Computational Problems Related to
Open Quantum Systems

by

Chunhao Wang

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Computer Science

Waterloo, Ontario, Canada, 2018

(© Chunhao Wang 2018



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner: Hoi Fung Chau
Professor, Department of Physics, The University of Hong Kong

Supervisor(s): Richard Cleve
Professor, Cheriton School of Computer Science,
University of Waterloo

Internal Member: Debbie Leung
Professor, Department of Combinatorics and Optimization,
University of Waterloo

Internal Member: John Watrous
Professor, Cheriton School of Computer Science,
University of Waterloo

Internal-External Member: Ashwin Nayak
Professor, Department of Combinatorics and Optimization,
University of Waterloo

11



I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

111



Abstract

A quantum system that has interaction with external resources, such as probability dis-
tribution, dissipation, and noise, is referred to as an open quantum system. Not only
do open quantum systems play a vital role in the field of quantum physics, but they are
also fundamental objects in quantum information and quantum computing. In this thesis,
we focus on computational problems related to open quantum systems. In particular, we
study efficient constructions of open quantum systems and their algorithmic applications.

A unitary 2-design is a quantum analogue of universal 2-hash functions. It is an exam-
ple of open quantum systems in the sense that it is a probability distribution of unitaries.
As unitary 2-designs inherit many properties of the Haar randomness on the unitary group,
they have many applications in quantum information, such as benchmarking and decou-
pling. We study the structures of unitary 2-designs and present efficient methods for their
constructions.

The continuous-time evolution of a closed quantum system can be described by the
Schrodinger equation. A natural generalization of the Schrodinger equation to Markovian
open quantum systems, in the sense of generating dynamical semigroups, is called the
Lindblad equation. We show that it is impossible for a simple reductionist approach to
simulate Lindblad evolution with gate complexity that has linear dependence in evolution
time. Moreover, we use a novel variation of the “linear combination of unitaries” con-
struction that pertains to quantum channels to achieve the desired linear dependence in
evolution time and poly-logarithmic dependence in precision.

Open quantum systems can also be used as building blocks of quantum algorithms. We
present a dissipative query model, which is based on the amplitude damping process. With
this dissipative query model, we provide a quantum algorithm that performs a fixed-point
quantum search while preserving the quadratic speedup against classical algorithms.
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Chapter 1

Introduction

A quantum system that is isolated from the environment (i.e., some external system) is
referred to as a closed quantum system. Examples of such quantum systems are Hamilto-
nian evolution and unitary operators, which are fundamental objects in quantum physics
and quantum computing. Open quantum systems can be viewed as an extension of closed
quantum systems by allowing interaction with external resources, such as randomness, dis-
sipation, and noise. Examples of open quantum systems arise in probability distribution
on unitary operators, Lindblad evolution, and quantum channels. Unitary 2-designs are
probability distributions on unitary operators. They serve as a source of randomness in
quantum information, and they have many applications related to estimating properties of
other quantum channels. Lindblad evolution is a generalization of the Schrodinger evolu-
tion to Markovian open quantum systems in the sense of generating dynamical semigroups.

Closed quantum systems are the main objects of interest for solving computational
problems: most quantum algorithms are built based on unitary operators. Open quantum
systems are often related to communication (e.g., quantum channels), and hence a lot
of research has been conducted on the information-theoretical problems related to open
quantum systems, such as estimating the capacity, fidelity, and information complexity of
quantum channels. In this thesis, we focus on the computational problems related to open
quantum systems. In particular, we study efficient quantum algorithms for simulating
Lindblad evolution and constructing open quantum systems such as unitary 2-designs. We
also demonstrate that open quantum systems can be used to design quantum algorithms.
In particular, we present a dissipative quantum search algorithm which achieves properties
that were not achieved with pure unitary operators, e.g., the error-converging fixed-point
property with the quadratic speedup.



1.1 Unitary 2-designs

In classical computer science, it has been observed that 2-universal hash functions | ]
have the property that, with at most two queries, they cannot be distinguished from random
functions'. Analogues of 2-universal hash functions in quantum computing have recently
received increasing attention. One such analogue is called a unitary 2-design. A unitary
2-design is a probability distribution on some finite subset of the unitary group (the group
of all unitaries of a certain dimension, where the formal definition is in Section 2.1). Sam-
pling from this probability distribution simulates the procedure of sampling from the Haar
measure (i.e., the unique measure that is invariant under right- and left-multiplications of
group elements) of the unitary group in the following sense: if a distinguishing procedure
can query a unitary at most twice, it cannot distinguish whether this unitary is sampled
from a unitary 2-design or sampled from the Haar measure of the unitary group.

The Haar-randomness on the unitary group facilitates many analyses in quantum in-
formation (for example, in | , , , , ]). In particular,
the full bilateral twirl (applying a Haar-random unitary in parallel on a bipartite system,
introduced in | , |) appears in various mathematical proofs in quantum in-
formation | , |; the full channel twirl (applying a Haar-random unitary U
on the input state of some quantum channel and then applying UT on the output state) has
important applications such as estimating the average channel fidelity of quantum devices
[ | and error estimating in quantum key distribution | |. Roughly speaking, a
unitary 2-design has the property that, sampling from it implements the full bilateral twirl
and the full channel twirl. Moreover, appropriate notions of approximate unitary 2-designs
in the sense of approximating the full bilateral twirl and the full channel twirl have also
been explored in | , , ].

Implementing Haar-random unitaries requires very high computational complexity: it
requires many bits to describe and a lot of randomness to sample due to the fact that
a unitary acting on n qubits has 2" x 2" entries. Since unitary 2-designs inherit many
properties of the Haar randomness on the unitary group, it is desirable to implement
unitary 2-designs with small quantum circuits and a small sampling cost. Unitary 2-
designs are closely related to the Clifford group, which is the subgroup of the unitary
group that permutes Paulis (Definition 3.6). The uniform distribution over the Clifford
group is a unitary 2-design. The unitaries in the Clifford group can be implemented by
a quantum circuit of O(n?/logn) gates | ]. The sampling cost is O(n?) random bits
of entropy. In this thesis, we show three constructions of exact unitary 2-designs of gate

Here we assume that for any input, the output of a 2-universal hash function is uniformly distributed.



complexity (measured by 1- and 2-qubit gates) 5(n) (where 6( f(n)) is a shorthand for
O(f(g)1log"(f(g))) for some k > 0), that need O(n) random bits of entropy for sampling.
Note that our constructions require ancilla qubits.

Because the constructions presented in this thesis are for exact unitary 2-designs, they
can be used for all notions and definitions of approximate unitary 2-designs. Therefore,
the constructions achieve the best-known gate complexity, circuit depth, and sampling
complexity simultaneously, for both exact and approximate unitary 2-designs.

Efficient constructions of unitary 2-designs have many computational applications in
the context of full bilateral twirl and full channel twirl, such as data hiding | ], design-
ing codes for transmitting data through noisy quantum channels | |, decoupling
of two systems (breaking coherence between two systems) | |, estimating the av-
erage channel fidelity of quantum devices | | and error estimating in quantum key
distribution | |. For example, as suggested in | |, there exists an encoding
operation in any unitary 2-design that achieves the quantum channel capacity when con-
catenated with an appropriate inner code. As a result, the constructions presented in this
thesis automatically imply the existence of such encoding circuits with gate complexity
O(nlognloglogn) and circuit depth O(logn).

In some applications such as decoupling, the approximation error € of an approximate
unitary 2-design (e.g., [ ]) can be amplified by a factor that is exponential in n
(for example., in | , Theorem 1]). This issue can be overcome by using exact
constructions of unitary 2-designs. Therefore, for these applications, the constructions
presented in this thesis yield tighter bounds than approximate unitary 2-designs while
maintaining the gate complexity O(n).

1.2 Lindblad evolution

The problem of simulating the evolution of closed quantum systems (captured by the
Schrodinger equation) was proposed by Feynman | ] in 1982 as a motivation for build-
ing quantum computers. Since then, several quantum algorithms have appeared for this
problem. However, many quantum systems of interest are open quantum systems but are
well-captured by the Lindblad master equation | : |. Examples exist in quan-
tum physics | , ], quantum chemistry | , |, and quantum biology
[ , , ]. Lindblad evolution also arises in quantum computing and quan-
tum information in the context of entanglement preparation | , , ],
thermal state preparation | |, quantum state engineering | ], and studying the
noise of quantum circuits | -



More precisely, the Lindblad equation is the natural generalization of the Schrodinger
equation to the dynamics of Markovian open quantum systems in the sense of generating
dynamical semigroups, and it is defined as

d 1
i[H, § Lt - —LTL L;L! 1.1
7 pl + ( iP iP = 5PL; ) : (1.1)
where H is a Hamiltonian, Ly, ..., L,, are linear operators, and [H, p] denotes the operator

Hp—pH. We denote the superoperator defined as Eq. (1.1) by £, and call it a Lindbladian
(i.e., %p = L[p]). The evolution by £ for time t corresponds to a quantum channel et

For example, the depolarizing process can be described by the following Lindblad equa-
tion:
d ’ 1 1
p= > (LijT — 5LjL]p — §pLjL;) : (1.2)
j=1
where L, = X/V/3,Ly, = Y/\/3, and Ly = Z/+/3 for Pauli operators X,Y, and Z. The
phase damping process can be described by the following Lindblad equation:

2
d 1 1

=1

where L, = (o O), and Lo = (8 (1)) The amplitude damping process can be described by
the following Lindblad equation:

1 1
= LpL' — =L'Lp— -pLL", 1.4
P =LpLt = SLiLp—5p (1.4)

where L = (§3).

