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Abstract: Traditionally, quantum many-body theory has focussed on ground states and equilibrium properties of spatially extended systems, such as
electrons and spins in crystalline solids. In recent years "noisy intermediate scale quantum computers’ (NI1SQ) have emerged, providing new
opportunities for controllable non-equilibrium many-body systems. In such dynamical quantum systems the inexorable growth of non-local quantum
entanglement is expected, but monitoring (by making projective measurements) can compete against entanglement growth. In this talk 1 will
overview theoretical work exploring the behavior of "monitored” quantum circuits, which can exhibit a novel quantum dynamical phase transition
between a weak measurement phase and a quantum Zeno phase, the former which we characterize in detail. Accessing such physics in the lab is
challenged by the need for post-selection, which might be circumnavigated by decoding using active error correction, conditioned on the
measurement outcomes, as will be described in systems with Z2 symmetry.

Zoom Link: https://pitp.zoom.us/meeting/register/tdcgc-ihgzMvHAW-Y Bm7mY d_XP9Amhypv5vO
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Quantum many-body theory in Quantum Information era p

ad ‘
Matthew Fisher _

| Mhmm’ﬁ |

I

Quantum Matter Frontier Seminar
10/18/21

MPA Fisher

2

Traditionally: Equilibrium phases of Quantum Matter in solids

This talk: Open, non-equilibrium, dynamical, quantum phases/transitions

« Measurement driven entanglement transition
 Active error correction in dynamical memory
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[ffhl

Outline

1) Measurement induced entanglement transition in random hybrid circuits

2) Nature of the “volume-law” phase (in random circuits)

Z

3) Active Quantum error correction in dynamical memories
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Quantum Matter: Emergence

y!

i,

Matthew Fisher

i

il

Traditional Quantum condensed matter physics: Studies very large collections of
electrons/atoms/spins, usually in solids

Emergence: The whole is greater than the sum of the parts,
collective phases of matter

% :
Crystalline solids Superconductors Fractional Quantum Hall effect
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Quantum Matter: Universality
| 4

Emergent phases have properties that are independent of the microscopic details Mmhew'g.;he, _

| Gl
Crystalline solids Superconductors, Fractional Quantum Hall effect,
4 B B \
acoustic ’
-nt/a 0 k— ma T>Tg T<Tc
support (quantized) always have a Meissner effect support excitations w/
phonon excitations and zero resistance fractional charge
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Quantum matter theory

Analyze simple Hamiltonians; eg Heisenberg spin model
n=27:5-5 41848144
©]

Focus on Ground states and thermal
equilibrium states Y

A o a
Peq_Zeﬁ

b et parameier i gl $bdddbd

e.g. magnetization $ddddddd

- Ferromagnetism in Physics

M = Tr(pegSi)
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(NISQ computers)

z
Superconducting QuBit arrays W .
—g— |1'>
| Q
\ , !! 2/ |19
’.0 ‘ ‘ ‘

J‘

R
Trapped ions YEREra RIS
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New Experimental Platforms for many-body physics:

- A
Matthew Fisher L
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New opportunities for quantum many-body theory

Quantum Hamiltonians;

7“2 = Z Jijg;' . gj
ij

Ground states, equilibrium,

& doigay
peq—jeﬁ

Order parameters

M = TT(ﬁqui)

,_’.. _

Matthew Fisher

i

|

Quantum circuits =5

‘ o]0+ 1> =3 'I : I I 1
000> + Bl11> . : I : : l
1=

.y Non-equilibriug dynamics,
open quantum systems,
role of measurement

- Quantum entanglement;
(entanglement entropy)

;.
-

9 .
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“Quantum matter meets quantum information”

Matthew Fisher

Bei Zeng

Quantum matter theory (thermodynamic limit) B
Ground states, exotic order, quantum criticality Rk e
- Quantum
o Information
Meets Quantum
- Matter

From Quantum Entanglement to
Topological Phases of Many-Body
Systems

Quantum Information theory (often few qubit)
OperZnon-equilibrium systems, w/ measurements &) Springer

af0=+f1>
‘ aj00> + Bl11>
This talk:

