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These days, research groups such as Google, Microsoft, and Rigetti are
working towards fabricating quantum devices which have hundreds to
thousands of qubits. In recently proposed quantum algorithms, i.e. hy-
brid quantum-classical algorithms, such quantum devices are used as
subroutines for calculation of classically intractable tasks. However, the
applicability of hybrid algorithms was quite limited, for example, the
search of the ground state, and simulation of the dynamics of quan-
tum systems. In addition, near-term quantum devices are expected to
be quite noisy, impairing the precision of computation seriously and
removing any potential advantages with quantum computers. There-
fore, it is necessary to extend the applicability of hybrid algorithms and
mitigate errors on quantum computers.

In this thesis, we describe the generalisation of hybrid algorithms so
that they can be applied to variety of problems, such as search of the
spectrum of quantum systems, simulation of open quantum systems
and even general mathematical tasks. The algorithm for finding spectra
is useful for applications such as new drug discovery, design of bat-
teries. Generally speaking, quantum systems of interest to physicists,
chemists, and materials scientists inevitably interact with their envi-
ronments, and quantum states are decohered. Therefore, to investigate
quantum phenomena, new algorithms simulating open quantum systems
are described in this thesis. Algorithms for general mathematical tasks
such as matrix multiplication to a vector and solving linear equations,
useful for a large number of problems, such as machine learning, are also
presented.

Furthermore, in order to make hybrid algorithms useful, we also in-
vented a practical error mitigation method for suppressing physical er-
rors, which may make hybrid algorithms useful. We showed that errors
can be suppressed for a quantum system with over 50 qubits for the
current achievable error rate, which is believed to be hard to simulate
with classical computers. Also, we generalised the error mitigation tech-
nique to be applied to mitigate algorithmic errors, which may enhance
the accuracy of Hamiltonian simulation.
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Chapter 1

Introduction

Quantum computation (QC) has been studied for over two decades and many re-
searchers believe that it is approaching realisation. QC is a completely new com-
putation method using entities such as quantum bits (qubits), which are quantum
generalisation of bits, permitting superposition and entanglement. It has been the-
oretically proven that, by using superposition and entanglement of a large number
of qubits, we can use new approaches to solving problems classical computers can-
not tackle practically. For example, it takes exponentially increasing time for even
the best known classical algorithm to factorise numbers. However, Shor’s algorithm
can solve it efficiently in a polynomial time [1]. Also, it has been shown quantum
computing enables the simulation of quantum systems such as chemical interactions
and material systems efficiently [2, 3, 4, 5].

The most serious problem for the realisation of quantum computers is that when
implementing qubits experimentally, there inevitably exist imperfections, leading to
deterioration of quantumness. This impairs the precision of computation seriously,
potentially removing any quantum advantage [6]. Therefore, methods to suppress
the error by using encoding in quantum computation have been researched for
decades [7, 8, 9, 10, 11], and it has been shown that fault-tolerant quantum compu-

tation can be achieved in principle, with error correction codes [12, 13]. Typically,



these codes have a threshold, i.e. a level of noise below which error correction can
be successful. Sub-threshold qubits have been fabricated in superconducting sys-
tems [14] and ion trap systems [15, 16]. However, error correction techniques require
hundreds to thousands of qubits to encode logical qubits [17], and the number of
qubits necessary for postclassical factoring with Shor’s algorithm is estimated to be
several million [18], which is well beyond current quantum technology.

Meanwhile, research groups such as IBM and Google are expected to realise
quantum processors composed of over 50 qubits in the near future, which is es-
timated to be large enough that their dynamics cannot be simulated by classical
computers. Therefore, many researchers are trying to grasp what types of com-
puting can be much more efficient with such quantum devices. Recently, hybrid
quantum-classical algorithms, in which quantum processors with small number of
qubits are utilised as a subroutine and classical computers are used for optimisation,
are anticipated to be a promising candidate for the application of such quantum
devices [19, 20, 21, 22, 23, 24]. Tt is hoped that, as we can assign a large number
of tasks to classical computers, fully coherent operations are not required, unlike
early quantum algorithms, which need quantum error correction. Such algorithms
are shown to be useful for analysing molecular static and dynamic problems, for
example [22; 24]. In a hybrid quantum-classical algorithm, the number of qubits
per quantum processor is modest and the depth of the quantum circuit is shallow,
so that quantum computation without full quantum error correction is feasible.
However, when the hybrid quantum-classical algorithms were first proposed, the
application was limited to the estimation of the ground state of a molecule Hamil-
tonian [19]. Afterwards, quantum algorithms for simulating the real and imaginary
time were proposed. My coauthors and I further generalised the hybrid quantum-
classical algorithms so that it can be used for obtaining the spectrum of the Hamil-
tonian [25] (a similar work was also suggested in Ref. [26] almost at the same time

) and simulate the general process such as multiplication of general sparse matrix



to a state vector, which may be useful for machine learning, and simulating open
quantum systems [27].

It is also vital to establish methods to suppress errors not relying on encod-
ing, as well as developing hybrid quantum-classical algorithms. Y. Li and S. C.
Benjamin [24] and an IBM group [28] independently invented an error mitigation
scheme without encoding, which is expected to enhance the performance of the
hybrid quantum/classical algorithm dramatically. However, these methods were
incomplete in that the tolerable error rate was low and the applicable noise models
were limited. My coauthors and I further developed the error mitigation schemes
to be applicable to variety of noises and higher error rates [29]. In addition, we
further generalised the quantum error mitigation to be applicable to mitigation of
algorithmic errors [30].

In this DPhil thesis, in the second chapter, we will explain the basic knowledge
required to understand this thesis. In the third chapter, we discuss early quantum
algorithms which require fully coherent evolution and quantum error correction, to
evaluate how costly these methods are well-beyond the current quantum technology.
In the fourth chapter, we mention hybrid quantum/classical algorithms, which may
be much more feasible for current experimental setups, where quantum devices are
used as subroutines with small quantum devices, combined with classical computers
for optimisation. In the fifth chapter, the error mitigation techniques to suppress
errors on hybrid algorithms will be discussed. From the sixth chapter on, we will
discuss the author’s contributions to this field. In the sixth chapter, we will describe
a new quantum algorithm for discovering the spectrum of the Hamiltonian. In the
seventh chapter, we will mention our quantum algorithms for simulating general
processes. In the eighth chapter, we will introduce the practical quantum error
mitigation techniques, which are applicable to high error rate and general error
models. In the ninth chapter, we will discuss the quantum error mitigation for

algorithmic errors. The thesis will conclude with a summary chapter.



Chapter 2

Basics of quantum mechanics and

quantum computing

The aim of this section is to give the basics of quantum mechanics required later in

this thesis.

2.1 Quantum state

We will begin our description by describing pure quantum state, and introduce
mixed state subsequently. The minimum component of the conventional classical
computing is a “bit”, which is expressed by 0 or 1. Meanwhile, the minimum
component of quantum information is a “qubit”, whose decomposition into basis

states is expressed as

) = al0) + B[1), (2.1)

where o, 3 € C, satisfying |a|*+|3]*> = 1, and |0) and |1) are orthogonal normalised
vectors. For example, when we use an atom with different two energy levels as a
qubit, we can use the lower energy level as |0) and the upper level as |1), and vice

versa. [¢) is called a state vector (or just state). py = |a|* and p; = |B]* are



the probabilities that the qubit is observed in state |0) or |1), respectively. The
difference of the qubit from classical bit is that Eq. (2.1) is interpreted that the
states |0) and |1) coexist, and such a phenomenon is called “superposition”. The
state vector in a quantum system can be expressed by using a Hilbert space, which
is a complete vector space, where the coefficients are complex numbers and inner
product is properly defined. The inner product of the two states |¢)) and |¢) is
denoted as (¥|¢) € C. A qubit is expressed by using the two-dimensional Hilbert
space C2. The norm of the quantum state |+) is unity, corresponding to the fact
that the sum of the probabilities is always unity (Ja|? + |3*> = 1).

One of other examples of quantum states is a qutrit, which is a superposition of

|0), |1), and |2), expressed as

) = a]0) + 5]1) +7]2) . (2.2)

Similarly to the case of qubit, |0), |1}, |2) are orthnormal vectors, «, 5,y € C, and
la|?+ |82 +|7|*> = 1. Also, the probabilities that the state is observed in |0), |1}, |2)
are po = |af?, p1 = |B]?, and po = |y|2. A qutrit is expressed in a three-dimensional
Hilbert space C3. Such arguments can also be applicable to higher dimensional

quantum states as well.

2.2 Composite quantum state

Here, we explain how to mathematically express the composite quantum system
when we have two quantum systems, A and B, and corresponding Hilbert spaces
Hx and Hg. We denote the orthonormal basis in Hy and Hg as {|v;) , } and {|¢;)5}-
When the states in A and B are |¢;) , and |¢;), we denote the state in the composite

system as

[Vi)a @ 1¢5)g (2.3)



or simply

|77Z)i>A |¢j>B> (2-4)

where ® denotes the tensor product. {|t;), |¢;)5} is the orthonormal basis in the
composite Hilbert space Hy ® Hg. Given Hjy and Hp are N and M dimensional
Hilbert space, the composite Hilbert space Hy ® Hp becomes N x M dimensional
Hilbert space.

Generally, the pure states in Hy ® Hg can be written as
D i) 165) (2.5)
1,J

where a; ; € C, and 3, - | j|* = 1 is satisfied.

If the composite system can be written as

[V)A @ [@)p (2.6)

where [), = > .a; Vi), and |@)g = D, b; |¢;i)p, the state in a composite system
is called a product state or a separable state. On the other hand, when the state
cannot be expressed as a separable state, the state is called an entangled state.
Entangle states are of great interest at the philosophical level, since when two

states are entangled it is no longer possible to understand them as independent

entities [31, 32] .

2.3 Observable and projector

Here, we consider a measurement of an observable O, such as energy, the population

of a certain level, photon number, etc. Observables are expressed by Hermitian



operators whose eigenvalues are real, implying measurement results of observables
are also real. As O is a Hermitian operator, by using spectral decomposition, it

necessarily can be decomposed as

0=> MNP, (2.7)
k

where A\, € R. For simplicity we assume O is a full rank matrix. Here, Py is called

projector and has properties such as

PP = 61 Py (2.8)

d h=1 (2.9)

Now, we assume that an error free measurement can be implemented. In this case,
one of the eigenvalues of O, \i, can be obtained as a measurement result, and the

probability corresponding to A is

Pr = <¢| Py |7vb> ) (210)

according to the Born rule. Here, |¢) is the measured quantum state. When the

result Ay (or simply we can say the result k) is obtained, the state is projected to

Py ) '
VY| Py )

This is the projection postulate, which has been verified empirically.

(2.11)



The expectation value of O is

(0) =) pr)i (2.12)
= (WP M (2.13)

= @O ). (2.14)

2.4 Evolution of a quantum system

Here, we consider the time evolution of a closed quantum system, which is isolated
from a noisy environment. The dynamics of the quantum system is governed by a

Hermitian operator H, describing the energy in the quantum system, such as

. d
ihe 10) = H(E) 1) (2.15)

which is so called the Schrodinger equation. H is called the Hamiltonian. For
simplicity, we set reduced Planck constant = 1 in this thesis. In the case H(t) is

time independent, Eq. (2.15) can be formally solved as

[¥(t)) = exp(—iH1) [¢(0)) . (2.16)

Defining the time evolution operator U(t) := exp(—iHt), U(t) is a unitary operator,
satisfying UT(¢)U(t) = I, where 1 denotes Hermitian conjugate of operators and [ is
an identity operator. When H () is time dependent, the expression of U(t) becomes

as

U(t) = fexp(—i/tH(t’)dt’) (2.17)
=3 iy / ity / T e H (1) H (1), (2.18)



where T denotes a time ordered product operator. Also in this case, U(t) is a
unitary operator.
Assuming the quantum system is a qubit, and H = X, w € R, X := |0) (1| +

|1) (0|, U(t) becomes rotation X operator defined as

Rx(8(t)) = exp( - z’%tX) (2.19)

= cos(@)[—isin(@)X, (2.20)

where we set 0(t) = wt and used X? = I, and exp(A) = Y, _, A*/kl. By setting
6(t) = m, we have Rx(m) = —iX, which flips |0) to |1) of the state, and vice versa.
Therefore, we could build a unitary operator which implements a bit flip operation.
Similarly, by designing a Hamiltonian and evolving the state for the proper time
duration, we can realise the unitary operator which implements the task we hope
to obtain.

Two important examples are for operators Y := i(]|0) (1] — [1) (0|), and Z =

|0) (0] — |1) (1], we define rotation operators as

Ry (0(t)) == exp( - z%)tY) (2.21)
- COS(@)] — isin (@) Y, (2.22)

= cos(@)i - z’sin<@)z (2.24)

R, (0(t)) := exp( - ﬂtz) (2.23)

Here, operators X, Y, Z are called Pauli operators, and satisfy X? = Y2 = 72 =1,



and
(X,Y]|=2iZ, |Y,Z] =2iX, [Z,X]| =2 (2.25)

where [A, B] = AB — BA. Also, it is important to note that these Pauli operators

have eigenvalues +1.

2.5 Density matrix

Prior to this section, we discussed the case where the quantum system is closed,
isolated from a noisy environment. However, quantum systems generally interact
with the environment. Generally we will not know the exact quantum state of
the environment - we will need to use a probability distribution to describe the
environment. After interacting with the environment, our quantum system can
be no longer described only by one state vector. Suppose that, in the quantum
system of interest, we have a quantum state |¢;) with the probability ¢;. Then, the

quantum state can be decomposed as

p= Zq i) (] . (2.26)

Here, p is called a density matrix, a representation of a quantum state suitable for
an open system interacting with a noisy environment. If the quantum state can be

written as

p =) (], (2.27)

the quantum state is called a pure state. If the state is not a pure state, the state
is in a mixed state.

When we measure an observable O = ), APy, the probability to have the

10



result \j is

Pr = Z qi (i| Py [¥i) (2.28)

= Tr(pPr). (2.29)
Here, Tr is a trace of an operator, and it is defined for an operator A as

Tr(A) = > (dul Aldx) (2.30)

k

where {|¢)} is an orthonormal basis, and trace is independent of the choice of the

basis. Similarly, we can have the expectation value of an observable O as,

(0) =) i (2.31)
=D (Wil Pl (2:32)
- Zq (Wi (Zxkpk) |3) (2.33)

= Tr(pO) (2.34)

2.6 Bloch sphere representation

Considering the fact that the density matrix has a trace equal to unity and it is a
Hermitian operator, the density matrix for a two level system i.e. a qubit can be

expressed as

B I+r, X+nrY +r.Z
- 5 7

p (2.35)

where 7; € R, i = {z,y,2} and 7} + 77 + r2 < 1. Therefore, the qubit state can

be mapped to the surface or inside of a ball whose radius is equal to unity, which
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is called the Bloch sphere. When the state is a pure state, the state is mapped to
a surface of the Bloch sphere. If r, =1, =r, =0, p = I/2, the quantum state is

called a completely mixed state.

2.7 Density matrix in a composite quantum sys-
tem

Suppose we have two quantum systems A and B, and the corresponding Hilbert
spaces are Hy and Hg. When the states in A and B are pp and pg, we can express

the quantum state in the composite Hilbert spaces Hy ® Hg as

PAB = PA & PB, (2.36)

which is called a product state. If the state is expressed as

PAB = Z s ® py | (2.37)

where pfi) and pg) are the quantum states in A and B, the state is a separable state.

A separable state only has classical correlations between systems A and B. If the

state cannot be expressed in the form of Eq. (2.37), the state is an entangled state.

2.8 Partial trace

Conversely, partial trace is a mathematical operation to derive the states of individ-

ual systems. Given the composite state pag, the individual state in A is described,
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due to partial trace,

pa = Trg(pan) (2.38)

=) (Dl pan [dr)s (2.39)

where {|¢;)p} is an orthogonal basis of the Hilbert space Hg. This mathematical
operation can also be applied to general operators other than density matrices. The

procedure is the same for having the individual state pg. Also,

Tr(pas) = Tra(Tr(pas)) (2.40)

= Trg(Tra(pas)) (2.41)

is satisfied, which also holds for general operators. For an operator My ® Iz, which

only operates on the system A, we have
TI"A(pAMA) = TrAB(pAB MA X IB); (242)

by using Eq. (2.41). Therefore, pa gives the correct expectation value of the
observable in the system A, which is the reason we can use the partial trace for

knowing the individual state in a composite system.

2.9 Evolution of a density matrix in a closed quan-
tum system

Now, we discuss the evolution of a density matrix in a closed system. We assume

each quantum state [1;) of p = >, ¢; [1:) (¢i| obeys the Shrodinger equation (2.15),

13



obtaining

d A (1)) d (Yi(1)|
o i) (i) = —— == (i) + [i(t)) — (2.43)
= =il [9i()) (i) + [¢a(2)) (i (D)] (1H) (2.44)
= —i[H, [¢(t)) (i (D)]]. (2.45)
Therefore, we have the equation p(t) follows as
dle_it) = _i[Hw p(t)], <246)

which is von-Neumann equation describing the time evolution of a density matrix

in a closed system. When H is time independent, the solution of Eq. (2.46) is

p(t) = Ut)p(0)UT(2), (2.47)

where U(t) = exp(—iHt), which is a unitary operator.

2.10 Open quantum system and Kraus represen-
tation

Generally, the quantum system interacts with the environment, and cannot be de-
scribed only with a unitary operator. Suppose the evolution of the system composed
of the quantum system we are interested in and the environment is described by a
unitary operator U. If we only consider the dynamics of the system, the dynamics
becomes non-unitary.

Now, assume that the initial state of the composite system is written as the
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product form as

Pcom = Ps & Penv - (248)

Suppose the evolution of the composite system is described by a unitary operator

U and the final state becomes
Prom = Ups @ penyU'. (2.49)

Since we are only interested in the evolution of the system, not the environment,
we apply the partial trace to peom to extract the evolution of the system density

matrix ps, such as
P = Tren (Ups ® penyUT). (2.50)

Now, we set penv = 1. @k | k) (@1, and the orthogonal basis for taking partial trace
as {|1y)}. Then we have

pe=E(ps) = au (Wil Ups ® |éx) (o] UT ) (2.51)

k.l

="V Wl U 16w) po/ax (el U ) (2.52)

= Z Knps K| (2.53)

where we set m = (k,1), K, = /@ (1| U |éx). Eq. (2.53) is called a Kraus
representation, and it is known that any physical process can be described by Kraus
representation [31]. The probability the process K,, occurs is p,, = Tr(pK} K,,).
It can be easily proved that the Kraus map satisfies the completeness condition
S Kl K, = I, therefore Tr(p,) = 1, and the trace of the quantum state is

generally preserved, which corresponds to the preservation of the probability.

15



2.11 Examples of noisy quantum process

The depolarising channel is a well-studied noisy quantum process [31]. Suppose
X, Y, Z randomly operates on a qubit with probability p,;/3 respectively, with I
occurring with probability 1 — pg. In this case, the set of Kraus operators can be

written as {v/1 — pal, /pa/3X, \/Pa/3Y,\/pa/3Z}, and the quantum process can

be expressed as

Elp) = (1 —pa)p + %(pr +YpY + Zp2). (2.54)

Also, by using the identity I/2 = +(p + XpX + YpY + ZpZ), satisfied for an

1
1
arbitrary p, we have,

4 Apg 1
Ealp) = (1 - %)p + %5. (2.55)

Therefore, we can also interpret the depolarising channel as the channel where the

quantum state is replaced with completely mixed state with probability 4py/3.
Now, consider the case of a single qubit, and suppose p can be mapped to

(ry, Ty, 7.) when we employ the Bloch representation of a qubit. Due to the depo-

larising channel, the Bloch sphere representation of a qubit becomes as

(T2, 7y, 72) (2.56)

- ((1 - 4%)% (1- %)w, (1- %)rz). (2.57)

Therefore, x, ¥y, z coordinates shrinks uniformly. When the probabilities associated
with the X, Y, Z channels are unisotropic, we call such a quantum process inhomo-
geneous Pauli error.

Another well-known type of quantum noisy process is amplitude damping, which
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describes the energy loss from a qubit [31]. The quantum process can be written as
Sa(p) = [(OPI((J)r + KIPKL (258)
where

Ko = 10) (0] + v1 =~ [1) (1] (2.59)
K= 710y (1], (2.60)

and K(T)Ko + K I K, = 1. It can be easily checked K| reduces the population of the
state |1), and K; changes the state |1) into |0). Therefore, the relaxation process

from |1) to |0) can be explained by using the amplitude damping.

2.12 Lindblad master equation

Here, we explain the non-unitary time evolution of an open quantum system, inter-
acting with the environment. When the open quantum system obeys the Markov
process, the dynamics can be described with Lindblad master equation [33, 34].
A Markov process is one in which the probabilistic dynamics at time ¢ + 6t de-
pends only on the time just before, ¢, where 0t is an infinitestimal. Therefore, the
quantum state of the system p,(t + 0t) can be described with p,(t) by using Kraus

representation, such as

p(t+0t) = Knp(t) K}, (2.61)

m>0

Physically, this can be interpreted that the system and the environment are in the
product state, and after the system interacted with the environment from ¢ to ¢t +dt,
the environment is replaced with the new environment which has never interacted

with the system. As this new environment has no information with regard to the
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past of the system, the quantum state of the system obeys Markov process. Now,

we set

Ko=1+ (D —iH)dt (2.62)
K,, = L,Vot, (2.63)

where D and H are Hermitian operator and L,, operators describing the interaction

with the environment. From completeness condition Y, . K} K,,, = I, we have

I+ <2D +> LLLLm) 5t + O(5t?) = 1. (2.64)

m>1

Thus, by ignoring higher order terms of 0t as it is sufficiently small, we have

1
_ - i 2
D = —3 E Ll L, + O(t?). (2.65)

m>1

By substituting K, in Eq. (2.61) with Eq. (2.63), we have
plt+81) = p(0) =L, o015t + 3 L0 + Dp(t) + (o)D) )3t +0(67)
(2.66)
Substituting D with Eq. (2.65) and taking ¢ — 0, finally we have

j(t) = )+

> (2me — LI Lap(t) — p(t)LIan). (2.67)

N —

This time derivative equation is known as Lindblad master equation. Note that, H

corresponds to the system Hamiltonian and L, are called Lindblad operators.
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2.13 Quantum circuits

In this thesis, we focus on the qubit-based circuit model of quantum computa-
tion [31]. Other types of quantum computation are adiabatic quantum comput-
ing [35, 36], one-way or measurement based quantum computing [37, 38, 39|, and
continous-variable quantum computing [40, 41]. In the case of qubit-based circuit
model of quantum computation, there is a useful graphical representation for show-
ing what operations and measurements are applied to the quantum state. This
graphical representation is simply called the quantum circuit. Now we show an

example of the quantum circuit in Fig. 2.1.

)

Figure 2.1: An example of a quantum circuit. The input state is [¢)), X operation
is applied, and eventually the qubit is measured in the Z basis.

The input state is written in the leftmost of the quantum circuit, and the op-
erations applied are shown in the middle, eventually the state is measured in Z
basis, which is drawn in rightmost. When X and Y operations are applied, they
are similarly written to Fig. 2.1.

Typical gates also include the Hadamard gate and 7' gate, which can be ex-

pressed as in Eq. (2.68),

1
H= (X +2)

N
T = i~ 7
exp(z8 >,

and they are graphically drawn as Fig. 2.2.

(2.68)

We also express the rotation gate around x,y, z by rotation angle 0 as Fig. 2.3.
To describe, or even approximate arbitrary input-output relationships in quan-
tum computing (so called universal quantum computing), we need to have entan-
gling operations. It has been proved that only single qubit operations and con-

trolled not (CNOT) gates, which are one of the entangling gates, are required to
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Figure 2.2: The graphical representation of Hadamard gate and T gate.

Rx(0)

Figure 2.3: The graphical representation of rotation gate around z axis by rotation
angle 6.

approximate any multi-qubit gate to any desired accuracy [42]. The CNOT gate is

mathematically expressed as
Uen = 10) (¢ @ I + [1) (1] ® X1, (2.69)

where C' and T denote controlled and target qubits, respectively. The graphical

representation of CNOT gate is shown in Fig. 2.4. It is worth mentioning that,

——

S

Figure 2.4: The graphical representation of CNOT gate.

although the gates we have introduced so far are specific fixed unitaries, we can
also consider circuits whose gates are parametrised with a classical value. This is

essential in variational quantum algorithms (VQAs) [19, 20, 21, 22, 23, 24].

0 yr——7 i

Ry(eg) Ry(04)

|0) — Rz(01) Rx(6:)

oD
>

A
I

Figure 2.5: An example of a parametrised quantum circuit.
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Chapter 3

Quantum algorithms in the early
stage of quantum computing and

quantum error correction

3.1 Quantum algorithms

In this section, we briefly discuss certain quantum algorithms which were invented in
the early stage of quantum computing. Some of these algorithms have exponential
speedup over existing classical algorithms, and are expected to have a large number
of applications. However, these early quantum algorithms necessitate deep quan-
tum circuit and need to be implemented with fully coherent operations. Therefore,
a quantum error correction technique requiring encoding qubits has to be imple-

mented, which is costly in current quantum devices.

3.1.1 Quantum Fourier transform

Firstly, we mention quantum Fourier transform [43], as it has large number of

applications. The definition of quantum Fourier transform on orthonormal basis
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|jn-1)

Figure 3.1: The quantum circuit for Quantum Fourier Transform

10), ... [N — 1) is

N-1
. 1 Tim
) = 2 e ) (3.)
m=0

To express this process using qubits, it is convenient to introduce the product

representation as follows

(10) + €*™09n 1)) (]0) + e2m0dn=1dn 1)) .. (]0) + e270d1d2-dn [1) )
on/2

|j17j27 >]n> —

(3.2)

where N = 2", j = 512" 71 + 55,2772 + ... + 5,,2° using binary representation, and
0-Jmimetodn = Jm/2 + Jme1/2% + ... + jn/2"" ™" is the binary fraction. This

transformation can be realized using the quantum circuit shown in Fig. 3.1, where

1 0
R = (3.3)
0 ezm'/zl

With Fig. 3.1 and a straightforward calculation, the number of total gates
for the quantum Fourier transform turns out to scale as O(n?). On the other
hand, the best classical algorithm for computing Fast Fourier Transform requires
O(n2™) gates [44], which means the cost increases exponentially. However, this
does not immediately imply that quantum Fourier transform can be an extremely

useful tool for computing, as we cannot obtain the information of the amplitudes
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0)—x)
t qubits
register |O> @
10)—(#}
input 1 ( )
- 1 t—1
register ‘U>— U20 U2 U2

Figure 3.2: The quantum circuit for quantum phase estimation

in a quantum computer directly. In spite of that, quantum Fourier transform has
useful applications for quantum algorithms, such as quantum phase estimation and

factorisation as we discuss in the following subsections.

3.1.2 Quantum phase estimation

Phase estimation is one of the important applications of quantum Fourier trans-
form [45]. Phase estimation algorithm is the quantum algorithm with which we can
evaluate the eigenvalue ™ for an eigenstate |u) of a unitary operator U. Here
we assume that the phase can be expressed by using ¢ bits as ¢ = 0.¢1...¢y =
&1/2+ /2% + ...+ ¢¢/2!. In this case, The crucial requirement of this algorithm is
the capability to perform the controlled U 2 gate. The quantum circuit for quantum
phase estimation is shown in Fig. 3.2.