In this thesis, we focus on the methods for simulating Lindblad evolution. By simulating
the evolution, we mean providing a quantum circuit that computes the quantum channel
£t We are interested in the cost of the simulation, which is measured by the number of
1- and 2-qubit gates in this circuit.

Lindblad evolution can be intuitively thought of as Hamiltonian evolution in a larger
system that includes an ancilla register, but the ancilla register is being continually reset
to its initial state to preserve its Markov property (i.e., the system state at time ¢ + §
is completely determined by the system state at time ¢ for any § > 0). This suggests a

4



reductionist approach to simulate Lindblad evolution as Hamiltonian evolution in a larger
space. However, in this thesis, we show that it is impossible to achieve the gate complexity
with linear dependence in evolution time using this simple reductionist approach.

As an algorithmic contribution, we show a quantum algorithm for simulating the evolu-
tion of an n-qubit system for time ¢ within precision €. If the Lindbladian consists of poly(n)
operators that can each be expressed as a linear combination of poly(n) tensor products of
Pauli operators then the gate cost of this algorithm is O(t polylog(t/e)poly(n)). We also
obtain similar bounds for the case where the Lindbladian consists of local operators, and
where the Lindbladian consists of sparse operators. This algorithm is based on a novel
linear combination of unitaries (LCU) for channels and oblivious amplitude amplification
for isometries, where the standard linear combination of unitaries (LCU) and the oblivious
amplitude amplification for unitaries have been used in Hamiltonian simulation algorithms
(as briefly discussed in Section 5.2).

1.3 Dissipative quantum search

Open quantum systems can also be used as building blocks in quantum algorithms. We
demonstrate that, based on the amplitude damping process and Grover’s search algorithm
[ |, a quantum search algorithm can achieve the fixed-point property without losing
its quadratic speedup.

Grover’s search algorithm and its generalizations are important tools in quantum com-
puting. These algorithms provide a quadratic speedup against their classical counterparts
for the search problem. As a consequence, classical algorithms for solving NP-complete
problems (which are believed hard to solve unless NP=P) that are based on the obvious
brute-force search gain quadratic speedup by using Grover’s algorithm on a quantum com-
puter. In a general setting of an unordered search problem, there is a search space of
N items, and M of them are marked. A boolean function f : {0,...,N — 1} — {0,1}
determines whether an item j € {0,..., N — 1} is marked (f(j) = 1) or not (f(j) = 0).
The goal is to find a marked item using as few queries to f as possible. Both random-
ized and deterministic classical algorithms require Q(N/M) queries, but Grover’s search
algorithm uses O(1/N/M) queries. Around the same time when Grover’s search algorithm
was proposed, Farhi and Gutmann | | proposed a search algorithm in the form of
Hamiltonian evolution, which also achieves quadratic speedup over classical algorithms.
Often being viewed as the continuous-time version of Grover’s search algorithm, Farhi and
Gutmann’s algorithm sheds light on quantum algorithms design and provides a different
point of view for quantum search algorithms.



There exist other variations of Grover’s search algorithm. In the context of boosting
success probability of some random experiment, suppose the probability that a random
variable takes a certain value is p. In the classical case, Q(1/p) samples are required
to achieve constant probability that the desired value is observed. However, in a more
generalized Grover’s search algorithm, which is often referred to as amplitude amplification

[ ], only O(4/1/p) samples suffice.

Despite its ubiquitousness and versatility, a notorious problem of Grover’s search algo-
rithm — the “over-cooking” problem cannot be ignored. In the M-out-of-N search problem,
Grover’s search algorithm detects a marked item in O(y/N/M) queries with high probabil-
ity. However, when the number of marked items M is unknown, the number of iterations
of Grover’s search algorithm is unknown. If more iterations are applied (even a constant
factor more than optimal), the overlap between the resulting state and the desired state
could be (exponentially!) small, or even zero.

Previous work for solving this “over-cooking” problem is based on unitary operators.
However, to the best of our knowledge, these methods do not possess the desirable error-
converging property, i.e., the error (not necessarily monotonically) decreases with more
iterations (where each iteration requires a constant number of queries), without losing
the quadratic speedup. In this thesis, we propose a query model based on the amplitude
damping process, namely, the dissipative query, and present a dissipative quantum search
algorithm which has the fixed-point property while preserving the quadratic speedup.

1.4 Organization of this thesis

This thesis is organized as follows.

Chapter 2 : We provide the necessary background for this thesis. We first present the
terminologies and notations for quantum information, and then show some properties

of finite fields.

Chapter 3 : We study an example of open quantum systems — unitary 2-designs. The
goal of this chapter is to develop efficient constructions of unitary 2-designs.

Chapter 4 : We study the notion of continuous-time evolution for open quantum systems.
In particular, we show a derivation of the Lindblad equation and prove a lower bound
for simulating Lindblad evolution as Hamiltonian evolution in a larger Hilbert space.



Chapter 5 : We present a quantum algorithm for simulating Lindblad evolution, achiev-
ing linear dependence in evolution time and poly-logarithmic dependence in precision.

Chapter 6 : We demonstrate that open quantum systems can be used in quantum algo-
rithms. In particular, we show a fixed-point quantum search algorithm that preserves
the quadratic speedup. This quantum algorithm is built upon a novel dissipative
query model, which is based on the amplitude damping process.

Chapter 7 : We finish this thesis with concluding remarks.



Chapter 2

Notation and Preliminaries

2.1 Basics for quantum computing

We assume that readers have a basic knowledge of linear algebra, measure theory, and
group theory. The purpose of this section is to provide the minimum prerequisites to
follow this thesis. We present terminologies and notations that will be used through the
following chapters. To get a more comprehensive background in quantum computing and
quantum information, readers may refer to the book by Nielsen and Chuang | | and
the book by Watrous | -

Hilbert spaces and quantum states

In this thesis, when we refer to a Hilbert space, we mean a finite-dimensional Hilbert space.
Therefore, it is convenient to use the notation of a complex Fuclidean space of dimension
N, CV, to denote a Hilbert space of dimension N. The tensor product for two Hilbert
spaces CM and C™2, denoted by CM @ C™2 is defined as the Hilbert space CN11V2,

We use the bra-ket notation (a.k.a. the Dirac notation) |u)y € CV to represent a
column vector and use (u|, to denote its complex conjugate transpose. The computational
basis for CV | is the set {|0)n,...,|N — 1)x}, where for all j € {0,...,N — 1}, |j)y is a
column vector where the entry corresponding to position j is 1, and all other entries are
0. For example, when N = 2, |0), = (§), and [1) = (7). Note the difference between
notations |u)y and |j)n: u is just a symbol and |u)x is used for any column vector, while
j€{0,...,N — 1} is a variable, and |j) is used for a computational basis vector. When
the dimension is clear from the context, we omit the subscript from the bra-ket notation,
and simply denote a column vector by |u).



For any two column vectors |u) x, [v)y € CV, we use [u)v] as a shorthand for |u) 5 (v],
which is an N x N matrix, and use (u|v) 5 as a shorthand for (u|y|v)y, which is a complex
number. The subscript N in |u)v|y and (u|v), are usually omitted if the dimension is
clear from the context.

The quantity (u|v) is called the inner product of two column vectors |u), |[v) € CV. We
can express |u) € CV with respect to the computational basis as

) = uo|0) +u|1) +--- +un [N = 1), (2.1)

where u; = (jlu) for all j € {0,...,N —1}. Let |u) € CM and |v) € C be two column
vectors represented as |u) = uo|0) + uq|1) + -+ 4+ un,—1|N1 — 1) and |v) = 4o|0) + v1|1) +
-+ +4vn,_1|Na— 1), respectively. The tensor product of column vectors |u) and |v), denoted
by |u) ®|v) (or simply |u)|v)), is defined as the vector |w) € CN™2 that can be represented
as

N1—1,No—1

w) = > el k), (2.2)

7,k=0

where |7, k) is defined as |[j Ny + k).

The Euclidean norm of |u) € CV is defined as

)]l = v/ (ulu) = (2.3)
A column vector |u) is normalized if |||u)|| = 1. An n-qubit normalized quantum state is

usually represented as a normalized column vector |u) € C*". A 2"-dimensional quantum
register is a device the can store and process n-qubit quantum states (and therefore can
be associated with a Hilbert space C2"). The operators on a quantum register include
initialization, as well as unitaries and measurements, which are defined in the subsequent
content. In this thesis, all quantum states in the bra-ket notation are normalized unless
otherwise specified.

A measurement on a quantum register that is in some state 1)) € C?" with respect
to a basis {|ug), ..., |usn_1)} is a non-reversible operation, after which, the probability of
observing the outcome j is |(¢|u;)|?, and the state of this quantum register collapses to

)

Linear operators



There are linear operators that map vectors in CV to vectors in CM. We use L(CM,CV)
to denote the set of all linear operator of the form:

A:CM - CV. (2.4)

If the input space and output space are the same, we use the notation L(C”) as a shorthand
for L(CN,C"). With respect to the computational basis, we can associate each A €
L(CM C") with a matrix M € CN*M as follows

(M) = (J|AlK), (2.5)

for j € {0,...,N —1} and k € {0,..., M — 1}, where (M), denotes the (j, k)-entry of
M. Due to this association, in this thesis, we do not distinguish an operator from its
matrix representation (with respect to the computational basis), and do not distinguish
the Hilbert space L(C*,C") from the set of matrices C¥*M if it does not cause ambiguity.
We use the bold symbol Ocw~ to represent the zero-operator, which is corresponding to the
all-zero matrix (omitting the subscript if it is clear from the context).