Quantum phases/transitions driven by measurements
(in open, non-equilibrium systems, in thermodynamic limit)

Common thread: Entanglement Entropy
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Entanglement entropy
Single eigenstate ‘?ﬁ)

Pure-state density matrix: ,5 = |10) ('gﬂ)| - |w>

Spatial Bi-partition: Regions Aand B

Pirsa: 21100027

A
Reduced density matrix in A
pa =Trs(p) ;
Entanglement entropy: S5 (L) = —Tra(palnpa)
Scaling of entanglement entropy in equilibrium:
Ground states: Arealaw ~ S4(L) ~ L9™1 ~ |9A|  Ground states manifest

spatial locality
Highly excited states: volume law S 4 (L) = sL% ~ | Al

Finite energy-density eigenstates are non-local

,

Matthew Fisher |

Page 11/53



Entanglement dynamics out of equilibrium in closed system

@ 10— P S B IR S S TN A
1) Quantum Quench :_ / Matthew Fisher

Evolve’nentangled initial state w/ Hamiltonian

—L=16
—-—L=1

S(t)

L
H=> (907 + ho? + Jo7o7,,)

i=1 y L=12
10°} —L=10
Entanglement spreads ballistically, ; —L=8
- — Linear fit
even though energy diffuses ;
10° 10’ 10°

t
Half-cut entanglement entropy  Kim + Huse (2013)

2) Unitary Dynamics with no energy conservation

Quantum circuit: evolve Qubits w/ (random) unitary gates 250
Initial state: unentangled product state i
Entanglement spreads ballistically, into maximal entropy state o

150

Six)

100

50

Time

% 100 200 300 400

x

R e e i B Sl Nahum, Ruhman, Vijay, Haah (2017)

Pirsa: 21100027 Page 12/53



Control Entanglement growth via measurements

‘}:I % Matthew Fishqr k

Alice and Bob share singlet, S, = Sp =1In(2) Alice Bob
Z

Alice measures spin

W= Sl tas—140as]  wemb o (A oI HE

After measurment, direct product state

Sa=S8z=mn@2) wmmp S, =5;=0

(Local) Measurement induces disentanglement

w/ measurements have an Open system
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Open Quantum Systems

ll1u

Two classes: Ny
Matthew Fisher S

il

5
=

System coupled to a bath (environment) System is monitored by an “observer”

» Initial pure density matrix becomes mixed = Initial pure state is measured and stays pure
« Environment “measures” system, but results lost * "Observer” keeps track of measurements
+ Decoherence = Wavefunction evolves as a pure state
« Dynamics of density matrix evolves w/ « Dynamics described in terms of
(e.g.) Lindblad equation (wavefunction) quantum trajectories
Active Decoding with decoherence Measurement-driven

entanglement transition
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“Hybrid” Quantum Circuit (*monitored”)

w/ both unitary and measurement gates

» Unitary evolution induces entanglement growth
* QuBit Measurements induce disentanglement

Explore competition between N p—
unitary evolution and measurements

(by following wavefcn quantum trajectories)

Li, Chen, MPAF (2018/2019)

Skinner, Ruhman, Nahum (2018)

Chan, Nandkishore, Pretko, Smith (2018)
Choi, Bao, Qi, Altman (2019)

Gullans, Huse (2019)

Many more...

“Canonical” Non-unitary circuit:
* (Random) 2 Qubit unitary gates
» Single qubit measurements (w/ probability p)

Single parameter: D € [0, 1]
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Phase diagram for hybrid circuit?

=

Initial state (say unentangled)  po = |v0) (vo]
Run circuit dynamics to long times ﬁt = ‘wt> <?,bt ‘
Density matrix stays pure R =
Compute bipartite entanglement entropy SA (t) = *T?‘A (pA log pA)
A
—

Phase Diagram?
' 4

p=0; No measurement, Volume law entanglement SA e |A‘
p=1; Measure every Qubit, no entanglement (area law) SA ~ ‘8A|
Transition at p=p.?

