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An experimental pivot from of a few pristine qubits  

to the realization of circuit architectures of 50 … 1000 qubits  

but tolerating a significant level of imperfections. 

noisy intermediate
scale quantum
(NISQ) devices

Google

Sycamore chip — 53 qubits

IBM

Osprey generation — 433 qubits

quantum hardware in the NISQ era
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quantum hardware in the NISQ era

27 qubits

(2019)

65 qubits

(2020)

127 qubits

(2021)

433 qubits

(2022)

1121 qubits

(2023)
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wavefunction 
dynamics 

Hamiltonian 
dynamics

computational physics in the NISQ era
(2019)(1992)(1953)

classical

many-body

quantum

many-body

(quantum)2

many-body

Markov chain Monte Carlo 

molecular dynamics

quantum Monte Carlo 

DMRG, MERA, …


neural network states

quantum circuits 

adiabatic approaches

variational approaches

path integrals tensor networks
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quantum circuits in a nutshell

Quantum computing in a nutshell, Qiskit documentation / IBM Quantum
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quantum measurements

“About your cat, Mr. Schrödinger — I have 
good news and bad news.”

double-faced Janus

• shape entanglement 

   of a quantum system

Quantum measurements can 

• extract information

   from a system

http://www.thp.uni-koeln.de/trebst/
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• competition between scrambling (unitary) 
and disentangling (measurement) dynamics


• entanglement dynamics along  
single quantum trajectories  

• entanglement phase transition 
as function of measurement rate

entanglement phase transitions

hybrid unitary/projective dynamics

M. Fisher, V. Khemani, A. Nahum & S. Vijay, Ann. Rev. Cond. Matt. Phys.14, 335 (2023)

gates 
(unitary)

measurements 
(non-unitary)

volume-law phase is unexpected

• quantum coherence is a delicate resource 

building up entanglement takes long O(N) 
• unitary dynamics hides quantum info in nonlocal  

correlations inaccessible to local measurements 

• quantum error correcting code A. Potter & R. Vasseur, Springer QST book series (2022)

http://www.thp.uni-koeln.de/trebst/
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quantum states from measurements

Greenberger − Horne − Zeilinger

Measure local interactions 

(many teleportations)

hj = ZjZj+1

Bell pair

e−i π
4 ZZ

e−i π
4 ZZ

ψ

Classic

1 ± ZZ
2

2-body measurement

mediated by ancilla


(teleportation)
Raussendorf & Briegel, 2001

t ∝ O(1) t ∝ L

unitary circuit

http://www.thp.uni-koeln.de/trebst/
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FIG. 1: Illustration of an extended rectangle (exRec) for a
logical CNOT gate. The EC box consists of performing a round
of fault-tolerant error correction. The error correction rounds
prior to applying the logical CNOT gate are referred to as

leading-EC’s (LEC) and the error correction rounds after the
CNOT are referred to as trailing-EC’s (TEC).

In this paper we focus on small distance codes which
could potentially be implemented in near term fault-
tolerant experiments. When comparing the performance
of fault-tolerant error correction protocols, we need to
consider a full extended rectangle (exRec) which consists
of leading and trailing error correction rounds in between
logical gates. Note that this also applies to topological
codes. An example of an exRec is given in Fig. 1. We
refer the reader to [32, 35] for further details on exRec’s.

In constructing a deep neural decoder for a fault-
tolerant error correction protocol, our methods will be
devised to work for unknown noise models which would
especially be relevant to experimental settings. However,
throughout several parts of the paper, we will be bench-
marking our trained decoder against a full circuit level
depolarizing noise channel since these noise processes can
be simulated e�ciently by the Gottesman-Knill theorem
[36]. A full circuit level depolarizing noise model is de-
scribed as follows:

1. With probability p, each two-qubit gate is followed
by a two-qubit Pauli error drawn uniformly and
independently from {I, X, Y, Z}⌦2 \ {I ⌦ I}.