The identity operator Icn € L(CY) is the operator satisfying

Iev|u)n = [u)w, (2.6)
for all |u)y € CV. Tt can also be specified as the matrix:
1 itj=k

(ICN)j,k = e (2.7)
0 ifj#k.

In this thesis, we usually omit the subscript for dimension and simply write I when the
dimension is clear from the context.

For every A € L(CM,C"), we define three operators AT, A*, and A as follows.

1. The operator AT € L(CY,CM) is the operator obtained by transposing A (with
respect to the computational basis):

(AT)je = (A, (2.8)
forall j € {0,...,M — 1} and k € {0,...,N — 1}.

2. The operator A* € L(CM,C¥) is the operator obtained by taking entry-wise complex
conjugate of A (with respect to the computational basis):

(A%)jk = (A)jks (2.9)
forall j € {0,...,N—1} and k € {0,..., M — 1}.
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3. The operator AT € L(CY,CM) is the operator obtained by performing both of the
operation defined in items 1 and 2 on A:

Af = (AT)". (2.10)

For every A € L(CY), the trace function, denoted by Tr(A), is the linear function defined
as

i

Tr(A) = (A);;- (2.11)

J

I
o

For any pair of operators A, B € L(C"), the commutator of A and B, denoted by [A, B]
is defined as

[A,B] = AB — BA. (2.12)
Now, we define some classes of operators that will be used in this thesis:

1. Hermitian operators. An operator A € L(CY) is Hermitian if A = AT,

2. Positive semidefinite operators. An operator A € L(CY) is positive semidefinite if
there exists some operator B € L(CY) such that A = B'B. Every positive semidefi-
nite operator is Hermitian.

3. Density operators. An operator A € L((CN) is a density operator if A is positive
semidefinite and Tr(A) = 1. In this thesis, we usually use Greek letters such as p, o
to denote density operators. We use the notation

D(C"™) = {p: p is positive semidefinite and Tr(p) = 1} (2.13)
to denote the set of density operators acting on CV.

4. Isometries. An operator A € L(CY,CM) is an isometry if it preserves the Euclidean
norm, i.e., ||Au)|| = |||u)] for all |u) € CV.

5. Unitaries. An operator A € L(CY) is a unitary if it is an isometry. Every unitary
operator has the property that UUT = UTU = I. We use the notation

UCY)={AeL(C"): ATA=1} (2.14)

to denote the set of unitaries acting on CV. This set forms a group. When N = 2"
for some integer n, we call U(CY) the unitary group on n qubits.
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Note that density operators are often used to represent mized quantum states, i.e., p €
D(C?") can be viewed as a probability mixture of quantum states in the following form

p = poluo)uo| + - -+ + pan_1|ugn_1 Xuzn_1, (2.15)
where p; > 0 for all j € {0,...,2" — 1}, Z?lglpj =1, and |u),. .., |ugn_1) € C2" are

n-qubit quantum states. When it is clear from the context, we also refer to a density
operator p as a quantum state.

Now we define some fundamental unitaries acting on one qubit ((:2 , Or two qul)its
g
((C22) that will be used extensively in this thesis.

1. The 1-qubit Paulis are Ic2, X, Y, Z, whose matrix representations are the following

10 0 1 0 —1 1 0
O N I T (A NP

2. The phase gate acting on one qubit, denoted by S, is defined as

S— ((1) ?) (2.17)

3. The Hadamard gate acting on one qubit, denoted by H, is defined as

H= % G _11) (2.18)

4. The controlled-not gate acting on two qubits, denoted by CNOT, is defined as
CNOT|by)|b2) = |b1)|b1 D ba), (2.19)
for all by, b9 € {0,1}.
5. The swap gate acting on two qubits, denoted by SWAP 22, is defined as
SWAPczgcz(br)[b2) = [b2)[b1), (2.20)

for all by, b9 € {0, 1}.
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The tensor product of operators A € L(CN,CM) and B € L(CY2,C*2), denoted by
A ® B, is defined as the unique operator in L(CM & CN2, CM1 @ CM2) that satisfies

(A® B)lu)|v) = Alu) © Blv), (2.21)

for all |u) € CM and |v) € CM. We use the notation A®™ as a shorthand for the n-fold
tensor product

AQ---®A. (2.22)

Two norms of operators will be used extensively in this thesis. We define them as
follows:

1. The spectral norm of an operator A € L(CY), denoted by || A, is defined as
1Al = max {[|AJw) | : [u) € C*, [[lu)]| < 1}, (2.23)
which is equal to the largest singular value of A.

2. The trace norm of an operator A € L(C"), denoted by ||A]|,, is defined as
1A, = Tr <\/A A) , (2.24)
which is equal to the sum of singular values of A.

For two density operators p and o. The value ||p — o||, is often referred to as the trace
distance between p and o.

Linear maps

Linear maps of the form
M L(CY) — L(CM) (2.25)

are often referred to as superoperators. The set of all such linear maps is denoted by
T(CN,CM). When the input space and the output space are the same, we use the notation
T(C") as a shorthand for T(CY,C"). The identity map Ty cvy € T(CV) is the linear map
defined as

Tiem[A] = A (2.26)
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for all A € L(CY). Note that we use square bracket to denote the actions of linear maps
on operators.

For M; € T(CM ,CM), ..., M, € T(CN,CMr), the tensor product of these linear
maps

M@ @M, e T(CVM® - @ C" CM®...@CM) (2.27)
is defined as the unique linear map satisfying
(M1 ® - @MR[AL @ - @A) = Mi[A] ® - - @ My[AL], (2.28)
for all A} € L(CM),... Ay € L(CM).

In this thesis, the following classes of linear maps are considered:

1. Hermitian-preserving maps. A map M € T(CN, CM) is Hermitian-preserving if it
holds that M|[A] is Hermitian for every Hermitian operator A € L(CV).

2. Completely positive maps. A map M € T(CV,CM) is completely positive if it holds
that

(M ® IL((CM/)> [A] (2.29)

is positive semidefinite for every positive semidefinite operator A € L(CN@CM',CM®
CM"), and for every Hilbert space CM'.

3. Trace-preserving maps. A map M € T(CN,CM) is trace-preserving if it holds that
Tr(M]A]) = Tr(A) (2.30)
for all A € L(CY).

The partial trace is a linear map defined as
(Tr ® Zy,cmy)[A ® Bl = Tr(A)B (2.31)

for all operators A € L(CY) and B € L(CM). Here, we consider the trace function as a
linear map: Tr € T(CY,C). Sometimes, it is fruitful to give Hilbert spaces names. If we
use S to refer to the Hilbert CV of the first system, and use E to refer to the Hilbert space
CM of the second system, the partial trace can be denoted by Trg as

TI'S = TI' ® IL((CM)- (232)

14



Similarly, the map Trg can be defined as
Trg = Zy,cny @ Tr. (2.33)
The following two norms of linear maps will be used in this thesis:
1. The induced trace norm of a map M € T(CY,CM) is defined as
M, = max {|M[A]]], - A € L(CY), [|A]l, < 1}. (2.34)
This norm is also known as the 1 — 1 norm.
2. The diamond norm of a map M € T(CY,CM) is defined as
M, = [|M @ Iyen |, - (2.35)
This norm is also known to as the completely bounded trace norm.

Next, we discuss different representations of linear maps. Readers may refer to | ]
for a thorough discussion of these representations such as their existence and their rela-
tionship.

1. Kraus representation. A map M € T(CY,CM) can be represented as
k—1
M[A] =) " E;AF], (2.36)
5=0

for all A € L(CY), where the operators E;, F; € L(CY,CM) for j € {0,...,k — 1}
are called the Kraus operators.
2. Stinespring representation. A map M € T(CYN,CM) can be represented as
MA] = Trg[EAFT], (2.37)

for all A € L(C"), and for any Hilbert space CM' referred to as B, where the operators
E,F € L(CN,CM ® CM') are referred to as the Stinespring dilation.

3. The Choi matriz. A map M € T(CYN,CM) can be associated with a unique matrix
J(M) as

N-1
J(M) = (M@ Iyen)) lz 7Kkl © |j>(k\] : (2.38)
j k=0
The matrix J(M) is called the Choi matriz for M.
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A map M € T(CV,CM) is a quantum channel if M is completely positive and trace-
preserving. The collection of all such quantum channels is denoted by C(CY,CM) (and
we use C(CV) as a shorthand for C(CY,CV). A quantum channel M € C(CV,CM) has a
Kraus representation of the form

k-1
MIA] = E;AE], (2.39)
=0
for all A € L(CV), where the Kraus operators Ey, ..., E,_; € L(CY, CM) satisfy

k—1
Y ElE; =1 (2.40)
j=0

A Stinespring representation of M is of the form
M[A] = Trg[UAUT], (2.41)

for all A € L(C"), and for any Hilbert space CM" referred to as B, where U € L(CN,CM ®
CM") is an isometry. Quantum channels can be used to model some quantum systems that
has interaction with some external resources, such as probability distribution, dissipation,
and noise.