>
0 Volume law phase Area law phase 1 p
Cc

Entanglement transition
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Measurement induced entanglement transition

|
1

5

I

O > p Matthew H;hler :
Volume law phase Area law phase 1
C
Sa Clifford circuit numerics,£500 qubits
s P <pc, Sa~La+ (La)f .
pc=
0.0al A o6 =i
| I L=128
p =pe, Sa~InLa o0al I e |
E: I:;.' ."_
‘Ef 0.02+ _? %\ B La=1lB=
/ '-.‘ L/8
JAIR
0.01f \
r'; \“
p > pe, area law s Vo
N R 0.2 0.3 0.4 0.5
> P

LA

Li, Chen, MPAF '19
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Conformal Symmetry at criticality (p=p.)

Li, Chen, Ludwig, MPAF (2020) i

Matthew Fisher

Iap =54+ SB 4548 IAB:f(U) A = [21, 2]

*If* have underlying conformal _ T12734
field theory, then mutual information
depends only on the cross ratio

X13X24
zij = 7 sin (| — )

IAB BZ[$3,$4J

10F

-
T

o
=
o
(=]

0.010

[x1,%2],B=[x3,x4]

T 0.001

Ia

104} *

10_57 .I.. I I |
0.005 0.010 0.050 0.100 0500 1 ?7
n
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Outline s

Matthew Fisher <. / “

\W\Hm,

1) Measurement induced entanglement transition in random hybrid circuits

V 4
2) Nature of the “volume-law” phase (in random circuits)

3) Active Quantum error correction in dynamical memories
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Measurement induced entanglement transition

M

0 > p Matthew I;i;her k
Volume law phase Area law phase 1
C
Sa Clifford circuit numerics, ~500 qubits
% p <pec, Sa~La+ (La)P .
pc=
0.04}+ ,"‘ 016 —-— L =64 |]
I ag‘ L=128
i .
P = Pe, Sa~InlLa 0.03f __'I ili4 - L::
@ i
£ 002! T B La=lg=
A L/8
r
0.01f / \
S .
> pe, area law YR .
p pc 0.00 kegass --'é’:, ix R v i 1
0.0 0.1 0.2 0.3 0.4 05
% P

La

Li, Chen, MPAF '19
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Nature of the volume law phase?

“Background” in volume law phase
(Clifford numerics)

Sa~ La+ L9

S A S~ Ls+L%38

be 108(‘[/4 )K?

const

La

“Understand” via mapping to stat mech model

=

Matthew Fisher
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Mapping to Stat Mech (spin) model

a . T. Zhou, A. Nahum_(2018)
Random Haar circuit w/ measurements mapped Jian, You, Vasse#, Ludwig (2019) Matthew Fisher

to 2d “Generalized Potts” model (in space-time) e e

O free spin
@ fixed spin in direction a
- 0 fixed spin in direction b
Jo(si,sji s)

Phases in Stat mech model

>
0 Volume law phase Area |law phase 1 p
Cc
“Ordered” phase “Paramagnetic” phase

Ferromagnetic order

P L
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Entanglement entropy from Stat Mech model

Matthew Fisher _

SA = FA — free energy cost for changing boundary conditions in region A

Volume law (ordered) phase:

Expect an “entanglement domain wall”

Surface tension gives

\ I X1 ﬂ @ X2 I Q
S = i B by ‘
zcircuit[A]
Area law (paramagnetic) phase: g =Ry = O(l)

Domain walls have proliferated (zero surface tension)
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Fluctuations of Entanglement domain wall
' X1 ﬂ @ X2 ' )

Assume Ising order (MFT) w/ Q Matthew Fisher
simple domain wall, use capillary %
wave theory
y zcircuit[A]
Few = —In(Zcw)
ﬁ L A 2

Zoew(La) = gl /Dy(m)e_" Jo # dx(zy) y(a:) parameterizes domain wall
Sam Fow(A)=o0La+3InLa T "™

Volume law term / Log from Transverse fluctuations of

(surface energy) entanglement domain wall
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Fluctuations of Entanglement domain wall |
' X1 ﬂ @ X2 ' ’