2. With probability 2p
3 , the preparation of the |0i state

is replaced by |1i = X|0i. Similarly, with probabil-
ity 2p

3 , the preparation of the |+i state is replaced
by |�i = Z|+i.

3. With probability 2p
3 , any single qubit measurement

has its outcome flipped.

4. Lastly, with probability p, each resting qubit loca-
tion is followed by a Pauli error drawn uniformly
and independently from {X, Y, Z}.

A. Rotated surface code

In this section we focus on the rotated surface code [10,
37–41]. The rotated surface code is a [[d2, 1, d]] stabilizer
code with qubits arranged on a 2-dimensional lattice as

FIG. 2: Illustration of the d = 5 rotated surface code. Data
qubits are located at the white circles and the ancilla qubits

used to measure the stabilizers are located on the black circles
of the lattice. Green squares measure the Z stabilizers and red

squares measure X stabilizers.

(a)

(b)

FIG. 3: Fig. 3a illustrates the circuit used to measure the
stabilizer X

⌦4 and Fig. 3b illustrates the circuit used to
measure the stabilizer Z

⌦4. As can be seen, a full surface code
measurement cycle is implemented in six time steps.

shown in Fig. 2. Any logical X operator has X operators
acting on at least d qubits with one X operator in each
row of the lattice involving an even number of green faces.
Similarly, any logical Z operator has Z operators acting
on at least d qubits with one Z operator in every column
of the lattice involving an even number of red faces.
It is possible to measure all the stabilizer generators by

providing only local interactions between the data qubits
and neighbouring ancilla qubits. The circuits used to
measure both X and Z stabilizers are shown in Fig. 3.
Note that all stabilizer generators have weight two or four
regardless of the size of the lattice.
Several decoding protocols have been devised for topo-

logical codes. Ideally, we would like decoders which have
extremely fast decoding times to prevent errors from

paradigmatic example: stabilizer code
Kitaev (1997)
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X stabilizer

Z stabilizer

d=5 code

open boundaries 
(rotated surface code)

auxiliary 
qubit

computation 
qubit

The toric code came alive as a

measurement protocol.
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commuting vs non-commuting measurements

• commuting 

• parallelized


• no dynamics

ZZ

ZZ

ZZ

Nishimori’s cat

XX
YY

ZZ

Kitaev spin liquid

• non-commuting 

• sequential


• dynamics

Guo-Yi Zhu
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Nishimori’s cat

π/40

+∞0

t

β

real time

imag time

“low temperature”“high temperature”

strong 

measurement

weak 
measurement

finite

threshold

SRE LRE

thermal fluctuations and 
disorder are locked

Nishimori (1981)

Bell pair

e−i t ZZ

e−i π
4 ZZ

theory – Phys. Rev. Lett. 131, 200201 (2023)

experiment (IBM) – arXiv:2309.02863 (2023)

ZZ

ZZ

ZZ

Nishimori’s cat
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commuting vs non-commuting measurements

• commuting 

• parallelized


• no dynamics

ZZ

ZZ

ZZ

Kitaev spin liquid

• non-commuting 

• sequential


• dynamics

XX
YY

ZZ

Nishimori’s cat

http://www.thp.uni-koeln.de/trebst/
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frustration and entanglement

Hamiltonian

Kitaev (2006)

measurement

ground state dynamical state
minimizes global energy eigenstate of measurements

non-commuting operators

• cannot be measured simultaneously

• will be over-written

no state can satisfy every local interaction frustration

Sz
i S

z
j

Sy
i S

y
j

Sx
i S

x
j

x y
z
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imaginary time vs. measurement-only

• brickwall circuit


• no disorder

Hamiltonian ground state Floquet weak measurement

(e∓τHr⋯e∓τH0) |ψ0⟩

• brickwall circuit


• Born disorder

random weak/strong measurement

• stochastic circuit


• Born disorder

e−βH |ψ0⟩

e−τHr

http://www.thp.uni-koeln.de/trebst/
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random projective Kitaev measurements