2.2 Properties of finite fields

In mathematics, a field is informally defined as a set that is closed under addition, mul-
tiplication, subtraction, and division with certain axioms. Examples of fields are real
numbers, rational number, and complex numbers. More formally, we give the following
precise definition:

Definition 2.1. A field is a set F together with two operations, addition (denoted by +)
and multiplication (denoted by -), such that the following properties are satisfied for all
a,b,ceF:

1. Closure of F under addition and multiplication: a +b € F and a-b € F.

2. Associativity of addition and multiplication: a+ (b+c¢) = (a+b)+c and a-(b-¢) =
(a-b)-c.

16



3. Commutativity of addition and multiplication: a +b=b+a anda-b=1>5-a.

4. Additive and multiplicative identity: there exists an element in ¥, denoted by 0, such
that a + 0 = a; there exists an element in ¥, denoted by 1, such that a -1 = a.

5. Additive and multiplicative inverse: there exists an element in ¥, denoted by —a, such
that a+ (—a) = 0; there exists an element in F, denoted by a™*, such that a-a™' = 1.

6. Distributivity of multiplication over addition: a-(b+c¢) = (a-b) + (a - c).

Note that in the above definition, subtraction and division are implicitly defined by
additive and multiplicative inverse. We often use the simplified notation ab instead of a - b
to denote the multiplication of two elements in a field.

A field with finitely many elements is called a finite field (often referred to as Galois
field). More information about these fields can be found in | ]. Let GF(2") denote
the finite field of size 2". The elements of this field form a vector space over GF(2) so
the notion of a basis of of this field is well-defined: a set {w,...,w,} C GF(2") is a basis
if the elements in this set are linearly independent and span the field. With a basis, it
is possible to associate the elements of GF(2") with n-bit strings by taking coordinates
with respect to this basis. For example, if a = a1w; + asws + - - - + a,w, € GF(2"), where
ay,...,a, €{0,1}, we can associate a with the n-bit string a; - - - a,.

A polynomial basis of GF(2") is a basis that is of the form {1, a,a?,..., a1} for some
a € GF(2"). The standard constructions of GF(2") in terms of irreducible polynomials
result in a representation with respect to a polynomial basis. However, there exist bases
that are not necessarily of this form. For instance, a normal basis of GF(2") has the form
{0, ...,a® "} for some o € GF(2") which we call a normal element. We define the
field-trace function T : GF(2") — GF(2) as

T(a) =a® +a® +---+d>" . (2.42)

The field-trace function is linear in the sense that T'(a + b) = T'(a) + T'(b), for all a,b €
GF(2"). In terms of T, we define the field-trace inner product of a,b € GF(2") as T'(ab).
Now, we define a notion of the dual of a basis. For an arbitrary basis {wi,...,w,} C
GF(2"), that we refer to as the primal basis, we can define its dual basis as the unique
{®1,...,0,} € GF(2") such that

1 ifj=k

0 ifj+#k. (2.43)

T(wjwy) = {
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We use the following notation to distinguish the representations with respect to a
primal basis and its dual basis. With respect to any primal basis {wy,...,w,} and its dual
{@1,...,@,}, for any a € GF(2"),

e [a] € {0,1}" denotes the coordinates of a in the primal basis, i.e., a = [a]jw; +-- -+

]
[a],wy, where [a]; = T'(aw;) for all j € {1,...,n}.
]

e |a] € {0,1}" denotes the coordinates of a in the dual basis, i.e., a = |a| 1wy + -+ - +

|a|n@wy, where |a|; = T'(aw;) for all j € {1,...,n}.

When the meaning is clear from the context, it is convenient to write a in place of [a].
Also, it is convenient to identify n-bit binary strings with {0, 1}-valued column vectors
of length n. Thus, we can view [a] and |a]| as binary column vectors of length n. In
this thesis, binary matrices acting on these vectors (in mod 2 arithmetic) are written with
square brackets.

The conversion from primal to dual basis coordinates corresponds to multiplication by
the n X n binary matrix

T(wiwy) -+ T(wiwy)
W = : .. : ) (2.44)

T(wpwy) -+ T(wnwy)
That is, |a] = Wa] (with matrix-vector multiplication in mod 2 arithmetic). This can
be verified by the action of W on each element of the primal basis. Let a = w;. Then the
vector [a] is a vector with 1 in the j-th entry. The k-th entry of Wa] is T(ww;), and

hence we have Wla| = |a|. We also note that T'(ab) is the dot-product of the coordinates
of a in the primal basis and the coordinates of b in the dual basis:

T(ab) = [a] - [b] = [a]1[b]1 + -+ [a]n|b]n mod 2. (2.45)
The dual of the dual basis is the primal basis. A basis is self-dual if w; = @; for all
je{l,...,n}.

With respect to any basis, multiplication by any particular r € GF(2") is a linear
operator in the following sense. There exists a binary n x n matrix M, such that, for
all s € GF(2"), [rs] = M,[s]| (with matrix-vector multiplication in mod 2 arithmetic).
Concretely, this matrix M, is

T(riqwy) -+ T(rwwwy,)
T(ronwy) -+ T(ronw,)

18



and its transpose M corresponds to multiplication by r in the dual basis (i.e., |rs| =
MT[s]). Tt should be noted that the algorithms for multiplication in GF(2") are basis
dependent; the obvious cost of converting between any two bases is O(n?).
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Chapter 3

An Example of Open Quantum
Systems: Unitary 2-Designs

In this chapter, we study an example of open quantum systems in the sense of probability
distribution of unitaries: unitary 2-designs. First, we give definitions of unitary 2-designs
and show their connections. Then, we show efficient quantum algorithms for constructing
unitary 2-designs. An overview of this subject is presented in Section 1.1. This chapter is

based on | ]

3.1 Previous work and main results

Previous research on unitary 2-designs was considered for different applications. In the
context of bilateral twirl (applying a Haar-random bilateral unitary on a bipartite system)
[ ] and channel twirl (applying a Haar-random unitary U on the input state of some
quantum channel and then applying UT on the output state) | |, it has been shown
that the uniform distribution over the Clifford group is an exact unitary 2-design. This
implies a construction of unitary 2-designs with O(n?/logn) 1- and 2-qubit gates from the
Clifford group | ]. Moreover, the sampling cost of this construction is O(n?) bits of
entropy.

Approzimate unitary 2-designs were also studied in previous research. Let e (or ¢)
be the distance of the resulting operation from the ideal one. Based on a certain process
of random circuit generation (introduced in | |), Harrow and Low | | gave a
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construction of e-approximate unitary 2-designs (in the context of bilateral twirl) of gate
complexity O(n(n + log1/e€)).

Dankert et al. | ] gave another construction of ¢-approximate unitary 2-designs
(in the context of channel twirl) of gate complexity O(nlog1/¢'); however, as pointed out
in [ | and | |, this construction could potentially incur a blow-up by a factor that

is exponential in n in the context of bilateral twirl, due to the notion of approximation.
To the best of our knowledge, we need ¢ < €/2?". Thus, the gate complexity of this
construction becomes O(n(n + log1/¢)).

In the context of bilateral twirl, all of the above constructions for both exact and
approximate unitary 2-designs incur circuits of size 2(n?) and require (n?) random bits
of entropy.

It is proven by Chau | | that a small subgroup of the Clifford group is sufficient for
constructing an exact unitary 2-design with a sampling cost of approximately 5n random
bits of entropy; however, other than the O(n?/logn) bound that holds for constructing a
unitary in the Clifford group, the gate complexity of this construction is unknown. The
necessary and sufficient entropy for exact and approximate unitary 2-designs was studied
by [ ] and | ]: approximately 4n random bits of entropy are necessary.

Brown and Fawzi | | gave a method to generate random circuits of gate complexity
O(nlog®n) and circuit depth O(log® n). Although this construction does not imply a uni-
tary 2-design, it can be used for decoupling and building quantum error correcting codes
with small encoding circuits | |. No ancilla qubits are needed in their approach; how-
ever, the circuit depth is higher, and a considerable amount of analysis is required to show
that their construction achieves the tasks with the desired gate complexity and accuracy.
It may require additional analysis to adapt their construction to other applications.

In this remainder of this chapter, we first give a new characterization (Definition 3.2)
of unitary 2-designs in terms of 2-query indistinguishability that may be of independent
interest. Then we present three constructions of exact unitary 2-designs on n qubits with
the following gate complexity:

1. O(nlognloglogn) 1- and 2-qubit gates (all Clifford gates) for infinitely many n,
assuming the extended Riemann Hypothesis is true.

2. O(nlognloglogn) 1- and 2-qubit gates (including non-Clifford gates) for all n, un-
conditionally.

3. O(nlog®nloglogn) 1- and 2-qubit gates (all Clifford gates) for all n, unconditionally.
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By the fact that efficient multiplication/convolution algorithms can be performed with
circuit depth O(logn) | |, the circuit depth is O(logn) for the first two constructions
and O(log®n) for the third construction. In Subsection 3.4.3, we show that to construct
any exact or approximate unitary 2-design, a high probability set of unitaries have size
Q(n) and circuit depth Q(logn), which implies that the above constructions are nearly
optimal.