Assume Ising order (MFT) w/ Q Matthew Fisher
simple domain wall, use capillary o
wave theory
y zcircuit[A]

Few = —In(Zcw)
Zoew(La) = g il /Dy(m)e_"fom dz (95 y)? y(.’,v) parameterizes domain wall
Sam Fow(A)=ocLa+3InLa T

Volume law term / Log from Transverse fluctuations of

(surface energy) entanglement domain wall

Clifford Numerics S;A ~ L+ Lg B~ 0.38

« Capillary wave theory does not capture quantitatively nature of volume law phase
+ Entanglement domain walls are (somehow) more complicated
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Role of disorder in volume law phase

Stat mech model for entanglement entropy requires a “replica limit”: index m — 0

P — ] —
— I m—+1
(SA>—SAE—SE Sig = lim —[T’rpAE —1]
m—0 Mm
Average over quantum trajectories Average over random unitaries
and random unitaries E = environment of ancillas

m=1 spin model is “clean” Ising model, capillary wave theory
m=2,3,... entanglement domain wall splits into m domain walls with an attractive interaction

A
m=3

' 4

m domain walls w/ attractive interaction, in the replica limit 770 — 0
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Directed Polymer in a Random Environment (DPRE)

M. Kardar, Nucl. Phys. B (1987)

’ g

Matthew Fisher _

ZDP(LA) — e_JLA /Dy(;c)e_o forJA[(amy)2+V(x,y)]

\ Random potential
A

(V(z,y)V(',y)) = é(z — 2")o(y — ¢/) : : /
W X
Average free energy over disorder, X % 0% X
using replica trick
71
Fa)=—(InZpp) = lim —[(Z7p) —1
(Fa) (InZpp) :rn,lin{]m[( bP) ]

Average free energy is m-directed polymers
w/ an attractive interaction, in replica limit,

m — 0
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Entanglement entropy in volume law phase g
of hybrid circuit given by free energy of DPRE o

i

Matthew Fisher
Li, Vijay, MPAF (2021)
A
A \\f_,—/\x/
§ e Xﬁ’ x
Entanglement in hybrid circuit DPRE Free energy

Average over ~ 7 '
(Haar) unitary > ~~ <1‘A> Replica trick
gates

A

m attracting, directed paths
W in the replica limit 2 — 0
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Universal critical exponents for DPRE

‘ M. Kardar, Nucl. Phys. B (1987) ‘

Subdominant free energy corrections;

(Fa) = soLa +bL2  F5ub = 2(FM) — (Fp4) = bLA B=1/3
_y A
Sample-to-sample free energy fluctuations; ﬂ“ | ‘--;;, ’ ESY=y"
L } e | o ‘ ‘
5Fs = \/F3) = (Fa)? = el -
— i | e e

Wandering Exponent of DPRE
La

- -
+ >

Pirsa: 21100027

~

L5 c=2/

The universal exponents | 3 =1/3 =23

Matthew Fisher
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DPRE in confined geometry: Finite-size scaling

W“Hn

L a ew Fisner E—
Scaling form for sub-dominant free energy . A & VI [
Fsub(Y) = LB®(Y L) S #
A ! A Y ks e
B g g
Scaling form for free energy fluctuations e ol

SFA(Y) = LU (Y L§)

Clifford hybrid circuit in confined geometry

1

T Maximally mixed initial state
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Li? - 65a(Y)

-
o
o

10-07}

Entanglement entropy fluctuations

Ly =240
Ly =360
Ly=480
Ly =600
Ly=720
Ly =840
Ly =960

10°°

10°° 1002 1000 102 10°°
= -
n=v-L,

§S4(Y) = LEW(YLS)

Clifford hybrid circuit (volume law) versus DPRE

DPRE free-energy fluctuations

O Clifford

~
10 0.3| \\ Dp
b 5
\\\ - 02
~
10-° S
Y
\\.
= N
3 10 TS
~
".\
. Ry
10-96| ‘Q:\. 7_
R
- ‘:‘-\"v' Aol S
S gy
10-27|
oy
.
10-10 10-93 10°¢ 10°% 10!
n

