0;4+1 — Y9z 05 + Gzzz 0] Ui+101;+2]

Z

Hox —32;,6767

°)4 How to automate the discovery
of order parameters?
! 3
Symmetry-broken
Gims Ising phase o

Quantum Convolutional
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’” R 72 Detect phases using
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Quantum Convolutional Networks (QCNN) TI.ITI

QCNNis:
» Introduced as phase classifier cong choLuin 2019 i
|10) — SPT

4 Barren—plateau free [Pesah et al. PRX 2021] / |11) ~ Fail
/[Ful}y connected] QCNN\

Challenges: 0 0

» How to efficiently train a QCNN?

» Hard to generate large datal "—CK—CT 'Q] Eﬁl

» Overfitted QCNN when training % y

on certain models

|llf0) =

[Yu-Jie Liu, Adam Smith, Knap, FE PRL 130, 220603 (2023)]
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Model independent learning

TUTI

Protocol to generate large training data set:

. ‘ |00) - SB
|. Prepare a simple fixed-point state for the phase el
2. Apply local symmetric unitary gates |11) > Fail

3. Supervised training of QCNN

[ [A] e
[ QCNN i noise
|

Fixed-point [¢)

[Yu-Jie Liu, Adam Smith, Knap, FE PRL 130, 220603 (2023)]
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Benchmark: Cluster Ising Model (4 qubit QCNN)

& S AZAZ AT AZAL AZ
H = E [—sz 0;0;41 — 9z 0; + G222 05 0i+10i+2]
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[Yu-Jie Liu, Adam Smith, Knap, FE PRL 130, 220603 (2023)]
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Benchmark: Cluster Ising Model (8 qubit QCNN) TI.ITI

SPT  SB  Trivial
CC ]

v . szaw 0 0
H = Z [_Qz 050541 — 9z 0 + Gzaz 0 ?+1Uf+2] 4 5 4
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[Yu-Jie Liu, Adam Smith, Knap, FE PRL 130, 220603 (2023)]
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Benchmark: Cluster Ising Model (4 qubit QCNN)

T AZAZ AT AZAL AZ
H = E [—sz 0;0;41 — 9z 05 + G222 05 Ji+10i+2]
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[Yu-Jie Liu, Adam Smith, Knap, FF PRL 130, 220603 (2023)]
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Quantum Convolutional Networks (QCNN) TI.ITI

QCNNis:
» Introduced as phase classifier o oL 019 ity
|10) = SPT

4 Barren—plateau free [Pesah et al. PRX 2021] / |11) - Fail
/[Fully connected] QCNN\

Challenges: 0 0

» How to efficiently train a QCNN?

» Hard to generate large datal "—CK—CT — Eﬁl

» Overfitted QCNN when training N y

on certain models

|ll/0) =

[Yu-Jie Liu, Adam Smith, Knap, FE PRL 130, 220603 (2023)]
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Model independent learning

TUTI

Protocol to generate large training data set:

. ' |00) - SB
|. Prepare a simple fixed-point state for the phase s
2. Apply local symmetric unitary gates |11) > Fail

3. Supervised training of QCNN

[ [A] e
[ QCNN i noise
|

Fixed-point [¢)

[Yu-Jie Liu, Adam Smith, Knap, FE PRL 130, 220603 (2023)]
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Realization and Characterization of TI.ITI
Topological States on Quantum Processors

(I) Symmetry Protected Topological (SPT) phases

[Smith, Jobst, Green, FB PRR 4, 022020 (2022)] t PR *
[Liu, Smith, Knap, FP, PRL 130, 220603 (2023)]

(I) Topologically Ordered phases

[K.J. Satzinger . Liu, A. Smith, C. Knapp et al,, Science 374, 6572 (2021)]
[Liu, Smith, Shtengel, FE PRX Quantum 3,040315 (2022)]

[Haller; Xu, Liu, FR PRR 5,043078 (2023)]