For the three above constructions, we need to sample from a uniform distribution on
a set of size 2°® — 23" and hence they use 5n bits of randomness. All three constructions
consist of Clifford unitaries (in the second construction, non-Clifford gates are used to
compute Clifford unitaries efficiently). The circuits use 6(71) ancilla qubits where the initial
state of each ancilla qubit is |0) and it will be restored at the end of the computation. The
cost of the classical process that outputs a description of the quantum circuit is polynomial
in n, which is dominated by the complexity of computing square roots in the finite field of
size 2".

3.2 Definitions of unitary 2-designs

In this section, we discuss several definitions of unitary 2-designs and the applications
where the corresponding definition arises.

The definitions of unitary 2-designs are closely related to distributions over the unitary
group U(CY), especially the Haar measure on U(CY), which is the unique measure on
U(CY) that is invariant under left and right multiplication by any U € U(C¥). For any
U € U(CY), we use u(U) to denote the Haar measure of U on U(CY).

Sampling from the Haar measure is a powerful tool in quantum information theory. For

example, in applications such as estimating fidelity | ], and quantum data hiding
[ ], a physical procedure that averages over such random choices of unitary operators
is used. In the proof of quantum channel capacity | , , , |, a

randomized argument is used to evaluate the average performance over all possible unitary
encodings.

However, a Haar-random unitary is prohibitively hard to implement, as an exponential
number of random bits are required. There are other resources for implementing a Haar-
random unitary, such as shared randomness, and communication, that are desired to be
reduced. Therefore, we are interested in contexts in which such sampling from the Haar
measure can be replaced by sampling from a probability distribution over a finite set of
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unitaries {Uy, Uy, . .., Uy € U(CY)} with corresponding probability p; with )7 p; = 1. We
refer to this probability distribution as an ensemble and denote it by & = {p;, U; }g‘le.

In the first context, we consider the expected value of polynomials of the entries of
unitary matrices sampled from some ensemble. This gives rise to the original definition
of unitary 2-designs in | |, and provides results in other contexts. We give the
definition of an ensemble that is degree-2 expectation preserving as the following.

Definition 3.1. We say that an ensemble £ is degree-2 expectation preserving if, for
every polynomial v(U) of degree at most 2 in the matriz elements of U and at most 2 in
the matriz elements of UT, it holds that

S o) = [ auWn), 3.

()

The second context is related to the quantum analogue of universal 2-hash functions
[ |: we consider the task of distinguishing whether a random sample U is drawn from
the Haar measure or from some ensemble £. We allow an arbitrary distinguishing circuit
that makes a total of at most two queries of U or UT. The most general circuit of this form
is depicted in Figure 3.1.

\

Q1 Q2

L/

Figure 3.1: Illustration of a 2-query distinguishing circuit. The first query ()1 can be U
or UT, likewise for the second query @;. The initial state p is arbitrary, V is an arbitrary
unitary, and the final measurement is also arbitrary and outputs one bit.

Let CV and CM be two Hilbert spaces. The 2-query distinguishing circuit consists of
a unitary Q; € U(CY) which can be either U or UT, an arbitrary unitary V € U(CY ®
CM), and a unitary Q, € U(CY) which can be either U or U, followed by an arbitrary
measurement. We use the measurement outcome to distinguish whether U is drawn from
the Haar measure or not. For an arbitrary initial state p and for any U (either drawn from
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the Haar measure or from an ensemble) the quantum state right before the measurement,
denoted by oy is

oy = (Q2 ® Iea)V(Q1 @ Iear ) p(QF @ Iear) VI (QL @ Iowr). (3.2)

If U is drawn from an ensemble &, the quantum state right before the measurement is
Zle pjoy; similarly, if U is drawn from the Haar measure, the quantum state right be-
fore the measurement is fU((CN) du(U)oy. The outcome of the measurement has the same
distribution regardless of whether U is drawn from a Haar measure or from an ensemble,
if and only if the above two quantum states are equal. In the following definition, we
describe ensembles that cannot be distinguished from the Haar measure by any 2-query
distinguishing circuit.

Definition 3.2. We say that £ is 2-query indistinguishable, f, for any 2-query distin-
guishing circuit and for any initial state p, it holds that

> pov = /U o 0)0 (3.3)

CN)

The third context is a special case of a 2-query distinguishing circuit, where U is queried
twice in parallel, as illustrated in Figure 3.2. Let us consider bipartite operations where the
same unitary drawn from some ensemble or the Haar measure is applied on two disjoint
systems. These operations are often called bilateral twirls | , ]. The &
bilateral twirl, denoted by T¢ € T(CV), is a linear map defined as

Telp] = ij(Uj ® Uy)p(Ul @ U)). (3.4)

Likewise, the full bilateral twirl, denoted by 7,, € T(C"), is defined as the linear map

Tl = [ 00 s 007 9 U (3.5)

U(CN)
The full bilateral twirl is motivated operationally by applications such as error correcting
[ ] and data hiding | |, and it is used in various mathematical proofs in quan-
tum information | , ]. In the following definition, we describe ensembles

that derandomize the full bilateral twirl.

Definition 3.3. We say that the ensemble £ implements the full bilateral twirl if T¢[p] =
T.lp] for all p € D(CY).
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Figure 3.2: Illustration of the bilateral twirl: querying U twice in parallel. The initial sate
p is arbitrary.

The fourth context arises in the task of averaging any quantum channel with a depo-
larizing channel. This averaging process has many important applications, such as bench-
marking (for estimating average channel fidelity) of quantum devices | ] and error
estimation (for detecting eavesdropping) in quantum key distribution | ]. This process
can be realized by a quantum channel which is often referred to as a channel twirl.

Let M € C(C") be any quantum channel. An & channel twirl of M, denoted by Mg,
is defined as the quantum channel

Melp] = p,UIMIU;pUNU;. (3.6)

j=i

Operationally, a random change of basis is applied to the system before applying the
channel M and it is reverted afterward. Likewise, a full channel twirl of M, denoted by
M, is defined as the quantum channel

M, [p] = / A0 MU U (3.7)
u(cN)

In the following definition, we describe ensembles that derandomize the full channel
twirl.

Definition 3.4. We say that £ implements the full channel twirl if Mg = M, for all
M € C(CV).

In the following lemma, we show that these four relationships between ensembles and
the Haar measure are equivalent. Therefore, we can think of an ensemble satisfying one of
the conditions in different ways.
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Lemma 3.1. Let £ be any ensemble of unitaries in U(CN). The following statements are
equivalent:

1. & is degree-2 expectation preserving.
2. & is 2-query indistinguishable.
3. € implements the full bilateral twirl.

4. € implements the full channel twirl.

In addition, we have the following corollary of Lemma 3.1, which is not obvious from
Definitions 3.3 and 3.4 alone.

Corollary 3.2. For an ensemble £ = {p;, U;}\_,, let £ := {pj,UjT k_1. The following
statements hold:

1. € implements the full bilateral twirl if and only if £T does.

2. & implements the full channel twirl if and only if ET does.

Due to Lemma 3.1, we can just refer to an ensemble satisfying any one of the four
conditions as a “unitary 2-design” when we do not need to specify the context.

Note that additional definitions have been discussed in literature | , , ,

|. Some equivalence relations in Lemma 3.1 have been proven in previous work
[ , , |. In particular, the relation between Statements 1, 3, and 4 with
bounds on the approximations has been shown in | |. In the following, we provide a

complete (alternative) proof of Lemma 3.1 and Corollary 3.2.

Proof of Lemma 3.1. We show the following implications of the four statements, which are
sufficient to prove the equivalence:

(1) = (2): Consider any distinguishing circuit making up to two queries of U or UT. The
output state oy is a product of matrices with at most two factors of U and two factors of
UT. Thus, each entry of oy is a polynomial of degree at most 2 in the matrix elements of
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U and at most 2 in the matrix elements of U'. By hypothesis, £ is degree-2 expectation
preserving. Thus, the following holds entry-wise:

k
> pjou, = / du(U)oy. (3.8)
j=1 U(ch)

It follows that £ is 2-query indistinguishable.

(2) = (3): This implication follows from the fact that the bilateral twirl circuit is a special
case of a 2-query distinguishing circuit.

(3) = (1): Let {|0),...,|N—1)} be the computational basis for C". Suppose £ implements
the full bilateral twirl. Then, we have
k
> piU;@UpUl @ Ul = / du(U)U @ UpU' @ U, (3.9)
j=1 u(cr)

for all density matrices p € D(CV). Since the density matrices span the Hilbert space of
all possible square complex matrices of the same dimension, the above equation holds if
we replace p by |a;Xasz| ® |as)Xay4| for all ay,as,as,ay € {0,..., N — 1}. Furthermore, we
left- and right-multiply the above by (as| ® (ag| and |a7) ® |ag), respectively. This gives

k
ij<a5|Uj’a1><a6|Uj|a2><a3’UJT|G7><G4|U;\G8>

J=1

= / dp(U)/(as|U|ay Yag|Ulaz)as|U'|az)as|Utlas). (3.10)
u(CN)

Repeating the above for all possible ay,...,as and by linearity, Eq. (3.1) follows. Hence,
£ is degree-2 expectation preserving.

(2) = (4): This implication follows from the fact that the channel twirl circuit is a special
case of a 2-query distinguishing circuit.

