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Exciting era of quantum devices

Google IBM Quantinuum QuEra
" . ' [

IBM Quantum

CONDOR
1121 QUBITS
SCALE | YIELD

Ultimate goal: fault tolerant quantum computing
Near-term applications: exploring quantum many-body physics

Ultra quantum matter Non-equilibrium dynamics
5 Fig from Xu, Swingle (2019)
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Topological guantum matter in a lab

(2021)
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Realizing topologically ordered states on a quantum
processor

T Eine i A SMITH (), CKIAF HNEWMAN +88 authors

Authors Info & Affiliations

(2025) nature communications

Article Open access Published: 06 July 2025

Realizing string-net condensation: Fibonacci anyon
braiding for universal gates and sampling chromatic
polynomials

Zlatko K. Minev, Khadijeh Najafi, Swarnadeep Majumder, Juven Wang, Ady Stern, Eun-Ah Kim E, Chao-

(2024)

nature
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Ming Jian B3 & Guanyu Zhu

Nature Communications 16, Article number: 6225 (2025) | cite this article
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nature > articles > article

Article  Published: 14 February 2024
Non-Abelian topological order and anyonsona
trapped-ion processor

Mohsin lgbal, Nathanan Tantivasadakarn, Ruben Verresen, Sara L. Campbell, Joan M. Dreiling, Caroline

Figgatt, John P. Gaebler, Jacob Johansen, Michael Mills, Steven A. Moses, Juan M. Ping, Anthory

Ransford, Mary Rowe, Peter Siegfried, Russell P. Stutz, Michael Foss-Feig, Ashvin Vishwanath & Henrik

Dreyer &

Nature 626, 505-511 (2024) | Cite this article
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Why is this exciting?

Modern approach
build your own!

Controllable quantum devices
qubits, quantum gates & measurements
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Traditional approach
natural material

Challenging to find or control
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Why is this exciting?

Modern approach _
build your own! New questions

What protocols?

What states?

Classifications?

Quantum phenomena in noisy environment?
Controllable quantum devices

qubits, quantum gates & measurements
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First part

(State preparation)

Ut

@

Space-time duality

(TCL, Gopalakrishnan, You, arXiv:2507.12523)
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Plan
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Second part

(Noisy quantum systems)

3
—

o

Holographic duality

(TCL, Liu, Gopalakrishnan, You, next week)
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First part
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State preparation

Long-range entangled (LRE) ground state of quantum systems

e.g. GHZ state =

e.g. topological order
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Interesting physics and practical applications to quantum information science
(e.g. quantum error correction)
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State preparation

Long-range entangled (LRE) ground state of quantum systems

®
Lieb, Robinson, 1972
Bravyi, Hastings, Verstraete, 2006 ’0> ‘0) |0) ’0> ’0> |O> |0> ’0> |0>

LRE requires time 2 [,
(L: linear size)

16
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Two primary approaches

Sequential unitary circuits

A | | |
: Ut
Time | Gate count O(L)
Ut T |
T empora O(L)
Ut overhead
| [ Spatial overhead
Ut l (ancillae) e
o o ¢ o
+ B BB P GHZ state, various topological orders

—— Space

Schon, Solano, Verstraete, Cirac, Wolf (2005)
Chen, Dua, Hermele, Stephen, Tantivasadakarn, Vanhove, Zhao (2023)

18
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Time
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Two primary approaches

Sequential unitary circuits

A | ]
| @
I |
Ut
]
Ut
I
U l
o o o o
& B M [
— Space
Gate count O(L)
Temporal
overhead L
Spatial overhead None
(ancillae)

Time

20

Measurement-feedback circuits

Ao}

U L U U

S NP S WP SHD WD S

— Space

Briegel, Raussendorf (2001); Raussendorf, Bravyi, Harrington (2005); Piroli,
Styliaris, Cirac (2021); Tantivasadakarn, Thorngren, Vishwanath, Verresen (2021) ;
Bravyi, Kim, Kliesch, Koenig (2022);

TCL, Lessa, Kim, Hsieh (2022); TCL, Zhang, Vijay, Hsieh (2023) ......
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Time

Two primary approaches

Sequential unitary circuits

A | ]
| @
| |
Ut
]
Ut
I
U l
o o o o
= B M B [
— Space
Gate count oL
Temporal
overhead s
Spatial overhead None
(ancillae)
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Time

21

Measurement-feedback circuits

[ CJ[. [ -
| %{Ofi}

U U

S NP S WP SHD WD S

— Space

Gate count O(L)
Temporal

overhead 1)

Spatial overhead ow)
(ancillae)
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Two primary approaches

Sequential unitary circuits Measurement-feedback circuits
A I | A
Time ‘ | L Tirre 5T EJ;{ ¥
| Ut ;%1\ . /0:72,\ 7%3\ ;
I Ut U ] 1 U | 1 U | IU
Ut l U T U
o o ® o ¢