[Liu, Shtengel, FP, arXiv:2312.05079]

Pirsa: 24040106 Page 19/35



Topological order and fractionalized excitations TI_ITI

[Kitaev '03]

Toric code model Hpc = —JZ A, — JZ By, J>0
v P

G I B Av:Haf, Bp:Hmf
® * ¢ 1€V 1€ED
L [ ] L p 9
N/
g =l
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Topological order and fractionalized excitations TI_ITI

[Kitaev '03]

Toric code model Hpe = —JZ A, — JZ B, J >0
v P

t 1t Av:Haf, Bp:HUf

1€V 1€ED

[Ay, Bp] =0 = Exactly solvable

N o) = [Po) + |2P°) + ...
g —e=l

» Z, topological order
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Realizing the toric code on a quantum processor TI.ITI

Toric code ground state  |G) « [J (1 +B,)|0)
p

|0)®31
8 6 6 ¢ & & T
S050505950..000524%07.. %0 %624
N/ /I sgf‘sfga . \Q\Qn
3

Z parity, (A) 2 &%
. o \eo’oe’
: Xpargy, (B) 1 Q/ \8 \80 w

.Bp=+1
’A,U=+1

0’0‘0’: t
XXX

[o)

»Linear depth in system width

[Satzinger, Liu, Smith, et al,, FF Roushan, Science 374, 1237 (2021)]
[See also Semeghini et al., Science 374, 1242 (2021)]

Page 22/35



Probing topological entanglement Tl_m

Topological entanglement entropy S = aL — v y=1n2

[Kitaev and Preskill '06, Levin and Wen '06]

a s=G-in2 T s ts 2 g2 Full state tomography
" Q@.; for 4 and 6 qubits
ﬁ «@» ‘@
Sz Halinz ALY Randomized
D -0.89

: ‘ } el 7| measurements
. /—Lﬂ 090 fOI" 9 quIT.S
g XX H2x3 j 00
] E aoow s | el % Average over location
P ] and orientation

Counts (arb.)

: J
099 101195 205 28 32 40 4.5 50 55 6.0 -1.0 =08
Entanglement entropy, S /In 2 Sipe/In 2

[Satzinger; Liu, Smith, et al,, FP, Roushan, Science 374, 1237 (2021)]
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Simulating anyonic statistics

Z parity, (A)
e aas

e

-1 0 1
X parity, (B)

[K. ). SatzingerY. Liu, A. Smith, C. Knapp et al., Science 374, 1237 (2021)]
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Simulating anyonic statistics
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Interferometry phase, 6/

[Satzinger, Liu, Smith, et al,, FP, Roushan, Science 374, 1237 (2021)]
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Non-Abelian Topological Order

Linear depth circuits for realizing
general string-net models and

braiding non-abelian anyons
[Liu, Smith, Shtengel, FP, PRX Quantum 3, 040315 (2022)]

Shortcut: non-abelian topological order
using measurements [igbal et al. 23]

[
= [ +1

D95\ /D98 \ /B .97\
[ ¥x.04 \/ﬁz.gl \/'/231.91 )
\<.97 /\<.95 /\q.97 /

>o4\ />.os\ /b .9
/zCz.aa \,;/zcz.gz \‘/233.91 )
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Non-abelian
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Exact tensor network crossing a phase transition in 2D

Tensor-network solvable: Quantum phase transition between
symmetry enriched topological (SET) phases (Essin and Hermele 13, ... ]

SET-TC TC

7 6
z @& quantum critical z Q% QQ

conf, 0(2) |00p gas conf. %@%

Zz U(l) ng Tune g

» Decorate 2D loops (in toric code) by ID SPT

[Haller, Xu, Liy, FP, arXiv:2305.02432]

Pirsa: 24040106 Page 27/35



Isometric tensor-network states: Sequential generation  [LIT]

Problem: Not every 2D TN can be simply prepared by simple circuit!