(4) = (3): Suppose for every quantum channel M € C(CV), Mg = M,,. Then, they have
the same Choi matrix, i.e., J(Mg) = J(M,). Rephrasing this equality using Eqns. (3.6)
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and (3.7), we have

k N-1
> piUl o) (MeTen) [(Uj 1) ( > 16k © f><k) Ujen| w;er
j=1 £,k=0
:/ du(U) (U @ 1) (M@IL(CN) U 1) (Z 10)(K| @ |£) k:) wten| (wer.
u(ch) £,k=0
(3.11)

For each side of the above equation, we use three steps to turn the Choi matrix of
the channel twirl into the bilateral twirl of an operator that is closely related to the Choi
matrix of M. First, for the LHS of Eq. (3.11), we apply the transpose trick

U; 1) (Z |0)k| @ |€) k:]) Ulel)=IaU) (Z 10)k| @ |€) k;|> (I®U;). (3.12)
0, k=0 £,k=0

Second, we commute the conjugation by (I ® UJ) with M ® Zy,c~y. We apply similar
manipulations on the RHS of Eq (3.11). Then, Eq. (3.11) becomes

ij(UﬂT 2 U) (M@ Tyem) [Z_ [k @ ekl | (U; @ U7)
— /U((CN) du(U) (U @ UT) (M & Tyeny) [Z_ k| @ [0k | (U U, (3.13)

Third, we apply to Eq. (3.13) the partial transpose of the second system: for any A;, Ay €
L(CY), this linear map takes A; ® A, to A1 ® AT. Let SWAPcngen € L(CY @ CV) be the
swap operator, i.e., SWAP¢crgen = ZH 0 |€><k| ® |k)¢|. Then, the partial transpose of

IeUl (Z [OXk] @ |€) k!) I®U) = X_: |eXk| @ (UT)eXk|U?) (3.14)

£,k=0 £,k=0
is equal to
N-1
> 10k @ (USEXU;) = (I @ UNSWAPew gon (I @ Uj). (3.15)
£,k=0
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Now, Eq. (3.13) becomes

k
> pi(UI @ U) (M ® Iyen)) [SWAPexgen](U; ® Uj)

Jj=1

_ / (V) (U' ® U (M & Ty e)) [SWAP s o] (U @ D), (3.16)
u(cN)

which is equivalent to
7-$T [(M ® IL((CN)) [SWAP((:N@,(CNH - 7; [(M ® IL((CN)) [SWAP((jN®(CN]:| y (317)

which follows from the fact that du(U) = du(UT). In the above, the transpose trick, the
commutation, and the partial transpose applying on Eq. (3.11) transform the equality of
the Choi matrices of two channel twirls for M into the equality of two bilateral twirls of
the matrix (M ® Zycn)) [SWAPenvgen] in the form of Eq. (3.17).

Now, we apply Eq. (3.17) to a set of carefully chosen M'’s to show that Tgi[A] = T,[A]
for a basis { A} for the input space L(CY @ C"), which will show that £ implements the full
bilateral twirl. We consider M’s with a specific form. Let R € C(C") be the completely
depolarizing channel acting on L(CY), i.e., R[p] = (Tr(p))Icn /N for all p € L(CY). Note
that J(R) = (Icxy ® Igv)/N. Consider any linear map M that is trace-preserving and
Hermitian-preserving. The latter property implies that J (Mv) is Hermitian. Then, for
sufficiently small and positive A, the Choi matrix of M = (1 — \)R + AM is positive
semidefinite, because the Choi matrix of R is proportional to the identity. Therefore, such
M is completely positive (as a linear map is completely positive if and only if its Choi
matrix is positive semidefinite | , , ]). Because M is completely positive
and trace-preserving, it is a quantum channel. When we apply Eq. (3.17) to such M’s,
the R terms cancel out, because (R ®IL((CN)) [SWAPengen] = (Iey @ Ien)/N, which is
invariant under either bilateral twirl. Therefore, Eq. (3.17) holds for all | trace-preserving
and Hermitian-preserving linear maps M, which are easier to construct than quantum
channels.

For a basis of the input space L(CY @ CV), we take A = G, ® G, where {Gg}f,\fo_l is a
basis for L(CY) with the following properties:

1. Each (G, is Hermitian.

2. Go = Ien /VN.
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3. Forall 4,5 € {0,...,N? — 1}, Tr(G,G,) = 1 if £ = j, and Tr(G,G,) = 0 otherwise.
In particular, G, is traceless for all £ > 0.

4. The swap operator has a simple representation in this basis:

N2-1
SWAPcxgey = Y Gr & Gy (3.18)

=0

Such a basis exists for all N. When N = 2" (G, can be taken to be proportional to the
Pauli matrices. For general NV, we use the generalized Gell-Mann matrices to construct the
basis as follows. Let Gy = Iex/vV/N. For £ =1,...,N — 1, let Gy = D;/~/¢({ + 1) where
Dy is a diagonal matrix with (Dy)oo = -+ = (D¢)e—140-1 = 1, (Dy)sy = —¢, and (Dy);; =0
forall 4+ 1< j<N. For0<j; <jo<N-—11let X; 5 = (l71)e| + l2)1])/V2,
and Yj, j, = i(—|j)0al + [52)51))/v2. Let {Gn.-.,Grnza} = {XGy o, Vi Josjicjpsn—1
with any ordering. Then {Gg}é\fo_l span L(CY), and each G satisfy condition (1) and (3).
Finally, the expression for the swap operator SWAPcngcn can be verified by checking that
each of the N* matrix entries on the RHS has the value given by the LHS. The verification
involves routine arithmetic: each off-diagonal element involves only two terms, and the
diagonal elements can be expressed as simple telescopic sums.

Now, we verify that T¢i[G, ® G;] = T,[G, ® G,] for all 0 < ¢, 7 < N? — 1 by considering
four cases. First, the equality is immediate for £ = j = 0. Second, for each 0 < j < N?—1,
consider My ; defined by M, ;(Go| = Gy + G, and M, ;[G,] = 0 for all £ # 0. We
have that /K/lvod is trace-preserving since each G, is traceless for ¢ > 0. Furthermore,
(./T/lJO’j ®Iy,cV))[SWAPengen] = (Go +Gj) ® G and partial transposing the second system
gives J (ﬂoJ), which implies that ./K\/l_/()d' is Hermitian-preserving. Therefore, we apply
Eq. (3.17) to ./K/IVOJ and conclude that T¢[G; ® Go] = T,[G; ® Go]. Third, because of
the symmetry of the bilateral twirl, we have that T¢+[Go ® G;] = T,[Go ® G,]. Fourth,
let 0 < j < ¢ < N?—1 and consider M, such that M;,[Go] = Go, M,,[G;] = Gy,
and .A/;l/jj[Gj/] = 0 for all 7/ # 0 and j’ # j. With arguments similar to the second case,
Tet|Ge @ Gj] = TulGe ® Gyl.

Finally, because of the implications (1) = (2) = (3) = (1), we have established the
equivalence between (2) and (3). From Definition 3.2, £ is 2-query indistinguishable if
and only if £ is. Thus, £ implements the full bilateral twirl if and only if £ does. Now,
the relation 7¢t[G, ® G| = T,|G, ® G;] implies that T¢[G, ® G| = T,[G; ® G||, which
establishes the implication (4) = (3).

]
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Proof of Corollary 3.2. Statement 1 has been implicitly shown at the end of the proof
of Lemma 3.1. From Definition 3.2, £ is 2-query indistinguishable if and only if £ is.
Therefore, by the equivalence between statements 2 and 3 of Lemma 3.1, £ implements
the full bilateral twirl if and only if £ does.

Statement 2 follows from the equivalence between statements 3 and 4 of Lemma 3.1,
and statement 1 of this corollary. O

Alternatively, the implication (4) = (3) in Lemma 3.1 can be proven in a simpler
way for the special case when £ = {p;,U;} is an ensemble with Clifford unitaries and
N = 2". We first show that if £ implements the full channel twirl, it is Pauli mixing, and
by Lemma 3.3, it follows that £ implements the full bilateral twirl.

Consider an ensemble & = {p;,U;} with Clifford unitaries U; such that Mg = M,
for all quantum channels M € C(CY). Define M[p] = PpP' for an arbitrary Pauli
P € Q(C*) with P # I and P = PT, where Q(C?") is the quotient group of the Pauli
group (see Definition 3.5). On the one hand, we have

k
Melp) =D p;(UIPU;)p(Uf PU)T. (3.19)
j=1
On the other hand,
A
Mol =(1=Np+ 55— Y Q@' (3.20)
QEQ(CX")\{1}

for some 0 < A < 1. Note that for each 7, U; is a Clifford unitary, so UJ.TPUj is a Pauli. Thus,
we have two Kraus representations for the same channel twirl, both with Kraus operators
in Q(C?"), which form a basis for L(C"). Now we consider the degrees of freedom over
these Kraus operators. By | , Theorem 8.2], the j-th term of the RHS of Eq. (3.19)
can only contribute to @) in the RHS of Eq. (3.20) if and only if U j PUj is equivalent to () in
Q(C*"). Finally, each @ # I appears with equal weight in M, [p]. Thus, the distribution
{pj, U}LPU]} is uniform over Q(C*") \ {I}, which completes the proof.