The qubits comprise of two parts: the first register with ¢ qubits, (¢ is relevant
to the precision) and the second register which is used for expressing |u). Also, the
algorithm consists of two stages.

Suppose, firstly the ¢ qubit register is set to |0) and the first stage corresponds
to applying Hadamard gates to the ¢ qubit register and performing controlled U?

gates from j = 0 to j = t successively, as shown in Fig. 3.2. Then, the state of the
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t qubit register becomes

%( 10) 4 2™ 1) ) (10) + 2™ 70 1) ). (10) 4 €22 1)) (3.4)
_ %( 0) + €270 [1) ) ([0) + 2700101 1Y) _(|0) + e20002-01 1)) (3.5)
= Fo(|¢1, 02, ... 0r) ) (3.6)

Where F, is the map for quantum Fourier transform, and we expressed ¢ =
0.01...0r = ¢1/2+ /2% + ...+ ¢¢ /2!, using the binary expression. The second stage
involves performing the inverse quantum Fourier transform JF ! to the t qubits reg-
ister, which can be implemented with O(#?) steps, so that the final state becomes
|p1, @2, ...¢¢). Therefore, by measuring the state in the computational basis, we can
obtain ¢. The precision is restricted by ¢t. For a more general case where the phase
estimation is applied to the superposition of eigenstates of U such as ) ¢, |u), the

state is projected to |u) with a probability |c,|?* [46, 31].

3.1.3 Shor’s factoring algorithm

Shor’s factoring algorithm is the most well-known quantum algorithm that has
had a significant impact on the field of the quantum information. The vital point
of this algorithm is that it is practically useful: it makes factoring exponentially
faster than existing classical algorithms, and breaks the conventional public-key
cryptography such as RSA scheme based on the complexity of factoring [1]. Shor’s
factoring algorithm only requires O(L?) gates [31, 1], where L = [log(N)]. The key
of Shor’s factoring algorithm is to use the phase estimation algorithm to solve the

order finding problem

a"=1 (mod N) (3.7)
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and to find integer r for @ randomly generated in the rage 0 < a < N, which cannot

be solved efficiently by classical computers.

3.1.4 Quantum simulation

As the quantum system to be simulated becomes large, the Hilbert space to ex-
press it grows exponentially, thus simulating a large sized quantum system is an
intractable problem for a classical computer.

The concept of quantum simulation was proposed by Richard Feynman in 1982,
as can be seen in the quote “Let the computer itself be built of quantum mechanical
elements which obey quantum mechanical laws.” [47]. After more than a decade,
Seth Lloyd showed that quantum computers can act as the universal simulator of
quantum systems [2]. Quantum simulation is considered to be useful for a variety
of problems, including quantum chemistry.

The algorithm introduced by Seth Lloyd, generally called digital quantum sim-
ulation, is for simulating the time evolution of a quantum dynamics, and can be
implemented by using the Trotter decomposition [31]. Suppose we try to simulate
the Hamiltonian H on a quantum computer. As the formal solution of Shrodinger
equation 4 [¢(t)) = H[¢(t)) is |¥(t)) = exp(—iHt) |1(0)), the goal is to sim-
ulate the time evolution unitary operator U(t) = exp(—iHt). Assume that the
Hamiltonian can be expressed as the sum of local interactions, which is a reason-
able assumption for many quantum systems, for instance the Hubbard and Ising

models,; as follows

H— Z Hy, (3.8)

where Hj, is a local interaction Hamiltonian. Then, by using the first order Trotter

decomposition, we can decompose the time evolution unitary operator into local
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gates so that we have

U(t) = ( IT el —z’H,J/N)) L O(2/N) (3.9)

For sufficiently large N, we obtain
N
U(t) ~ (H exp( —z’Hkt/N)) (3.10)
k

By iteratively applying [, exp(—iH kt/N ) for N times, we can simulate the quan-
tum dynamics to time ¢t. However, to enhance the accuracy we have to have large N,
so that a larger number of gates are required, and to prevent errors accumulating,
fault tolerant quantum error correction we will mention later is required.

Also, Alan Aspuru-Guzik et al., presented a quantum algorithm which can es-
timate the ground state energy and prepare the ground state of a molecule, rather
than the time evolution of a quantum system by using a quantum phase estimation
algorithm combined with the adiabatic state preparation [3]. The idea is that in
the quantum phase estimation algorithm, by setting U = exp( —iH 7') where H
is the simulated Hamiltonian, the molecule energy E are mapped to the informa-
tion of phase as 2m¢/T where ¢ is the phase estimated in the algorithm. The gate
complexity of this algorithm grows polynomially to the system size and the desired
accuarcy, assuming the number of terms in the Hamiltonian grows polynomially,
and this algorithm enables exponential speedup over classical algorithms [3]. How-
ever, to implement the phase estimation, every process on the quantum circuit has
to be coherent, therefore, the performance of it is severely restricted by coherence

time of the system.
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3.2 Quantum error correction

As the main focus of the thesis is hybrid quantum-classical algorithms and quantum
error mitigation, it does not contribute to the field of the quantum error correc-
tion. However, it is important to mention quantum error correction for readers to
understand the motivation to introduce hybrid quantum-classical algorithms and
quantum error mitigation. Here, we explain the principle of fault tolerant error cor-
rection. The basic idea of any error correction code is to encode and thus protect
quantum states. Before proceeding to the discussion of quantum error correcting
codes, we briefly review the classical 3 bit code. In this encoding, the information
is encoded in 000 or 111. Suppose, these bits are sent through a noisy channel,
and flip with independent probability p. In this case, if we employ majority voting
to correct the code, the failure probability p; is p; = 3p*(1 — p) + p3, which is a
probability where errors occur to two bits or three bits. Thus, we can suppress the
error probability p to O(p?). The basic idea of the quantum error correction is the
same. However, there are some constraints in it: no-cloning theorem and collapse

of wave function by measurement.

3.2.1 Three-qubit code

Firstly, we review the most basic error correcting code, the three-qubit code with
which we can correct a qubit flip error (X error) [31].
Suppose, the qubit state we want to preserve is ) = a|0) + 5 |1). By using

two control NOT gates as shown in Fig. 3.3, we can encode the state as
|) — «]000) + B |111) (3.11)

However, if we naively measure the state of the qubit, the superposition is de-
stroyed. Therefore, a “syndrome” measurement is implemented, which does not

measure the state but just “parity” of the state. More concretely, using the circuit
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Figure 3.3: The quantum circuit for three qubits code

shown in Fig. 3.3, we measure 717> and Z,Z3 by using two ancilla qubits, where
Z; denotes sigma 7 operator operating on the ¢ th qubit. Depending on the signs
of these operators, we can spot what qubit was affected by errors, summarised in
Table 1. To find the value of ZsZg, in practice we can apply CNOT gates from

qubits A and B onto a target ancilla initially in |0), and measure as in Fig. 3.3.

error no error | qubit 1 | qubit 2 | qubit 3
state of ancilla 00 10 11 01
AVZ +1 -1 —1 +1
AVA +1 +1 —1 -1

Table 3.1: State of the ancilla state depending on the error location and measured
value of leg and ZQZg

If we hope to suppress the phase flip error (Z error), we should simply change
the basis using the Hadamard gate and have the syndrome measurement of X; X5

and X2X3.

3.2.2 Shor code and Steane code

The problem of the three qubit code is that we cannot suppress bit flip and phase

flip simultaneously. Here, we mention Shor and Steane codes [7, 8], which can
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suppress arbitrary errors on a single qubit.

In the Shor code, firstly each qubit is encoded as [0) — |+ + +) and |1) —
|- — —), which protects the state from phase flip errors and secondly each |+(—))
state is encoded as |+) — \%(|OOO) + |111)), protecting flip errors, and hence

3 X 3 =9 qubits are required. Then, the state is encoded as

(/000) + |111))(|000) + |111))(]000) + |111))

2v/2
(]000) — |111))(]000) — |111))(]000) — [111))

2v/2

10) — (3.12)

1) — (3.13)
This encoding corresponds to the syndrome measurements of the observables Z; 75,
Lolls, Lals, Lsle, Lrvlg, LgZg, which can detect flip errors, and X;.X5X3X,X5XG,
Xy X5X6X7XsXy, detecting phase flip errors. The reason we associate the observ-
ables with the code will be clarified in the later section on the stabiliser formalism.
Also, as the Y operator can be expressed as a product of X and Z, we can detect
Y errors, resulting in the capability to protect against all the arbitrary one-qubit
errors.

Furthermore, there is a similar code for protecting arbitrary errors on a sin-
gle qubit, which only uses 7 qubits (Steane code). This implements a syndrome
measurement, of observables ITIXXXX, XIXIXIX, IXXIIXX, [IIZZ77,
ZI1Z1Z17, I1ZZI1ZZ. Only I and either of Z or X is included, leading to the
convenience of this quantum code. Also, it has been shown that the minimum
code for protecting arbitrary errors on a single qubit is five qubits code [11, 10] by
Bennet and Laflamme indendently, which measures XZZ X1, IXZZX, XIXZZ,
ZXIXZ.

3.2.3 Fault tolerant quantum computation

To implement quantum computation, merely encoding qubits is insufficient. If

the noise is amplified during the error correction, it can no longer be corrected.
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Therefore, we should construct the quantum circuit on the assumption that errors
can occur in every quantum operation, and even in that situation quantum error
correction should be successful. This is the concept of fault tolerant quantum
computation [12, 13]. While the details of fault tolerance techniques are beyond
the scope of this thesis, we note that the community has made considerable effort in
the design of circuits for the evaluation of quantum error correction codes that are
fault tolerant in the following sense: If a logical qubit without error enters a circuit
for error correction (for example, for the Steane 7-qubit code) then no single gate
or measurement failure can result in corruption to that logical state to the extent
that a further, perfect round of error correction would result in a logical error. This

concept is highly relevant to concatenated codes, which we now outline.

3.2.4 Concatenated codes

By recursively repeating the encoding, it is possible to suppress the error rate even
further, which is called code concatenation [48]. For example, if we use the 7 qubit
Steane code, if the failure probability of a single qubit is p, then the effective error
rate in a encoded block becomes cp?, where c is some constant. If concatenated
once, (using 49 qubits), the effective error rate reaches c(cp?)?, and with L levels of
concatenation reaching the error rate (cp)?”/c. Suppose that the number of gates
in the quantum circuit is Ngate, and the simulation accuracy we hope to achieve
is €. In this case, the following ineaquality should be satisfied, as the acceptable

inaccuracy per gate should be below €/Ngate

(cp)* e
14
c = Ngate (3 )

Thus, given p = py, = 1/¢, we can find L which suffice inequality (3.14).
It is important to note that the number of the gates to realise this accuracy

is O(poly(log(Ngate/€))), only increasing poly-logarithmically. The problem of the
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concatenation encoding is that as L increases, it is required to have non-local en-

tangling operation, which is extremely difficult to implement in real experiments.

3.2.5 Stabiliser formalism

There exists a extremely useful formalism for expressing error correcting codes,
called the stabiliser formalism [49] . In the explanation above, we expressed states
using a state vector. Meanwhile, the coding space can be a defined as the eigenspace
with eigenvalue 1 of chosen Pauli operators. To give an example, in the three
qubit code, syndrome measurement is implemented by measuring observables Z; 7,
and Z,Z3, which are stabilisers. Also, the operators for syndrome measurements
used in Steane code I'TITX XXX, XIXIXIX, IXXIIXX, IIIZZZZ, ZI1ZIZ1Z,
17271177 are also stabilisers to define Steane code. It can be easily shown the
eigenspace of eigenvalue 1 corresponding to these operators is a space spanned by
vectors |000) and |111), which is obviously the coding space of the three qubit code.

Then, suppose the flip error X; occurs. The noise affected state is X [¢)) and
W72 X1 W) = =X12175 ) = — X1 |9), using anti-commuting relationship of X3
and Z;Z,. From this simple argument, by the effect of X; noise, the measurement of
the stabiliser operator gives the measurement result —1, which signals the existence
of errors. Therefore, we can detect the action of operators which takes the state
out of the code space as noise, due to the noncommutative relationship between

stabiliser operators and noise operators.

3.2.6 Topological error correction codes

Here, we discuss topological error correction codes [50]. Topological error correction
codes are codes that have stabilisers which are spatially local and products of Pauli
operators, and have translational symmetry. As examples of topological codes,
there are the surface code [51], color code [52], 3D cubic code [53], and fractal

code [54]. Here we mainly illustrate the surface code.
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Figure 3.4: The schematic figure for surface code. White circles correspond to
data qubits. Blue plaquettes denotes the stabilizer X X X X with the central yellow
circles corresponding to the ancilla qubit to measure it. Gray plaquettes denotes
the stabilizer ZZ 77 with the central red circles corresponding to the ancilla qubit
to measure it.

In Fig. 3.4, we show the schematic of the surface code, where white circles are
data qubits. The surface code specifies the code space by operators (X X X X); and
(ZZZZ);, where i and j corresponds to the plaquettes shown in Fig. 3.4, the central
circles of which are qubits for syndrome measurements of these operators. The size
of the surface code can be arbitrarily large, resulting in lower failure probability. A
key advantage of topological codes to note is that only local operations to plaquette
operators are required for error correction, unlike the case using concatenation code,
leading to an easier route to the scalability of the quantum processors. We also show
the schematic of the smallest two-dimensional colour code in Fig. 3.5. It is worth
mentioning that it is equivalent to the Steane 7-qubit code.

It was shown that by using the surface code, quantum computation is possible
with the per-step fidelity around 99 %, and eventually in 2014, John Martinis’s
group reported they reached single qubit gate fidelity 99.92 %, and 2 qubit gate
fidelity 99.4 % with 5 qubit device, which is above the threshold [14]. Also, by util-
ising ion trap system, single qubit fidelity 99.9999 % was realised in 2014 [15], with
2 qubit gate fidelity 99.91 % attained in 2015 [16]. These high fidelities quantum
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Figure 3.5: The schematic figure for the smallest two-dimensional colour code.
White circles correspond to data qubits. Sg?( 2 (1 =1,2,3) in the figure correspond
to the stabilisers specifying the code. The smallest two-dimensional colour code is
equivalent to the Steane 7-qubit code.

gates are very encouraging, but it remains unclear if the fidelities can be achieved

with larger numbers of qubits.
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Chapter 4

Hybrid quantum/classical

algorithms

4.1 Hybrid quantum/classical algorithms

As seen in the previous section, for fault tolerant quantum devices based on today’s
prototypes, it is necessary to use hundreds, or even thousands of physical qubits to
encode a logical qubit. It has been shown that to execute a conventional quantum
algorithm, such as Shor’s algorithm, millions of qubits are required [18], which is
well beyond the current technologies.

On the other hand, it is believed that it is possible to implement some compu-
tation tasks exponentially faster than classical computers, by combining quantum
computers and classical computers [19, 20, 21, 22, 23, 24]. The intuition is, as a large
portion of the computational burden is assigned to the classical computer, fully co-
herent deep circuits are not required, unlike quantum algorithms in the early stage
of quantum computing, which need quantum error correction. Such algorithms are
called hybrid quantum/classical algorithm. Also, to suppress computation errors,
we can use quantum error mitigation techniques we will mention later in this thesis,

which do not require encoding. This leads to a significant reduction of necessary
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qubits required to outperform classical computers. These algorithms are studied
intensely as some research groups such as Google and IBM are working towards re-
alising the small quantum devices which may be useful for hybrid quantum /classical
algorithm composed of tens or hundreds of qubits. In this section, we illustrate the

current development of hybrid quantum/classical algorithms.

4.1.1 Variational quantum eigensolver

The variational Quantum eigensolver (VQE) is an algorithm to evaluate eigen-
energies and eigenstates of some Hamiltonian H, theoretically proposed and ex-
perimentally demonstrated in the same publication in 2013 for HeH" using two
qubits with a photonic quantum processor [19]. The VQE can be contrasted with
the quantum phase estimation (QPE) algorithm, which also can evaluate eigen-
energies of a given Hamlitonian, but requires fully coherent evolution [3]. On the
other hand, the essential point of the VQE is that it does not need fully coherent
evolution, and so the coherence time does not have to be as long as the one required
for QPE algorithm.

A concise explanation of the VQE is as follows [19, 21, 22]. We generate the

parametrised trial wave function |®(6)) by using a quantum processor. According

to the Rayleigh-Ritz variational principle, the following inequality holds;

— —

(®(0)] H[2(0)) = Eg, (4.1)

where Eg is the lowest energy eigenvalue of the Hamiltonian H, and 6= 01,0y, .....,0,)T
is a vector of independent parameters. Therefore, by calculating (®(6)| H |®(6)) and
optimising parameter ] by using a classical computer, we can find the ground state
energy and the parameter 0 giving the ground state.

If the trial state is characterised by an exponentially large number of param-

eters, quantum simulation cannot be implemented with a polynomial number of
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operations. Therefore, the quantum state has to be parametrised by a polynomial
number of parameters. For general problems this may mean that the true ground
state cannot be represented exactlly by the trial state (only approximated). When

we parametrise the trial state as

|q)( )) = U(g) |q)7"ef> ) (42)

— —

where |®,.f) is a reference state, we refer to |®(6)) as the ansatz state, and U(f)
as the ansatz circuit. To have an efficient quantum simulation, it is vital to use a
suitable ansatz for the problem. For example, the unitary coupled cluster ansatz
is a suitable ansatz for chemistry, because it reflects the detailed structure of the
chemistry problem [55, 19, 56]. However, the structure of the quantum circuit
tends to be complicated when the unitary coupled cluster ansatz is used, and hard
to implement by using the current noisy quantum devices with limited connectivity.
This can be circumvented using so called “hardware efficient ansatze” , which are
experimentally more feasible to implement [19, 23, 20]. However, hardware efficient
ansatz does not consider any details of simulated quantum systems, therefore it
seems unsuitable for the simulation of large molecules [57].

To simulate molecules, firstly we consider the fermionic Hamiltonian

H; = Z tijcjcj + Zuijklc;rczclcj, (4.3)
ij ijkl
where c;- denotes a creation operator for a fermion in the j-th orbital, and ¢;; and
u;;r are the one and two electron interactions, which can be efficiently calculated
by integrating the basis set wave functions [58, 59]. We map this Hamiltonian
to qubits, by using second quantised encoding methods, such as Jordan-Wigner,

parity, and Bravi-Kitaev encodings [3, 60, 61]. For example, by using Jordan-
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Wigner transformation

I Qo @SN (4.4)

i = I @t @o?N (4.5)

+

where [ is an identity operator, o= is a raising (lowering) ladder operator, and o,

is a Pauli Z operator, we can map the fermion Hamiltonian to the form

Hy=Y fa0a. (4.6)

Here, 0, = 0f" ® 05 ® ...o3}" with Pauli operators o5’ € {I’,0J,0J, 0}, which
can be described using a quantum circuit composed of qubits. Then, the cost

— — —

function corresponding to the energy to be minimized E(0) = (®(0)| Hy|P(0)) =
Yoo ta (®(8)| 0 |®(6)) can be computed by calculating the expectation value of
Pauli operators o, in the quantum circuit and summing up with appropriate coef-
ficients f,. The measurement of o, can be parallelised.

The time required after state preparation until measurement is O(1) and we can
reinitialise the quantum circuit. This implies that the VQE does not require as long
a coherence time as is necessary for phase estimation [3]. Once we have obtained
E (5), we update the parameters by using a classical computer. A fast and accurate
optimisation method should be chosen, so that the solution can reach the global
minimum (or feasible solution) in a reasonable time.

The downside of this algorithm is the total number of operations is O(e™?)
for precision € due to shot noise [19, 22|, which is quadratically worse than phase
estimation. In addition, the solution is not necessarily correct: the solution might
be a local minimum of the ansatz space.

The VQE was experimentally demonstrated by several groups [19, 20, 62, 63,

64, 65, 66]. For example, it was demonstrated for BeHy, which has a far more com-

plex structure than HeH™, using 6 qubits with superconducting circuits by IBM
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group [20]. In Fig. 4.1, we show the experimental results obtained from supercon-

ducting system [20].
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Figure 4.1: Ground state energy of BeH, depending on the inter-atomic distance,
obtained using the VQE with a superconducting system. Black circles represent
experimental results, the dotted line shows the exact theoretical curve, and den-

sity plots correspond to numerical simulations of this experiment. This figure is
reproduced from Ref. [20].

Furthermore, the VQE can also be used for finding an approximate solution
of classical optimization problems such as MaxCut. This is called the quantum
approximate optimization algorithm [23].

It is worth noting that the VQE is inherently robust to coherent errors, such
as qubit over rotation [22]. Suppose the ansatz space for the VQE is described by
the unitary operator U4 ( ﬁ). Due to the effect of the noise, the actual operation is
described by some different unitary operator U4(f). If there exists the parameter
0 + @ such that ||U4(0) — Ua(6 + @)|| < e for sufficiently small € > 0, Uy (0 + &)
also gives the correct ground state energy, hence the parameter to give the ground

state just changes to gopt + a from é)pt.
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Furthermore, consider the case the ansatz should conserve some quantity, such
as the total electron number of the molecule [22]. If an error changes the conserved
quantity, the argument discussed above cannot be applied. However, this problem

can be resolved by optimising the modified cost function

— —

(®(0)| H + Zﬁj(@j —q;1)*[2(0)) (4.7)

where {Q;} is the set of the operators for conserved quantities, ¢; is the correspond-
ing ideal expectation value of ();, and f; is the penalty coefficient which should be
sufficiently large. For instance, if the ansatz space of interest is a subspace of the
eigenspace of the fixed electron number such as unity, we should set ¢; = 1. Now, if
the state gets in the wrong subspace whose electron number is 2, the cost function
increases by 3;. Therefore, the parametrised state tries to avoid subspace other than
g; = 1. Consequently, we can explore the parameter space whose electron number
is unity, i.e., the eignesubspace of electron number operator, whose eigenvalue is
unity.

Moreover, we can also utilise quantum error mitigation techniques to suppress
physical and even algorithmic error, which we will consider in a later section [24,

28, 29, 30].

4.1.2 Real and imaginary time evolution quantum simula-

tor

There are also variational quantum algorithms for simulating real and imaginary
time evolution, introduced in Ref. [24] and [46], respectively. The real time evolu-

tion is described by the Schrodinger equation,

d) _
S — i (1)), (1)
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with hermitian Hamiltonian H. Instead of directly simulating the real time dy-
namics with the Hamiltonian simulation algorithms [2, 67, 68, 69], the variational
method assumes that the quantum state |¢(t)) is prepared by a parametrised quan-
tum circuit, |p(0(t))) = Un(0x) ... Un(0x) ... Ui (61)]0) with each gate Uy(6y) con-
trolled by the real parameter . Here, we denote 0= (01,02, ...,0Nn).

There are three variational principles which can be used in classical simulation of
quantum dynamics in order to map the equation of the wave function to the param-
eters: The Dirac and Frenkel variational principle [70, 71], McLachlan’s variational
principle [72], and the time-dependent variational principle [73, 74]. The solution of
the Dirac and Frenkel variational principle involve complex numbers, although pa-
rameters for gates in a quantum variational algorithm are real. The time-dependent
variational principle gives the unstable evolution of the parameters, and no physi-
cally feasible equation is obtained when it is applied to the simulation of the density
matrix. McLachlan’s principle is the most consistent variational principle for the
cases we will mention in this section, so that we use McLachlan’s variational prin-
ciple [75].

According to McLachlan’s variational principle [72], the real time dynamics of
1h(t)) can be mapped to the evolution of the parameters 6(¢) by minimising the
distance between the ideal evolution and the evolution induced of the parametrised

trial state [24],

—

oll(9/at +iH) |p(6(1))) || = 0, (4.9)
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where || |¢) || = (¢|p) is the norm of |¢), and

10/0t +iH) [p(0(t)) || = ((0/0t +iH) |$(0(t)) (0/0t + iH) [$(0(t))))
2 {p(0(t)] D]0(0(1))) 5. ;
_; 00 o6,
L 0ed) 0161, (410
+z‘2k: @aek H | @zk: o(0(t))| H @aek 6,

Suppose 0, can be complex, then we have

s1(0/01-+ i) o)) 1 = ( (Z eIl 2 |<,o<5<t>>>> 30,

k

2 {o(0(1))| 0 l(0(1)) . o(00)  +;
T (z]: 06, 96, 0; —i(p(d it ))|H—89k ) 59k>-
(4.11)

Now, assuming 6, is real, we have

5110/t + iH) [0 [ = 3 (Z <3(¢(9(t))| 01(0(t)) , 9 (p(0(1))| 3|90(9(t))>)9~j59-k

—~\ < a6, a6, a6, 96,
(4.12)
i HELON 060 - (otdtop rEE Y, ) o
(4.13)
Thus, we obtain
> My 6, =W, (4.14)
with coefficients
M. —R <(9 (p(0(1)] \90(5(2?)»)
RN % (4.15)

Vi = Im( (p(6(1))] H%Z;it)))) '
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It is worth noting that, in order to get optimal performance, we need an extra
parameter corresponding to the (meaningless) global phase [75]. We can also derive
similar equations by using the Dirac and Frenkel variational principle and the time-
dependent variational principle.

The imaginary time evolution is used as an efficient optimisation routine to
find the ground state of molecular Hamiltonian, or the Hamiltonian in which the
solution of the optimisation problem is encoded [46]. For imaginary time evolution,
the normalised Wick-rotated Schrodinger equation is obtained by replacing t = i7
in Eq. (4.8) [76],

d[y(7))

— g = —H = (H) (7)) (4.16)

Applying a similar procedure for real time evolution, the imaginary time evolution

is mapped to the evolution of the parameters via McLachlan’s principle,

—

6[/(9/0r + H — (H)) |¢(6(7))) || = 0. (4.17)

The evolution of the parameters is
> My ,0; = Cy, (4.18)

J

with M given in Eq. (4.15) and C' defined by

C, = —Re (@(5@)); H%ﬂ) . (4.19)

The M, V, and C terms can be efficiently measured with quantum circuits.

Considering gate based circuits, the derivative of the parameterised gate can be
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Figure 4.2: Quantum circuits that evaluate (a) Re(e® <G|U,I’in7q|(_))) and (b)
Re(e™ (0| U} ,0,U [0)) [24, 46, 75).

expressed as

oU,
an = ng,iUko'k,z’7 (420)

i
where 0}, ; are unitary operators and g ; are complex coefficients. The derivative of

the trial state can be written as

3\908(221?)» _ ;gk,iUk,i 0) | (4.21)

where
Uk,i =UnUn_1--- Uk+1Uk0k,i Ul (4-22)
The M}, ; terms can be expressed as

My; = 3" Re (97954 (01 UL Ui D)) (4.23)

i,q

Similarly, considering a sparse Hamiltonian with decomposition H = ) ; fio;, fj €
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R, we have C) and V} as

Vi=> Re <i9;§,ifj 0| Ul 05U @) :
b7 (4.24)
Cr == Y Re (g1.:f5 (01 UL oU [0))

i3

All the M, C', and V terms can be written in the form
aRe (ew (0] V10)),

where a,0 € R depend on the coefficients, and V is a unitary operator of either
U,IJ.U]-,q or U,I,iajU. We can calculate M, C', and V' by using the quantum circuit
shown in Fig. 4.2.

