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Introduction: Open quantum system

Taken from Garcia-Ripoll et al., J. Phys B (’05)

Environment
- Usually macroscopic

- Usually stable, act as heat bath etc.
e.g.) Room temperature obj.
e.g.) Measurement backaction

interact

ion qubits

System
- Microscopic

e.g.) Superconducting qubits
e.g.) Cold atom, Trapped ions

- Coherent/entangled etc.

CCD  
camera
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Introduction: Open quantum system

Taken from Garcia-Ripoll et al., J. Phys B (’05)

Environment
- Usually macroscopic

- Usually stable, act as heat bath etc.
e.g.) Room temperature obj.
e.g.) Measurement backaction

interact

ion qubits

System
- Microscopic

e.g.) Superconducting qubits
e.g.) Cold atom, Trapped ions

- Coherent/entangled etc. When environment is traced out, 
system with dissipation is left.

CCD  
camera
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Time evolution and eigenstates in isolated/open systems

Quantum master equation assumes 
1. time-homogeneous, Markovian process 
2. CPTP (completely-Positive and Trace-Preserving)

System Time evolution 
equation Eigenstates Remarks

Isolated    

Open

i~d| i
dt

= Ĥ| i
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Pure

d⇢̂(t)

dt
= L⇢̂(t)
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Mixed

Ground/excited states

Steady state

Decaying modes

L⇢̂ = 0
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Ĥ| i = E| i
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- Application of NISQ to

- Numerous investigations done

- Quantum chemistry
- Finance

- Important to understand 
- transports in quantum systems 
- non-equilibrium topo. phase

- Few algorithms,  
  No demonstration in NISQ

Target today
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Our proposal: dissipative-system VQE (dVQE) algorithm

2. Define cost function

arg min
⇢

h⇢|L̂†L̂|⇢i
h⇢|⇢i
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Execute optimization
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1. Encode mixed state in quantum circuit

⇥
 

NY

n=1

CNOTn,n+N

!
eD(✓d)|0i
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3. Measure observables

V
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hAi = Tr[⇢̂Â] =
X

q

�qh q|Â| qi

=
X

q

�qhq|V̂ †ÂV̂ |qi
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X

q

�qh q|Â| qi

=
X

q
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1. Encoding mixed state into variational quantum circuit

Assured in actual measurement 
(Step 3)

Physical requirements for density matrices (general mixed state)

(I) ⇢† = ⇢
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(II) h |⇢| i � 0,8 | i 2 H
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(III) Tr[⇢] = 1
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Encoded in ansatz}
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Requirements (I),(II) in matrix/vector representation

(Hermiticity)

(Positivity)

(Unit trace)

Matrix rep. Vector rep.

�6

⇢ =
X

ij

⇢ij |iihj| 7! |⇢i =
X

ij

⇢ij
C

|iiP ⌦ |jiA
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⇢ = V DV †

D = diag ({�q})
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(I), (II) is equivalent to rewriting

where �∀λ ≥ 0

⇢ =
X

ij

⇢ij |iihj| 7! |⇢i =
X

ij

⇢ij
C

|iiP ⌦ |jiA
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|⇢i = [V ⌦ V ⇤] |Di
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States are mapped as

|Di = eD|0i =
X

q

�q

C
|qiP ⌦ |qiA
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Choi  
isomorphism

C: normalization 
 const.



Physical requirements for density matrices (general mixed state)

(I) ⇢† = ⇢
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Requirements (I),(II) in matrix/vector representation

(Hermiticity)

(Positivity)

(Unit trace)
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Vector rep.

⇢ =
X

ij

⇢ij |iihj| 7! |⇢i =
X

ij

⇢ij
C

|iiP ⌦ |jiA
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Choi isomorphism maps states to

|Di = eD|0i =
X

q

�q

C
|qiP ⌦ |qiA
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Generate 
 �{λq}

Entangle as 
�|q⟩ ⊗ |q⟩

Basis rot.