Clifford circuit 

even interacting problem can be simulated in 
polynomial time (in Heisenberg picture)

c
c

c c
c

u
u

uc

Majorana interaction

  Majorana surface code→

Nathanan 
Tantivasadakarn

Nahum, Skinner 2020; Lavasani, Luo, Vijay 2022; Sriram, Rakovszky, Khemani, Ippoliti 2022; Zhu, Tantivasadakarn, ST 2023: + Majorana interaction
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entanglement phase diagram

color code

toric code

Majorana
liquid

Z1

Z2

X5
X6

Y4
Y3

XX

YY

ZZ

L

volume − law + L ln L

quantum Lifshitz scaling

L

c ≈ 0.75 ln 2

SvN(l, L) =
cL
3

ln ( L
π

sin
πl
L ) + ⋯

Fermi-surface scaling

Nahum, Skinner 2020; Lavasani, Luo, Vijay 2023; Sriram, Rakovszky, Khemani, Ippoliti 2023 

Zhu, Tantivasadakarn, ST 2023: + Majorana interaction
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side remark: computational complexity

dynamics free Majorana fermions interacting Majorana fermions

py = 1
px = 1

pz = 1

p = 1
color code

toric code

Majorana
liquid
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sign problem

Clifford 
circuits

Gottesman-Knill theorem, quant-ph/9807006
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measurement, teleportation, and beyond

weak strong

?
measurement strength

long-range entangled 
“resonating valence bond”

+ +⋯

long-range entangled 
“valence bond crystal”

many random 
measurements

teleportation
random

space-time disorder

C
liff

or
d

Floquet
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dynamical protocol

time (r)

ZZ3

XX2

YY1

ZZ0

ρ0 ∝ 𝕀

X
XX

XX

X=

Z Z

Z Z
Z Z=

Y Y

Y Y
Y Y=

Ws Ŵ

Register Gauge flux
H = ±XX±YY±∞ZZ

Majoranas are confined in hard-core dimers

Gauge flux  a glassy toric code→

⋯ x − y + r mod 3 = bond

x
y

Hastings, Haah (2021)
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dynamical protocol

Questions:


• How to liberate Majorana?


• Stability of the code?

time (r)

ZZ3

XX2

YY1

ZZ0

ρ0 ∝ 𝕀

X
XX

XX

X=

Z Z

Z Z
Z Z=

Y Y

Y Y
Y Y=

Ws Ŵ

Register Gauge flux
H = ±XX±YY±∞ZZ

Majoranas are confined in hard-core dimers

Gauge flux  a glassy toric code→

⋯ x − y + r mod 3 = bond

x
y coherent error / weak measurement  


soften dimers – a channel for Majorana to escape !

→

Hastings, Haah (2021)
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Majorana, flux pillars, loops

random Gaussian fermion circuit 
conditioned on 


gauge trajectory su

π

Majoranas

u

Z = ibzc
X = ibxc
Y = ibyc

c xy

z
Majorana
gauge field

X Y

Z

z

xy u = ± 1

exp(−τsZZ)

exp (−τ (su) icAcB)

Majorana bilinear

net gauge field

measurement strength
τ = tanh−1(sin(2t))

(s = ± 1)

su

+1

−1

−1

−1

Born probability  
=  

Majorana partition function

Guo-Yi Zhu
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purification of fluxes

[⟨Ŵ⟩2] = ∑
s

P(s)⟨Ŵ⟩2
s = ∑

q
∑
s,u

ps ⋅ psu

P(s) ∏
l∈q

ul

Su := − log2
1 + [⟨Ŵ⟩2]