Sequential generation of states !

ISOTNS — Linear depth circuit - 4 2

[Zaletel and FP 20, Slattery and Clark 21 3
) M

Wei, Malz, and Cirac 22]

$ &8 8 8 23?32383 2 &8 & 8
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8 8 8 T =p 5738323
88888 83832’3

%832383

BBV 83%
% & =

[Llu, Shtengel, FP arXiv:2312.05079]
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Exact isoTNS crossing a phase transition in 2D TUT]

Family of states that can be efficiently created on quantum computers!

iso TNS from classical Z | Wi 2=1
m,n

partition functions W
* —0—0 ¢
i o o m * —o—9o o
U T n - Z._@P W n Z=
j/ j.@/ *—0o 9o 9
o—0—0—9

N
&5

[Liu, Shtengel, FR arXiv:2312.05079]
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Exact isoTNS crossing a phase transition in 2D Tm

g<0 z:sa:ss:;sz
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Linear depth circuit between
SET and trivial TC phase!
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[Liu, Shtengel, FP arXiv:2312.05079]

Pirsa: 24040106 Page 30/35



Realization and Characterization of Tm
Topological States on Quantum Processors  Thank you!

(I) Symmetry Protected Topological (SPT) phases

[Smith, Jobst, Green, FP PRR 4, L022020 (2022)] t PR *
[Liu, Smith, Knap, FR PRL 130, 220603 (2023)]

(I) Topologically Ordered phases

[K. J. Satzinger,Y. Liu, A. Smith, C. Knapp et al,, Science 374, 6572 (2021)] 5 @
[Liu, Smith, Shtengel, FE PRX Quantum 3, 040315 (2022)] » i
[Haller, Xu, Liu, FB PRR 5, 043078 (2023)]

[Liu, Shtengel, FR arXiv:2312.05079]

0000269

Bernhard Jobst Yu-Jie Liu Adam Smith Michael Knap Andrew Green Kirill Shtengel  Kevin Satzinger Pedram Roushan
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Exact quantum circuit crossing a phase transition TI.ITI

H = E [—sz 0;0;41 — 9z 0; + Gzzz 05 C’i+1‘7z'+2]

1

Ao — ¥, 6767

0
4
1
3
Synilmetryilbroken
Gzaz sing phase Gas
2
2
3
1
SPT phase Trivial phase
with cluster state with product state
4
0
0 1 2 3 4
= gz =
H o 32676711632 Hox—>,6%

[Smith, Jobst, Green, FF PRR 4, L022020 (2022)]
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Measuring string order TI.ITI

k—2
Results on a 20 qubit IBM-Q device: Ss°(g) = (ap|Oi( 1T &;’) yA

j=it2

|0) H HH> ¥ 5

[7)
0) - D o L2
Uy % 0.8
|0) - H = g 0.7
o) — § — 205
U §° v 04
|0) —— S e < 0.3
3 0.2
: o — 0 (.1
: U £ 0
|0) D @ -0.1

-1 -0.75-0.5-0.25 0 0.25 05 075 1
Tuning parameter g
lwo(8))

> Accurate representation on quantum processor

[Smith, Jobst, Green, FF PRR 4, L022020 (2022)]
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Exact tensor network crossing a phase transition in 2D

Tensor-network solvable: Quantum phase transition between
symmetry enriched topological (SET) phases (Essin and Hermele 13, ... ]

SET-TC TC

Iy
Z @& quantum critical z Q% @

conf. 0(2) |00p gas conf. %@% )

Zz U(l) ng Tune g

» Decorate 2D loops (in toric code) by ID SPT

[Haller, Xu, Liy, FP, arXiv:2305.02432]
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Simulating anyonic statistics

Z parity, (A)
e aas

e

-1 0 1
X parity, (B)

[K. ). SatzingerY. Liu, A. Smith, C. Knapp et al., Science 374, 1237 (2021)]
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