] :

Matthew Fisher.
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B.(55u0(Y))

La
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175

1.50

1.25

1.00

0.50

025

Sub-dominant Entanglement-entropy

Size scaling for sub-dominant
entanglement-entropy/free-energy

in Clifford circuit

Sub-dominant free-energy for DPRE

5

Matthew Fisher:

’. ) ; - - i -
L7 m— 175| O «ciifford o7 e
,l’-'- i [ DP ,J;:e'“"
. | ® Li=240 1.50}| === o33 A
Fa La=320 L | ,p‘*
F 4 ® Li=400 125 pe
Fa 10 &
y 4 La =480 = # === e
£ — La=560 S 100/ Vi I 2

R | g o o = y. 10-02
& y  Ly=640 [ & )
// ' La=1720 075 & o
o Ly =800 £ pre

i 0.50f 10-08

{ | ® Li=880 | #
! wHl o L,=960 ozsl LB 10353
of 7 BIT I 1012
H il s : : =1 ‘ I 10 10 107 10
1C 10 10° 1¢° 10'® |
0.0 25 5.0 75 10.0 0 A3 5’10 ha 104

F(Y) = Ly®(Y L")
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Generalizations “Enriched” phases in measurement circuits

L

]

Measurement-only models Symmetry enriched phases Matthew Fisher

A |~ —
anal\
R,
Cut3

t Y
®
Q)
=05 ¢yt \
Y

| @ 1

@
O
®

>
n

&
®

® ¢ (Haldane)
| 0 ' Critical Cut 2
Ippoliti, Gullans, Gopalakrishnan et. al. '20 0 0.5 1
Lavasani, Alavirad, Barkeshli '20 Py

Bao, Choi, Altman '21

t_ 1 I 11T
Fuzzy Sharp

U(1) Symmetric dynamics

Agrawal et. al. 21
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Open system measurement-protected Z,

q uantu m phase Lang and Buchler 2020 j
- W Sang and Hsieh, 2021 o Fisher?
,%( . H g Bao, Choi, Altman 2021
7 Li and MPAF 2021
X p— p+ = PLpPY  X-measurement
X — XpX)/2  X-depolarization ‘ _
p— (p+XpX)/ 6 b
7z | p = p+ = (P{?pP??)  ZZ-measurements| | [z
4| [x] X
1 |
Spin glass order? XSG = 7 Z |<Z¢Zj)c\2 j @[x]@ ZHE= Ez] .

Spin-glass order survives in 1d open system
(w/ decoherence), protected by measurement Trivial
(not possible in 1d equilibrium system)

PM SG

A
P77
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Experimental Access?

Quantum trajectories reveal phases/transitions |¢1> |w2> |¢3> | w4>

-
K
Matthew Fisher

L

Averaging over

quantum trajectories  Ppized = ZP@I%)WJH |¢5>
washes out all effects i

» Require multiple copies of same pure state |’¢>

» Post selection on O(Lt) measurement outcomes to get copies?
No! Must choose among 24 possible (random)
outcomes, to get each copy

Proposals addressing this challenge:

) _ _ ) Gullans, Huse '19
+ Clifford circuits: Accessed via local probe Noel, Niroula, Zhu et. al. '20

Ippoliti, Khemani '20

» Space-time duals of unitary dynamics, which Ippoliti. Rakovszky, Khemani 21

looks like unitary plus measurements Lu, Grover '21
* Use measurement outcomes to “decode” Dennis, Kitaev, Landahl, Preskill.
(essentially active “error correction”) Topological quantum memory. 2000
Li, MPAF 2021
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Outline

1) Measurement induced entanglement transition in random hybrid circuits

2) Nature of the “volume-law” phase (in random circuits)

Vi
3) Active Quantum error correction in dynamical memories
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Protecting an open (noisy) 1d quantum system with Z,
symmetry

r
1
i Matthew Fisher. _

sl X EI|

2 % [x] X .

1 | | (/
X 0 —w X pX (unitary) bit-flip error

X| p— (p+ XpX)/2  X-depolarization error (decoherence)

Dennis, Kitaev, Landahl, Preskill.