Then, the flow of the algorithm for simulating the real time evolution is

1. Determine 6(0)

2. Send it to the quantum computer and calculate M, ; and V.

3. Send the calculated Mj ; and Vj to classical computer and obtain 5(0) by
solving Eq. (4.15).

4. We have 6(5t) = 6(0) + 66(0)

5. Send 6(6t) to the quantum computer and calculate My, ; and V.

By iterating process 3 - 5, we can obtain the state at time ¢ after real time
evolution. By changing Vj. to C, we can simulate the imaginary time evolution.

We show the numerical simulation result of the variational imaginary simulation
in Fig. 4.3 for Hy with 2 qubits [46]. It successfully simulates the exact imaginary
time evolution. Also, it has been verified that imaginary time evolution was useful
for finding the ground state of LiH with 6 qubits compared with other classical
optimisation methods, with regard to the convergence time for optimisation and the

probability for discovering the ground state [46]. In the simualtion, the hardware

efficient ansatz was used.
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Figure 4.3: Numerical simulation of the energy of Hy under imaginary time simu-
lation. The blue line denote the variational imaginary evolution, with the dashed
black line corresponding to the exact imaginary time evolution. The red line is
the exact ground state energy of Hs. The inset figure shows the fidelity of the
variational imaginary evolution and the exact imaginary evolution. The plots are
reproduced from Ref. [46].

45



Chapter 5

Quantum error mitigation

5.1 Error mitigation techniques

The idea and techniques about quantum error mitigation described in this chapter
are built upon by author’s research as explained in chapter 7. It is essential to
suppress the computation errors in quantum algorithms. Due to imperfections of
gate operations, such as decoherence, errors can accumulate in the quantum circuit,

so that the noisy output state pyise becomes

Pnoise = NNmt o gNmt O -~ ONI o gl (pinit); (51)

where the ideal operation can be expressed as pigeal = GnoGN_1.--G1(pinit). Here, N,
is the noise channel accompanying the k" ideal gate operation Gy, Ny is the number
of gates, and py,; is the initial input state for the quantum circuit. As explained
in section 3.2, the noisy output state can be corrected with fault tolerant error
correction that utilises extra qubits to detect errors and correct the state. However,
fault tolerant error correction is considerably costly and is hard to realise with
current quantum hardware as seen in the previous section. Therefore, it is desirable
in hybrid quantum/classical algorithms to use all qubits as logical qubits without the

conventional error correction technique, as the number of qubits is restricted. The
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hybrid quantum/classical algorithms rely on the ability to calculate the expectation
value of some observables using quantum processors [19, 24, 75, 46, 22]. For noisy
intermediate-scale quantum devices with a restricted number of qubits, quantum
error mitigation methods mentioned in this section require no extra qubits and can
suppress errors for expectation values of observables with simple post-processing
of different runs of the quantum circuits. More concretely, although we cannot
recover the ideal output state piqeas With quantum error mitigation technique, we
can estimate the ideal expectation value <Aidea1> = Tr(pidealfl) for observables A (24,

28, 29).

5.2 Extrapolation technique

Now, we explain the Richardson extrapolation error mitigation methods [24, 28, 29].
These methods were proposed by Li & Benjamin and an IBM group, indepen-
dently [24, 28]. We show the schematic figure for showing the linear extrapolation

(or first order Richrdson extrapolation) in Fig. 5.2.

A

(0) (0)

O

\ 4

Error rate E

Figure 5.1: The schematic figure showing extrapolation technique.

For a noisy circuit with error strength €, the noisy output state p. deviates from

the ideal noiseless state. For example, for stochastic errors

Nie=(1-pZI+pNy, (5.2)
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we can set € o< p, where Z is the identity map, N, is a noise map, and p € [0, 1]
denotes the strength of the noise. The noisy expectation value (A} (€) can be
regarded as a function of € and it can be Taylor expanded according to different

orders of ¢,

(A) () = (A) (0) + ) Aje? + O(e"), (5.3)
j=1

where A; is independent of € and (A) (0) is the noiseless expectation value. For
a considerably small e, we have (A) (¢) ~ (A) (0). With several different noisy
expectations (A) () for different e, error mitigation is able to infer the noiseless

expectation value (A) (0) to a higher accuracy.
Suppose the expectation value of the observable (A) () is measured for several
rescaled noise rates aje with ap = 1 < a; < as... < a,, which can be achieved by
increasing the physical noise, by rescaling the Hamiltonian parameters and evolution

time of the system [28]. We will explain the method to boost the physical error rate

later. Then we can estimate (A) (0) by Richardson extrapolation method [77],

(A),, (0) = Z% (A) (aie),
=2 A) (0)+ DAY el + O (5.4)
= (A) (0) + O(e™*),

where 7; is chosen such that > v =1, 3.1 val = 0 for j = 1,2,...,n, so that
higher order terms of £ cancels out as 2?21 At 30 %a{ = 0. By extrapolat-
ing n points with different error strengths, we can accurately estimate (A) (0) and
suppress the error to O(e"™!). When n = 1, we call it linear or two-point extrap-

olation; when n = 2, we call it 2nd order Richardson or three-point extrapolation.
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The variance of the estimation (A)__, (0) is

Var((4),,, ( Z viVar((A),,, (a:€)). (5.5)

2 are similar for different error strengths, the

Suppose the variance Var((A)_, (a))
variance of the estimation (A)__, (0) is 31, 42 times larger than the variance of each
measurement A(z—:) Therefore, to achieve the same shot noise of each measurement

~

A(e), we need to run the circuit Y ;| v? more times and we denote

Dphys = Z Vi (5.6)

as the cost of physical error mitigation. Note that, it is numerically confirmed that
I'pnys generally increases exponentially to n in Ref. [78]. We can thus only choose
a small constant value of n in practice in order to avoid such an exponentially
increasing cost.

For example, when we estimate <A)est (0) by using linear extrapolation with
error rates € and re (r > 1), (A),, (0) = 7/(r — 1) (A) (¢) — 1/(r — 1) (A) (r¢), and
assuming Var | (A) ()] = Var[ (A) (re)]

Var[ ()., (0)] = = Var [A(9)]. 5.7
thus we obntain
1+ r?
Lphys = m, (5.8)

which is a monotonically decreasing function of r. The resource cost can be reduced
with a larger r, however with an increase of the estimation error. Therefore, one
needs to optimise r by taking into account the shot noise due to finite samples and

the error due to the extrapolation method.
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Firstly, in Fig. 5.2, we show the result from the IBM team [28] where the
extrapolation enhances the accuracy of the expectation value of a randomly chosen
Pauli operator from a certain quantum circuit, for three types of noise: depolarising
noise, mixture of damping and dephasing noise, and non-Markovian noise, where
each qubit is coupled to its single qubit bath b; via a Hamiltonian V; = 1/2X;® X, +
1/27,. We can see that the more the sampling point n is, the better accuracy we
obtain. However, note that as we increase n, the variance increases exponentially,
therefore there is a tradeoff between the accuracy of the expectation value and the

sampling error.

AE Depolarizing noise AFE Ampl. Damp / Dephasing AE non - Markovian
10° 107 10?
2 4 /——_'_'___-
10 2 10 10 S — -
3 6 s
10 107
107 4 -
10 10°® e
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10 /e
10°® 10 102

— - AQ — - — )\4

Figure 5.2: The performance of extrapolation technique for three types of noise
models: depolarising noise, mixture of damping and dephasing noise, and non-
Markovian noise, where qubits are coupled with some qubit bath. The vertical axis
shows the deviation from the ideal value, and horizontal axis is noise rate. n of A"
in the figure denote the number of sample points for extrapolation. The larger n

is, the smaller the deviation becomes dramatically. This figure is reproduced from
Ref [28].

Also, Li & Benjamin applied linear extrapolation with the real time quantum
simulator [24]. We show how the efficient variational quantum simulator plus ex-
trapolation scheme works in the regime (A) (¢) behaves linearly in Fig. 5.2. Three
different simulation methods are compared. The simulated system is three qubit 2D
Ising model with transverse fields. The metric of the computation error is the trace

distance from the ideal state. Trotterrisation of an evolution operator is a standard
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method to simulate the dynamics of quantum systems, and physical errors accu-
mulate as shown in Fig. 5.2. Also, while the errors accumulate in the variational
real time simulation algorithm, we can combine it with extrapolation technique to

mitigate the error in a low level.

10 '}
DO-Z\/
= Trotterisation ~ 0.1— »
= 10 © 6t/(2m) 10
ol
Q
Hybrid
10
Hybrid with error reduction
0 0.5 1 1.5 2

t/(2x)

Figure 5.3: Numerical simulations of trace distance of ideal state and simulated
states, using conventional Trotterization, an efficient variational quantum simulator
(hybrid), and efficient variational quantum simulator plus extrapolation technique
(hybrid with error reduction) in the presence of depolarizing channel, whose error
rate is 0.01 percent for single qubit gates and 0.1 percent for 2 qubits gate. Vertical
axis is trace distance and horizontal axis is time. It is obvious that the hybrid

algorithm with error mitigation can suppress the error. This figure is reproduced
from Ref. [24].

Recently, the error mitigation technique using the Richardson extrapolation
was implemented experimentally by an IBM group [79]. By using the noisy data
and extrapolating them, they could reproduce the ground state energies of the Hy
(with 2 qubits) and LiH (with 4 qubits) molecules, utilising the hardware efficient
ansatz with the superconducting circuit qubits. Also, the ground state of an anti-
ferromagnetic four-qubit Heisenberg model on a square lattice with a transversal

magnetic field was simulated. The result obtained from the extrapolation tech-
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nique is fed to the optimisation routine and this process is iterated. As a classical
optimisation method, simultaneous perturbation stochastic approximation (SPSA)

algorithm was used.
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Figure 5.4: The experimental demonstration of extrapolation. The result of energies
(a) Hy and (b) LiH, depending on the interatomic distance. The inset shows the
connectivity of qubits. we can see that more accurate energy can be obtained due
error mitigation. For (a), the depth of the quantum circuit is 2, and for (b) 3. This
figure is reproduced from [79].

5.2.1 The method to boost the physical error rate

By rescaling the Hamiltonian parameters and the evolution time, we can effectively
boost the error rate [28]. We outline how this can be done in a system where the
quantum gates are implemented by applying control pulses as in the superconduct-
ing system in Ref [28].

Now, we assume the quantum system (also including the

system’s quantum circuits) is described by stochastic equation for density matrix

d

7P

o = —ilH (1), o] + ML(pr),

(5.9)
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where H(t) is a time dependent Hamiltonian, £ is a stochastic effect, which can be
time dependent, and X is a noise strength. The goal is effectively increasing a noise
strength A to ¢, where ¢ > 1. Now, we rescale the Hamiltonian to + H (%), which is
experimentally achieved by reducing the pulse strength to 1/¢ times and widening
the pulse width by ¢ times. Now, suppose the state p) evolves in this setup, and

we have

d , 11 t , ,
=it (L) ]+ rci (5.10)

Now we show p)\(ct) = pea(t), which means by evolving the state under rescaled
Hamiltonian for ¢ times longer, we can effectively boost the error by factor of c. We
assume L is independent of rescaling and H(t). Now we define p,(t) := p(ct), set

t' = ct and we have

o) = T o 5.11)
= c{ - z{ %H(t—cl) , p;(t’)} + )\E(p&(t’))} N (5.12)
— i[H(®), ph(ct)] + AL(p) (ct) (5.13)
= —i[H(t), pa(t)] + cA(pa(l))- (5.14)
On the other hand, the equation p.,(t) follows is
S por(t) = —lH(D), por(8)] + AL{pr (1) (5.15)
(5.16)

Also pa(0) = pea(0), and we can see p,(t) and p.r(t) has the same time derivative

equation. Then we have p (ct) = pe(1).
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5.3 Quasi-probability method

An IBM group also proposed another type of error mitigation technique [28], called
quasi-probability method or probabilistic error cancellation method. The main
idea is to simulate the ideal unitary processes by randomly varying the noisy gates.
Suppose that formally the ideal unitary process U can be expressed using noisy

operations /C;

U=> nk; (5.17)

= VZPngD(m)’Ci (5.18)

where > .m; = 1, v = > . |mil, pi = %‘l, and generally v > 1. Here, U and K;
are superoperators, and U(p) = UpUT, where U is a unitary operator correspond-
ing to U. Thus, by randomly generating noisy operation K; with probability p;,
and attaching the sign sgn(n;) to the measurement result when measuring some
observable, averaging the results, and multiplying v to that value, we can obtain
the error free expectation value of the observable corresponding to the ideal unitary
process U. Note that the variance becomes 72 times greater, and we need to have
+? greater samples to have the same accuracy as the ideal case, which is the cost of
this method.

For example, suppose that the gate operation U is affected by depolarizing errors
as DU. The aim is to remove the effect of the noisy operator D, and this can be done
by applying D~! mathematically. Now, the depolarising channel can be written as

3
D(p) = (1= Jp)p+ S(XpX +YpY + Zp2), (5.19)
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and the inverse channel can be exressed as

3p
4(1—p)

= yp-1[p1p — p2(XpX + Y pY + ZpZ)], (5.21)

p

D (p)=(1+ M=)

)p — (XpX +YpY + ZpZ) (5.20)

where yp_, = (p+2)(2—2p) > 1, p1 = (4 —p)/(2p +4), and ps = p/(2p + 4).

Therefore, U can be described as

U=D"'DuU (5.22)

= vp-1 [pTDU — po(XDU + YDU + ZDU)), (5.23)

where Z, X', Y and Z are superoperators for [ ,X, Y, and Z operators respectively.
Then, from this expression, quasi-probability operation is constructed. We show
the schematic figure for the construction of the quasi-priobability method in Fig.
5.5.

It has been shown that amplitude damping error can be suppressed using the
identity, S gate, S~!, and the initialization to |0). For two qubits gate errors, the
necessary operations to suppress the error can be expressed as the tensor product
of the operations for single qubit gate.

Suppose that this error mitigation technique is applied in a quantum circuit,
and these error mitigation operations are applied after each gate. In this case, the

overhead coefficient vgate can be expressed as

Yeare = T3y (5.24)

where ~; is the overhead coefficient for error suppression operation after i the gate,
and Ny is the total number of the gates. In Fig. 5.6, we show the result of
probabilistic error cancellation technique.

Note that this technique needs the full knowledge of nature of noise associated
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Overhead ¥V

Operations Probability
I P1

+1

P2 —1

B

Noise Recovery Measurement
(Unphysical)

N o< X

Figure 5.5: The schematic figure for quasi-probability method in the case of depo-
larising channel. We randomly generate I, and X,Y, Z with probabilities p; and
p2, and when XY, Z is generated, we multiply —1 to the measurement result and
store it. We repeat the experiment and calculate the average value of the values
obtained. Finally, we multiply the overhead coefficient v to the average value, which
approximates the ideal expectation value free from errors.
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(b) mitigation on
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Number of simulated circuits
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o Simulation precision

Figure 5.6: The performance of probabilistic error cancellation. The vertical axis is
the number of simulated circuits and horizontal axis is the deviation from the ideal
value. When mitigation is on, while the mean of deviation become closer to 0, the
variance become broader due to cost. The simulated circuit is randomly generated
ideal Clifford+71" circuits on n = 6 qubits with the depth d = 20. This figure is
reproduced from Ref [28].
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with each gate, via process tomography. However, there are errors for preparing
the initial state and measurements, therefore the conventional process tomography
leads to imperfections in this error mitigation method. Also, there is a restriction
that this scheme cannot be used for non-Markovian noises such as correlated er-
rors. Furthermore, in the IBM group paper, only depolarising errors and amplitude
damping errors were mentioned. Also, it is worth mentioning that they implicitly
assume that error suppression operations are perfect, (for example, I, X, Y, Z op-
erations for depolarising errors, ) however, there is necessarily some noise to these
operations. Considering these points, this method has to be generalised to other
types of noise and noises to the error suppression operations should be taken into
account so that this technique would be utilised in real experiments. This topic will

be addressed in Chapter 8.

5.4 Other quantum error mitigation methods

5.4.1 Quantum subspace expansion

The quantum subspace expansion technique Ref. [80, 62] is designed to mitigate
errors in VQE and also it enables the calculation of the excited energy eigenstates.
This method can considerably suppress stochastic errors such as depolarising and
dephasing errors. By using VQE, we can find an approximate ground state [iq).
Such a ground state may deviate from the true ground state |¢)gs) due to errors in
the whole process. For example, when [1)gs) = X7 [1)g), we can simply apply a X
operation to |t)y) to get the correct ground state. However, in general, we do not
know which error occurred to the state, so we should instead consider expansion of
the state in a subspace {|o;¢9)}, with Pauli matrix o;. Then, one can measure the

matrix representation of the Hamiltonian in the subspace,

Hz‘j = <1/10| O'Z'HO']' |lp0> . (525)
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As the subspace states are not orthogonal to each other, we should also measure

the overlap matrix

Sij = <"Lp0| O'Z'O'j ‘1/10) . (526)

By solving the generalised eigenvalue problem
HC = SCE, (5.27)

with eigenvectors C' and diagonal matrix of eigenvalues F/, we can obtain the error
mitigated spectra of the Hamiltonian, including the excited states. This would be
true in general when the chosen subspace {|o;10)} can represent the full Hilbert
space. However, this is unclear when there is a noise to the measurement of Pauli
operators o;. Also, it requires exponentially large number of Pauli operators, and in
practice we have to choose suitable set of Pauli operators. In Ref [62], this method

was experimentally demonstrated and it successfully discovered the spectrum of Hs.

5.4.2 Stabiliser based method

The stabiliser based error mitigation technique uses the information related to the
conserved quantities [81, 82, 83]. When we use the spin and particle number con-
serving ansatz, if the change of such preserving numbers is detected, we can say
there is an error in the quantum circuit. We define the parity operators such that
Py ) = (=1)N [¢0), and Py, [¢) = (—1)™ [1h), where N is the number of particles
and Ny are the number of up and down spins, respectively. If the eigenvalues of
parity operators change, an error exists, and this detection procedure is similar to
stabiliser measurement in quantum error correction. If the error is found, the state
can be discarded, and the state can be prepared again, to reduce the error. We can
implement the stabiliser measurement of Py and PA’NN by adding ancilla qubits to

the register qubits, or by taking additional measurements and post-processing.
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5.4.3 Individual error reduction

In Ref. [84], another type of error mitigation technique was proposed, which uses
the expectation value obtained from the state with all the noise sources active, and
expectation values from the state where the each error source is reduced, in the
scenario that there are multiple noise sources. Suppose the error process after each

quantum gate is described by Lindblad master equation,

=10 =S L) (529

where L; describes some noise process. Now, we compute
N — 1
A(T) = p(T) = —(p(T) = p;(T)), (5.29)

where p(T) is the state after applying gates under noise process described by Eq.
(5.28), T' is the total evolution time and p;(7") is the state which evolves under the
noise process where L, is removed to the ratio g;. (If g; = 1, the noise process L;

is completely removed. ) Now, the following relationship can be shown
ﬁ(T) = pideal(T) + O(T2)7 (530>

where pigeal(T) is the ideal output state in the quantum circuit, free from errors
and 7 is the evolution time for the noise process each after the gate. The first
order error O(7) is completely removed. Hence, when we would like to obtain
the expectation value Tr(pideal(T)/l) for an observable A, we can estimate it by
computing the expectation value of A for p(T) and p;(T'), and linearly combining
the results, following Eq. (5.29). As this method assumes a nearly perfect removal
of noise with error correction, it is relatively unrealistic on current quantum devices

compared with other error mitigation methods.
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Chapter 6

Variational quantum algorithm for

evaluating excited states

This is the first research chapter, describing work performed by the author and
coworkers. The research has been published as Ref. [25]. The knowledge of excited
states of molecular and materials systems allows us calculate photodissociation
rates and absorption bands [85, 86]. They are useful for designing and predicting
the behaviour of solar cells [87, 88]. Also, it is desirable to calculate the excited state
energy and states for chemical reaction analysis, necessary for creating new drugs,
and new methods of mass production of industrially useful materials [59, 89]. There
are some proposals for evaluating excited state energies based on the VQE, such as
the quantum subspace expansion method [80, 62] and witness-assisted variational
eigenspectra solver (WAVES) [90]. However, each method has limitations. For the
quantum subspace expansion method, many additional measurements are required,
and WAVES needs a controlled e~ evolution, implying deep quantum circuit is
necessary.

In Ref. [25], we proposed a quantum algorithm which can evaluate the energy
levels of a Hamiltonian sequentially, by using imaginary time evolution and the

shallow swap test [91, 92] for evaluating the overlap of two input wave functions [25].
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The steps are as follows: by using the recently proposed variational imaginary time
evolution simulator [46], we evaluate the ground state. Then, feeding information
of the ground state to the quantum circuit with the shallow swap test circuit, we
can effectively penalise the ground state from the original Hamiltonian, and hence
we can obtain the first excited state. By repeating this process, we can sequentially
evaluate the eigenenergies and eigenstates of the Hamiltonian. The advantage of
this method is that this algorithm only utilises shallow depth circuits. This method
paves the way to deeper analysis of the structure of quantum Hamiltonians and
systems.

The author of the thesis conceived the idea, and the coauthor Tyson Jones

implemented the numerical simulations.

6.1 Evaluations of excited energy using imagi-
nary time evolution

Here, we explain about our new variational algorithm for finding the energy spec-
trum. This method uses the imaginary time evolution for optimisation, and the
shallow swap test for penalising the ground state to find the excited states. A
similar method was proposed simultaneously by Higott et al., [26], and they used
the conventional VQE. We briefly review the variational imaginary time evolution
algorithm below [46]. We introduced real and imaginary time evolution earlier in

section 4.1.2. The ideal imaginary time evolution follows

XD — (1 — () o). (©.)

When we simulate this equation by using a variational ansatz
[P(01(7), 02(7), 05(7).... O0s (7)) = 2 (B(7))) , (6.2)
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equations of the parameters are

> M0 =V (6.3)
where
o (94p(0(7))] 9 l(0(7)))

—

Slod

v, = e (e(dlr) 25 (65)

Therefore, g=M"1V. However, in some cases M is unstable to directly calculate
the inverse matrix, such that the result becomes unsmooth. We can use Tikhonov

regularisation [93] to minimise
IV — M8 + Alld]| (6.6)

where there is a trade off between keeping 5 small and smoothness, depending on
the choice of A\. The norm used here is Euclidean norm.

Here, we discuss the number of measurements required for the conventional VQE
and imaginary time. In order to obtain the gradient vector in VQE, we need to have
O(NyNyN,) measurements, where Ny is the number of measurements to achieve
required precision for each element of the gradient vector, Ny is the number of
terms of the Hamiltonian and N, is the number of parameters in the ansatz. The
gradient vector in VQE is the same as V, therefore to populate 1V, we also need to
have O(NyNyN,) measurements. For imaginary time evolution, we need to have
O(N. MN;?) measurements to populate M, where N, is the number of measurements
to achieve a required precision for each element of M.

Now, suppose we can replace the Hamiltonian H with H +a |g) (g| in variational

imaginary time evolution, where |g) is an estimate of the ground state previously
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discovered with imaginary time evolution, a is a positive value sufficiently larger
than the energy gap. This corresponds to penalising the state |g) energetically.
Now the ground state for the new Hamiltonian is no longer |g) but |é;) (the first
excited state). When we hope to obtain |é3), we replace the Hamiltonian with
H + a|g) (g] + by |é1) (é1]. Generally, if we can prepare the effective hamiltonian
H+alg) (9] + Zjvzl b; |€;) (€], we can obtain N + 1 th excited state |En1).

To simulate the imaginary time evolution governed by the effective Hamiltonian

H + alg) (g] , we should calculate the term V vector such as

—

9 (p(0(1))

2B o) + o2 S gy giotdony ) o)

VZ‘IR6< a‘gl

Practically, we do not directly modify the Hamiltonian, as that requires full tomog-
raphy of the state vector, which is exponentially costly. The second term can be

rewritten as

—

R(W 9) <ff|so<f7<f>>>) = ;;)J (p(6(7))13) I (6.8)
 al{p(B:+06)13) 2 — | (2l)
~3 50, . (69)

with small 66;, and each term can be evaluated with the swap test, which evaluates
the overlap of the two input wavefunctions.

In [91, 92], an algorithm using constant depth circuits and post processing for
calculating the overlap of wavefunctions was introduced, (which was constructed
with a machine learning approach). Our method for finding excited states can use
this shallow swap test. The state overlap of the state p and o can be evaluated
as follows. The circuit is shown in Fig. 6.1. We apply CNOT gates, by setting
qubits which express p as control qubits, and qubits for ¢ as target qubits. Then,
Hadamard gates are applied transversally to the qubits for p. Measurement of an

observable ®£LV:1 C,, corresponds to the measurement of the overlap of two input
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Figure 6.1: Schematic of swap test using a shallow depth circuit. This circuit
evaluates the overlap of two input density matrix p and o, shown in the figure.

states, where

Cn = 10) (0]; © [0) (0[5 + [1) (1], @ 10) (0] + [0) O[, @ [1) (L]; — [1) (1], @ [1) (1]
(6.10)

(10)}y denotes that the n th pair qubit which belongs to p(c), and N is the number
of pairs.) This can be accomplished using following post processing. Firstly we
consider the measurement of C. If the measurement result is |O>f1) ® 0., |0)/1) ®|1):
and |1>; ® |0)}, we assign measurement result ¢; = 1, and when the result is

|1>; ® 1), we assign ¢; = —1. Similarly, we measure C, and obtain c,. Then,
the measurement result of the observable ®iV:1 C,, can be obtained as HnN:1 cn. By
repeating this process and averaging over the results, we can evaluate the overlap
function Tr(po).

The advantage of this scheme over the original swap test is that the total number
of the gates is 2N. (2N is also the number of qubits in the quantum circuit.
The conventional swap test circuit requires 23N, — 21 gates [94, 31], where N, is
the number of qubits including the ancilla qubit, as we will mention in the later
section.) The CNOT and Hadamard gates can be applied in parallel, which means

the quantum algorithm can be implemented with the constant depth circuit.

Another method to compute the overlap is proposed in Ref. [26]. Suppose |g) =

U(0,)|0), where U(0) is the ansatz unitary. Now, the overlap term | (g (0)) > =
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| (0| UT(8,)U () |0) |2 can be computed as, by applying U(f) and inverse operation
of U(Q;) to |0) , and measure the probability to obtain |0). This method does not
require SWAP test and halves the number of qubits, however, requires double the

depth of the quantum circuit.

6.2 Numerical simulation results

Here, we explain about the numerical simulation results, which were implemented
by Tyson Jones. Now, we applied our new methods to two systems: 3SAT prob-
lem Hamiltonian and LiH Hamiltonian, with two types of ansitze; the low depth
circuit ansatz [95] and the compact ansatz [46]. The low depth circuit ansatz is a
chemically motivated ansatz. The compact ansatz is firstly introduced in Ref. [46],
and successfully discovered the ground state of LiH. The number of parameters in

both two ansatze scale linearly.