{
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Our ansatz

|ρ⟩

1. Encoding mixed state into variational quantum circuit

is chosen to produce positive wavefunciton (see next page)D̃

Assured in actual measurement 
(Step 3)



Examples of variational quantum circuits

Circuit for eigenvalues �  :{λq}
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e.g. hardware-efficient ansatz
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|⇢i = [V ⌦ V ⇤] |Di
<latexit sha1_base64="v23kTsKwumtZuGK9PT8OGjKoHRo="></latexit>

|Di = eD|0i =
X

q

�q

C
|qiP ⌦ |qiA
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Our ansatz

λq ≥ 0

where angle θ of each Ry=exp(-iθY/2)) satisfies  
so as to  

0 ≤ θ ≤ π
λq ≥ 0



2. Define cost function — variational search of steady states

Im !

Re !
Decaying 

modes

“Spiral”

Spectrum of ℒ#

Re(Λ)

Spectrum of ℒ#'ℒ#	

Stationary
state

Real, non-negative 
spectrum

Stationary state as kernel

This allows us to obtain steady state via

Cui et al. PRL (’15)

L̂|⇢i = 0
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L̂†L̂|⇢i = 0
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Unitary evol. Non-unitary evol.

(e.g.                      for spontaneous emission, T1 effect)�̂i = ��
i
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Markovian master equation in Lindblad form

D̂[�̂i] = �̂i ⌦ �̂⇤
i �

1

2
�̂†
i �̂i ⌦ 1̂� 1̂⌦ 1

2
�̂T
i �̂

⇤
i
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L̂|⇢(t)i =
 
�i

⇣
Ĥ ⌦ 1̂� 1̂⌦ Ĥ

T
⌘
+
X

i

�iD̂[�̂i]

!
|⇢(t)i
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where

Steady  
state

arg min
⇢

h⇢|L̂†L̂|⇢i
h⇢|⇢i
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3. Measure Observables — efficient way

Naive way: 
Vector Representation using 2N qubit

- Post-select “diagonal terms”  
- Exponentially inefficient 

Our proposal: 
Matrix Representation using N qubit

- Determine {λq} from sampling 
- Measure with initial bit q with weight λq

hAi = Tr[⇢̂Â] =
X

q

�qh q|Â| qi

=
X

q

�qhq|V̂ †ÂV̂ |qi
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Sampling



Demonstration of our proposal in quantum Ising model

H =
1

2

X

i

�
z
i �

z
i+1 + g

X

i

�
x
i

<latexit sha1_base64="lNAX3ml++ID3x1m/BGSLrvuJ7d0="></latexit>

c(1)i = ��
i

<latexit sha1_base64="Xi2HIpaRIdUGLxErU4eX70aF2VY="></latexit>

c(2)i = �z
i

<latexit sha1_base64="/XrcWjKP75O37Q9VAf44ZS1s9Yc="></latexit>

Hamiltonian: ZZ coupling and traverse-field

Dissipation: Local damping & dephasing

Infidelity

hX
i,
hY

i,
hZ

i
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hY i
<latexit sha1_base64="hJWrEK4v8IJf6dDVlHIPrK7vs/E="></latexit>

hZi
<latexit sha1_base64="S4WsArTCUG07OMGMKv19OOgak1c="></latexit>

Quantum simulation on real NISQ device 
(Aspen-4, Rigetti, 2N=2 qubits) 