3.3 Pauli mixing and unitary 2-designs

3.3.1 Pauli mixing implies a unitary 2-design

In this subsection, we describe a sufficient condition for an ensemble £ to be a unitary
2-design, which leads to efficient implementations of unitary 2-designs.
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Recall the 2 x 2 Pauli matrices X, Y, and Z defined in Section 2.1. For any a € {0, 1},
define the Pauli operators X* and Z* acting on n qubits as X* = X" ® --- ® X% and
7 =7"®---® Z%. We define some notions related to the Pauli group in the following
definition.

Definition 3.5. The Pauli group, denoted by P(C*"), is the set of all operators of the form
ik XeZb where k € {0,1,2,3} and a,b € {0,1}". Let Q(C*") = P(C*")/{%1, +i} denote
the quotient group obtained by disregarding global phases in P(C%") in the sense that each
element of Q(C%") can be represented as P, = Xezb. We call Poo = Ic2n the trivial Pauli.

In the following definition, we describe a subgroup of the unitary group, called the
Clifford group.

Definition 3.6. The Clifford group, denoted by CL(C?"), is the set of all unitary operators
that permutes the elements of P(C*") (and thus Q(C?")) under conjugation.

Recall the definitions of the 2 x 2 Hadamard matrix H, the phase gate S, and the
controlled-not gate CNOT in Section 2.1. It is proven in | | that these three operators
form a generating set of the Clifford group CL(C?"). The operation of conjugating the
elements in P(C?") by some U € CL(C?") yields a permutation on P(C?"), and hence gives
a permutation m on Q(C?"). In the following definition, we characterize the ensembles of
unitaries in the Clifford group that uniformly mix Paulis.

Definition 3.7. Let £ = {p,, Uj}?:1 be an ensemble of unitaries Uy, Us, ..., U, € CL(C?").
We say that € is Pauli mixing, if for all P € Q(C*") such that P # I, the distribution
{pj, mv,(P)} is uniform over Q(C*")\ {I}.

k

For any ensemble & = {p;, U;}]_,, define a new ensemble &g as

—2n , 2n _
Eq = {27, U;R )24, (3.21)

where R, ranges over all elements in Q(C?"). Intuitively, £q is the ensemble where each
element in &£ is proceeded by a random Pauli drawn from Q(C?"). The ensemble & of
Clifford unitaries being Pauli mixing is a sufficient condition for the ensemble &g to be a
unitary 2-design, as concluded by the following lemma.

Lemma 3.3. Let € be an ensemble of Clifford unitaries and Eq be defined as above. If £
is Pault mizing, then Eq implements the full bilateral twirl.
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Lemma 3.3 was first shown by DiVincenzo et al. | ]. A short proof based on
representation theory is shown by Gross et al. | ]. In the following, we provide an
elementary proof which uses some ideas from | ] but has fewer assumptions. This
new proof does not rely on evaluating the full bilateral twirl (using representation theory
or the double commutant theorem).

Proof of Lemma 3.3. Let N = 2". The goal is to show that Te,[p] = T.[p] for all p €
D(CY ® CV). Note that T¢,, 7, € T(CY ® CV) are linear maps. It suffices to show that
Te,, and 7T, are identical on a basis for L(CN ® CY). We consider a basis that contains
the identity matrix Ievgey and the swap operator SWAPcngen, and we complete this
basis with matrices that are trace-orthonormal to Icyvgey and SWAPewngen, i.e., matrices
M such that Tr(Ieygen M) = Tr(SWAPengen M) = 0. It suffices to prove the following
claims:

1. %Q[IcN(ch] - E[I(CNQ@(CN] - I(CN®(CN'
2. Teo|[SWAPengen] = T [SWAPengen] = SWAP xgen.

3. If Tr(Ienvgen M) = Tr(SWAPengeny M) = 0, then Te, [M] = T,[M] = 0 for all M in
this basis.

By Eqns. (3.4) and (3.5), as well as the definition of &g, we have

k,N2-1

Teolo) = Y piN"*(U;jR, ® U;Ry)p(RIU] @ RIU}), and (3.22)
j=1,0=0

EM:/ dp(\U @ UpUt @ UT. (3.23)
u(cN)

The first claim follows trivially. Since SWAPenvgen (A ® B)SWAPengeny = B ® A for all
A, B € L(C"), we have that SWAPcngen (A® B) = (B® A)SWAPew~gen, and the second

claim follows.

Consider the third claim. We fist show that Tg,[M] = 0 for all M satisfying the trace-
orthonormal condition: Tr(levgen M) = Tr(SWAPenvgeny M) = 0. Observe that the swap
operator acting L(C?*®C?) can be written as SWAPzgc2 = s(I@I+X@X+YRY +2Z07),
and thus

1
SWAPCN®CN = N Z Ry ® Ry. (324)



As Q(CV) is a basis for L(CY), we write M as

N2-1
M= R, ®R, (3.25)

a,b=0

where o, € C for a,b € {0,..., N? — 1}. Without loss of generality, we take Ry = Ipn €

Q(C?"). Then, the two conditions on M can be rephrased as ago = 0 and Zi\zo_l Qgq = 0.
By linearity, we focus on analyzing Te,[R, ® Ry| for any (a,b) # (0,0). We have

N2
Teo[Ra ® Ry) = ij (U; @ U;) ( > N2(R, @ Ry)(Ra ® Ry)(R} @ R})) Ul e Ul).
=0
(3.26)

When a # b, there exists an index ¢ € {0,..., N> — 1} such that R, commutes with R,
(i.e., R.R,R! = R,) and anticommutes with R (i.e., R.RyR] = —R}). So, we have

N2-1
2 Y (Re® Re)(R, @ Ry)(R} @ RY)
=0
N2-1 N2-1
=) (Re®Ry)(R, @ Ry)(R} @ R)) + Y (ReRe ® RyR.)(Ry ® Ry)(RIR} ® RLR})
=0 =0
(3.27)
=0, (3.28)
and it follows that Te,[R, ® Ry] = 0. When a = b, we have that
N2-1
Y N2(R,® Ry)(R, @ Ra)(R} ® R}) = R, ® Ry, (3.29)
=0
as for all £ € {0,..., N? — 1}, R, either commutes or anticommutes with R,. Substituting
the above into Eq. (3.26), we have
Teo R ij (U; ® U;)(R. ® R,) (Ul @ UJ) (3.30)
1
= 3 >  R®R, (3.31)
ReeQ(C2")\{I}

34



where the second equality follows from the fact the £ is Pauli mixing. Note that the above
equation yields a matrix that is independent of a. Therefore, we have

N2-1
Teo[M] = > s Teo[Ra ® Ry) (3.32)
a,b=0
N2-1
= Z Va0 Teg[Ra @ Ra) (3.33)
a=1
N2-1
- (Z a> Teo[Ra ® Ry (3.34)
a=1
=0, (3.35)

where the third equality follows from the fact that Tg,[R. ® R,] is a matrix independent
of a, as shown in Eq. (3.31).

Now, we show that 7,[M] = 0. Note that, for all V' € U(CY), and for all M €
L(CN ® CY), it holds that T,[M] = T,[(V @ V)M (VT @ VT)]. Apply this equality to each
unitary in £ and by linearity, we have that 7,[M] = T,[Te,[M]] = T,[0] = 0, which
completes the proof. n

3.3.2 Pauli mixing and SLy(GF(2"))

To facilitate the analysis of the Clifford group and its action on the elements X®Z° =
(X4 @ @ X)) (Z" @ --- ® Z%) of the Pauli group, we associate a and b with the
elements of the finite field GF(2"). In addition, we need to represent a and b in different
bases, namely, a primal basis and its dual basis. The preliminaries of finite fields and the
bases are provided in Section 2.2.

In light of Lemma 3.3, to construct a unitary 2-design, it suffices to construct an
ensemble of Clifford unitaries that is Pauli mixing. Recall that with some primal basis, [a]
denotes the representation of a, and |b] denotes the representation of b with respect to the
corresponding dual basis. With respect to a (primal) basis, we associate each pair a,b €
GF(2") with the Pauli group element X917 = (XTth & ... Xlaln) (7l g ... g Z1bn),
As proven by Chau | |, there is a subgroup of the Clifford group of size 2°(™ such that
sampling uniformly over this subgroup performs Pauli mixing. Now we give an overview
of this approach. This subgroup is isomorphic to the special linear group of 2 x 2 matrices
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over GF(2"):

SLy(GF(2")) = {(3 g) ca, B,7,0 € GF(2") such that ad — 5y = 1} ) (3.36)
Note that SLy(GF(2")) has 2" — 2" elements, and it consists of actions on the Pauli
group by conjugation by certain Clifford unitaries. More precisely, we have the following
definition.

Definition 3.8. With respect to a primal basis of GF(2"), we say that a Clifford unitary
U € CL(C*") induces M € SLy(GF(2")) if, for all a,b € GF(2") and

(Z) =M (Z) , (3.37)

uxlezlblyt = xlalzWv1, (3.38)
where = means equal up to a global phase in {£1,+i} that is a function of M, a, and b.

The intuition of the above definition is the following. Let us suppose M = (: f ) €
SLy(GF(2™)). Then, for all a,b € GF(2"), conjugating X %1 Zl’) by the Clifford unitary U

results in X[ +Ab1 Zlva+db] yp to a phase.

Through this chapter, we write matrices in SLy(GF(2")) and vector of length 2 over
GF(2") using parenthesis (see above) to distinguish the binary matrices and vectors de-
scribed in Section 2.2 which use square brackets.