6.2.1 Benchmark by evaluating the spectrum of 3SAT Hamil-

tonian

The Boolean satisfiability problem is finding the set of variables which are either
True or False and can be encoded into 1 and 0 respectively, satisfying the condition
that all clauses given in propositional formula are true [96]. Each variable in clauses
is with or without negation (turning True into False, or vice versa), and if there
is at least one true valuable in each clause, the clause becomes true. For example,

suppose the problem to find the set of variables as follows:
(1'1 V 5(72) VAN (ZL’l V IZ‘Q) VAN (i’l V jfg) = True. (611)

where Z denotes the negation of the variable z, V and A are OR and AND, meaning

Y1 V y2 outputs 1 when either y; or ys is 1, otherwise 0, and y; A y2 = y1y2. In this
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problem, x; = 1 (True) and xzo = 0 (False) is the solution.

Now, any clause (e.g. x1 V x2 V Z3) is only violated by one specific set of values
(in this example, (21, x2,23) = (0,0,1) = (F, F,T)). Suppose we introduce numbers
ny, ne, ng with n; = +1 if Boolean value x; appears in direct form (i.e. as x;), and
n; = —1 if z; appears in negated form (i.e. as z;). Now we use qubit mapping True

— |1), False — |0), and notice

_ L
has zero energy for all z-basis states except the state corresponding to the violated
state.

When we have several clauses, we can map each clause in the form of Eq. (6.12),
and the Hamiltonian should be linear combination of each Hamiltonian.

Now, we applied our new algorithms for finding the spectrum of the 3SAT
Hamiltonian. It is worth noting that for 3SAT problems, the spectrum of the
Hamiltonian is in general of no interest, and evaluating the ground state is our
goal. Therefore, finding the spectrum and the excited states is not so necessary for
3SAT problems, and this is simply a benchmark of this algorithm by using 3SAT
Hamiltonian. 3SAT Hamiltonian has an equally spaced spectrum and each energy
has a large number of degeneracies.

We randomly generated 3SAT problems with 16 to 18 variables and approxi-
mately 4.27 clauses per variable which maximises the chance that there will be a
unique satisfying solution. We select two such cases and used these to demonstrate
our quantum algorithm. We show the evolution of the expectation value of the
energy (o(0(7))| H |o(6(7))) in Fig. 6.2, and verified our algorithm successfully
discovered the spectrum. Note the order that the spectrum is found is not always
in order. For example, for qubit number 16, the right figure of Fig. 6.2, the first

excited state is discovered before the ground state.
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Figure 6.2: The expectation value of the energy when we implement imaginary
time evolution with energy penalisation for 3SAT problem. The left figure is the
Hamiltonian with 18 qubits and the right figure with 16 qubits. It is not necessarily
that the energy spectrum is found in order. The evolution of the expected energy
is discontinuous at some points, and this is because the Hamiltonian is updated to
include the penalisation for already discovered states. Labels in the figures indicate
the number of degenerate states. The figures were produced by Tyson Jones.

6.2.2 Search of the spectrum of LiH

Now we move on to the simulation of LiH molecule. To obtain the 2"¢ quantised
Hamiltonian, we chose STO-3G basis, where three gaussian functions are used to
approximate Slater type orbital for expressing the distribution of electrons [58, 59].
In this case, LiH has 12 spin orbitals as 2 x ({15} + {15,25,2P,,2P,, 2P, }").
These 12 orbitals can be mapped to 10 qubits by using Bravi-Kitaev encoding [61]
and restricting to non-ionic states with four electrons. For some numerical results,
we further reduced the number of orbitals and the number of qubits is reduced to
6. This reduction would give a nonphysical spectrum, although it is still useful for
testing our algorithm.

By examining the natural molecules orbital basis, we can reduce the number
of orbitals. This basis diagonalises the single-particle reduced density matrix (1-
RDM). Now, we remove the diagonal component whose occupation is close to 1 or 0,

as these orbitals are just fulfilled or empty. Then we remove the fermionic operators
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284 quantised

corresponding to the removed orbitals [64, 46]. Now, we map the
Hamiltonian into qubit form by using some encoding method. In our 6 qubit and
10 qubit simulation, we have removed two qubits by using the conservation of spin
number and electron number. We used Open Fermion, an open source package for
quantum computational chemistry [97], to carry out all these processes.

As a result of the transformation mentioned above, the Hamiltonian for LiH

molecule can be written as the linear combination of Pauli operators with coefficients

M
H=> hi]]dl, (6.13)
J 7

where o7 is one of I, X,Y, Z Pauli operators. M scales as O(N?*), where N, is the
number of orbitals. The Hamiltonian includes terms which are associated with all
the qubits, such as XYY XYY for 6 qubit LiH Hamiltonian.

Our algorithm also worked for 6 qubit LiH Hamiltonian. We show the result
in Fig. 6.3. As a comparison, we also show the result obtained from the case that
the optimisation method is conventional gradient descent method, which implies
imaginary time evolution is superior method for optimisation. In the case of gradient
descent, noneigenstates are found, and subsequently the Hamiltonian is modified
incorrectly. Also, we show the energy spectrum of the converged states in Fig. 6.4.
It is clear that the state is trapped in noneigenstates in the case of gradient descent.

Next, we simulated the dependence of the spectrum of LiH on the interatomic
distance by using 10-qubit Hamiltonian. We used 70 and 145 parameters for the
compact and the low depth ansatze, respectively. The compact ansatz shows good
agreement with the exact spectrum, even though the number of parameters is much
fewer than the Hilbert space size 21° = 1024. The reason the accuracy for the ground
state is not so good might be insufficient ability to generate the ground state. When
we used low depth ansatz with 145 parameters, the performance has been improved

in accuracy and discovery of degenerate states. In both cases, around interatomic
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Figure 6.3: The expectation value of the energy when we implement the imaginary
time evolution algorithm with energy penalisation for the 6-qubit LiH Hamilto-
nian. We used the low depth ansatz with 56 parameters. The top figures show
the expectation value of the energy. Again, the evolution of the expected energy
is discontinuous at some points, and this is because the Hamiltonian is updated to
have the penalisation for already discovered states. Horizontal dashed and coloured
lines correspond to exact eigenvalues of the Hamiltonian. The bottom plots are
population of the cigenstate included in |p(6(7))). (a) Imaginary time. we verified
that the trial state converges to the eigenstate (other regions than I, II, III), or su-
perposition of the degenerated eigenstates (Region I, II, III). (b) Gradient descent.
In regions I, IT and III, the state converge to the noneigen state. The figures were
produced by Tyson Jones.
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Figure 6.4: The 6-qubit LiH Hamiltonian spectrum at the converged point. We
simulated this by using low depth ansatz and compact ansatz, with 56 and 42
parameters, respectively. We see that imaginary time performs significantly bet-
ter whereas gradient descent generates an unreliable spectrum. The figures were

produced by Tyson Jones.
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distance [ ~ 2.5A, the accuracy decreases, which also has been observed in recent
VQE experiments. The intuition is, at around &~ 2.5A, the system is undergoing
bond breaking, and the static correlation and dynamic correlation are competing,
leading to a highly entangled state, which is difficult to be produced by the ansatz

with insufficient power.

6.3 The effect of shot noise

The shot noise affects the solution of Eq. (6.3). Now, the solution g in Eq. (6.3)

can be written as

6= (Mo + M) (Vo + 8V), (6.14)

where M, and V, are noise free M matrix and V vector, )M and 6V originate
from errors, e.g., physical errors such as dephasing and shot noise. Here we focus
on the effect of shot noise. Assuming the effect of shot noise is sufficiently small,
i.e., each matrix component pf 0 M is small enough, and the singular value of it is
much smaller than that of My, so that [|My M| < |My!||[6M]| = 0 (the norm

used here is the Frobenius norm). Now,

b= (Mo(I + M;OM)) " (Vo + 6V)

= (I + MG SM)g* M~ (Vo + V)
(6.15)
~ (I — My oMY (MyVy + My toV)

~ O + M8V — Mg s MO,

where (% is the error free ideal solution of Eq. (6.3), and we used (I — My M) (I +
MGIOM) = T — (MGP6M)? =~ I, thus (I + My'M)™t = I — My'dM. The

second and third term indicate the effect of shot noise. Then, the effect of the shot
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Figure 6.5: The 10-qubit LiH Hamiltonian spectrum versus interatomic distance.
We simulated this by using low depth ansatz and compact ansatz, with 70 and 145
parameters for 10000 and 40000 iterations at each bond length, respectively. The
line labels indicate the degeneracy for both the true and discovered states. The
figures were produced by Tyson Jones.
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noise can be written as

166]| = (|6 — G| (6.16)
— M5V — M S M| (6.17)
< MGV + MG IVoll[oM]]. (6.18)

Now, we introduce the number of measurements N,,, and by using the coefficients

for the simulated Hamiltonian H = } . fjo; and ones introduced in Eq. (4.21),

1
2

_ o
2 Zk,j (Ez’,q |gk,z‘9j7q’) ]
VN ’
_ .
2| eS|

L + p )
VN 260/ N,

oM ~

(6.19)

[N

16V ~

Note that the second term of ||§V|| comes from the penalising previously discovered

states by using the swap test, and IV, is the number of penalised states. Therefore,

16]] can be written as

z A
A < 6.20
196 < 2= (6.20)
where
. 2 Z N _ . 2 2 _
=2 ST latabl)’] + S s+ 2| 5 (X lakaanal’] 1M A
k 1,j k,j i,q

(6.21)

In Ref. [24], it is shown the implementation error due to shot noise to update
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parameter from 6(t) to 6(t + 6t) is

—

DO @ (¢ + 56))) [0 (@(¢ + 51))) = \/ 56T 45658 + O(5#9), (6.22)
VWi

_ )| () i) 0(0(1))
Ay = g V() () g

(6.23)

where |1 (8y(t + 6t))) denote corresponds to the noise free parameter update
Oo(t) = O(t) + Godt, and D(|¢y),|¢2)) is the trace distance between two states.
Therefore, the total implementation error due to the shot noise from time t = 0 to

t="1T1s

DI é V HAHmaxudéumaxT

\/TAmaXT (6.24)
AT

Thus, in order to limit the effect of the shot noise to €, as

ApaxT
Al x| 6.25
< VAT (6.25)

we need to have Ny, = ||Allmax A2, T2/ €2

6.4 Discussion

We proposed a quantum algorithm for evaluating excited states with near term
quantum devices, and it works well for 3SAT and LiH Hamiltonians. Our method
is also compatible with the error mitigation techniques recently proposed, as it only
uses shallow depth quantum circuit. Although we used our method to find excited
states, we can also use this to escape from local minima where the trial state are
trapped. We checked that the trial state is rarely trapped in noneigenstates of the
Hamiltonian when we used imaginary time evolution as an optimisation method,
therefore our method can be used to escape from local minima. In contrast, when

we used gradient descent for optimisation, local minima tend to be noneigenstates of
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the Hamiltonian, therefore our penalisation method with SWAP test is not suitable
for avoiding local minima in the case of gradient descent.

There are other potential use for our method. It can be used for penalising the
unwanted subspace, which breaks the symmetries for instance, when we know the
parameters for such subspace a priori. We can even modify the Hamiltonian with
our method for real time evolution. For example, we can eliminate or create energy
degeneracies.

Also, it is worth mentioning that after the optimisation to find a certain ex-
cited state, the quantum device directly generates that excited state wavefunction,
which is not necessarily true for other methods for finding spectrum, which will be
mentioned later.

There are some points which should be still sought, such as propagation of
physical errors, how the error of the ground state affect the search of excited state.
Physical errors such as dephasing also impair the precision of the simulation. The
effect can also be included in Eq. (6.15), and the similar argument to shot noise
may be able to be discussed. It is important to mention that, we can use the error
mitigation technique, at the cost of increasing the number of samples needed.

Also, the errors to the parameters to the penalised already found states to dis-
cover new excited states should be discussed. We found that the state trapped in the
local minimum is likely to be close to the eigenstates of the Hamiltonian, therefore
the effect of error is expected to be relatively low when we use the imaginary time
simulation as the optimisation method, compared with other optimisation methods.

The resource estimation and the investigation of the performance in the real
experimental setups to include the effect of physical noise, the error of previously

found states to be penalised, and the error mitigation is left to the future work.
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6.5 Other variational algorithms for finding molecule
spectra

We conclude this chapter with a brief look at other methods for finding spectra, and
the strength/weakness of those methods. There are other variational quantum al-
gorithms for finding spectra, such as witness-assisted variational eigenspectra solver
(WAVES) [90], the folded spectrum method [22], the quantum subspace expansion
method (QSE) [80, 62], and contraction VQE method [98, 99].

WAVES is a quantum algorithm for finding spectra by combining VQE and
phase estimation [90]. Although WAVES has been implemented experimentally, it
needs to realise the controlled time evolution operator e~*#!  therefore it is unsuit-
able for near-term quantum devices.

The folded spectrum method minimises (H — «I)? instead of H, and if « is
close to the eigenvalue of H, we can obtain approximation of excited states [22]. To
evaluate H? is very costly: as O(N*) measurements are required for H in chemistry
problems, O(N?®) measurements are necessary for measuring H?, where N is the
number of orbitals. Also, it is hard to know suitable « a priori. Therefore, this
method is also not ideal.

The quantum subspace expansion represents Hamiltonian in a subspace ajaj |1ho)
for all possible 7, j, where aI and a; are fermionic operators and |tg) is an approxi-

mated ground state [80, 62]. The excited states are found by solving
HospC = SYSECE, (6.26)
where H?9F is the Hamiltonian projected to the subspace and expressed as

Hey = (ol aa] Hajay |tho) (6.27)
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Also, as the subspace states are not orthogonal to each other, the overlap matrix
SE
Sivka = (ol aiafalar [1o) (6.28)

should be calculated. QSE requires additional measurements than conventional
VQE for evaluating H?°F and S9°F. Also, in this method the quantum device
does not directly produce the wavefunction of excited states.

Contraction VQE method rely on minimisation of the cost function for several

input states

k
C(0) =Y (| UNO)HU () [v;) (6.29)
j=0
where {[¢:)* )} ((¢;]¢s) = 8;;. Note that as unitary operator conserves the or-
thonormality [98, 99]. When the optimisation is converged, in the ideal case,
{U(6) |4;) }Vj spans the subspace up to the k th excited state. It is important
to obtain the excited state from this subspace. In subspace-search variational
quantum eigensolver (SSVQE), an optimisation method similar to the conventional
VQE is used [98]. On the other hand, in multistate contracted variant of VQE
(MC-VQE) [99], classical diagonalisation for Hamiltonian matrix obtained in the
subspace is used, which is similar to QSE. Contraction VQE enables us to obtain
the spectrum at the same time. Therefore, all the states are evaluated to a similar
accuracy. However, as the cost function involves multiple states, the landscape of
the energy becomes complex, rendering the optimisation hard.

Considering these points, although our method for finding spectra needs to
have double the depth or the number of qubits, it has advantages such as, the
compatibility with near-term quantum devices, the moderate increase of the terms
to be measured, the direct generation of the wavefunction from the quantum device,

and the simpler landscape of the energy to be optimised. Therefore, we may be
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able to conclude our method is the most suitable for near-term quantum devices.
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Chapter 7

Variational quantum algorithm for

general processes

7.1 Introduction

In previous chapters, we saw variational quantum algorithms can be utilised for ef-
ficiently finding energy spectra [19, 100, 101, 66, 102, 22, 27, 26, 90] and simulating
real time Schrodinger evolution [24, 103] of classically intractable many-body sys-
tems. Although quantum circuits are unitary operations, the variational algorithm
is not limited to energy minimisation and unitary processes and it can be used
to simulate dissipative imaginary time evolution that cannot be straightforwardly
mapped to unitary gates [46, 75].

In Ref. [27], we study the capability of variational quantum algorithms and
show that they are not limited to these problems. First, we propose a varia-
tional quantum algorithm for simulating the generalised time evolution defined in
Eq. (7.1). Our algorithm can be considered as a unified framework for simulat-
ing general time evolutions, which incorporates real and imaginary time evolutions
as special cases [24, 46, 75]. We can even simulate non-Hermitian quantum me-

chanics [104, 105, 106] that describes nonequilibrium processes [107], parity-time
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symmetric Hamiltonians [108, 109], open quantum systems [110], etc.

Next, we consider problems of linear systems of equations and matrix-vector
multiplications, which are vital in many fields including machine learning and op-
timisation [111, 112]. Although various algorithms have been developed for lin-
ear systems of equations with universal quantum computers [113, 114, 115, 116,
117, 118, 119, 120], which have profound applications in quantum machine learn-
ing [121, 122, 123, 124], they generally necessitates a long depth circuit that uses a
fault tolerant error correction.

Now, we introduce variational quantum algorithms for these two tasks. For
general sparse matrices, we show that these two tasks can be interpreted as a gen-
eralised time evolution, which can be variationally simulated. For special matrices
that are products of small matrices that only involve a constant number of qubits,
the solutions can be even more easily found only with variational real and imaginary
time evolution.

Finally, we combine the variational algorithms for non-Hermitian evolution and
matrix multiplication to simulate the evolution of open quantum systems [33, 125,
34]. Under the description of the stochastic Schrédinger equation, the evolution
of open quantum systems can be regarded as an ensemble of wave functions that
undergo a continuous measurement induced from the environment [126, 34]. The
evolution of each wave function has two processes that can be both simulated with
variational algorithms: continuous evolution under the generalised time evolution
with the system Hamiltonian combined with the damping effect due to continuous
measurement, and discontinuous jumps according to the measurement results. The
continuous process can be described by the generalised time evolution, and the jump
process is a matrix-vector multiplication process.

Simulating the evolution of general open quantum systems is of great importance
for understanding any quantum system that interacts with an environment. Exist-

ing quantum algorithms [127, 128, 129, 130, 131, 132] for simulating open quantum
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systems generally require deep quantum circuits. As our algorithm is compatible
with shallow circuits, it can be implemented with near-term quantum devices. The
research described in this chapter has appeared online [27].

Analytical results were derived by the author, with input from Xiao Yuan. Nu-
merical results were obtained by the author, but Xiao Yuan also contributed to

it.

7.2 Generalised time evolution

The simulation of general processes rather than Schrodinger equation and Wick
rotated Schrodinger equation for imaginary time evolution have been enabled in
Ref. [27]. We first introduce variational quantum simulation of generalised time

evolution,

d
7 (@) = |dv(t)), (7.1)

with |dv(t)) = >°; A;(t) [vi(t)). Here, A;(t) is a time dependent general sparse
(non-Hermitian) operator, |v(t)) is the system state, and each of [v}(t)) can be
either |v(t)) or any known efficiently preparable state on a quantum circuit. The
states [v(t)) and |[v}(Z)) can be (un)normalised states |v(t)) = a(t) [¥(1)), [v}(t)) =
o;(t) [4(t)) with normalisation factors a(t) and oj(t), respectively. In practice, we
assume that A;(f) can be decomposed as a linear combination of Pauli operators
Ai(t) = >, Nij(t)o; with complex coefficients \; and a polynomial (to the system
size) number of tensor products of Pauli matrices o;.

In variational quantum simulation, we parametrise the quantum state as |v(6(t)))

a(Bo(t)) |¢(01(t))) with 6 := (6,,6;). Then we can project the original evolution to

the evolution of the parameters via McLachlan’s principle [72],

511 (9/0t |v(6(1))) Z A;(t) vy(£) ) | =0, (7.2)
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where [|[¢) || = (¢]¢).

By parametrising [v(t)) and [v](t)) as lu(6(t))) and |v’(0_;(t))>, with McLachlan’s

principle, we have

o

S = Y A !v’<5;<t>>>'| -

{ J

This is equivalent to

0 (9|v

i |2 AW H
9 8<v(5< Dl @

= (ZZ: 98, bi- ;(v (Qj(t)”A;(t))
(Za\v )6, — ZA >:0Vk:.

Hence, we have

0 (v Ialv ())) 9 (u(6()| 0 [(d())
S )

20, 001,

Zae

" A |U (9'( ))) + h.c,

which leads to

By substituting [v(0(1))) = a(fo(1)) |o(61(1))) and |v/(6(2))) = o' (G;()) [ (7,
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10) + €% |1) X xHuaHA

|0> T Ut/ Ujj 0:5

Figure 7.1: The quantum circuit for evaluating Vj.

we have

0, 00,

(7.7)
+ Re

a(0y(t)) aa*@(t)))
90, a0, ’

77 = Re (%gjf%(egj(t» (@ (B:()] A1) |¢;<5;j<t>>>) -

Each element of M can be efficiently computed with the quantum circuit in Fig.
4.2. V can be computed as follows. We denote U; and U to be the unitary circuit to
prepare [o(d (1))} = 0,10) and [}(7,,(1))) = U 0). Replacing A,(t) = ¥, X, (1),
the first term of each Vj, can be written in a form of 37, a;Re (ei‘f’j 0|TUfo,U! ]()))
with a;,¢; € R determined by «, o/, and A. Each term in the summation can be
efficiently computed using the quantum circuit shown in Fig. 7.1.

Real and imaginary time evolution are special class of this general evolution with
|du(t)) = —iH [v(t)) and |dv(t)) = (—=H — (v(t)| H [v(t))) [v(t)), respectively [24,
46, 75]. Suppose |[v(t)) = |p(6(t))), then M = Re( é,g( DI 80 ())>> is the same

for both real and imaginary time evolution; and V is Im < e F (612 ))>> and

—Re ( G(t) e Fr (61t )))) for real and imaginary time evolutlon, respectively. To
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measure M or V, we can employ an extra ancillary qubit with controlled operations
applied between the ancilla and the system state. It is worth mentioning that it was
recently shown that the ancilla and the constant number of controlled operations

can be reduced [133].

7.3 Variational algorithms for linear algebra

Next we consider solving linear systems of equations and matrix-vector multiplica-
tions. For a sparse square matrix M and an (unnormalised) state vector |vg), we

hope to find

lup-1) = M7 ug) or o) = M |w), (7.8)

for these two cases respectively. We first focus on matrix-vector multiplication by
introducing a dynamical process that evolves the initial vector |vg) to the target
state |urq). One of the possible evolution paths is via a linear extrapolation between

lvo) and |vr,) as
v(t)) = E(t) [vo) (7.9)

with E(t) =t/T - M+ (1 —t/T)I, |v(0)) = |vg), and [v(T)) = [vas). When we set
M = e T it corresponds to Hamiltonian simulation.
We also consider linear extrapolation between normalised states. Given the

evolution via linear extrapolation, the time derivative equation of |v(t)) is

0
57 10(0) = G ), (7.10)

with G = (M — I)/T. This corresponds to the case with A(t) = G and [v/(t)) =
|v(0)) in Eq. (7.1), which can be variationally simulated. We also consider the case

where we are only interested in the normalised final state [1)(t)) = M |vg) /+/|| M |vo) ||.
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By extrapolating from |vg) /+/|| |vo) || to |¢()), we can similarly have an evolution

of the state |1)(t)) as

(1)) = E'(t) [to) , (7.11)

with

E(t) = N(t) (%M . %)1), (7.12)

and a normalisation factor

N(t) = !
\/ |(sm+ 0= 521)

The normalisation factor N(t) can be measured from the expectation values of

(7.13)

MT+ M and MIM for [1hy). Given the definition of the state |¢)(¢)) at time ¢, the

corresponding derivative equation is

d N(t)

G 10) = S [E0) + NG ). (7.14)

Such an equation is also described by the generalised time evolution equation with
v(t)) = [¥(1)), Ax(t) = %I, Ay(t) = N(1)G, [vi(t)) = [¢(t)) and [v3(t)) = [¥(0)).

We now introduce a second method for realising matrix-vector multiplication
using only real and imaginary time evolution. This method assumes an efficient
singular value decomposition of M as M = UDV, with unitary matrices U, V
and diagonal matrix D with non-negative entries. Even when an efficient singu-
lar value decomposition is possible, the multiplication of a matrix to a quantum
state is not physical process, which is nontrivial. In addition, as the state has
exponentially large Hilbert space in the system size, the multiplication of a ma-
trix is also classically hard, because to store the information of the state vector

on classical computer is already inefficient. Suppose the unitary matrices U and
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V can be represented by U = exp(—iHYTY) and V = exp(—iH"T") with time
TY and TV, respectively. Then the multiplication of U and V' can be implemented
by evolving the state with Hamiltonian HY and H" via variational real time sim-
ulation, where HY = — 3 i JTY |\;) (\;] and similarly for V, given a spectral
decomposition of U is expressed as U = 3 _; e |\;) (\;] with A\; € R. To re-
alise the diagonal matrix D, we first define a corresponding Hamiltonian H”, such
that D ~ exp(—HPT"). Suppose Dy = 3. a;]j) (j|, and the Hamiltonian H” is
given by —HPT = > a,20108(a5) [7) (Gl —a >, _o1i) (|, with properly chosen large
constant « satisfying a > log(a;). Therefore, we can define an unnormalised imagi-
nary time evolution w = —HP |v(7)), so that the initial vector |vg) is evolved to
D |vg) from 7 = 0 to 7 = T'. This second method is easier to implement; it requires
the singular value decomposition of M and evolution operator for the unitary and
diagonal matrices. Although singular value decomposition cannot be implemented
efficiently for a general large matrix, when considering only products of matrices
that only involve a few qubits, i.e., M = M; ® --- ® M with M; acting on a
small constant number of qubits, singular value decomposition can be computed ef-
ficiently. We will shortly show that this variational algorithm is particularly useful
for simulating the jump process of the stochastic Schrodinger equation.

We now discuss the solution of the linear equation M |vy-1) = |vg) with invert-

ible matrix M. We consider the extrapolation between |vg) and |up-1) as
E() |v(t)) = |vo) , (7.15)

with E(t) = t/T - M+ (1 —t/T)1, |v(0)) = |v), and |[v(T)) = |vp-1). By
differenciating both sides of Eq. (7.15) with ¢, the derivation equation of |v(t))
is E(t)2 |v(t)) = —G(t) [v(t)) with G(t) = (M — I)/T. Although this is slightly
different from the generalised time evolution of Eq. (7.1), we can still simulate it

—

with the variational method by assuming |v(t)) = |¢(0(t))). Now, we derive the
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time derivative equation of parameters for solving linear equations. We parametrise

—

the state |v(0(t))). According to McLachlan’s principle [72], we have

—

5||E(t)% [0(6(2))) + G (&) [v(®)) (7.16)

—

= 0| E(t) Zéja% [0(6(t))) + G(0) [0(6(t) | =0, (7.17)
which is equivalent to

%HE@);@@% [0(6(2))) + G(1) [v(6(1))) (7.18)

_ 9 KZ@ (5 @O B0+ EDIG0) (19

Then we obtain

Z Mk,jg'j =V, (7.20)

where
Mk,j _ Re(%ﬁ:tmET(t)E(ﬂ%ﬂ) (7.21)
¥ = —re( ZLO 0 widton) ) (7.22)

It is important to note that Vj in Eq. (7.22) can be efficiently computed with the

quantum circuit shown in Fig. 4.2. Mk,j can written as

i, =Y AiRe (g;;,igj,q 01U} o |6>) (7.23)

,q,l
where we set ET(¢t)E(t) = Y, 8101, and o0y is a Pauli operator. The quantum circuit
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to compute this value is shown in Fig. 7.2,

0)+e*]1)
V2

o {0

Figure 7.2: Quantum circuits that evaluate Re (g;;igj,q (0] RL,iUle,q |0) )

Therefore we can calculate |vpy-1) = M™!|vg) by solving Eq. (7.20) and evolv-

ing the parameters accordingly.