2
≈ (−log2

1 + sin(2t)12

2 )
r + 1

4

• exponential purification

[⟨Ŵ⟩] = 0

quantum average

measurement average

• Edwards-Anderson order parameter

• flux expectation value
(a) flux variation [⟨Ŵ⟩2]

weak strong

sin(2t)12

sin(2t)12

t/π

sin(2t)12

sin(2t)12
flux purification

code threshold
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Nasu, Udagawa, Motome, 2014

L =   6

L =   8

L = 10

L = 12

Hamiltonian at finite temperature

Vaporization of Kitaev Spin Liquids

Joji Nasu,1 Masafumi Udagawa,2 and Yukitoshi Motome2
1Department of Physics, Tokyo Institute of Technology, Ookayama, 2-12-1, Meguro, Tokyo 152-8551, Japan

2Department of Applied Physics, University of Tokyo, Hongo, 7-3-1, Bunkyo, Tokyo 113-8656, Japan
(Received 24 July 2014; revised manuscript received 9 October 2014; published 7 November 2014)

The quantum spin liquid is an exotic quantum state of matter in magnets. This state is a spin analog of
liquid helium that does not solidify down to the lowest temperature due to strong quantum fluctuations. In
conventional fluids, the liquid and gas possess the same symmetry and adiabatically connect to each other
by bypassing the critical end point. We find that the situation is qualitatively different in quantum spin
liquids realized in a three-dimensional Kitaev model; both gapless and gapped quantum spin liquid phases
at low temperatures are always distinguished from the high-temperature paramagnet (spin gas) by a phase
transition. The results challenge the common belief that the absence of thermodynamic singularity down to
the lowest temperature is a symptom of a quantum spin liquid.

DOI: 10.1103/PhysRevLett.113.197205 PACS numbers: 75.10.Kt, 75.10.Jm, 75.30.Et, 75.70.Tj

A magnetic state called the quantum spin liquid (QSL),
where long-range ordering is suppressed by quantum
fluctuations, is a new state of matter in condensed matter
physics [1]. Tremendous efforts have been devoted to the
realization of the QSL, and several candidates were recently
discovered in quasi two-dimensional (2D) and three-
dimensional (3D) compounds [2–6]. In these compounds,
the QSL is usually identified by the absence of anomalies in
the temperature (T) dependence of physical quantities.
Namely, it is implicitly supposed that a spin “gas” corre-
sponding to the high-T paramagnet is adiabatically con-
nected with the QSL. This common belief lends itself to the
fact that liquid and gas are adiabatically connectedwith each
other in conventional fluids. In fact, the concept of the QSL
was originally introduced on the analogy of helium in which
the liquid phase is retained down to the lowest T due to
strong quantum fluctuations [7].
In general, however, liquid and gas are distinguished by a

discontinuous phase transition, while the adiabatic con-
nection between them is guaranteed beyond the critical end
point. Hence, a phase transition separating paramagnet and
the QSL is also expected. Nevertheless, the theory for
thermodynamics of QSLs has not been seriously inves-
tigated thus far, and a thermodynamic phase transition for a
QSL has not ever been reported beyond the mean-field
approximation. It is highly nontrivial whether a liquid-gas
transition exists in quantum spin systems in a similar
manner to that in conventional fluids. The issue is critical
not only for theoretical understanding of QSLs but also for
the interpretation of existing and forthcoming experiments.
The lack of theoretical investigation of thermodynamics

of QSLs is mainly due to the following two difficulties.
One is the scarcity of well-identified QSLs. It is hard to
characterize the QSL because spatial quantum entangle-
ment and many-body effects are essential for realizing
the QSL [8,9]. The other difficulty lies in less choice of

effective theoretical tools. Any biased approximation might
be harmful for taking into account strong quantum and
thermal fluctuations.
In this Letter, we solve these difficulties by investigating

a 3D extension of the Kitaev model [10], which supports
well-identified QSLs as the exact ground states [11], by
applying an unbiased quantum Monte Carlo (MC) simu-
lation without a negative sign problem. By clarifying the
phase diagram in the whole parameter space, we show that
both the gapped and gapless quantum spin liquid phases
exhibit a finite-temperature phase transition to the high-
temperature paramagnet. The results unveil that the “vapori-
zation” of the quantum spin liquids are quantitatively
different from the conventional liquid-gas transition.
The Kitaev model is a quantum spin model with

anisotropic exchange interactions for nearest neighbor
spins, whose Hamiltonian is given by