with amplitudes γ1 =1,  γ2 = 0.5

Model

Calculating magnetization curve and density matrix fidelity by dVQE

Infidelity

hX
i,
hY

i,
hZ

i
<latexit sha1_base64="5xmvkpepEZyrf1DW4o8nac0f30Y="></latexit>

hXi
<latexit sha1_base64="oC/y3gHzEfsy25zkjQcGk8/YVO4="></latexit>

hY i
<latexit sha1_base64="hJWrEK4v8IJf6dDVlHIPrK7vs/E="></latexit>

hZi
<latexit sha1_base64="S4WsArTCUG07OMGMKv19OOgak1c="></latexit>

Numerical simulation, 2N=4 qubits

�11

D̂[�̂i] = �̂i ⌦ �̂⇤
i �

1

2
�̂†
i �̂i ⌦ 1̂� 1̂⌦ 1

2
�̂T
i �̂

⇤
i

<latexit sha1_base64="YOaPKL04VqLlwQAIxyXdafMJNVA="></latexit>

circles: data of mag. 
dashed lines: exact mag.
triangles: 
infidelity btw. exact state 



Summary

- VQE-based algorithm for steady states in Markovian open quantum system (dVQE)

Infidelity

hX
i,
hY

i,
hZ

i
<latexit sha1_base64="5xmvkpepEZyrf1DW4o8nac0f30Y="></latexit>

hXi
<latexit sha1_base64="oC/y3gHzEfsy25zkjQcGk8/YVO4="></latexit>

hY i
<latexit sha1_base64="hJWrEK4v8IJf6dDVlHIPrK7vs/E="></latexit>

hZi
<latexit sha1_base64="S4WsArTCUG07OMGMKv19OOgak1c="></latexit>

�12

{
<latexit sha1_base64="ARaIdGOyud1ubRGqcGdCsuAk3Lw="></latexit>

{
<latexit sha1_base64="ARaIdGOyud1ubRGqcGdCsuAk3Lw="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0iA
<latexit sha1_base64="EWBKthbynPoMCs7F9ty/v+pVjMY="></latexit>

eD

<latexit sha1_base64="lPQnUTN7GNSqrV3kMb5OXZd1C8E="></latexit>

V

<latexit sha1_base64="bWmJ1CODRVzUWm11tBUMVCMQ62k="></latexit>

V ⇤

<latexit sha1_base64="SpObt2iUm5IiVtCjgaa+BREa0ss="></latexit>

|0iP
<latexit sha1_base64="vGU07wgObNTNumJ22TnbF7v5fy0="></latexit><latexit sha1_base64="vGU07wgObNTNumJ22TnbF7v5fy0="></latexit><latexit sha1_base64="vGU07wgObNTNumJ22TnbF7v5fy0="></latexit><latexit sha1_base64="vGU07wgObNTNumJ22TnbF7v5fy0="></latexit>

- Numerical/Experimental demonstration in dissipative quantum Ising model

- Applications to
dissipative phase exploration in condensed matter systems

are expected
transport properties in nano devices/molecular systems

Yoshioka, Nakagawa, Mitarai, and Fujii, arXiv: 1908.09836

https://arxiv.org/abs/1908.09836


SUPPLEMENTARY MATERIALS
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Encoding mixed states into pure states

Choi isomorphism

⇢ =
X

ij

⇢ij |iihj| 7! |⇢i =
X

ij

⇢ij
C

|iiP ⌦ |jiA
<latexit sha1_base64="H0SrQ2QD5F42uQeERADoKsrdSw8="></latexit>

(
<latexit sha1_base64="PAteIQ+iIH66HU6YuElYCXKbCX8="></latexit>

)
<latexit sha1_base64="CVaQuyTPajY1xdDDNAHHR4Ny+8A="></latexit>

⇢̂ =
<latexit sha1_base64="g5kzesKzhZhFLd/Fk9wFvXWVi00="></latexit>

7!
<latexit sha1_base64="leyKFJh8UEpVDpFmqDf1Xd/Z2pY="></latexit> (

<latexit sha1_base64="PAteIQ+iIH66HU6YuElYCXKbCX8="></latexit>

)
<latexit sha1_base64="CVaQuyTPajY1xdDDNAHHR4Ny+8A="></latexit>

⇢̂ =
<latexit sha1_base64="g5kzesKzhZhFLd/Fk9wFvXWVi00="></latexit>

|⇢ii
<latexit sha1_base64="MYnfLBkC0klSOJRY2D2p9cYAEVI="></latexit>

T
<latexit sha1_base64="nyPloKqtmtOdehDkHlVs+eISDrg="></latexit>

Map N qubit mixed state → 2N qubit pure state



Details of optimization — sequential minimal optimization
Nakanishi-Todo-Fujii method