7.4 Open system simulation

Now, we apply the developed variational algorithms to simulate the stochastic
Schrodinger equation of open quantum systems. It is important to note that this
approach differs from that in Ref. [75], where the evolution of the Lindblad master
equation is directly simulated using a method that requires two copies of the states.
Meanwhile, our scheme here only necessitates one copy of the state. Suppose the

dynamics of open quantum systems is described by the Lindblad master equation,
—p = —ilH, p| + Lp. (7.24)
dt

Here, the system Hamiltonian is H and the interaction with the environment Lp

is described by Lp = >, %(QLkaL — L Lyp — pLl L), with Lindblad operators

L. Although the Lindblad master equation directly evolves the density matrix, it

is equivalent to the stochastic Schrodinger equation when we average the trajec-

tory of each pure state evolved under continuous measurements [126, 34]. As the

measurement process is stochastic, the wave function has a stochastic evolution.

We can obtain the stochastic Schrodinger equation for each single trajectory
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|1.(t)) as follows, given the Lindblad master equation

k

t (e~ e Jane]

oty = (i1 § (et~ adaa) )ty
(7.25)

where d [1).(t)) = |¢.(t + dt)) — |¢.(t)), and dNy, is a random number taking either
0 or 1 which satisfies dNydNy = 0pdNy, and E[dNg] = (Y.(t)] LLL;C |,) dt.
We can interpret this process as a positive observable valued measurement {Oy =
I-5, L,TCLkdt, O = L,TCLkdt} happens at each time ¢. For measurement outcome
Oy, the state discontinuously jumps to Lg [1.(t)) /|| Lk |c(t)) || with probability
E[dN;]. and the total jump probability is v(t) = >, E[dN,]. For outcome O,
with probability 1 — v(¢), we have dNy = 0, Vk and the state evolves under the
generalised time evolution with operator

Ae il — 2 > (LELy — (LLy)). (7.26)

2
k

Here, —iH corresponds to the conventional real time Schrédinger evolution with
Hamiltonian H and the other terms can be understood as a normalised damping
process. Therefore, the whole process is composed of two parts: the continuous
process governed by the first term and the quantum jump process described by the
second term in Eq. (7.25).

Now, we show the method to the simulate stochastic Schrédinger equation using
the Monte Carlo method. Suppose the state experiences jump process at time t,

then the probability p(t + 7) that the state does not jump until time ¢t 4 7 is
p(t+71) = e T, (7.27)

with I'(¢,7) = t+T ~(t)dt'. When a jump occurs at time ¢, a uniform random

number ¢ € [0,1] is generated. Then the time of the next jump is determined by
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accumulating time 7 until we have p(t + 7) = ¢. When jump happens, a random
number ¢’ € [0, 1] is generated to determine which jump operator to apply at each
timestep. The state is updated to Ly [¢.(t)) /|| Ly |0e(t)) || if ¢ € [Fr_1(t), (t)],
where
k
i W) L{Li [e(1))

A (t) ML (be(8)] LILy |be(t))

(7.28)

and Ny, is the number of the Lindblad operators. Considering discretised time with
initial state [1.(0)), the stochastic Schrodinger equation from time 0 to 7' can be

simulated as follows.

Algorithm 1 Stochastic evolution equation

1: Set I' = 0 and generate a random number g € [0, 1].
2: fort=0:dt:T do
3: if e7'>q then

4: Evolve the state |¢.(t)) under A in Eq. (7.26).
5: Calculate y(t) = 3=, (e(t)| L] Ly |1.) dt.

6: Update I' =T + ~().

7: else

8: Calculate 4% (t) in Eq. (7.28)

9: Generate a random number ¢’ € [0, 1].

10: if ¢’ € [J5-1(t), x(t)] then

11: Update |¢c(t)) to L [e(t)) /1| Li [e(E)) |-

12: Reset I' = 0 and randomly generate ¢ € [0, 1].

Now we show how to simulate the stochastic Schrodinger equation, Algorithm 1,

with the variational quantum algorithms developed in this work. Suppose the

—

state |1.(t)) at time ¢ can be represented by the parametrised state |p.(0(t)))
prepared by a quantum computer. We can simulate step 4, i.e., the evolution
under operator A defined in Eq. (7.26), with the algorithm for generalised time

evolution. Specifically, we can evolve the parameters according to Eq. (7.6) with

—

My = Re (e Ao ) T — Re ({((0))] (~iH — (L — (L)) 2520 ), and

L= % >k LLLk. Note that, the evaluation of 1719 for the simulation of the continuous

part can be implemented with the same quantum circuit for the evaluation of Vj, for
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real and imaginary time, but the phase of the ancilla qubit has to be appropriately
set. The quantum circuit has only two controlled operations, and can be decom-
posed such that the ancilla is efficiently eliminated. The values of y(t) and Fx(t) at
step 5 and 8, respectively, can be efficiently measured. The jump at step 11 can be
realised by the variational algorithms for matrix-vector multiplication. Especially,
when considering L; as a product of operators acting on each qubit, it can be effi-
ciently realised also with the singular value decomposition method, which uses the
shallow depth circuit. In practice, we consider sparse Hamiltonian and Lindblad
operators Ly, therefore all the measurements can be efficiently evaluated. As the
evaluation of Vj, can also be implemented with the shallow quantum circuit, this
algorithm for the simulation of stochastic Schrédinger equation does not rely on

deep quantum circuit, and is compatible near-term quantum devices.

7.5 Resource estimation for simulating stochastic
Schrodinger equation

Now, we have the discussion about resource estimation of this method. One tra-
jectory of the stochastic Schrodinger equation consists of the continuous evolution
and jump processes. The resource cost of the continuous evolution is similar to the
one for real time evolution discussed in Ref. [24], which is shown to be polynomial
to the evolution time and system size. For the jump processes, the resource cost of
each jump is therefore also polynomial in the evolution time and system size, as we
simulate each jump with singular value decomposition method, which is composed
of real and imaginary time evolution.

Now we discuss how many jump processes occur on average in the simula-

tion of the stochastic Schrodinger equation. The averaged number of jump events
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Njump(t)dt during time from ¢ to t + dt is

Mjunp (D)t = (Ye(t)] Y LLLi [10e(1)) . (7.29)
k
Therefore, the average number of jump events from ¢t =0 tot =T is
T
N = [ (0] Y LLL (e .
0 k
St
k
s
k

<T , (7.30)

2

Y

2

where || L||5 is the largest singular value of L (operator norm). For physical systems,
we generally have | L! L; | and the number of Lindblad terms equal O(Poly(n)),
where n is the system size and Poly(n) is a polynomial function of n. Therefore,

the averaged number of jumps is
Niump = O(T - Poly(n)). (7.31)

The number of jump events is much fewer when considering the case where each
Lindblad operator only locally acts on a constant subsystem. That is, we assume
that L} L, has orthogonal support to each other and ||L{Ly[, = O(1). Now, we
expand the state |¢.(t)) = >, ¢; |¢;), where |¢;) is the superposition state of states

in the support of LILZ-. In this case, we have

(We(t)] > LELi[e(t)) =) eic (¢5] L Li | )
k 1,5,k

= Z lex|? (] L} L | 1) (7.32)
k

<> lalPIL{Lll: = O(1).
k
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Therefore, Njymp = O(T).

To simulate the stochastic Schrédinger equation, it is also necessary to sample
different random trajectories. When we measure an observable O and hope to
suppress the sampling error to e =1/ VM, we need M random samples. Therefore,
the overall cost should also be multiplied by M, but it is worth noting that every

trajectory can be computed in parallel.

7.6 Numerical simulation

Now we show an example of variational quantum simulation of a three-qubit dissi-
pative 1D Ising model with a transverse field and open boundary, which is discussed
in Refs. [134, 135, 136, 137]. With the Lindblad master equation as in Eq. (7.24),
the Hamiltonian is H; = J/4 Z?Zl ZiZi1+ hx Z?Zl X; + hz Zle Z; with Pauli
matrices X;, Y;, and Z; on the i*" spin. The Lindblad terms are L; = V3o
where ;" = |0) (1], are the lowering operator acting on the i'" spin. In our sim-
ulation, we set J = 1, hy = 1, hy = 0, and v = 1. We set the initial state to
|©(0)) =10),]0),]0)5, and we simulate the evolution from ¢t = 0 to ¢ = 10. In our

simulation, we utilised the Hamiltonian ansétz [138] as shown in Fig. 7.3 with ten

parameters.
10), R (05)
Rzz(6h)
10), T Ronttn HRx(04) H U(bs, ..., 010)
o), Y NOS

Figure 7.3: Hamiltonian ansatz in our numerical simulation. The single qubit gate
is defined by Ry (6;) = e~ %% and the two qubit gate is Rz (0;) = e "Z%®Z The last
gate U(bg, . .., 010) is a repetition of the first five gates with five different parameters.
In total, there are ten parameters.

To simulate quantum events induced by Lindblad operators, we use the singular

value decomposition method. We decompose the jump operator o~ as |0) (1| =

94



5 x10°
4l b |
0.8 B -‘H"ﬂ l‘ llr If t';l‘:‘\ /‘\q ;\.l -
2F L \\{lkul] s‘ l U\Hf “1'*}-
Pk / \r,;m,v PP &
_ ok y,“ | [ ty Y !
0.6 F S Ry ; A
w o 1) I b ]
— 4 ‘. j'*-.‘f’!
N 04r 6 ! |
-8 L ,
0 2 4 6 8 10
0.2r Time i
O - -
Exact evolution
Variational simulation
-0.2 L 1 ! -
0 2 4 6 8 10

Time

Figure 7.4: The comparison between the exact evolution and the variational sim-
ulation from ¢t = 0 to ¢ = 10. The Y axis is the average of the Z; operator. The
time step is 0t = 0.01. The result of the variational algorithm is averaged over
Nipial = 8 x 10* times. The inset shows the difference between the exact evolution
and the variational simulation result.

|0) (0] X. Suppose |0) (1| = UDV, we can see that U = I, D = |0) (0|, V = X. To
realise the V operator, weset HY = X and TV = 7/2 such that X = exp(—iH"T").
Then we evolve the state under Hamiltonian H" for time TV with time step 6tV =
0.01 to have X |(0)). For implementing D = [0) (0], we set H? = |1) (1] and
TP = 10 so that D =~ exp(—HPTP). Then we realise D |p(6)) /||D |¢(8)) || by
using the normalised variational imaginary time evolution with total time TP and
time step ot” = 0.1.

In Fig. 7.4, we compare the simulation result of the variational algorithm with
the exact solution. We measure the average value of Z; and we can see that the

variational simulation result shows a good agreement with the exact solution with

a deviation less than 1072.
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7.7 Discussion

To summarise, we generalised the variational quantum simulation method so that
general processes can be simulated, including the generalised time evolution, matrix-
vector multiplication, and the evolution of open quantum systems. Our algo-
rithm for simulating the generalised time evolution can be applied to simulate
non-Hermitian quantum mechanics [104, 105, 106] such as nonequilibrium pro-
cesses [107] and parity-time symmetric Hamiltonians [108, 109]. Especially, in
Ref. [109], it is shown that a quantum state can evolve to the target state faster
by using non-Hermitian parity-time symmetric Hamiltonians than the case with
Hermitian Hamiltonians. Therefore, for designing faster quantum computing al-
gorithms, our variational quantum algorithm for simulating the generalised time
evolution may also be useful. Meanwhile, the proposed algorithms are compatible
with NISQ hardwares and can be further combined with the recently proposed quan-
tum error mitigation techniques [24, 81, 82, 28, 29, 84, 79], which we will discuss in

the following chapters.
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Chapter 8

Practical error mitigation

8.1 Introduction

In chapter 5, we reviewed quantum error mitigation (QEM) techniques to sup-
press physical errors, i.e. the extrapolation method based on Richardson extrap-
olation [77, 24, 28] and a quasi-probability method [28]. Although these methods
are very important in that they showed it is possible to mitigate errors on quan-
tum computers without quantum error correction and they are compatible with
near-term quantum devices and hybrid quantum-classical algorithms, each method
has disadvantages and was not practical to apply in experiments. For example,
the extrapolation method based on Richardson extrapolation, e.g. linear extrapo-
lation, cannot tolerate high error rate. We will demonstrate this fact later, and our
new extrapolation method, i.e. exponential extrapolation significantly outperforms
linear extrapolation. Moreover, there were limitations with the quasi-probability
method when it was first proposed by an IBM group, say, it could only be applied
to restricted types of noise models, such as depolarising noise and amplitude damp-
ing, and, although we have to know the noise model explicitly via tomography, the
suitable tomography method for this method was not clarified. By introducing a

linearly independent universal operation set, it is shown that general error mod-
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els can be mitigated. In addition, we found that by using gate set tomography
(GST) [139, 140], we can even eliminate the state preparation and measurement
error accompanying the tomography process, and full elimination of the impact of
localised Markovian errors has been enabled.

As a test case, we numerically simulated SWAP test circuit up to 19 qubits
by using high performance quantum circuit simulator QuEST [141], and demon-
strated that exponential extrapolation and improved quasi-probability method in
the regime where the average number of error events in the quantum circuit is
close to unity. We also confirmed that by using the current error rate for ion trap
systems [15, 16], mitigating errors for SWAP test up to approximately 80 qubits is
feasible, paving the way to quantum supremacy regime.

The author was solely responsible for the work in sections 8.10, 8.11, 8.12, 8.13
and 8.14, while he jointly derived the results in sections 8.5, 8.6, 8.7, 8.8, and 8.9
with coauthor Ying Li. Section 8.10 is predominantly the work of coauthor Ying
Li but it is included here for completeness. Any data purely due to a coauthor is

labelled as such.

8.2 Error mitigation

Firstly, we again formulate QEM (especially as to quasi-probability method) so that
we can discuss it clearly in later sections. We consider computing the expectation
value of an observable in a state (the final state of a quantum circuit) using a
quantum computer, as the error mitigation can mitigate error of the expectation
value, not the quantum state itself like quantum error correction as explained in
chapter 5. It is typical that, for a number of quantum algorithms and subroutines
(24, 19, 22, 25, 26, 142], the desired output is the expected value of a qubit or qubits
— one example is the SWAP-test [94, 91] itself, which is a component of algorithms

including the recently-introduced auto encoder [143], and several proposed hybrid
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(a) Computing without error mitigation
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Figure 8.1: Quantum computing of the expected value of an observable (a) without
quantum error mitigation (QEM) and (b) with QEM. In QEM circuit (b), each
operation (including the memory operation) in the original circuit (a) is replaced
by an operation depending on the corresponding random numbers [see Fig. 8.2(a)].
algorithms for simulating chemical or materials systems. In the case that we do
not utilise QEM as shown in Fig. 8.1(a), the quantum circuit is repeated many
times, and the measurement outcome p of each time is collected. Then, we can
calculate the average @ as our best estimate of the expected value. Given that the
number of repetitions is finite, the value of 7z is a random variable with an associated
distribution. Because the implementation of the quantum circuit is imperfect, it is
likely that the distribution of 7z is not even centered at the ideal value, i.e. the exact
expected value when the quantum circuit is perfectly implemented without error.
When we use QEM as shown in Fig. 8.1(b), instead of the original quantum
circuit, we implement a set of modified circuits. The scheme depicted in the figure
is relevant to the quasi-probability method for QEM, but can also apply to the
extrapolation method as a means to deliberately boost errors. Each modified circuit
is determined by a set of random numbers [. The distribution of random numbers,
i.e. modified circuits, depends on the error model, which is measured using GST
before the quantum computing. In each run of the quantum experiment, firstly

the random number set [ is generated, then depending on [ a specific circuit is
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implemented, and finally the measurement outcome p is collected. Rather than
calculating the average 1, we use both [ and p to calculate the average of an effective
outcome (L, 1), which will be given explicitly later. If QEM is successful, the
distribution of Cpeg(l, ) is centered at the ideal value, but the distribution is
wider than ji because of the factor C, which is greater than 1 and can be efficiently
computed. Thus only error due to the statistical fluctuation remains, although it is
amplified. By repeating the quantum experiment enough times, we can obtain an
accurate computing result of the expected value.

In Sec. 8.4, we explicitly give the effective outcome C’m. Modified circuits

and their distribution are given in Sec. 8.8.

8.3 Pauli transfer matrix and notation for states,
operators and operations

We use the notation commonly used in quantum tomography (e.g. in Refs. [139,
140]). In quantum theory, a quantum state is usually represented by a density
matrix p, and an observable is represented by a Hermitian operator (). The expected
value of the observable quantity in the state is (Q)) = Tr(Qp). An operation is a
map on the space of states, O(p) = >, Eka,Z, expressed in the Kraus form.

Because an operation is a linear map, we can always express the operation O as
a square matrix, e.g. using the Pauli transfer matrix representation, acting on the
state expressed as a column vector |p)). Similarly, an observable can be expressed
as a row vector ((Q|, and the expected value is (Q) = ((Q|p)). Throughout this
chapter, we use the Pauli transfer matrix representation.

The explanation of Pauli transfer matrix is as follows. A state p can be expressed

as a real column vector

|p>>={-.. Do r (8.1)



where the vector element is

po = Tr(op), (8:2)

o€ {l,0% 0Y,0%}®" is a Pauli operator, and d = 2" is the dimension of the Hilbert
space. Similarly, an observable (i.e. Hermitian operator) ) can be expressed as a

real row vector

<<Q!—{-.. 0. } (8.3)

where the vector element is

Qo = d T (0Q). (8.4)

Here, we use notations ((-| and |-)) to denote real row and column vectors, respec-
tively. A physical operation O (i.e. O(p) = >, Eka,Z) can be expressed as a real

square matrix
Opr = d M Tr[cO(1)], (8.5)

where 0,7 € {I,0%,0Y,0%}*" are Pauli operators. If p) = O(p), we have |p')) =

Olp)).-

In the Pauli transfer matrix representation, vectors representing states or ob-
servables and matrices representing operations are all real. For n qubits, vectors
and matrices are 4"-dimensional. The expected value of the observable ) in the

state p going through a sequence of operations Oy, ..., Oy reads as follows:

Tr[QOy 0 --- 0 Oi(p)] = ((Q|On --- O1p)).
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8.4 Quantum computing by sampling circuits

We suppose that the initial state is p(®, which goes through a sequence of operations
(950), e (’)5\(,)), and in the final state the observable Q) is measured. Each time the
experimentalist implements this circuit, the measurement returns an eigenvalue of
Q) and the probability distribution of eigenstates is determined by the final state.
By repeating such a circuit for many times, they can estimate the expected value
Q) = ((QV]0L1p)) = E[u®], where Of) = OF -+ 0", and p© is the
measurement outcome. Generally in this chapter we will use the superscript 0 to
denote the ideal noise-free realisation of a state, operation or observable quantity.
In the case that the quantum computation has errors, the actual initial state
is p, actual operations are Oy,..., Oy, and the actually measured observable is Q).
As a result, the estimation of the expected value converges to (@) = ((Q|Osot.|p))
rather than <Q(O)>. Here, Oip;. = On - -- Oq, and we have assumed that errors are
Markovian, i.e., errors associated with different gates are totally independent.
Now, we discuss the idea of the quasi-probability method introduced by the IBM
team [28] which we outilined in chapter 5 by using the notation we introduced here.
One can mitigate the effect of errors by sampling from a set of (real, error-burdened)

circuits, each labelled O,S?t for [ =1,2..., provided that their outputs satisty

Q) =>" (VIO [p™)).
l

Ref. [28] describes how the real numbers {¢ } which represent quasi-probabilities can
be efficiently derived given specific error models, assuming that the experimentalist
has full knowledge of the model. Note that each Ot(?t denotes the total operation

lth

composed by a sequence of operations in the [*" circuit.

We can use the Monte Carlo method to compute (Q®). We note that ((Q" \Ot(?t 1pDY)) =
E[u®], where p¥) is the measurement outcome in the [** circuit. Then (Q?) =

>, lalElsgn(q)p®]. To compute (Q©), we randomly choose a circuit to implement,
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and the [*" circuit is chosen with the probability p; = |¢|/C, where C = Y, |q].
Then, the computing result is given by the expected value of effective measurement
outcomes, i.e. (Q) = CE[ueg], where the effective outcome is per = sgn(q)u if
the I* circuit is chosen to be implemented, and ) is the outcome directly obtained

in the [ circuit.

8.5 Per-operation error correction

We can correct errors in each operation using the quasi-probability method, which
will be the primary focus for the following several sections. We can also apply the
quasi-probability method for suppressing errors for preparing the inital state and
measurement, which was not discussed in Ref. [28]. We suppose that we have a set
of initial states Satisfying 1pO)) =37, L d [,in} |p"))), and a set of operations satisfying

Zl ql ) for each error-free operation O( , and a set of observables
satisfying <<Q(0)| = D ql[zit]«Q(l“t)\. Then, by applying error mitigation, we

have a computation result as

- 22 DI IR AR
lin IN  lout

><<<@<lwt>|<9§é - O]p ")), (8.6)

When we sample circuits to compute (Q®) = CE|[pg], the initial state is [p(in)))

with probability p;n] = ql[ln /Cia, the 7™ operation is Oi(li) with probability pl[i] =

|ql’]| /C;, and the observable is ((QUew)| with probability p[ouﬂ = g /Cous- Here,

lout

= \qla]] and C = C,Cy --- OnCqy accordingly. To calculate peg, we use

[in] [out] [out] ) .

sgn(g” - - ") = sgn(g™) - - - sgn(g "

ln
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8.6 Variance amplification in quasi-probability de-
composition

As quasi-probabilities take negative values, it amplifies the variance of the expected
value of the observable. We consider the case that Q) is a Pauli operator (maybe
with error) and the measurement results are denoted by 41, hence the probability

distribution is binomial. The standard deviation of the average of outcomes in

the Monte Carlo calculation is ¢ = C/(1 — E[uer]?)/N: < C/v/N;, where N, is
the total number of samples, i.e. the total number of circuits of all kinds which
the experimentalist performs is N,. We compare this to the error-free computing,
i.e. the ideal original circuit ((Q©]OY) [p®)) is repeated for Ni” times to estimate

(Q©). For the error-free computing, the standard deviation is given by o® =

\/(1 — E[M(O)]Q)/Nr(o). Therefore, to achieve the same accuracy, i.e. ¢ = ¢, the
error-mitigated computation requires N;/Ni” = (C2 — (Q©)2) /(1 — (Q®)?) times
more samples than the error-free computation. Here, we have used the fact that
the error-mitigated computation and the error-free computation should converge to
the same value of (Q©), i.e. E[uY] = CE[es).

In order to limit the standard deviation to be o ~ €, we can choose N, ~ (C'/¢)%.
Therefore, if the factor C' is larger, the computation takes longer.

Because C' = C;,C - - - CyCly if errors are corrected for each operation, we call
C, —1 the cost for mitigating error in the corresponding operation. The overall cost
therefore increases with the number of operations, thus it is important to reduce
the operation number. For example, in a quantum computer where qubits are
fully connected [144], operations for communication are not required, which may

significantly reduce the cost.
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1 [I] (no operation)

2 | [ =R

3 | [0"] = [RJ*[Rd)”

4] [o"] = [RJ?

5 | [~ =[5 +i0¥)] = [H][SP’[H]

6 | [Ry] =[5 +i0")] = [RJ[R[R.]
TR = [ i) = [SF

8 | [Ry = [5(0¥ +0")] = [Ry][R]”

9 | [Rud = [5(0" + 0%)] = [RA][R:][ o]

10| [Ryl = [5(0" +07)] = [RJ*[R)]

1| [m] =[50 +0%)] = [RP[RJ[7][Ru] [Rr]
12| [my] =[50 +0%)] = [R[7][Rs]’

13| [m]=[0+0%)]=[r]

14| [my,] = [5(0" +i0”)] = [R][ R [n][Ru[ )]
15 | [ma] = [3(0° +i0%)] = [RJ[m][ R’ [R.]?
16 | [my] = [5(0* +i0”)] = [x][Ry]?

Table 8.1: Sixteen basis operations. Gates [Ry| and [Ry| can be derived from [H]|
and [S], and other operations can be derived from [r], [Ry] and [Ry].

8.7 Universal operation set

The set of operations including measurement and single-qubit Clifford gates is uni-
versal in computing expected values of observables. The relevant measurement
operation reads [r] = [1(I + 0%)], which projects a qubit to the state |0) . Here,
[U](p) = UpUT denotes a superoperator. Such a non-destructive measurement can
be realised using a destructive measurement followed by initialising the qubit in the
state |0). Single-qubit Clifford gates include the Hadamard gate [H] = [ (0*+07)],

V2
the phase gate [S] = [J5(I — i0”)] and all other single-qubit Clifford gates can be
derived from these two.

In Table 8.1, we list sixteen linearly independent operations that can be de-
rived from the minimum universal operation set {[n], [H], [S]}. In the following, we
use {B§0)|i = 1,...,16} to denote these sixteen operations. As they are linearly
independent, any single-qubit operation O, which is a 4 x 4 real matrix, can be
expressed as a linear combination of sixteen basis operations, i.e. O = 216 quEO).

=1
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Similarly, multi-qubit operations can be expressed as a linear combination of tensor
products of basis operations. Using the quasi-probability method, any computation
of expected values of observables can be realised using this operation set.

We can also use the overcomplete basis operations to construct quasi-probability
operations, such as 24 Clifford operations for a single qubit. In this case, we solve

a L1 norm minimisation problem as [145]

minimise Z |
i

subject to O = Z q:B;,

where the cost is C' = >, |¢;|. This optimisation problem can be efficiently solve
by using, for example, CVX, Matlab Software for Disciplined Convex Program-
ming [146]. By using this formalism, it may be possible to further reduce the cost
for the quasi-probability decomposition, and we will leave the discussion about the
reduction of the cost for future work.

These basis operations are universal, as one can verify by constructing a non-
Clifford gate or an entangling gate. For instance, we can decompose T' gate using

[1] — %[gz] + %E[Rg’], and the corresponding cost

N |

our basis operations as [T] =
C = /2. Tt is worth mentioning that C' = V2 is the same as the value called
robustness of magic, indicating the classical simulation overhead [145].

Another example is controlled-NOT gate, which reads

I+ o I o
Ax = +2" ol+-—C2

® 0¥, (8.8)
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and the controlled-NOT gate can be decomposed as

Ax] = %([I@a"} + 0" @ 1] — [I ® Ry
~[R, @1 - [0*® R, — [R, ® 0])
+[o" @ | + [R, ® Ry + [I ® 4]

+m, ® I] — [0* @ my| — [m, ® o7]. (8.9)

Then, the corresponding cost is given by C' = 9.

However, these constructions would not be used in practice — it is not an effi-
cient method to actually implement a desired 7" and controlled-NOT in the basic
circuit, since the corresponding cost C' = v/2 and C' = 9 would imply unacceptably
steep exponential, leading to a huge sampling cost, as one would expect from e.g.
Refs. [147, 148, 149]. Instead we rely on the assumption that the experimental
system can directly implement a universal set of gates (including entangling and
non-Clifford gates) with a reasonably high fidelity. Then rather than fully synthe-
sising any of the basic gates using our basis, we need only compensate for slight
imperfections. The cost for doing so, for each imperfect gate, is then ~ C =14 ¢
as we presently discuss.