I+ B R R

— Space \/ — Space

Space-time rotation

Earlier applications - exactly solvable dynamics: Bertini, Kos, Prosen (2018, 2019) ......

measurement-induced phase transitions: Ippoliti, Khemani (2021); TCL, Grover (2021)

22
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Space-time rotation

Time Space

A

» Space » Time

Vis in general not a unitary

In the models we consider, V will be unitary

24

Pirsa: 25110078 Page 15/45



Space-time rotation

r | /\r

Sequential unitary circuit Measurement-feedback circuit

I I [

Ut Ut Space -‘ Q’

! t 1 -
| I =
= Ut Q=
|
Ut l Q =

® o o o o o o ® o
[y e [ ) ) R R ) R E I B )

— Space —>» Time

. v .
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Space-time rotation

Sequential unitary circuit

Ut

Ut

Ut

[+) [+ [+ ) I+) 1+ 1+
— Space

.

m'l
6 6 6 ¢ o

I+

I+)

v
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Space
A

Measurement-feedback circuit

r
4 =
1 -
Q=
Q =»
Q =»
6 60 6 o
+ | 5 [+ )
—p Time

Q =

Q =

Q) =»

Q =-»

NGB
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Example: 1d GHZ State o msich 2019 Chenetal. 2023)

Time

t Ut

Ut

Ut

|
Ut

© 60 0 o

e R R e

» Space
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Ut

= SWAP (e *aXigmta414:)

T
\ 4

If 1t qubit in [0>, apply €~ *4Xie T a4

i-th qubit: |+) —— |0>

If 1st qubit in |1>, apply € —Hig i gl

i-th qubit:  |[+) —— |1>

Sequentially generate GHZ = | 000...> + | 111... >
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Example: 1d GHZ state

J T Qo] = swap, (e 14211 %)

—
Space T Time
A :
Q) = @ 0= Short-range entangled state
:I | e |+) (SPT cluster state)
Q) =» ® l
=
1 , P L B
Q = ® O GHZ on the un-projected qubits
I & +) .
Briegel, Raussendorf (2001)
Q - & Q =3 Tantivasadakarn, Thorngren, Vishwanath, Verresen (2021)
‘ & +) S L
® o rojection can be deterministically

+) ) Y implemented using feedback

» Time

39

Pirsa: 25110078 Page 19/45



Short summary

Briegel, Raussendorf (2001)

Chen et.al. (2023) Tantivasadakarn, Thorngren, Vishwanath, Verresen (2021)

Sequential unitary circuit Measurement-feedback circuit
|
L Gy
) s @)
® =
® Qs
e 2
o =)
® Chg
— 22l
® Q1
T {@)-
® ® =N
\ ) 9 B ) ) \

Preparing an SRE (cluster) state
and measure it

More examples: 2d GHZ, abelian TO, fractal symmetry breaking order

40
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So far

A class of SU circuits can be mapped to an MF circuits (measuring SRE states)

There is another important class of MF circuits (based on fusion, or tensor networks)

1 Space-time rotation

Sequential unitary circuits?

42
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MF circuits from fusion

TCL, Lessa, Kim, Hsieh (2022);

Stephen, Hart (2024); Sahay, Verresen (2024); Smith et al. (PRX Quantum, 2024); Zhang, Gopalakrishnan (PRX Quantum, 2024) ...
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Bell-basis measurement

v
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MF circuits from fusion

TCL, Lessa, Kim, Hsieh (2022);

Stephen, Hart (2024); Sahay, Verresen (2024); Smith et al. (PRX Quantum, 2024); Zhang, Gopalakrishnan (PRX Quantum, 2024) ...

PI

MF symmetry

Up

;1]—: A

{r

v,

All defects can be corrected by

feedback on un-measured qubits
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U, b U, [ U,

Sequential unitary circuit
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Short summary

Space-time duality

L
| ]
\_ 4

Time

U1

I\'.,_,. y \_\__‘ 7

» Space

(arXiv:2507.12523)
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Things not mentioned:

Efficient protocols for measuring

(a) Disorder operators,
(b) Measurement-induced long-range order,
(c) Strange correlators

Open questions

* Complete classifications remain unclear
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Open quantum system

Environment

Interesting quantum phenomena in mixed states?

55
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Warm-up problem

—~<4—4 1 1 Noise
4401 4)E > Elpo]
E=11&;
T 1 1 | (i)
T E5lpo) = (1 = p)po +pZiZ;poZ; Z;
pp=) Pilz)(x| Always classical for any p
i
e °
Long-range order
r ) (symmetry breaking)
When can you write Pp = Z Pr|LRE,)(LRE,| cat-like states

|i—j| =00

.,

\
lim (LRE,|Z;Z;|LRE,) #0  []X:LRE,)=|LRE,) \_/

7
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Warm-up problem

pocl+ ] Xioc ) ) (vl

1
V) = E(l + l:[XiNZ}

1
—0 1
P B=j
. ]
Long-range order
[ ) (symmetry breaking)
When can you write Pp = Z P.|LRE,)(LRE,| cat-like states
n