H ¼ −Jx
X

hijix

σxi σ
x
j − Jy

X

hijiy

σyi σ
y
j − Jz

X

hijiz

σziσ
z
j: ð1Þ

Here, σxi , σ
y
i , and σzi are Pauli matrices describing a spin-

1=2 state at a site i; Jx, Jy, and Jz are exchange constants
[10]. This model was originally introduced on a honey-
comb lattice shown in Fig. 1(a). The interactions Jx, Jy, and
Jz are defined on three different types of the nearest
neighbor bonds, x (blue), y (green), and z bonds (red),
respectively [see Fig. 1(a)]. This model is exactly solvable
by introducingMajorana fermions [10]. The ground state of
the Kitaev model is a QSL, where spin-spin correlations
vanish except for nearest neighbors [12]. The ground state
phase diagram consists of gapless and gapped QSL phases
[10], as shown in Fig. 1(c). The QSL with gapless excita-
tion is stabilized in the center triangle including the isotropic
case Jx ¼ Jy ¼ Jz, while the QSL with an excitation
gap appears in the outer three triangles with anisotropic
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but there is more – double-peaks

measurement strengthweak strong

 fl
uc

tu
at

io
n 

C v

weak measurement-only circuit

flux purification
flux 

purification

ρsu ∝ exp (−
β
4

cHsuc)
circuit depth

effective Hamiltonian

?

spin 
fractionalizationqubit fractionalization
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purification of Majoranas

Measurement strengthWeak Strong

 Majorana entropy density [ln 2] S = β(E − F)

Majorana purification

qubit  
fractionalization

dynamical 

critical exponent
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measurement strengthWeak Strong

L/2
A

Majorana liquid

ℰ = ∑
su

psu ⋅ ln | |ρRA
su | |1

• fermionic entanglement negativity

• definition: response under partial time reversal 

• property: distill out thermal entropy


• diagnose: mixed state entanglement


         Shapourian, Shiozaki, Ryu, 2017

L ln 2
3

• entanglement phase transition          
stable fermion phase with  entanglement 


   Fava, Piroli, Swann, Bernard, Nahum, NL M, 2023

L ln L
σ
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Majorana liquid

measurement strengthWeak Strong

L/2
A

L ln 2
3

dimerliquid

te
m

pe
ra

tu
re

weak strongmeasurement

qubit
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Floquet code — conclusions

• frustration & qubit fractionalization 
by tunable weak measurement


• Floquet code breakdown to non-trivial 
state under coherent error


• Majoranas escape confinement and 
form long-range entangled liquid

Outlook


• Feed-forward deterministic preparation ?


• topological phase transition from a parent color code 
(+ Majorana interaction) ? π

Majorana

Guo-Yi Zhu & ST, arXiv: 2311.08450

dimerliquid

te
m

pe
ra

tu
re

weak strongmeasurement

qubit

Guo-Yi Zhu
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• equilibrium dynamics of isolated systems

• unitary evolution

• energy conserved

• quantum ground states

• area-law entanglement structures

• macroscopic entanglement (spin liquids)

Hamiltonian vs. monitored dynamics

• out-of-equilibrium dynamics of open systems

• non-unitary evolution

• energy not conserved

• long-time steady states 
• plethora of entanglement structures

• macroscopic entanglement (spin liquids)

Hamiltonian dynamics measurement dynamics

Sz
i S

z
j

Sy
i S

y
j

Sx
i S

x
j

x y
z
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