Note that the measurement superoperator [r] also means post-selection, i.e. if
the outcome of the measurement corresponding to [r] (which is not the final mea-
surement on the observable Q") is |1) in a trial, the value of the observable Q)
is noted as p¥) = 0, but the trial is counted in the total number of samples in the
Monte Carlo calculation. If Q) has two values 1, we can estimate the value of
(QWIOY. |pM)) by calculating (Ng — Ny /(NP + Ng + NY). Here, we have
supposed that the circuit is implemented for total Nél) + Nﬁ + Nﬁl% times; for Nél)
times the circuit does not pass post-selections (i.e. u¥ = 0), and for Ng times the
circuit passes all post-selections and reports Q) = £1 (i.e. u® = £1). It is the

same when we compute (Q?)) using the Monte Carlo method. If the effect outcome
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is pteg = 0 with the probability Py, then the standard deviation of the Monte Carlo

calculation becomes o = C\/[(1 — Py)? — E[u]?]/(1 — R))N, < C/(1 — Ry)/N,.

As we have obtained the complete operation set in Table 8.1, we can use it in

deriving the protocol that will compensate for errors. We focus on the case that
errors are localised: An (error-free) operation that is applied on a set of qubits
S is a 41°l-dimensional real matrix, then the corresponding operation in real (i.e.
error-burdened) O is also a 4/°l-dimensional real matrix operating on the same
set of qubits. The overall operation on the entire system can be expressed as
Is ® O, where I3 is the identity acting on all other qubits. It is similar for the
initialisation and measurement. If each qubit is initialised individually, the overall
initial state is @), |pm)), where |p,,)) is a 2-dimensional real vector representing
the m'™ qubit’s initial state. Similarly, individual measurement of qubits implies
that the overall measured observable is @), ((Q|, where ((Q,,| is a 2-dimensional
real vector representing the measured observable for the m'™" qubit. In this case, a
single-qubit operation with error can still be expressed using a 4 x 4 real matrix. We
suppose that for a qubit, sixteen basis operations with errors are {B;]i = 1,..., 16},
which are all 4 x 4 real matrices. When errors are not significant, these sixteen
bases should still be linearly independent, i.e. the set of basis operations with errors
is still universal.

To make this statement more precise, we consider the 16 x 16 real matrix

(Bi)e,1 (Big)e
Ao (B1)e2 (Bi6)e 2 (8.10)
(B1)e,3 (B16)e,3
| (Bi)ea (Bi6)ea |

Here, (B;). ; denotes the j™ column of the matrix of the basis operation B;. Sixteen
basis operations are linearly independent if the matrix A is invertible. We use

€max = max{||B; — BgO)HmaXﬁ = 1,...,16} as the measure of the error severity in
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basis operations. When €,,,, < 3—12(13 — 34/17) ~ 0.0351, it can be proved that A is
always invertible. We have the explanation as following.

For two real matrices A© and A and a non-zero real vector z, we have
|AQ 2]y = VaTAOTAO 2 > 5.0 (AD)]| 2|2, (8.11)

where ||z||2 denotes the Euclidean norm of z, and s, (A®) is the minimum singular

value of A© . We also have
(A= AD)z|ly < [|A = AD |||z 2. (8.12)
Therefore,

1Azl > [|AQ]> — [I(A = A©)a

> (smin(AY) = |4 = A92) 122, (8.13)

where ||Al|2 denotes the largest singular value of A (an operator norm). If ||A —
AO |y < sin(A®), || Az || is always positive, thus A is invertible.

Now, A is the matrix formed by basis operations with error as defined in
Eq. (8.10), and A is the matrix formed by basis operations without error. Because
det(A©) can be numerically calculated as det(A®) = 16, A is invertible, i.e. ba-
sis operations without error are linearly independent. The minimum singular value
iS Smin(A®) = (13 — 3v/17). Because [|A — AQ|; < 16[|A — AQ||ppax = 166max,
the matrix A is invertible if €, < 1_165min(A)-

We remark that even if €,,,, exceeds the threshold, basis operations still tend to

be linearly independent.
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(a) Error mitigation circuits
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Figure 8.2: (a) Error-mitigation circuits. The choice of a basis operation is de-
termined by the corresponding random number ¢, 7 or k. Original gate that is
identity (memory operation) also has to be error-mitigated, unless memory error is
negligible. In the compensation method, ether the original gate or basis operations
are applied depending on the random number. (b) The schematic of the linear
extrapolation (orange curve) and exponential extrapolation (green curve).
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8.8 Error mitigation using basis operations

Given an operation with error O, we can use sixteen basis operations to correct the
error, i.e. realise the operation without error O9). There are two ways for correcting
the error.

Compensation method. The operation O is close to O, Therefore, we can
keep the correct component of @ and only decompose the error component using
basis operations. We decompose the operation without error as Q) = NO+> " i3,
where A is an arbitrary real number. If basis operations are linearly independent,
the decomposition always exists, and there is only one solution of coefficients {¢;}
when A is determined.

Inverse method. If the matrix O is invertible, we can express O as O fol-
lowed by a noise process, i.e. @ = NO© where the noise operation N' = OO0~
In order to correct the error, we can decompose the inverse of the noise as N1 =
001 = >; @:B;. By applying the inverse of the noise after the operation O, we
can realise the operation without error, i.e. O = N710 = Y~ ¢,5,0. Similar to
the compensation method, if basis operations are linearly independent, the decom-
position always exists, and there is only one solution of coefficients {¢;}. However,
the inverse method can only be applied if the matrix O is invertible.

For multi-qubit operations, the decomposition is performed using tensor prod-
ucts of basis operations. We consider the n-qubit operation £. For each qubit,
there is a set of basis operations {B,,;[i = 1,...,16}, where m = 1,...,n is the
label of the qubit. For each set of basis operations, there is a matrix A as defined
in Eq. (8.10). We use 4,, to denote the matrix of the m'™" qubit.

The operation £ can be decomposed as

16 16
E=D ) tireinBri @ ® B, (8.14)

i1=1 in=1
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Coeflicients form a 16"-dimensional vector

qi1,1,-- 1,1
q1,1,-,1,16
q= ; (8.15)
q16,16,---,16,1

q16,16,---,16,16

Therefore, the decomposition is given by ¢ = (4; ® --- ® A,)"'E, where E is a
16"-dimensional vector corresponding to £.

We choose the order of Pauli operators, i.e. the order of bases of Pauli transfer
matrices {B,,;|i = 1,...,16}, as I, 0*, 0¥ and ¢” (which are also denoted as I, X,

Y and Z, respectively). Then, to be consistent with A; ® --- ® A,,, we have

Enlyly I Iy Iy 1 T,

Enyly Iy Iy Iy 1 X,

ENly Ty Zn I Iy 1 Yo,

ENlydn1Zo i To - To—1 Zn

E= : . (8.16)

E2 2y 110,72 Zw T 1 T

Et Ty Zon—1 10,71 70 Zon—1 X

E Ty o1 2, 21 Do Ty 1 Vo

E T Ty 7,20 T T 1 7

Here, a,,, (o = I, XY, Z) is a Pauli operator of the m™ qubit.

Although basis operations are not entangling, we can use basis operations to
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efficiently mitigate multi-qubit errors and errors that can entangle qubits. The
example is decomposition of the controlled-NOT gate only using basis operations
discussed in the previous section, which suffices to imply that any error in the form
of the controlled-NOT gate can be mitigated using basis operations.

Initialisation and measurement errors can also be corrected using basis oper-
ations. Taking first the case of initialisation errors: If |p)) is the error-burdened
initial state, and it is a non-zero vector, we can always find a transformation 7
that satisfies |p(®)) = T|p)) where |p®)) is the error-free initial state. Thus by de-
composing T using basis operations and applying it after the initialisation, we can
prepare the noise free initial state. Actually, given an initial state that is close to |0),
we can generate a complete set of linearly independent vectors {|px))} using basis
operations. With these vectors, we can decompose the initial state without error
as [p©)) =37, qk|pk)). The state of a qubit is represented by a 4-dimensional real
vector. To decompose the initial state of a qubit without error |p(?)), we need four
linearly independent initial states. If the qubit can be initialised in the state |0), we
can choose the set of four states as {p\”} = {|0), [1), \%(\O) + 1)), \/L§(|O> +1i|1))}.
These four states can be obtained by applying basis-adjusting operations (Clifford
gates) {[I],[Rx), [Rx)?, [R.][Rx]} on the initial state |0). Because of the error in the
state |0) and errors in basis-adjusting operations, the prepared four states {pj}
are not exactly states {p,(go)}. When the overall error is small, states {px} are still
linearly independent.

We introduce the matrix M, = ((¢]pr)), and M™© is the matrix corresponding
to {p,(eo)}, i.e. M™ matrix free from state preparation noise. States {p;} are linearly
independent if M™ is invertible. Similar to the analyse of the linear independence of

basis operations (i.e. the invertibility of the matrix A), we have that M™ is always

invertible if |M™ — M®O||. < Ls i (MRO) = 1, /5=VIT ~ (00828, The initial
state without error is decomposed as [p©)) = 370, qilpx)). Coefficients form a

4-dimensional column vector ¢ = [¢1 ¢2 g3 qu]*. The decomposition is given by
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¢ = MP10)),

A similar argument can be applied to the corresponding result for measure-
ment: For an observable ({(Q| there will be some ((Q®| = ((Q|T where ((Q©] is
the error-free quantity. If an observable is close to ¢” then a linearly independent
set {({Q;|} can be generated; then the error-free observable ((Q?)| = > Q-
To decompose the observable of a qubit without error ((Q®)|, we need four linearly
independent observables. If o” can be measured, we can choose the set of four
observables as Pauli operators {Q§o)} = {I,0%,0Y,0%}. The operator I denotes a
trivial measurement, whose outcome is always +1. Measurements of other three
Pauli operators can be obtained by applying basis-adjusting operations (Clifford
gates) {[I], [Ry], [R.}[R«][R.]} before the measurement of 0. Because of the error
in the measurement of ¢ and errors in basis-adjusting operations, the measured ob-
servables {();} are not exactly {Qg-o)}. When the overall error is small, observables
{Q;} are still linearly independent. We introduce the matrix M2y = ((Qj]0)),
and M°"©) is the matrix corresponding to {Qg-o)}. Observables {@;} are lin-
early independent if M°" is invertible. We have that M°" is always invertible
if [|[ MO — MO O e < 28 (M) = 1. The initial state without error is de-
composed as ((Q)] = Z?zl ¢;{(Q;]. Coefficients form a 4-dimensional row vector
¢ = |q1 ¢ @3 qs). The decomposition is given by ¢ = ((Q®|Mo™t—1,

Circuits for QEM are shown in Fig. 8.2(a). Given quasi-probabilities, we can
compute the corresponding probability in sampling circuits as shown in Sec. 8.5.

Using the quasi-probability method, we can also increase the error in an opera-
tion, as required by the alternative error extrapolation method for QEM. Instead of
decomposing the error-free operation O using © and basis operations, we can also
decompose the error-boosted operation Op(r) = (1 — 7)O© + 70O (r > 1) using O
and basis operations. It is similar for initial states and observables. We have noted
that in the decomposition of an error-free operation, there are always some negative

quasi-probabilities, i.e. the C factor is greater than 1, which leads to greater time
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costs. But fortunately when we merely wish to decompose an error-boosted oper-
ation we can implement it without introducing negative quasi-probability, e.g. by
boosting Pauli errors using Pauli gates [24]. Therefore, the sampling cost does not

increase.

8.9 Quantum gate set tomography

We can measure a set of initial states {|px))}, observables {((Q;|} and operations
{O;} (including basis operations) with gate set tomography (GST) [139, 140]. These
vectors and matrices with the bar notation describe the actual physical system.
Because there are errors in both initial states and observables, and initialisation
and measurement errors cannot be distinguished, we may not obtain exactly these
vectors and matrices describing the actual physical system. Instead, the vectors and
matrices obtained using GST are {|5x))}, {((Q;]} and {O;}, which are estimations
of {|pr))}, {((Q;[} and {O:}, respectively.

If we know {|px))}, {{{Q;]} and {O;} because the physical system is well un-
derstood, we can directly use them in QEM. If our knowledge about the physical
system is not enough, we can use GST to obtain {|5;))}, {((Q;]} and {O;}. We
will show that, although the estimations may not be exact, we can exactly correct
errors for the expected value of an observable of interest by using these estimations
in QEM.

To measure a set of operations {Oy,...,Ox} on n qubits using GST, we need
to choose a set of 4™ linearly independent initial states {p,} and a set of 4™ lin-
early independent observables {Q;}. Given these initial states and observables, we

measure expected values

Oy = ((Q;]01pn))- (8.17)

Here, O is one of operations {O,...,On}.
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The matrix O is equivalent to O up to a transformation. Because @U,T =

((c]O|7)) and Y |o)){{c| = I (the sum is taken over all Pauli operators), we have
O = M OM™, (8.18)

where M™ and M°" are matrices defined as MY, = ((o]pr)) and M2 = ((Q;l0)).
We remark that the effects of initialisation error and measurement error are in-
cluded in M™ and M, respectively. We cannot measure matrices M™ and M
independently, therefore we cannot determine O using GST. By taking the identity

operation for O (i.e. O = I) in Eq. (8.17), we can measure
g = M“M™. (8.19)
The estimation of O is given by
O =Ty 'OT™' = TM™*OM™T!, (8.20)

where g and O are obtained by measuring the expected values of observables, and T
is an arbitrary invertible matrix. If M™ and T are different, O is different from O,
but we set T so that it is similar to M™. We usually set 7' = M™© where M™©)
is M™ matrix without state preparation noise. The estimations of states |py)) and

observables ((Q;] are given by

k) = Tor =TM"py)), (8.21)

Q5] = (9T )0 = ((Q;|M™T. (8.22)

Here, M, . (M;,) denotes the k™ column (5 row) of the matrix M.
We introduce matrices M™ and M°* defined as M(‘,nk = {{o|pr)) and Mjogt =

((Q;]0)), respectively. Then M™ = T and MO = gT~'.

116



For a sequence of operations Oy, . .., Oy, because @Z and O; are similar matrices
up to the same transformation independent of the operation (i.e. the index i), we

have

((Qi|On -+ O1lpr)) = ((Qj|On -+ Ou|pr)).- (8.23)

Therefore, although estimations {|4;)), ((Q;], O;} are in general different from their
correspondences {|pr)), ((Q,|, O;}, they can always provide the correct prediction
for the expected value of an observable in an initial state going through a sequence
of operations.

Using GST estimations in QEM, the actual operations realised in this way
differ from operations without error, but the computing result is correct. To
correctly obtain ({Q@O©[p)) we decompose the initial state, the observable
and the operation using {|px))}, {((Q;]} and {O;} respectively. Here, [p©)),
{QW|, ©© and GST estimations are all known to us. The decompositions are
PO = Sparlin), (QO] = ¥, ¢;((Q;] and 00 = ¥, .0, Accordingly, we
actually realise [57)) = 37, qxlpr)), ((QO] = 3, ¢;{(Q;] and O = 37, ¢;0; in
the physical system. We have |p(9)) = M™T—1|pO)), (Q©| = ((Q©|TM™ ' and
OO = MT-1OOT N1 Therefore, the physical system gives the computing
result ((Q©|0©[p0)) = ((QVOO|p®)) and thus we can successfully obtain de-
sired error-free output. This operation leads to the potential increase to the number
of samples required, as shown in Fig. 8.3 and discussed in the caption.

We would like to remark that, when errors in actual operations are small, errors
in estimations of operations are also small. If we take a proper strategy for choos-
ing T, and errors in initial states and observables are small, the estimation of an
operation O is close to the operation without error O when the actual operation
O is close to OO,

Please refer to Appendix A for the discussion of the stability of gate set tomog-
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raphy:.

8.10 Estimation of the cost

In general, when the error in an operation is more significant, there is a higher cost
for mitigating the error (to a given level of suppression). We take ep = ||O—0O© || x
as the measure of the error severity in the operation, where O (O®) is the n-qubit

operation with (without) error. An upper bound of the cost for correcting error in

O is

162n€@

Chn—1< .
O = 5 (A©) = 166mmax]"

(8.24)

Here, €. is the maximum error in all basis operations for all n qubits, and
Smin(A®) = 1(13 — 3y/17) ~ 0.315. Similar upper bounds can be obtained for
correcting errors in initial states and observables. Now, we discuss the derivation
of inequality (8.24) in detail.

We consider compensation method and take A = 1, i.e. the n-qubit operation
without error is realised as O©) = O + &, where & is decomposed using basis
operations as shown in Eq. 8.14. Then the cost for correcting the error in O is

determined by

Co=14 > i il (8.25)

U1,.0in

Decomposition coefficients are determined by ¢ = (A} ®---® A,) ' E, where ¢ and
E are defined in Egs. (8.15,8.16). Here, ¢ and F are 16™-dimensional vectors, and

A ®---® A, is a 16"-dimensional matrix. Therefore, for each element of ¢,

|Qi1,...,in‘ < 16”“(141 K- An)_IHmaXHSHmaX- (8-26)
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(a) Depolarising model (b) Overrotation model (c) Random error model
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Figure 8.3: Cost (C' — 1) for correcting errors. We consider a universal set of
operations, including the initialisation, measurement, single-qubit Clifford gates, a
single-qubit non-Clifford gate, and a two-qubit entangling Clifford gate. Sixteen
basis operations of each qubit can be generated using these operations. Every
operation in the set has error, and the memory error is also included. We assume
that qualities of the initialisation and single-qubit gates are 10 times better than the
measurement and two-qubit gates; also that the quality of the memory operation
is 100 times better. Details of the model are given in Appendix B. The cost
for correcting error in each operation in the universal set is calculated, and the
maximum cost over all operations is plotted in the figure. (a) For the depolarising
error model, the cost is lower if we directly use actual operations to correct errors,
and the cost is higher if we use gate-set-tomography (GST) estimations to correct
errors. (b) For the over-rotation model, the cost is higher without using the Pauli
twirling, and the cost is lower when the Pauli twirling is used. In (a) and (b), solid
curves correspond to the compensation method (with the optimised \), and dashed
curves correspond to the inverse method. (c¢) The cost as a function of the distance
between operations with errors and operations without error. For the operation with
error O and the operation without error O the distance is ep = |0 — O©|| yax.
The x-axis illustrates the maximum distance over all operations in the universal set.
In (b) and (c), we always use GST estimations. In (c), Pauli twirling and the inverse
method are used for all the data. Pauli twirling is applied to the measurement and
two-qubit gate, and the inverse method is only applied to the two-qubit gate, while
errors in other operations are corrected using the compensation method. We remark
that usually the maximum distance and the maximum cost are given by the two-
qubit gate. These figure were produced by one of coauthors of Ref. [29], Ying
Li.
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Here, we have used that the maximum absolute value of an element of £ is ||€||max-
Because £ = O — O, we have ||€|lmax = €o0. Using the inequality (41) in Ap-

pendix A, we have

| (Al Q- ® An)ilumax

= TTIA e < TTHA 2
1=1 1=1
s 1
<
< 15 oy o,
5 1
<
o H Smin(A(0)> - 16||/4l - A(O)Hmax
1=1
1
< ) 8.27
o [Smin(A(O)) - 16€max]n ( )
Here, €pay = max{||A; — A9 |||l = 1,...,n}. There are total 16" decomposition
coefficients, therefore
16271
Co <1+ o (8.28)

o (Smin(A(O)) - 166max)n.

Here, we have assumed that €., < smin(A(O)) /16.

We consider using the set of initial states with errors {|px))} to realise the initial
state | p,g?))>>, which is in the set of initial states without error {| p,(go)>>}. The initial
state can be decomposed as |p§€?>) = |pro)) + 2 i (ak — Ok i) Pk)) (see section 8.8).
We use e, = ||[M™ — M™©)||,.. as the measure of the error severity in initial states.

Using [11ok)) = 1)) s < €in and [ M s < Afsin(M*0) — 5,] 71, we have

the cost for correcting errors in initial states

Cin = Z|Qk| §1+Z|qk—5k,ko|
k k

42€in
Smin(Min(O)) — €in .

IN

1+

(8.29)

A similar argument can be applied to observables. We consider using the set of
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observables with errors {((Q;|} to realise the observable (<Q§2)|, which is in the set
of observables without error {((Q;O)\}. We use ey = || MO — M*O)|| . as the
measure of the error severity in observables. Then, the cost for correcting errors in

measured observables is

426 t
Couwt <1 o i
t= * Smin(Mout(O)) — €out

(8.30)

There are also several ways to reduce the cost. The upper bound of the cost
can be obtained using the compensation method and taking A = 1. In general,
we can optimise the value of A or use the inverse method to minimise the cost.
For example, for the depolarising error model (see Appendix B), the cost of using
the inverse method is lower than using the compensation method [see Fig. 8.3(a)].
We remark that, to obtain data for the compensation method in Fig. 8.3, we have
optimised the value of A\. If we use estimations obtained from GST to correct
errors, we can optimise the 7" matrix to minimise the cost. In Fig. 8.3(a), we can
find that, without optimising 7" matrices, the cost using estimations obtained from
GST is higher than using actual operations. If we choose the matrix in the form
T = @ _ Ty, where T, is a 4-dimensional real matrix corresponding to the m®
qubit, there are 16n parameters to be optimised for a n-qubit quantum computer

in total, which is a non-trivial task. Under some reasonable conditions, we can also

use the Pauli twirling [150, 151] to reduce the cost.

Pauli twirling

In many quantum computing systems, e.g. superconducting qubits [14] and ion
traps [15, 16|, the fidelity of single-qubit gates is much better than the fidelity of
two-qubit gates, and usually a state can be initialised with a high fidelity while
the fidelity of measurement is worse. In this section, we consider the case that

error rates of initialisation and single-qubit gates are much lower than error rates
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of two-qubit gates and measurement.

If the error rate of initialisation is low (much lower than the error rate of mea-
surement), we know how to choose 7" so that the estimation of an operation obtained
from GST is close to the actual operation. We cannot exactly estimate operations
using GST, as it is impossible to distinguish initialisation and measurement errors.
If we treat all errors in the initialisation and measurement as measurement error, the
difference between the estimation and the actual operation is only determined by
the initialisation error. Therefore, if the initialisation is high-fidelity, the estimation
obtained in this way and the actual operation are close.

Because the set of basis operations includes Pauli gates, it is easy to use ba-
sis operations to correct Pauli errors. By using the Pauli twirling, we can convert
the error in a two-qubit entangling Clifford gate to Pauli error [150, 151], which is
achieved by applying Pauli gates before and after the two-qubit gate. This treat-
ment of the error is feasible only if the fidelity of Pauli gates is much better than
the two-qubit gate, otherwise Pauli gates cause significant new errors, which may
not be Pauli error, on the two-qubit gate. In Fig. 8.3(b), we can find that the cost
can be significantly reduce by using the Pauli twirling for the over-rotation error
model (see Appendix B).

In Fig. 8.3(c), costs of different error models are compared, including the de-
polarising model, pure-dephasing model, amplitude-damping model and the over-
rotation model. We also randomly generated many other error models, and see
Appendix B for details of these error models. For a random-operation model, we
randomly generate an operation close to the ideal error-free operation, and we find
that the cost is approximately the cost of the depolarising model. For a random-field
model, we randomly generate a Hamiltonian that drives the erroneous evolution,
and the cost is between the depolarising model and over-rotation model.

From Fig. 8.3(c) we see that the cost of quantum error mitigation varies depend-

ing on the error model but is generally upper-bounded by the case of depolarising
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noise, over the range of noise levels shown here. (Note that other models can exceed
the cost of the the depolarising model if we use even lower fidelity gates). For the
depolarising model, the cost for mitigating error in a two-qubit entangling gate is
C' — 1 ~ ae, where € is the error rate and the factor a is between 2 and 3 [see
Fig. 8.3(a)]. If errors in initialisation and single-qubit gates are negligible, or if the
matrix 71" is optimised to minimise the cost, the factor a can approach 2. If we
accept the depolarising model as an approximate upper bound, we can estimate
the overall cost in a quantum algorithm. Suppose the total number of gates in a
quantum algorithm is NV, the overall amplification of the standard deviation (uncer-
tainty of the computing result) is (1 + 2¢)", indicating that (1 + 2¢)?" times more
repetitions of the experiment are required in order to achieve the same standard
deviation to the case without error mitigation. We are interested in the case that
N is large but € is small, therefore, (1 +2¢)*¥ ~ e*N¢. As a rule of thumb we might
take Ne = 2 as a limit for acceptable scenarios, since then e*V¢ a2 3, 000. However,
larger overhead factors may be acceptable depending on the speed of the quantum

computer.

8.11 Numerical simulation

In our numerical simulation, we apply QEM to the SWAP-test circuit [94] shown
in Fig. 8.4, in which we realise each controlled-SWAP gate using Toffoli gates and
realise each Toffoli gate using T gates, 7T gates, Hadamard gates and controlled-
NOT gates [31]. We note the implementation of a SWAP test using shallow circuit
is possible [91, 92|, as we mentioned in Chapter 6. However, for present purposes
it is not essential to use an optimised realisation of the SWAP circuit; its role is
simply to test whether our error mitigation method works properly and indeed the
considerable depth of our non-optimal circuit is helpful here. The number of gates

scales as 23N, — 21, where N, is the number of qubits (e.g. Ny, = 7 in Fig. 8.4).
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Figure 8.4: Swap-test circuit. The first qubit (denoted black) is a probe qubit,
and the expected value of Z gives the overlap between states of two qubit groups
(denoted green and orange, respectively). Green qubits are prepared in the GHZ
state (|00 ---) 4+ |11---))/v/2, and orange qubits are prepared in |00 - - -). Therefore,
the ideal expected value of Z is 0.5.
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(a) Inhomogeneous Pauli error (b) Leakage error
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Figure 8.5: Histograms of the estimation of (Z) using quantum computers with
inhomogeneous Pauli error and leakage error. For the inhomogeneous Pauli error
model, the SWAP-test circuit involving 19 qubits is simulated: one qubit is the
probe qubit, and each group has 9 qubits. For the leakage error model, the SWAP-
test circuit involving fewer qubits (15 qubits) is simulated, because in the numerical
simulation we need to use an additional qubit to introduce the leakage process. The
ideal value of (Z) is marked by the red arrow.

Without error, the expected value of the observable Z (¢* of the probe qubit) in
the SWAP-test circuit in Fig. 8.4 is 0.5, because it evaluates the overlap of the GHZ
state (|00---) 4 [11---))/+/2 and the state [00- ).

We consider error models according to which the same noise £ is applied after
the initialisation to the state |0), before the measurement, and before and after
each gate. For the controlled-NOT gate, the noise applied is £ ® £ on two qubits.
We remark that basis operations are also affected by noise in the same way. We

consider two types of noise: inhomogeneous Pauli error and leakage error, which

can be respectively described as

Emn = (1 — px — py — po) 1] + px[0™] + py[0”] + pa[o”]

and

Ereax = [|0) (0] + /1 — p[1)(1]],

where p, is the probability of the error [¢®], and p is the probability of the leakage

error from the state |1). It is worth mentioning that the leakage error is a non-trace-

125



preserving error. In our simulations, we set p, = p, = 0.0001, p, = 0.0006, and
p = 0.0008. Thus in both models the total error rate is 0.08% for initialisation and
measurement, 0.16% for single-qubit gates and 0.32% for two-qubit gates, which can
be achieved with two-qubit gates in ion traps [16] and can be far surpassed for one-
qubit gates [15]. Moreover, with these numbers the expected total number of error
events in circuits of the depth and breadth that we consider here is approximately
unity for the case the number of simulated qubits equals to 19; this is a challenging
domain for error mitigation.