\
Jlim (LRER|ZZ;|LRE,) #0 [] X:lLRE,) = |LRE,) \_/
i—j|l—o0 ;

h, 7
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Warm-up problem

pp # Y PlLRE,)(LRE;| i pp=)  PnlLRE,)(LRE,|

Chen, Grover (2023)

62
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Warm-up problem

Strongly symmetric trivial phase Strong-to-weak SSB (spontaneous symmetry breaking)

Lee, Jian, Xu; Lessa, Ma, Zhang, Bi, Cheng, Wang; Sala, Gopalakrishnan, Oshikawa, You ...
Tr(p,Z;Z;] — 0
p J
No long-range order  Tr[p,Z;Z;] — 0
No long-range order :
in the ensemble ; Admits an ensemble of

long-range entangled/ordered pure states

Intrinsic to mixed states

1
P=73

pp# Y PlLRE,)(LRE;| i pp=)  PnlLRE,)(LRE,|

Chen, Grover (2023)

64
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Strong-to-weak SSB

In mixed states, two distinct manifestations of a symmetry [/

Up xp UpU' = p
Strong symmetry »  Weak symmetry

Strong symmetry can be spontaneous broken down to the weak symmetry

eg. U= H X; Strong-to-weak SSB P X (1 + H Xi)
i i

No long-range order, but ensemble of pure states with long-range order

Strong-to-nothing SSB
lim Tr[pZ;Z;] #0 (e.g. GHZ state)

[i—j o0

68
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SW-SSB
is holographically dual to wave function in one higher dimension

69
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1d warmup

®
|%0) with HXiW(J) = |v0)

Question: Write down a quantum channel that gives the steady state ~ p o (1 + H Xi)

e=11e1]&

2

1
5’? [PO] — (1 - p:c)p() ‘|‘me7:)0on' Pz € (0: 5]
Eflpo]l = (1 = p2)po + 02Zi Ziv1p0 2 L1 1

fim_€¥(au) 1+ [ %

N— oo

72
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Holographic picture
V1 _px|‘|’> - \/p_xl—)
Ellpo] = (1 — pz)po + peXipo X _I) Uy

me 1 1 1 1

Uz

Ellpol = (1 —p2)po + 022 Ziv1p0Z:i 2311 M V1 —p;|0) + /p:|1)

N

75
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Z noise
X noise
Z noise
X noise

Holographic picture

82
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Holographic picture

e

84

6) A sequential unitary circuit
Boundary: SW-SSB

p X (1—I—HX@-)
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P =Pz — 3

Fixed-point state

Pirsa: 25110078

1
2

Holographic picture

(e o, O o ®Z 7 ) Asequential unitary circuit
X
Z. ).{_ @ Boundary: SW-SSB
Z,
@ o .XXXO © O po<(1+HXi)
@ & & g
' ?
® ., ® ® ® ® What happens in the bulk”
z. ¢ - Toric-code
® Z @ & © @ topological order!
( Yo )

87
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1

pm:pz:§

Fixed-point state

1
Dz, Pz € (07 5]
H 9= %1 H e9=X2|TC)

f£ex link £eylink

Always in the TC order phase

Unless gz Or g, — OO

ps, Or pp — 0
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Holographic picture

% & & ¢ ¢z
@ o P
7Z X
N 76 X X & ®
X
@ & &
@ o, o ® ® &
& & ®
Z
@ Z6 @ & & o

88

Z® ) A sequential unitary circuit

Boundary: SW-SSB
pox (1+ H X;)
i
What happens in the bulk?

Toric-code
topological order!
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P =Pz — 3

Fixed-point state

Pirsa: 25110078

1
2

Holographic picture

(e o, O ® ®Z 7 ) Asequential unitary circuit
X
Z. ).{_ @ Boundary: SW-SSB
Z,
@ o .XXXO © o po<(1+HXi)
@ & & g
' ?
® ., ® ® ® ® What happens in the bulk”
z. ¢ - Toric-code
@ Zh @ ® © © topological order!
( Yo )

87
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Holographic picture

Pushing the symmetry of TO to top boundary —> 1d SW-SSB

89
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Steady state in d-dim d+1-dim topological order

Zy O-form SW-SSB in 1d 2d toric code with e-charge-condensed boundary
Z2 O-form SW-SSB in 2d 3d toric code with e-charge-condensed boundary
Z3 1-form SW-SSB in 2d 3d toric code with m-loop—condensed boundary
Z> subsystem SW-SSB in 2d 3d fracton order with charge-condensed boundary

Z3 fermionic 0-form SW-SSB in 1d |2d toric code with boundary condensation of f-charges and Majorana fermions.

Z4 fermionic 1-form SW-SSB in 2d |3d fermionic toric code with flux-loop—condensed surface

Q0
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Summary & outlook

Repeated quantum channel = Wavefunction in one higher dim.

AN
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