Employ act|Ve error COi’reCtion Topological quantum memory. 2000
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Toy example of error correction: Repetition “code”

% L=6

“Code space” defined by conditions Z/Z;,, = +1 (check operators)

2d code space (1 logical qubit) has basis states {|0> — |000000>’ ‘1) = |111§’11>}
“Code state”  «|0) + 3|1)

crcod: ) +BI1) = %) = l0) + 1) Ereded loman r. camler

Bit-flip error (3¢ Qubit X;)  X3|¥o) = |¥1) = «|001000) + 5]|110111)

1-step error-detection: Measure check operators and find “syndrome”
2,2,=2,2~7:7;,=1,but Z,2,=72,7,=-1 detects error (but does not destroy quantum info)

Correcterror:  X3|W,) = |¥g)

Pirsa: 21100027

Page 38/53



Pirsa: 21100027

Protecting a Noisy system with Z, Symmetry
Symmetry protected quantum memory

p— XpX
p— (p+ XpX)/2

Dennis, Kitaev, Landahl, Preskill.
Topological quantum memory.
2000

Y. Li, MPAF arXiv: 2108.04274

bit-flip

X-depolarization (decoherence)
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Protecting a Noisy system with Z, Symmetry
Symmetry protected quantum memory

|
X X [x] sl Ix X |7l|
‘ 5|‘@'@i@|@ @I
X X 4 X X
[[J [ 2| =2 | = =] = |
X x] 2 I | TRl [ [ix
| 1 I§l|@||@|II§|||

5= XpX bit-flip
p— (p+ XpX) / 2 X-depolarization (decoherence)

p—r p+ = (P:ztz pPiz) syndrome ZZzheasurement

Matthew Fisher .
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Protecting a Noisy system with Z, Symmetry
Symmetry protected quantum memory

!
6| X X [x] 6l X X |Yl|
5 ‘ 5| @_@iiélllil @I
4 X X 4 X X
3 [l:l 3| =2 | = = | = = |
2 x [x] 2 Bal | TBd] | [ x
1 | = = 2 =
[ B B
X p—=>XpX bit-flip

x| p— (p+ XpX) / 2 X-depolarization (decoherence)

77 p = p+ = (P:ztz pPiz) syndrome ZZ-measurement

Pirsa: 21100027

Assume some Z7Z measuremgﬁt are “faulty”,
w/ readout of ZZ being opposite to ZZ on the state

Fault tolerant error model

Matthew Fisher _
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Protecting a Noisy system with Z, Symmetry

Symmetry protected quantum memory a
5 : t Matthew Fisher .
L e x
{E T] | [ (o | mEIen |
| ! o[ LB T B T
: PRl ] [ ] [ [x
o| |2 | B N B | = |
2 [’I‘J [x] 2| | bd | | X
, | | e B e =
X p—oXpX bit-flip

x| p— (p+ XpX) / 2 X-depolarization (decoherence)
77 p—p4+ = (P:ztz pPiz) syndrome ZZ-measurement

- Faulty syndrome measurement “errors”

Z
Assume X and ZZ errors occur with the same probability, p,,

Page 42/53
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Active Quantum dynamics

Measurement results
Measure

A p— \
Quantum computer
w classical computation

Feedback/decoding
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' negative Ising bond

Mapping Syndrome to (classical) Random Bond Ising model

System dynamics

(in bit-flip model)

Map to Ising model
St

Mij = —1
| —  positive Ising bond Mij = +1

Dennis, Kitaev, Landahl, Preskill.
Topological quantum memory. 2000

Matthew Fisher

I ZZ=-1 non-trivial syndrome
—_ X bit-fli P Perr
ZZ=+1 faulty syndrome Pen
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Gauge transform to +/-J RBIM

Up to a gauge transformation (same as Dennis et.al. 2000)

ZIn) = 2l TTTT.IT

B ==l probability 1 — Derr I I
n=-—1 probability  Perr —
24 =~
2.0
\ Para
1.6 \ _
. Ferro . ‘.
B2 " Nishimori line
R L
0.8 N
0.4 ﬁ
| —- ¢ . t . + t t +
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

p

zm

e
&
Matthew Fisher
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Encode Information in initial state