In addition to quasi-probability decomposition (see section 8.14 for an instruc-
tion of the implementation), we also study the Richardson extrapolation technique
introduced in Ref. [24]. The expected value of Z obtained by running the SWAP-
test circuit in a quantum computer with noise depends on the error rate, i.e. it
is a function that can be denoted as (Z)(e), where € is the overall error rate.
For our first set of numerical experiments we consider linear extrapolation to the
error-free value (Z)(0) as follows: We obtain the expected value (Z)(ey) with the
lowest attainable error rate ¢y, and by increasing error rate to rey with r > 1,
we obtain another expected value (Z)(rep). Using these two values, we can infer
(Z)(0) = (r(Z)(eo) — (Z)(r€o))/(r — 1) as shown in Fig. 8.2(b), which is the final
estimation of (7). Here, we set r = 2.

The first set of numerical results are shown in Fig. 8.5. We assume that the
experimentalist makes her overall estimate of the (Z) after she performs 10* indi-
vidual experiments. We take this number of runs as a fixed constraint (effectively,
we are constraining her overall time resource), and she may choose to employ those
runs using one of three alternative approaches: no error correction, linear extrapola-
tion, and quasi-probability decomposition (using basis operations and incorporating
GST). In each experiment the SWAP-test circuit or its variant for the purpose of
QEM is implemented. Because of the finite number of samples, the estimation is

stochastic. Therefore, in our numerical simulation we perform the appropriate se-
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Figure 8.6: Comparison of optimised quantum error mitigation techniques: The
green outlines correspond to the quasi-probability technique while solid histograms
correspond to the extrapolation technique using a presumption of an underlying
linear (blue) or exponential (red) dependence. For the inhomogeneous Pauli error
model, the SWAP-test circuit involving 19 qubits is simulated. For the leakage error
model, the SWAP-test circuit involving fewer qubits (15 qubits) is simulated. The
horizontal axis is the estimate of (Z) that an experimentalist who performs 10*
experiments will obtain. Ideally the circuit produces (Z) = 0.5. (a) The left panel
corresponds to physical errors of the inhomogeneous Pauli type, while the right
panel (b) corresponds to physical leakage errors. Note that the horizontal scale
differs between the two panels; a grey bar showing the scale from 0.4 to 0.6 appears
in both figures to facilitate comparison. For either type of noise, it is clear that
exponential extrapolation mitigates noise more than linear extrapolation.

ries of 10* experiments, mirroring the actions of the experimentalist, and then we
repeat > 1,000 times in order to determine the distribution of final estimations
that may be obtained. The distribution for each case is plotted in Fig. 8.5.

Now, it is clear that QEM approaches can improve the result, i.e. the corre-
sponding distributions are shifted closer to the ideal value 0.5 compared to the
approach without QEM. For the inhomogeneous Pauli error model, the means of
distributions are at 0.1961, 0.3415, and 0.5011 for the no error correction, linear
extrapolation, and quasi-probability decomposition, respectively. The distribution
of the quasi-probability approach is centered at the ideal value, which clearly shows
its desirable property of completely removing any systematic bias. However, the
variance of the distribution is greater (as we expected) compared to other two ap-

proaches. A more fair metric would be the expected absolute error versus ideal

value (i.e. |(Z) — 0.5]). Given an ideal error-free computer and 10* trials, this met-
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ric would evaluate to 0.006910. Using the inhomegeneous Pauli error, with our three
protocols the three corresponding values are 0.3039, 0.1853 and 0.0491. Similarly,
for the leakage error model, the means for three approaches are 0.3819, 0.4710,
0.5007, while the expected absolute error evaluates to 0.1181, 0.0294, and 0.0434.

From these results it may appear that (given a large but reasonable number
of samples) the quasi-probability technique outperforms the extrapolation method,
with the latter unable to approach the mean of the error-free circuit. However, here
the extrapolation method was limited to linear interpolation whereas the physical
error rates are high enough that the linear assumption is not appropriate. One could
fit a higher order polynomial using more data points (here, we have only used two:
one derived from the actual lowest possible error rate and one boosted to twice the
error rate.) However, the sampling cost generally scales exponentially to the number
of data points [78]. Also, as we are limiting the total number of experimental runs
to 10%, this would lead to greater noise in each data point. Therefore we should
not take many data points. Moreover, as we now argue, (Z) (¢) is likely to be
well-approximated by an exponential decay rather than a polynomial one (i.e. the
expected value of the observable falls exponentially with the physical error rate)
and two data points are sufficient to estimate the zero-error observable under that
assumption.

In Fig. 8.6 we show the results when the experimentalist indeed assumes that
the expected value (Z)(€) changes exponentially with respect to the error rate e and

converges to 0 in the limit of € — oco. Here, we assume

(Z) () = (2) (0)e™*. (8.31)

Therefore, we have

(8.32)
(Z) (reg) = (Z) (0)e™".
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We now have (Z) (ey)" (Z) (reo)™ = (Z) (0)"~!, therefore the experimentalist will

infer the error-free value as

(2)(0) = (Z)(e0) 1 (Z)(reo) 77 (8.33)

Here we take r = 2.

As shown in Fig. 8.6, the distribution of the final result using the exponential
extrapolation approaches the ideal value of (Z) (which is 0.5 for the SWAP-test cir-
cuit) much better than the linear extrapolation. Given the same 10* experimental
runs, the mean of the experimentalist’s estimate is now 0.5111 for the inhomoge-
neous Pauli error model and 0.4986 for the leakage error model. These numbers are
significantly close to those of quasi-probability technique but the variance is smaller.
The expected absolute error for inhomogeneous Pauli error and leakage error are
0.06501 and 0.01882, respectively. For the latter, the expected absolute error comes
within a factor of three of the shot-noise limit that would be achieved by error-free
ideal hardware (0.00691). This is despite the fact that our error-burdened circuits
have error rates corresponding to at least one error event per circuit. We emphasise
that this suppression results purely from the QEM protocol i.e. it is achieved at no
cost in terms of the qubit count or the total number of runs (constrained to 10%).

Due to the limited power of classical computer we utilised, our exact numerical
simulations did not involve more than 19 qubits. However, it is of course very inter-
esting to investigate the relevance of our techniques to quantum computing using
over 50 qubits, which is in the so called ‘quantum supremacy’ regime. Therefore,
we estimate the cost of quantum error mitigation in the SWAP-test circuit, using
the same error models in our numerical simulation and error rates achievable in ion
trap experiments [15, 16], i.e. the error rate of two-qubit gate is 0.1% and error
rates of single-qubit operations are 0.01%. Take for example the SWAP test with

N4 = 51 qubits (the number of gates is 1, 152). For the inhomogeneous Pauli error
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model, the overall cost is C' = 2.956, which implies that we can attain the same
computing precision as the ideal case if we have C? = 8.738 times more repetitions
of the experiment, which is experimentally feasible. For the leakage error model,
the cost for the 51-qubit SWAP test is C' = 4.338, which means C? = 18.818 times
more repetitions are required. A plot showing how the cost scales depending on
qubit count is shown in Fig. 8.7.

We also evaluate C? for a fully paralleled circuit, whose circuit depth is N, and
cach layer has N, /2 single qubit gates and N,/4 controlled-NOT gates, which means
the quantum circuit has N(f /2 single qubit gates and Ng /4 controlled-NOT gates.
As single qubit gates, we use T gate, S gate and Hadamard gate, because these gates
plus controlled-NOT gate constitute a universal gate set, and we equally assign the
number of qubits to these three types of single qubit gates. We plot C? versus
the number of qubits for the SWAP-test circuit and the fully paralleled circuit in
Fig. 8.7. We observe that for the SWAP test circuit, it is feasible to venture into the
‘supremacy’ regime with the current achievable fidelities; for the more demanding
case of a fully paralleled circuit (so that the gate count scales as N(f) we see that
today’s error rates would not be sufficient much beyond 50 qubits, but that error

rates ten times lower would easily suffice for 80 qubits and beyond.

8.12 Intuition for Exponential extrapolation

Intuitively, the explanation for the success of the exponential extrapolation is as

follows. We express the i*" noise event occurring in the quantum circuit as
Ei(e) = (1 —e)[I] + €& (e)s, (8.34)

where &’(¢) is the error component. The only assumption is that the error compo-
nent only weakly depends on the error rate € (see Appendix C). Now, for simplifica-

tion we ignore the computing operations, which do not affect our general argument.
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Figure 8.7: The graphs show the cost of matching the performance of an ideal noise-
less circuit with a noisy circuit, using the quasi-probability method. The vertical
axis (C?) is a multiplicative factor indicating how many more repetitions of the
circuit execution are requited. In each graph the upper pair of lines correspond to
error rates achievable in ion trap experiments [15, 16|, i.e. the error rate of two-
qubit gate is 0.1% and error rates of single-qubit operations are 0.01%. The lower
pair of lines indicate the result of reducing these error rates by a factor of ten. The
left panel corresponds to the SWAP-test circuit. The right panel corresponds to a
circuit where every qubit is actively gated in every time step, and the number of
steps equals to the number of qubits.

The total noise that the entire quantum circuit experiences is

N N

H&‘ = H[u — O[] + €&l (8.35)

Here, N is the total number of the noisy operations. Expanding the overall noise,

we get

fi&::§é(i>($—dN”%Wm, (8.36)

where

N\ the sum of terms where
%I() X (8.37)

&’ appears for n times
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Note that the coefficient of X, in the overall noise corresponds to a binomial distri-

bution, which can be approximated by the Poisson distribution. We have

N N

_ _—Ne (Ne)n
[[é=¢"D X, (8.38)
i=1 n=0

We can find that the impact of the overall noise on the expected value of some

Ne

observable is proportional to e™¢, which implies that exponential extrapolation

works better than linear extrapolation.

8.13 Cost for exponential extrapolation

Now, we discuss the cost for exponential extrapolation. We assume that (Z) (¢)
e~Ne and Var((Z) (¢)) = Var({Z) (re)), and the same number of samples are as-
signed to two points used for extrapolation. Now, for a function f(z,y), where x

and y are random variables, the variance of f can be evaluated by using the formula

for propagation of uncertainty

2 2

0 0
Var[f] = ‘a—i Var[z]| + 'a—‘;j Var[y]. (8.39)
Assuming f(z,y) = 2%°, we have
Var[f] = (ax*'y")? Var[z] + (ba"y"~')? Var[y]. (8.40)

Now, by substituting a = r/r — 1, b = 1/(1 — 1), z = (Z) (&) and y = (Z) (rep),
we have f = (Z)" (0), where (Z)" (0) is the estimated error free expectation value

of Z. Then we obtain

Var[(Z)" (0)]
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Then, by using (Z) (¢) o eV, we have

(Z) (€0) 7T (Z) (reg) T = N0
(8.42)

T T

(Z) (e0) = (Z) (re) = = "7,

and assuming Var[(Z) ()] = Var[(Z) (rep)], we can get the variance of the estima-

tion

T2€2N€0 + 62NT‘60)
(r—1)2

Varl(2)" (0)] = ¢ Varl(Z) (co)]. (8.43)

Thus the cost for the exponential extrapolation is

2 2Neg 2Nreg
¢z e tHe ) (8.44)

o> T T )2

which implies we have to perform ngp times more measurements. Due to the expo-
nential dependence of r and Ne¢g, the sampling cost of exponential extrapolation can
be much larger than the one of linear extrapolation for large r and Ne¢y. However,
error mitigation generally works in the regime that Neg < 1, and therefore the cost

of linear and exponential extrapolations are similar when r ~ 1. It is also possible

to have optimal r to minimise C?

wp- TOr example, for Neg = 1, r &~ 2.2. However, it

is worth mentioning that the optimisation of r does not necessarily indicate (Z)* (0)
for that r is the best approximation of the ideal expectation value, as it is merely

the optimisation of CZ, .

8.14 Instruction of the implementation of the quasi-
probability method

This section is a self-contained description of how to implement QEM using the

quasi-probability decomposition. There are three steps: first, implement GST;
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second, compute the quasi-probability decomposition; third, implement the quasi-

probability decomposition using the Monte Carlo approach.

8.14.1 Implementation of gate set tomography

General discussions of GST are given in section 8.9, therefore, here we describe
GST in a more concrete way so that experimentalists can refer to it to implement
actual experiments. GST is implemented to measure all gates used in the quantum
computation. We discuss how to measure single qubit gates first and two-qubit
gates afterwards.

To measure a single-qubit gate by using GST, we prepare initial states |0),
1), |+), and |y+), where |+), and |y+) are the eigenstates of Pauli operators o*
and oY with the eigenvalue +1, respectively. We denote these states pi, pa2, ps3
and py, respectively. These initial states can be noisy states, which is the essential
advantage of GST, i.e. GST can tolerate state preparation and measurement errors.
Then, we apply the gate that we want to measure, e.g., Hadamard gate, T gate
and TT gate in the SWAP-test circuit. Here we will use O (superoperator acting
on a reduced density matrix) to denote the gate to be measured, which is generally
noisy. Subsequently, we measure expectation values for four observables, I, 0%, o
and o7, respectively. Here [ is a trivial observable whose measurement outcome is
always +1. We denote these observables as Q1, Q2, @3, Q4, and measurements of
these observables can also be noisy. Again, we stress this is the advantage of GST.
Then, by repeating the experiment to compute the mean value of observables, we

can construct the 4 x 4 matrix O, and matrix elements are

Similarly, we can obtain the 4 x 4 matrix g by choosing not to apply any gate (i.e.
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O = I) to initial state. Then the matrix elements are

giw = Tr (Q;pr) - (8.46)

This process is implemented for each qubit and each type of single-qubit gate (in-
cluding all basis operations).
One will find that there is a freedom in the specification of the gate O. Legiti-

mate variants can be obtained as
O=T¢g 'OT, (8.47)

where T' is an invertible 4 x 4 matrix. The matrix 7" can be different for different
qubits but must be the same for all gates on the same qubit. We can choose T' to
minimise the cost in QEM. In the case that the error rate of preparing initial states

is low, we can take

1 1 11
00 10

T = , (8.48)
0 0 01
1 -1 00

which will approximately minimise the cost according to our experience. This cor-
responds to M™ matrix discussed in section 8.9 in the absence of noise, i.e. M™0).

Estimations of the initial state p, and the observable Q; are respectively

%)) = Tog, (8.49)

(@il = (9T ")je- (8.50)

Here, M, (M;.) denotes the k™ column (5™ row) of the matrix M.

To measure a two-qubit gate by using GST, the procedure is basically the same.
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The only difference is that to have GST we should prepare 16 initial states and
measure 16 observables. Initial states are the tensor products of single-qubit initial
states, i.e. ﬁ,(jl) ® p,(f), and observables are tensor products of single-qubit observables,
ie. Qﬁ) ® Qg? Here, the superscript is the label of the qubit. Accordingly, the
matrix ¢ = ¢ ® ¢®, which is the tensor product of g matrices of two qubits, and

similarly the matrix 7= T ® T, which is the tensor product of 7" matrices of

two qubits.

8.14.2 Quasi-probability decomposition

Using results obtained from GST, we can compute the quasi-probability decomposi-
tion. From GST we obtain estimations of initial states, observables to be measured,

gates (including basis operations), and they are

|pr)) ¢ Initial state
((Q ;| Observable
O : Gate
B; : Basis operation

These estimations are utilised to compute the quasi-probability decomposition.
Now, we focus on the inverse method , because the cost tends to be smaller than
compensation method. We use O to denote the Pauli transfer matrix of the ideal
gate (without error). The estimation of the Pauli transfer matrix of the actual gate
with noise (i.e. O) is O, which is obtained via GST. To compute the decomposition,

first, we compute the ideal matrix O©): second, we compute the inverse of the noise

N7L=0001 (8.51)
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and finally, we solve the equation (for single-qubit gate)
./\/‘71 = Z qail’;’i (852)

to determine quasi-probabilities go; of the gate O. We need to compute quasi-
probabilities for each qubit and each gate. For example, for the SWAP-test circuit,
we need to compute the decomposition for Hadamard gate, T" gate, T gate of each
qubit and controlled-NOT gate of each pair of qubits that the controlled-NOT gate
may be performed on.

For two-qubit gates, the procedure is the same but tensor products of single-
qubit basis operations, i.e. l;’l(ll) ® l’;’l(j) (where the superscribe is the label of the
qubit), are used to decompose the inverse of the noise N/ 71.

In order to mitigate errors in initial states and measurements of observables, we

m)

) and qé’j:

(m

should solve the following equations for the quantities g, ,

) = >l (8.53)
QO = 3¢5 Ql (8.54)
k

for each qubit. Here, m is the label of the qubit, [p(®)) is the column vector
representing the ideal initial state |0)(0], and ((Q(?)] is the row vector representing
the ideal observable o”.

Before implementing the quasi-probability decomposition on a quantum com-

puter, we compute

cm = g, (8.55)
k

g = > ey (8.56)
k
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for each qubit and

Co = Z lqo.4] (8.57)

for each gate.

8.14.3 Monte Carlo implementation of the quasi-probability

decomposition

It is vital to note that we use estimations B; (the result from GST) to decompose
the inverse of the noise, but usually there is a difference between B; and the actual
basis operation B;. This difference does not cause any error in the final computing
result, because the computing result is invariant under a similarity transformation
as we have explained in section 8.9.

Now, we describe the procedure to implement the quasi-probability decompo-
sition on a quantum computer. We suppose the circuit is sequentially performing
gates Oy, Oy, ..., Oy on the initial state |00...0), and the first qubit is measured
in the o” basis to read the computing result. The procedure can be generalised to
the case of measuring multiple qubits.

First, we generate a set of random integers: for each qubit m, we randomly
select an integer k,, such that each integer would be selected with corresponding
probability \q%m / C’ém); similarly for each gate [, we generate random integer 7,
with corresponding probability |qe, ;,|/Co,; and finally we generate random integer
j1 with the probability |5, |/C%’.

Second, on the quantum computer, we implement the following quantum com-
putation: we initialise the qubit m in the state ,él(c:); then we sequentially perform
gates Oy, By, Oy, By, ..., Oy, B;,; finally we measure the observable le. The
measurement, outcome is .

Third, we compute the effective measurement outcome, the product of the mea-
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surement result and the parity corresponding to the applied operation, as

s — s (H T qol,nqg;l) . ©58)
m l

By repeating these three steps, we can obtain the mean of effective outcomes

Eltteg]. The final computing result is CE[ueg], where

c=JJcm ] Cocy: (8.59)
m l

8.15 Discussion

We have demonstrated that, following our protocol step by step, an experimentalist
can derive an algorithm to run on a noisy quantum computer so as to estimate
the ideal output observable without any bias. The experimentalist does not require
any prior knowledge of the physical property of the noise, and the only condition
is that the noise is localised and Markovian. For this purpose, we have shown
that quantum gate set tomography is a perfect tool for measuring the noise in
a quantum computer, if the aim is only to compensate the effect of the noise in
quantum computing, where only the expected value of observable is of interest; and
we also have shown that single-qubit Clifford gates and measurement can derive a
complete set of operations that can compensate any noise in quantum computing.

The price of using such a systematic method to cancel computing errors is
that the quantum computation needs to run for a longer time than an error-free
system. We verify the protocol with numerical simulations of up to 19 qubits, in
which an alternative method, i.e. exponential error extrapolation, is introduced and
studied. We find that the estimation using exponential error extrapolation is also
very accurate, while the computing time might be shorter. An approach combining
two methods may optimise both accuracy and efficiency.

Our general conclusion is that these quantum error mitigation techniques can
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dramatically enhance the performance of quantum computers, especially at the
small-to-medium scale where full fault tolerant quantum error correction is impos-
sible. Our simulations have considered circuits up to 19 qubits, but with error rates
considerably worse than the current achievable error rates. Extrapolating from the
trends that we observe in these smaller systems, we anticipate that hybrid algo-
rithms involving 50+ qubits, which is beyond the reach of classical emulation, will
benefit from QEM techniques if the hardware fidelity matches today’s state-of-the-

art error or modestly improves upon it.
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Chapter 9

Mitigating algorithmic errors

9.1 Introduction

Realising the time evolution operator U(t) = e~*#¢ for a given Hamiltonian H is a
vital step for quantum simulation, which can be used for studying both its dynamic
[2] and static [3] properties. Several methods have been proposed to efficiently
approximate the time evolution operator U(t) [67, 68, 152, 69, 153]. Although the
latest methods [152, 69] have been significantly improved, the simulation accuracy
is still limited by finite resources, such as short circuit depth, finite system runtime,
and large physical errors in the system. To study such a limitation, we focus on the
the Trotterisation method [154], introduced for quantum simulation by Lloyd [2].
In Ref. [2], decomposing the time evolution unitary operator into a product
form has been shown to be an efficient method for approximating U(t). Suppose
a Hamiltonian H for the simulated system can be decomposed into a sum of local
Hamiltonians Hy, as H = ), H;. By using the Trotter-Suzuki formula, we can

approximate the time evolution unitary operators as
Ut) = (T] exp(~iHxt/N))™ + O /N). (9.1)
k

Note that there are higher order product formulas [155] and protocols involving
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randomisation [68], but for our purposes this simple expression suffices.

Here, O(t?/N) is the algorithmic error from the insufficient discretisation. As
the number of the Trotter steps IV increases, the algorithmic error can be suppressed
in the ideal situation. However, for NISQ era devices [156], noise such as gate errors
and decoherence inevitably afflicts the quantum systems, and the errors accumulate
by increasing the number of the Trotter steps. Consequently, we can only have
restricted Trotter step number and cannot necessarily obtain the desired accuracy,
which was shown in Ref. [157].

Recently, as we discussed in previous chapters, quantum error mitigation (QEM)
was proposed for compensating for physical errors [24, 28, 80, 29, 158, 81, 82]. One
of such methods is the extrapolation technique [24, 28, 29| as explained in detail
in chapter 5. The strategy is, by deliberately boosting the error rate and using the
several points with higher error rate, we can infer the ideal error free expectation
value of the observable.

In this chapter, we apply the extrapolation technique to the Trotter decompo-
sition. For example, suppose that we consider two cases where we either employ
N; Trotter steps, or instead N, steps where N7 > N,. By extrapolating the ex-
pectation values obtained from Trotter step N; and N,, we can estimate the more
accurate expectation value corresponding to the Trotter number Niq > N;. More-
over, by combining this algorithmic error mitigation method with the originally
proposed extrapolation method for mitigating physical errors, we will show that

further improvement of the accuracy is achieved.

9.2 The Optimal number of Trotter steps for noisy
quantum simulation

As mentioned in section 9.1, the number of Trotter step cannot be infinitely in-

creased, and is restricted due to physical noise. In this section, we first review the
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theoretical analysis [157] about the optimal number of Trotter steps in Hamiltonian
simulation with physical noise. Denote the channel of the Trotter decomposition

—int/N

e as V and the physical noise as an extra channel &, when we only consider

Markovian errors, the noisy stroboscopic channel for the i** Trotter step is
gistrobo :gLOVLogL_1OVL_l...O(glOVl, (92)

where L is the number of the local Hamiltonians. When we use the number of
Trotter steps NV, the entire noisy channel of the Trotter decomposition is

noisyTrotter __ ¢gstrobo strobo strobo
& =EN 0 R0 08 . (9.3)

The distance between two channels & and & is defined by the trace distance or

distinguishability between the output states of the two channels [159, 160],
D(&1, &) = max [|&(p) — &) (9.4)

where the maximisation is over a properly chosen state set and | M|| = Tr[v MTM]|

for matrix M. The distance between the ideal channel ¢/19¢?! for the evolution e~

and the noisy implementation groisyTrotter jg
ideal ¢enoisyTrotter
D (U € )

N

< Z D ( Vifideal, (c/'istrobo> ’

2 (9.5)
N
< Z D ( ]{]/uidealj J\V/Vnonoise) +D <£iStrObO7 y /Vnonoise) ,
1=1
where the second line follows from the chaining property
D((c;l O(c:g,(c:{ O(c;é) < D(gl,gi) —FD((C/‘Q,gé), (96)

143



the third line follows from the triangle inequality
D (&,&) < D(&,&)+ D (&,&;), (9.7)

and VYmenoise g the channel of the noise free stroboscopic evolution [], e *#+t/N
of each Trotter decomposition. Now, we define the algorithmic and physical errors

Ealg and €ppys as

N
Ealg = Z D < ]\V/uidealj J\V/Vnonoise> — %,
i=1
- (9.8)
Ephys = Z D (giStmbov N /Vnonoise> = BN,
=1

where @ = D ( Vyideal WV“OH0139> N%?and 8 =D <55tr°b0, W) Here, for
simplicity, we assume that the noise model is the same for each stroboscopic se-
quence, that is £7°P° is the same for different i. Note that £4, o< 1/N reflects
that the algorithmic error can be linearly mitigated with an increasing number of
Trotter steps; while ep,s o< IV is because errors linearly accumulate as the number
of Trotter steps increases.

Now, we optimise the distance

. . o
ideal noisyTrotter
D (4ot gromyiotter) — —

N + BN, (9.9)

so that we can get the optimised number of Trotter step as

Nopt = vV a/ B, (9.10)

and we have trace distance D = 2y/af3 corresponding to N,p. Therefore, due to the
existence of physical errors, we cannot choose an infinitely large number of Trotter
steps to compensate for the algorithmic error. Although it is hard to analytically
calculate o and 8 for a general physical Hamiltonian and noise models, we will

numerically investigate the optimal number of Trotter steps in Sec. 9.4.

144



9.3 Error mitigation for algorithmic errors

In this section, we discuss how the algorithmic error in Trotterisation can be con-
sidered to be similar to physical error and how to generalise the extrapolation error
mitigation method to suppress the algorithmic error. Given a Hamiltonian H that
has decomposition H = ), Hy, the first order Trotter formula approximates the

time evolution operator U(t) = e~*2r #kt by decomposing it into a product form,

U(t) = (H eint/N> + ) [Hy, Hj]t* /2N + i E(m), (9.11)

1<j

where the higher order terms E(m) can be upper bounded by ||E(m)|| < N||Ht/N||™/m!,
and |- || denotes the maximal eigenvalue of the matrix. Denote ey = 1/N and U, (t)

as

1/en
U, (t) = (H eint5N> : (9.12)

k

then we can straightforwardly see how U, (t) approximates U(t) = e "' 2r it je
lim U.,(t) = U(t) = e”2n Hit, (9.13)

Suppose the time evolution operator U, (t) is applied to an initial state |t)y),
then the output state is U., (t) [t)o). When we measure observable A of the final

output state, the average value is

<A(t)> (€N) = Wo\ UEN (t)TAUEN (t) |¢0> : (914)

~

On the other hand, the error-free expectation value for the observable is (A(t)) (0) =
(1ho| €1t Ae= 11 (1) |1)o). Regarding (A(t)) (en) as a function of ey, we can expand

(A(t)) (en) as a function of ey by using the Taylor expansion

(A(t)) (en) = (A(1)) (0) + Z eNAD); + 0N, (9.15)
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where (A(t)) (0) and A(t); are independent of ey.