- Use periodicity of cost function w.r.t. angles �θ

- Sine-curve-like structure with periods:

Cost function landscape in 2N=4 qubits

Nakanishi, Fuji,&Todo, arXiv:1903.12166
Co

st
 fu

nc
tio

n

(a) (b) (c)

Angle Angle Angle

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>�  period, Ry2π(a)
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Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

- �  for ordinary rotation gates2π
-  for C(M)-Rotation2M+1π
- �  if � appears M times2π/M θ

eD

<latexit sha1_base64="lPQnUTN7GNSqrV3kMb5OXZd1C8E="></latexit>

V

<latexit sha1_base64="bWmJ1CODRVzUWm11tBUMVCMQ62k="></latexit>

�  period, CRy4π(b)

Co
st

 fu
nc

tio
n

(a) (b) (c)

Angle Angle Angle

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

V ⇤

<latexit sha1_base64="SpObt2iUm5IiVtCjgaa+BREa0ss="></latexit>

�  period, Ry x 2π & 2π(c)

Co
st

 fu
nc

tio
n

(a) (b) (c)

Angle Angle Angle

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

Rx
<latexit sha1_base64="LiKptAD3Y7foGtV9xCI+6WzR6no="></latexit>

Ry
<latexit sha1_base64="v2NhGacKRxSJu6JDCr5kq8J39po="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

R⇤
x

<latexit sha1_base64="ItkksZTq/GyMe22G2u2ABh3Ps+M="></latexit>

R⇤
y

<latexit sha1_base64="L2ISrqNjUiBy/rCpSX4+W0cXEqg="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

|0i
<latexit sha1_base64="fwcvpo5AdI3JD1JHUpuStWLsvbk="></latexit>

https://arxiv.org/abs/1903.12166


Gate error mitigation
Quantum simulation with redundancy

Rx(±⇡/2) ⌘ Rz(⇡) (Rx(±⇡/2))E Rz(⇡)
<latexit sha1_base64="qctadoWto16wZmr6MF95+YiMmnA="></latexit>

CZ ⌘ CZE
<latexit sha1_base64="8TF5MWEXpM+HEuv47KrMvA5Wwuk="></latexit>

Heya et al. , arXiv:1904.08566

E 2 {1, 3, 5, ...}
<latexit sha1_base64="bHZGDF1iluyZfqCcf4lsBtajniw="></latexit>

for odd 

2. Sample cost function

Co
st

 fu
nc

tio
n

Angle

E = 1
<latexit sha1_base64="+H9ckQTcPlj6lz+266RNnOqRePw="></latexit>

E = 5
<latexit sha1_base64="aiMf3jyHOz3qO77U6uP63xAj3ic="></latexit>

E = 3
<latexit sha1_base64="ew58bEBQdgB7jHYmKSXf9P1bg4Y="></latexit>

Cost function (2N=2, real NISQ device)

Numerical simulation: depolarizing

1. Applying depolarizing channel for each k-qubit gates as

⇢ 7! ⇢0 = (1� pk) ⇢+
4k � 1

4k
pkI

<latexit sha1_base64="0juK13j8vJHJy4Efr2zifjF/8dg="></latexit> rate

2. Sample cost function

3. Mitigate by linear extrapolation w.r.t. pk

3. Mitigate by linear extrapolation w.r.t ε

�16

1. Encode redundancy in the circuit using equation

(a circuit parameter)

https://arxiv.org/abs/1904.08566