0) = [000...0) |1) =]111...1)
Encode

Oé‘O) —+ 6‘1} — ‘\Il'm,> — Qg‘()) + 6|1> Quantum information
Pin = ‘\Ijzn><\1jzn| a,

Run circuit dynamics:

Pout = |\I}out><§[jout|
Pin —7 Pout — C[)Ozn] t

] | s
6| X X [x]
Pout — “IIOH?J)(\I!OUH j' @@i@ |I§I |@x
= o 3 I@EJ@ @E@l@,
Uout) = ajm) + B|m) | BN = e @I@;

2
|II1> = |m17 ma2, "'7mL>

m; =—m; =0,1

Page 46/53
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Decoding protocol

Monte Carlo on Ising model, with b.c. all up at t=0
. T - i RIS PLILT
Compute Sz>t:T iy} = ZT] Z g;e" i
gi==T1
(_1)ﬁa,q; — sgn(si)t:gp
Successif M, = my;; Vi

(assuming final syndrome
measurement is free of errors)

i

Pirsa: 21100027

Decode: U=[[X/  pour = UpouU’

Success implies; UC[/)Q;T,,]UJr — Pin
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Success probability in noisy Clifford Z, simulation

p=probability of X-depolarizing errors Y. Li, MPAF arXiv: 2108.04274
p=probability of faulty ZZ measurements

T=1.0
1.0 : - — 1
B ' 3 ' N "-\ 1
| I
1
0.9 4
- B
I
o] 1
l~ 0.8 ! X
] o
) I .
S 1
o |
S o7|[-e =12 '1
L=24 |
& L=36 : .
L=48 :
0.6 L=60 1
]
0.00 0.05 0.10 0.15
[ Pc

For p<p. as L becomes large, probability of recovery approaches P, = 1
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Some generalizations

» Repetition code in higher dimensions, d.
Map to random d+1 classical Ising model
Decoding via Monte Carlo:

* Toric code in 2+1

Map to 3d Random Z, Gauge theory (Dennis et al) H

Decode: &;%?progress) X, | &
compute Wiison loop in Z, gauge theory via Monte Carlo |

Comparing results with previous work;

Dennis, Kitaev, Landahl, Preskill. 2000 [ ]
Wang, Harrington, Preskill. 2002 | —_—

Decoding RBIM and Random Z, Gauge theory by using
minimal weight perfect matching (MWPM),
to find the most likely error history L J |
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Comparison with MWPM (Dennis et.al.)

Matthew Fisher

Size scaling of (classical) decoding times for quantum circuits running for T=0O(L)

(1+1)-d rep. code (2+1)-d rep. code (2+1) Toric code
tdecodeﬁ»
O(LS InL) NP-Hard O(L? InL)
(MWPM) i .
(exponential scaling)
Dennis et.al. 2000

tdeCOde O(L4) expect O(L5) ?? perhaps O(L®) ??
(Monte Carlo)
(Path summation -
(Li, MPAF 2021) rather than Monte Carlo)
O(L?)
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Novel Quantum Dynamical Phases?

(beyond active error correction...) Matihew Fishr

Measuremen
Measure

results

£ i N
Quantum computer
w classical computation

Feedback/decoding
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Summary: Entanglement Transitions

S

Matthew Fisher

Quantum Entanglement Transition
in “monitored” systems: [ R

Competition between unitary induced entanglement # s
and measurement induced disentanglement

4

Open questions

» Universality class of transition in d=1 (CFT)?

» Experimental observation of entanglement transition (ion trap quantum computer)?
» (Fault tolerant) Active Quantum error correction in non-Abelian topological phases?
» Active Quantum error correction in fracton codes (Ising model generalizations)?

* Novel Quantum dynamical phases in monitored open systems w/ deccherence?
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Novel Quantum Dynamical Phases?

(beyond active error correction...) Tenoty i

Measuremen
- results

e \
Quantum computer
w classical computation

Feedback/decoding
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