Therefore, the extrapolation error mitigation method can be also applied to sup-
press the algorithmic error. In the original error mitigation scheme for suppressing
physical errors, we may choose to boost the error rate € to several different error
rates aje, which can be realised by intensionally adding more noise to the circuit,
as mentioned in section 5.2.1. Here, as the error rate ey is 1 /N, we can straightfor-
wardly increase the algorithmic error € by using a smaller number of Trotter steps.
For instance, by taking N’ = N/2, we can effectively double the algorithmic error
en’ = 2en. With n different numbers of Trotter steps IV, < -+ < Ny < Ny = Nopt
and N; = No/a;, we can therefore suppress the algorithmic error by a linear com-

bination of the results

(A1), 0)
= > AB) )

n (9.16)

- Z%‘ CA() (0)+ 3" At)eh,, Z,y/aj o

7j=1

= (A(1)) (0) + O 1)

Here, 7/ is chosen such that 30"~/ = 1, S ~vial = 0 for j = 1,2,...,n.
Therefore, we can suppress the algorithmic error to an order of O((en,,, )" ™) =

O((1/Nopt)™*).

The variance of the estimation (A),__, (0) is

Var ( ( (A),, ( va\/ar Ay, (en,))- (9.17)

Thus, by assuming that the variance is the same for different (A)_, (ey,), the vari-

est (
ance of the estimation Var( <A>est (0)) is Y1, 7/? times larger than the variance of
(A}est (en;). To have the same precision as the case without error mitigation, we

need to have Y "' /% times more samples, which is the cost of this method. We

146



denote the multiplicative cost of the extrapolation for algorithmic error by

Taig = Y 77 (9.18)
=0

Moreover, we can combine the extrapolation for physical errors with the extrapo-
lation for algorithmic errors. The possible scenario is, first, mitigating the physical
error with extrapolation for physical error, and second, applying extrapolation for
algorithmic error to the data whose physical error is suppressed. Consequently, we
can obtain the expected value of observables, in which both physical and algorithmic

errors are mitigated. Then, the total cost is

Falg+phy3 = Falg X thy57 (919)

where I'ppy6 is the cost for physical error mitigation.

Note that, the only requirement for the extrapolation method is that U, (¢) can
be expressed as an explicit function of ey, and lim. o+ U. (t) = U(t). Therefore,
the same argument can be applied to the higher order Trotterisation [67]. Fur-
thermore, this method can still be applied even if the expectation value cannot be
efficiently expanded as a function of 1/N. The method also works as long as (A)
can be expanded with ¢ which is a function f(N;) of the tunable parameter Nj.

The details of upper bound for algorithmic error for the linear extrapolation
case is as follows. By using the first order Trotter formula, we can approximate the

time evolution unitary operator as

U(t) = exp(—iHt) = (H exp(—z’H,-t/N))N (9.20)

+ 3 [H HyJt? /2N + > E(m), (9.21)
1<j m=3
where E(m) can be upper bounded by ||[E(m)|| < N|Ht/N|™/m!, || -| denotes
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the maximal eigenvalue. We denote Uy as (], exp(—z’Hl-t/N))N, ey = 1/N and
U.

EN

t) = (I, e*iH’vtEN)l/gN which converges to U(t) with ey — 0. The difference

between U(t) and U, (t) can be rewritten as

U(t) = U, (t) +a/N + Ey, (9.22)
where a = Y7, _[H;, Hj]t?/2 and Ey = 77 5 E(m) that can be bounded by

|Ex]| < N ||HE/N|™/ml,
= (9.23)
LH|PE prye v
< W@ .

Suppose the time evolution operator U, (t) is applied to an initial state |t)y),
the output state is Ue, (t) [tbo). When we measure observable A of the final output

state, the average value is

<A(t)> (€N) = <¢0| UEN (t)TAUEN (t) |¢0> : (924)

and the average value for evolution U(t) is (¢| €t Ae="#" |4)). The relationship

between them can be expressed as

(A(t)) (en)
= (A(t)) (0) — 1/N[(tpo| UT Aa [too) + (tho| a" AU |40)]
+ (¢o| (a/N + Ex)'A(a/N + Ex) |tho) (9.25)

— (| UTAEy |O) + (9] (Ex)TAU |0)]

= (A(t)) (0) + b/N + Ry

where b = —[(o| UTAa |10) + (| aTAU [1)y)] is independent of N, and Ry =
(tho| (a/N+EN) A(a/N+Ex) [tho) — (o] UTAEN |tho)+ (o] (En)TAU |1)] is bound
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Ry <

| A]|. (9.26)

2
al n HH”gtSeHHHt/N n HH”3t36||H||t/N
N 6N?2 3N2

It is not hard to see that Ry = O(1/N?)
Now we use the linear combination of (A(t)) (ey,) and (A(t)) (en,) to estimate
(A(1)) (0) by
(A(1)) oy (0) = B1 (A()) (e8) + B2 (A1) (o) (9.27)

We choose the parameter (31, 8 satisfying 51/Ny + B2/Ny = 0 and B; + f = 1 so

A~

that the difference between (A(t))est (0) and (A(t)) (0) is

[ {A(1)) o1 (0) = (A1) (0)] < Ruy 1 + R, o (9.28)

Based on the two point extrapolation method, we use the simulation results with
Trotter steps N; and Ny, which both are O(NV) to reduce the algorithmic error from
O(1/N) to O(1/N?).

9.4 Numerical simulation

In this section, we consider a five qubit system and numerically test our new error
mitigation method for algorithmic errors when we simulate real time evolution. As
shown in Fig. 9.1, the Hamiltonian only has local and near neighborhood interac-

tions,
5 5
H=JY ZsZ;+B) X, (9.29)
=1 =1

where X; (Z;) denotes the spin half Pauli z (z) operator acting on the ith qubit,
J =3, and B = 2. In our numerical simulation, we initialise the state to |¢y) =
|0,0,0,0,0), evolve it with time ¢, and measure A=X,.

We consider both algorithmic error from the finite number of Trotter steps and
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Figure 9.1: Schematic of the five qubit Hamiltonian.

Ok O

physical error from gate noise. As we will mention later, we apply the extrapolation
method for both physical and algorithmic errors, using the procedure discussed in
section 9.3. We consider inhomogeneous Pauli error for both single and two qubit
gates,

E(p) = (1 =p)p+p.XpX +p,YpY +p.ZpZ, (9.30)

where p = p, + p, + p.. For single qubit gates, we set p, = p, = 2.0 x 1077,
p. = 6.0 x 107%; for two qubit gate, we take error channel & = £ ® £ and set
p: = py, = 1.0 x 107*, and p, = 3.0 x 107* for each £. The two qubit gate error
rate is 10? times higher as can be typical in actual experimental setups (see e.g.
Refs [15, 16].) Note that such a noise rate corresponds to the current state-of-the-art
experiment system [15, 16].

Without considering gate error and shot noise to the measurement, an infinite
number of Trotter steps should be used to increase the simulation accuracy. When
gate errors are present, the optimal number of Trotter steps is limited as shown in
Fig. 9.2(a). Here, we fix the total evolution time ¢t = 0.5 and numerically find the
optimal number of Trotter steps to be 25.

To mitigate the algorithmic error, we use two or three different numbers of
Trotter steps to estimate the value corresponding to an infinite number of Trotter
steps. For a given number of Trotter steps IV, the runtime of the circuit is related
to the circuit depth, which is proportional to N, and the circuit repetition time

m, which is used to get an accurate estimation of the measurement. We denote
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Figure 9.2: The optimal number of Trotter steps N and the continuity of the
measurement as a function of the inverse of the number of Trotter steps ey = 1/N.
(a) The trace distance between the the ideal state and the simulated state in the
presence of noise. The blue curve denotes the trace distance without physical error,
which goes to zero with an infinite large number of Trotter steps. The black curve
denotes the trace distance with inhomogeneous Pauli error after each gate and the
optimal number of Trotter steps is 25. (b) The expectation value of the observable
versus ey = 1/N. Here N is the number of Trotter steps. The horizontal axis
corresponds to the number of Trotter step 10 — 200. From the simulation result, we
can confirm the continuity of the function.

the total runtime resource cost M as M = mN. To compare different simulation
scenarios, we thus consider the same total cost M to have a fair comparison. For
three- and two- point extrapolation for algorithmic error, we divide M equally to

different number of Trotter steps. For instance, for three Trotter step extrapolation,
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Figure 9.3: The error 62 against the total runtime resource M for different cases with
no algorithmic error mitigation, linear algorithmic error extrapolation and three-
point algorithmic error extrapolation. We consider physical errors to the circuit and
set the total evolution time ¢ = 0.5. The number of Trotter steps N = 25,20, 15,
N = 25,15, N = 25 are used for the three-point, linear extrapolation and no error
mitigation cases, respectively. Blue line denotes the no error mitigation case, black
line denotes the linear algorithmic error extrapolation case, red line denotes the
three-point algorithmic error extrapolation case. (a) No physical error mitigation
is applied. (b) Linear extrapolation is applied to suppress physical errors. (c)
Exponential extrapolation is applied to suppress physical errors. Here, we set the
ratio r of the two error rates to be 2 for both linear and exponential extrapolation.

N, N2(3), and Nég), we have ml(g) = M/(SNZ-(S)) for i = 1,2, 3; for two Trotter step
extrapolation, NI(Q), N2(2), ml@) = M/(QNZ-(Q)) for i = 1,2; and for one number of
Trotter steps Nl(l), mgl) = M/Nl(l).

In our simulation, we compare the three cases for suppressing algorithmic errors:
no error mitigation, linear extrapolation, and three points extrapolation. In order

to quantify the performance of our simulation method, we evaluate the error of the

estimation value (A(t)) (0)est by

6% = (A1) (0) — (A(8)) (0)est)?, (9.31)

where (A(t)) (0) is the error-free average value.
Now, we show that physical and algorithmic errors can be suppressed with the
error mitigation methods. To begin with, we check the continuity of the (A(t))

as a function of ey = 1/N, to show that (A(t)) can be Taylor expanded by ey.

We consider the case with and without physical error mitigation. We measure
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the expectation values with original error probability p and twice boosted error
probability 2p. Then by applying the linear and exponential extrapolation methods,
we can suppress the physical errors. As shown in Fig. 9.2 (b), we can see that (A(t))
is indeed a continuous function of €x, which confirms the possibility of algorithmic
error mitigation. Furthermore, the best accuracy achieved by linear and exponential
extrapolation is 62 = 2 x 107* and 2.79 x 107°, with the number of Trotter steps
N = 43 and 109, respectively. Therefore it is clear that we cannot increase the
number of Trotter steps infinitely even when the extrapolation method is applied.

To show the effect of algorithmic error mitigation, we also consider three cases
for physical errors: no error mitigation, linear extrapolation, and exponential ex-
trapolation. First, we consider the case where no error mitigation is employed for
the physical error. In such a case, physical errors still dominate and we find that
algorithmic error extrapolation cannot improve the simulation accuracy, as shown
in Fig. 9.3(a). This is because, although we suppress the algorithmic error by lin-
early combining the results from different number of Trotter steps, due to the large
deviation from physical errors, the estimation becomes worse. As the total resource
M increases, the shot noise is suppressed and the accuracy converges. The accu-
racy 62 at the converged point without algorithmic and physical errors mitigations
is 2.67 x 1073,

Next, we consider the cases where linear extrapolation is applied to suppress
physical errors. Subsequently, we apply the algorithmic error extrapolation to sup-
press algorithmic errors due to Trotterisation. As shown in Fig. 9.3(b), we find that
the algorithmic linear extrapolation outperforms the no error mitigation and three
point extrapolation cases for large M. The converged accuracy with sufficiently
large M > 108 is 62 = 3.72 x 107 under linear extrapolation of algorithmic errors.
The improvement of the accuracy is 717 times, compared with the case where no
error mitigation is applied for both physical and algorithmic errors.

Finally, in Fig. 9.3(c), we plot the result for the case where exponential extrapo-
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lation is used for suppressing physical errors. It can be seen that the physical error
is successfully reduced, and three point extrapolation works properly, outperform-
ing the performance of linear extrapolation for large M > 10'3. The converged
accuracy 62 for sufficiently large M is 6.95 x 1078, This accuracy correspond to
3.8 x 10* times improvement, compared with the case where no error mitigation is

applied for both physical and algorithmic errors.

9.5 Discussion

In this chapter, we described an error mitigation method for suppressing algorith-
mic errors in Trotterisation of Hamiltonian simulation. We first show that due to
physical noise, the number of Trotter steps cannot be increased infinitely, and the
optimal number of Trotter steps is finite. Then, we show how the recently proposed
physical error mitigation methods can be extended to suppress algorithmic errors
in Trotterizsation. We numerically test our algorithmic error mitigation method in
a five qubit Hamiltonian and show how it can improve simulation accuracy by com-
bining it with physical error mitigation. Although we only focus on the first-order
Trotterisation, our scheme can also be extended to other Trotterisation schemes,
such as higher-order Trotterisation [67] and randomisation Trotterisation [68]. This
is because the expectation values obtained from these methods can also be written
as a function of the number of Trotter steps. Although, in the presence of phys-
ical errors, higher-order Trotter decompositions may not reduce the overall error
[24], we leave these extensions in future works. Moreover, the other recently pro-
posed Hamiltonian simulation methods, e.g. Taylor series [152] and quantum signal
processing [69, 153], offer alternative ways for Hamiltonian simulation instead of
Trotterisation. These methods divide the simulation time ¢ into N segments and
simulate the evolution for each time ¢/N. Considering 1/N as an error, our ex-

trapolation method can also be applied by modifying N and extrapolate the results
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with different N to improve the estimation accuracy.

The extrapolation method has broad applications in diverse fields, including er-
ror mitigation, computational chemistry, linear optics simulation, etc. In classical
computational chemistry, extrapolation is widely used in solving molecular struc-
ture problem and Monto Carlo simulation of dynamics [161, 162]. In linear optics
simulation, the extrapolation method is used to simulate single photons with im-
perfect photon sources such as coherent states from lasers [78]. We may be able to
also apply this formalism for mitigating the algorithmic error to other schemes, such
as variational quantum eigensolver (VQE) [19, 65, 20, 138, 80, 62, 22]. The result
obtained from VQE can be regarded as a function of the depth of the quantum
circuit, and the extrapolation method can be applied. For example, considering the
hardware efficient ansatz [20] with different circuit depths, one can get simulation
results with different accuracy. Therefore, by running experiments with different
small depths, the extrapolation method can be applied to infer the results with a
much larger depth. However, when the algorithm gets trapped in local minima, the
error mitigation method will fail to work. We leave the discussion about the prac-
tical performance to future works. Similar arguments can also be applied to other
types of variational algorithms, for simulating real or imaginary time evolutions
(24, 46, 27].

Also, it may be possible to apply this method to quantum error correction,
because the expectation of an observable should be also a function of the size of
the code, e.g. when we consider n-qubit bit flip code (n = 3 case is mentioned in
section 3.2), the computing result is a function of n. Therefore, by using the results
from the codes with different size, the extrapolation may be applied to infer the

computing result from a larger code size.
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Conclusion

In this DPhil thesis, firstly in chapter 2, we introduced the basics of quantum me-
chanics required to understand the thesis. In chapter 3, we discussed the early
quantum algorithms and error correction and explained that they are highly expen-
sive with regard to the number of required qubits. As a solution to it, in chapter 3,
the hybrid quantum-classical algorithm was introduced. However, the applications
of hybrid algorithms were quite restricted i.e., the ground state search of molecules
and simulation of dynamics of quantum systems. In chapter 4, we discussed that
the error mitigation is also necessary to make the best of such algorithms, but
firstly proposed methods were not practical in that the tolerable error rate was low
and the applicable noise model was restricted, and suitable tomography method to
construct the error mitigation operations was unclear.

As accomplishments of the author’s research, firstly, we have significantly broad-
ened the applicability of hybrid quantum-classical algorithms.

In chapter 6, we introduced a new hybrid algorithm for finding the spectrum of
the given Hamiltonian, required for many applications including the design of solar
cells and creation of new drugs. We benchmarked our new quantum algorithm
and it successfully discovered the spectrum of 18 qubit 3SAT and 10 qubit LiH
Hamiltonian.

In chapter 7, we introduced a hybrid algorithm for simulating a broad range of
general processes, based on variational real and imaginary time quantum simulation.

It may be useful for machine learning tasks for example, and there should be variety
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of applications. We applied our algorithm to simulation of open quantum system
by using stochastic Schodinger equation, and it successfully worked for 3 qubit
one-dimensional Ising model under amplitude damping.

As a second theme of research, we also contributed to quantum error mitigation
for hybrid algorithms. In chapter 8, we have rendered the quantum error mitigation
practical, and tolerable error rate became much higher and applicable noise models
were significantly broadened. Furthermore, we found that the gate set tomogra-
phy is a suitable tomography method for constructing error mitigation operations.
Consequently, we made error mitigation techniques applicable to suppress errors
of current quantum devices and it may make quantum devices useful for solving
intractable problems for classical computers.

Finally, in chapter 9, we introduced the quantum error mitigation technique for
mitigating algorithmic errors, which may be useful for Hamiltonian simulation.

To conclude, we have significantly generalised the hybrid algorithms and devel-
oped the quantum error mitigation, leading to the realisation of practical near-term
quantum computing and quantum supremacy. It is the author’s hope that the work
he has performed during his doctorate can contribute to the community’s efforts to
make these fascinating and exciting machines become a reality.

As a future research, we consider applications of variational quantum algorithms
to completely different fields such as quantum metrology. If we optimise the value
related to the quality of quantum metrology, e.g., quantum fisher information, we
can simultaneously obtain the suitable state for metrology. Also, we may be able to
find another cost function whose optimisation contributes to achieving useful tasks
and prepares an state corresponding to them. As to error mitigation, the quasi-
probability method we introduces requires gate set tomography, which is costly. If
we can implement a quasi-probability method which does not rely on tomography,
it should be useful. A quasi-probability method based on models (such as Lindblad

master equation etc.) might reduce the cost for quasi-probability method.
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A Stability of the quantum gate set tomography

In this section, we discuss the stability of GST. Now we define

En = max{|[|[M® — M"O|ylm =1,...,n}, (32)
Eout = HlaX{HM;;Ut — MO“t(O)HQ]m =1,...,n}, (33)
to = [|0—0;, (34)

which describe severities of the initialisation error, measurement error and operation
error, respectively. Here, MM and M2 are matrices corresponding to the m'® qubit.
The overall matrices of n qubits are M™ = @7 _| M and M = @ _, M1,
Similar to the analyse of the linear independence of basis operations (i.e. the
invertibility of the matrix A in section 8.8), we have that M™ and M°" are always
invertible, i.e. g = M°"M™ is always invertible, if &, < Sy (M™®)) and &4y <

Senin (M) Choosing {p\"} and ((Q©| as in section 8.8, we have sy (M™O)) =

L /3T~ 03311 and sy (M) = 1.
We choose T = M™O%" then M™ = @~ _, M and M = Q" _ Mo,

where M,lé‘ and Mf,’l“t are matrices corresponding to the m'™ qubit. The severity of

errors in estimations of initial states is
b = max{ | M2~ MO ylm =1,...,n} =0, (35)
and the severity of errors in estimations of observables is

fout = max{|| M — MO, lm =1,...,n}
S (goutg_in + ||Min(0)||25_0ut + ||Mout(0)||25_in)

X || MmO, (36)
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Here, we have used that

M%Ut _ Mout(O)
= (M%UtM:rILl _ Mout(O)Min(O))Mjn(o),l
= [(M2™ — Mout(O))(M;: _ Min(O))
+(M7(7)1ut . Mout(O))Mjn(o)

+Mout(0) (M;Yr; - Min(O)ﬂMin(O)fl. (37>

Choosing {p\”} and ((Q©)| as in section 8.8, we have ||M™©O||, = 1A &
LOGTO, [IA O, = 1 and MO, = 521, (MP0) = 2, /72 ~ 50204

The severity of the error in the estimation of a n-qubit operation is

to = [|0-00,
< |0 =0l + [0 - 09,
28" B

< —n (09|, + &0)
[Sunin (MR(O)]n — &
+&o, (38)

as we will show next. Here,
a) = (| MOy + &)™ — | MR35, (39)

For an invertible matrix A, we have

1A 2l lyll

A7 = sup = . (40)
a0zl yzo [[Ayll
Then, using the inequality (8.13), we have
. 1
A7 2 < (41)

Smin(A(O)) - ||A - A(O)H?.
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We have the expression

0-0
= Min(0)®nMin71@Min(Min(o)@)n),l )
= (Min(0)®n — M™ M0
) (M™ — pn©@ny g in(0)@n) =1
(M@ ypiny ppin=1 )

+O<Min _ Min(O)@n) (Min(())@n)—l' (42>

First, we have ||O||z < [|O©]| + £o0. Second, using

|IA® B —C® Dl

= |[A®B-A®D+A®D—-C®D|

< ||A]|2|B = Dlj2 + |A = C|l2|| D2, (43)
we have
||Min o Min(0)®n||2

n h—1
< gy MO T AR

h=1 m=1
< e Y IO MO, 4 5,)

h=1
= & (44)

Third, using the inequality (41), we have

1
[Smin(Min(O))]n - é(n) |

in

1A=l < (45)

We remark that for a d-dimensional matrix M, || M||max < [|[M]l2 < d||M||max-
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B Error models

We consider a quantum computer with the following operations. The initialisation
T = [x] + [ro*], which prepares the state |0). The projective measurement [r].

Single-qubit Clifford gates [R,| and [R,]. The single-qubit non-Clifford gate [T7,

s

where T = Icos § + i0*sin g. Two-qubit maximally entangling gate [A], where

A= \%(I +i0”®0”), which is equivalent to the controlled-NOT gate and controlled-
phase gate up to single-qubit gates. The sixteen basis operations can be realised
as shown in Table 8.1. In order to perform GST, we choose initial states and
observables as in section 8.8, and we choose the invertible matrix 7' = M™0®" for
n qubits.

For the initialisation, the state prepared is py rather than |0)(0]. We can always
express the initialisation operation with error as Z = N,Z, where N;(|0)(0]) = po.

A POVM is defined by a set of operators {Ej} satisfying >, E;E';C =1. In
a POVM, the state is mapped to EkaZ; when the outcome is k. When the mea-
surement has error, we may not be able to obtain all the information k. Usually
there are only two outcomes corresponding to |0) and |1), respectively. In this case,
maybe several k values correspond to the same outcome v = 0,1. Therefore, we
model the projective measurement [r] with error as Mp = >, . Eka};, where
K, is the set of k corresponding to the measurement outcome v.

For a gate without error G(©), the gate with error can be expressed as G =
N.GON,. Any noisy gate can be expressed in this form: Because G is invertible,
we can always take A, = [I] and N, = GGO~1.

We suppose that time costs of the measurement [7] and the two-qubit gate [A]
are the same, and time costs of single qubit gates are negligible.

We distinguish the identity operation and the memory operation. Without error,
both of them are the same operation [I|. In any case, the identity operation is [I],
which means that the next operation is performed immediately, so it takes no time

and there is not any memory error. When the memory operation is performed, the
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qubit waits for the next operation, so memory errors may occur on it. We apply
the identity operation for measuring the matrix g. In the basis operation set, the
operation [I] is replaced by the memory operation.

We set the cycle time of the computing as the time cost of the measurement
and the two-qubit gate. In one cycle, only one operation is performed on a qubit.
If the operation is a single-qubit gate, the gate is performed at the middle of the
cycle, i.e. the overall operation is N, GN,,, where N, denotes memory noise. If no
gate or measurement is performed in the cycle, the overall operation is N2, which
is the error version of the operation [I] in the basis operation set.

We suppose that the single-qubit noise is described by the superoperator £ (),
and the two-qubit noise is described by the superoperator 5(2)(6). Here, € is a
parameter describing the intensity of the noise. Then, the initialisation noise is
N; = EW(5), and the measurement with noise is A = £W($)[x]€W(5). For single-
qubit gates, N, = M, = EW(5). For the two-qubit gate, N, = Ny, = E@ (). For

the memory operation, Ny, = 5(1)(2—60).

B.1 Depolarising Error

The single-qubit depolarising noise is

4e

W) = (1=l +5 3107 (46)

where 0¥, o', 02 and o correspond to I, 0%, 0¥ and 0%, respectively. The two-qubit

depolarising noise is

£O(¢) = (1 11—656)[1®1] + 23 ool (47)

The x-axis (error rate) in Fig. 8.3(a) is € of the two-qubit gate.
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B.2 Dephasing Error

The single-qubit dephasing noise is
EW(e) = (1 —&)[I] + €[o?]. (48)
The two-qubit dephasing noise is

ED() = 1—IaI]+ g([z ® 07

+lo" @ I + [0” @ 07]). (49)

B.3 Damping Error

The single-qubit damping noise is

T z J — o7
£V = [T+ VI—e—T
o* +1i0Y
HyeT T (50)
The two-qubit damping noise is
ED(e) =N (5) V(). (51)

B.4 Over-rotation error

Noise is gate dependent. Initialisation, measurement and memory operation are
perfect, i.e. €1 = [I] for these operations. Only gates have noise. For gate R,
EW(e) = [I cos T +ic* sin T]. For gate Ry, EW(e) = [I cos T +io”sin <. For gate
T, EM(e) = [I cos T +io”sin <]. For gate A, E@(e) = [I®1 cos T +io”®@0”sin .

The x-axis (over rotation) in Fig. 8.3(a) is € of the two-qubit gate.
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B.5 Random-field error

—ierH] is deter-

Noise is gate dependent. For each operation, the noise £1:?)(e) = [e
mined by a Hamiltonian. Here, H = (h+ h')/2, and each element of h is randomly
generated with a uniform distribution in the unit circle. We remark that the noise

is time independent, i.e. the noise is the same for the same gate implemented at

different times.

B.6 Random-operation error

The operation without noise is G(*). The operation with noise is G(¢), which depends
on the error parameter. As the same as other models, the error parameter € is
operation dependent. Each operation can be expressed using a y-matrix [31]. We
suppose the y-matrix corresponding to G(e€) is x, and the y-matrix corresponding
to GO is y(O. To generate , firstly we generate a Hermitian matrix around (@,
which is x' = ¥V +€eH, where H is generate as the same as the random Hamiltonian.
Second, if G is not measurement, G(¢) should be trace preserving. However, x’
may correspond to a non-trace preserving operation. In this case, we project x’ to
the subspace in the matrix space that corresponds to trace preserving operations,
i.e. ¥” is the matrix closest to x’ and corresponds to a trace preserving operation.
If G© is measurement, Y’ = y’. Third, x” may not be positive semi-definite.
Therefore, we take X" = x”+ Anin/ if the minimum eigenvalue A,;, of x” is negative;

"

otherwise x"” = x”. Finally, x = fx”, where the factor f makes sure that the

operation is still trace preserving and the maximum eigenvalue of y is smaller than

1.
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C Error component of Pauli error and leakage

error

Taking € = py + py + ps, it is obvious that in the inhomogeneous Pauli error model,
the error component does not depend on the error rate, i.e. £ = e (p<[o*]+py[0¥]+
p.[07]). We remark that ratios p,/e do not change with e.

For the leakage error model, we take ¢ = p. Then the error component is

VI—p—(1—-p)

E'(p) = mopmo+ p (Topm1 + m1pmo)

= mopmo + [1/2+ O(p)|(mopm1 + m1pm0), (52)

where my = [0)(0] and m; = |1)(1|. Therefore, £ varies slowly with p.
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