Note that in [ |, the mapping specified in Eq. (3.38) is expressed using different
notation for Paulis: X,|c) = |a + ¢) and Zy|c) = (—1)7®9)|c). It is easy to express these
in terms of our notation as X, = X/*l and Z, = ZI’)| because T(bc) = |b] - [c]. The
occurrence of the dual basis in Eq. (3.38) allows us to associate a unitary that induces M:
without the representation in the dual basis, for general M € SLy(GF(2")) there does not
exist a unitary U that induces M in the sense that UX[e1 ZP1yT = X191 71V To associate
such a unitary, the following lemma holds in terms of definition 3.8.

Lemma 3.4 (] |). With respect to any primal basis for GF(2"), there exists an n-qubit
Clifford unitary U € CL(C?") that induces M, for all M € SLy(GF(2")).

Consider M € SLy(GF(2")). Let Uy denote a unitary that induces M with respect
to the primal basis. Similarly, let U v denote a unitary that induces M with respect to
the dual basis. This Uy, is unique up to multiplication by a Pauli, which is proven in
[ , ]. We also prove this uniqueness in the following lemma.
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Lemma 3.5. Suppose unitaries U and V' have the property that they induce the same
permutation on the Pauli group in the sense that, for all a,b € {0,1}",

UX“ZUt = v X2V, (3.39)

where = means equal up to a global phase that can be a function of a and b. Then V =
UX<¢Z? for some c,d € {0,1}" (up to some global phase). (Here a and b are binary strings,
instead of elements of GF(2"), so we do not require the notations [a] and |b].)

Proof. First note that Eq. (3.39) is equivalent to
X ZPUWVY X Z0) = AUV (3.40)

for all a,b € {0,1}" where ), is some global phase in Eq. (3.39). The unitary UV can
be expressed as

UV = > Xz’ (3.41)
c,def{0,1}n

The symplectic inner product of (a,b) and (c, d) is defined as (a,b) - (c,d) = (B} _jardy) ®
(®pZibrer). Tt is easy to verify that X2Z% and X¢Z4 either commute (when (a, b)-(c,d) = 0)
or anticommute (when (a,b) - (¢,d) = 1). Then, by Eqns. (3.40) and (3.41), we have

> (=needa xezt = YT ApaeaX Y (3.42)

c,def{0,1}n c,de{0,1}"

Since the Paulis X¢Z¢ for ¢,d € {0,1}" are linearly independent, the coefficients must
match.

Now, we show that at most one a.q can be nonzero. Suppose there exist distinct
(c1,dy) and (cg,d2) such that ac 4, # 0 # Qcyd,- Then, there exists (a,b) such that
(a,b) - (c1,dy) # (a,b) - (c2,dz). From Eq. (3.42), it follows that

(_1)(&5)'(01@1) = Ayp = (_1)(%1))'(027612)’ (3.43)

which is a contradiction. Therefore, there is a unique «.4 that can be nonzero. By
Eq. (3.41), we conclude that

V =a.UXZ% (3.44)

]
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In | |, a possible choice of Uy, for any M € SLo(GF(2")) is exhibited; however,
other than the fact that such Uy, is in the Clifford group, it is unclear how to implement
such Uy, as a small quantum circuit, so its gate complexity is O(n?/logn) by | . In
the remainder of this chapter, we aim for an alternative proof of Lemma 3.4 for certain
bases of GF(2"), as well as a modified version of this lemma, which enables us to obtain
constructions of unitary 2-designs with gate complexity 5(71) The connection between
Lemma 3.4 and unitary 2-designs is based on the fact that the uniform ensemble over
{Un : M € SLy(GF(2™))} is Pauli mixing, which is shown in the following lemma.

Lemma 3.6 (] ). Let M € SLo(GF(2")) be chosen uniformly at random. Then, for
any (5) € (GF(2") x GF(2"))\ (§).

(-0

is a uniform distribution over (GF(2") x GF(2"))\ (§).

Proof. We first show that SLy(GF(2")) acts transitively on (GF(2") x GF(2")) \ ().
Let (§) € (GF(2") x GF(2")\ (§). If ¢ # 0, we have that (5.%)(5) = (§)-

¢ = 0, then d # 0, and we have that (Udl)( ) (fl) us Wecanmap any( 1)6
(GF(2") x GF(2") \ (§) to (§) and then to any (g) € ) x GF(2")\ (9)
elements of SLy(GF(2")).

Now, we prove the uniform distribution. Suppose there are distinct (fli ) and (fé ) such
that Pra{M (%) = (%)} > Pra{M (%) = ()}. Since there exists an M’ € SLy(GF(2"))
such that M’(g ) = (4 ), it follows that Pry{M'M (%) = ()} = Pra{M (%) = (&)}
Note that the distribution over M is the same as the distribution over M’'M, so the last
equality implies that Pry{M(§) = (&)} < Pra{M (%) = (&)}, which is a contradic-
tion. O

The goal is to implement Uy, for M € SLy(GF(27)) with quantum circuit of O(n) gates.
We use two approaches to address the complication caused by interplaying between the
primal basis and the dual basis. The approach in Subsection 3.4.1 is based on a self-dual
basis for GF(2") and the structure of SLy(GF(2")). The approaches in Subsection 3.4.2 are
based on a polynomial basis and its dual for GF(2") and the structure of two subgroups of
SLy(GF(2")): the lower-triangular subgroup and the upper-triangular subgroup, which are
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defined respectively as

Ay (GF(2") = {(‘; OfL) L a, B € GF(2") and o # o} , (3.46)
V,(GF(2")) = {(‘8‘ aﬁ) L a, B € GF(2") and o # o} . (3.47)

3.3.3 A framework for implementing elements of SLy(GF(2"))

In this subsection, we first show a generating set of SLy(GF(2")) such that all elements
of SLy(GF(2™)) can be written as a product of a small constant number of matrices in
this generating set. We also give a more restrictive generating set for Ay(GF(2")) and
V2 (GF(2™)). Then we present Clifford unitaries that induce these generating matrices. In
Section 3.4, we show how to implement these Clifford unitaries with 5(71) gates, which
implements elements of SLy(GF(2")). To begin with, we have the following lemma.

Lemma 3.7. Every M € SLy(GF(2")) can be expressed as a product of a constant number
of the following elements of SLy(GF(2")):

r 0 10 01
for some r € GF(2") that is nonzero.

Proof. For any M = (33 ) € SLy(GF(2")), we can decompose it as follows:

1 0 1 avy\ [a O y
ifa#0
o G TG
(ﬂ 5>_ 1 0\ [~y 0\ /01 o (3.49)
5/v 1) \o v 1) \1 0 re=n

Furthermore, for any nonzero s € GF(2"), there exists t = 52" € GF(2") such that t* = s.
This yields the following further decompositions:

(é i) - (g (1)> (i (1)> ((1) é) and (3.50)
(i (1)> - (t; ?) G (1)) ((t) t91>' (3.51)

This completes the proof. O
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We also specialize the above lemma to the lower-triangular and upper-triangular sub-
groups of SLy(GF(2")) as the following lemma.

Lemma 3.8. Every M € Ay(GF(2")) can be expressed as a product of a constant number
of the following elements of Ao(GF(2")):

(6 rol) and G (1)) (3.52)

and every M € Vo(GF(2")) can be expressed as a product of a constant number of the
following elements of Vo(GF(2™)):

r 0 11
(O 7“1) and (0 1) , (3.53)
for some r € GF(2") that is nonzero.

Because of Lemma 3.7, for every M € SLy(GF(2")), we can find a unitary that induces
M if we find a unitary that induces each of (19), (94), and (%) for any nonzero r €
GF(2"). Similar statements hold for the lower-triangular subgroup and upper-triangular

subgroup of SLy(GF(2")) with respect to their generating sets shown in Lemma 3.8.
Let us first consider the element of SLy(GF(2")) of the form ([ %) for any nonzero

7‘71
r € GF(2"). Such elements can be induces by a Clifford unitary HS defined as II,|[c]) =
|[rc]), and II, is referred to as the multiply-by-r (in the primal basis) operator. In the
remainder of this chapter, we use |c) to denote |[c|) to improve readability. For example,
in this notation we have II,|c) = |r¢). To verify that I, induces (% ), observe that for

0r1
all ¢ € GF(2),

IL X1l ¢) = 11X el 1e) (3.54)
=1L |r'c+a) (3.55)
=|c+ra) (3.56)
= XIrl|c). (3.57)

Furthermore, we have
1L, 720 c) = 11,2 | 1e) (3.58)
= 11, (=) (3.59)
= (=1)T ) (3.60)
— (1)l gy (3.61)
= 71" le), (3.62)
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where the third and the fourth equalities follow from Eq. (2.45). Therefore, for all a,b €
GF(2"), it holds that I, X1 ZITIf = X1l Zzlm™*8 " and hence we can conclude that II,

induces (6 2 )

Recall that we use parentheses to represent elements of SLy(GF(2")) and use square
brackets to represent their corresponding binary vectors in a primal-dual basis. For any
(%) € GF4(2™) x GF(2"), we represent it in a primal-dual basis as HZ” € {0,1}*", where
[a], |b] € {0,1}™. With this notation, the effect of conjugating a Pauli X% Z1%) by TI,. can
be summarized by the following mapping:

xfalzlb) oy xMelal ZMT416] (3.63)

where M, is the linear operator corresponding to multiplication by r in the primal basis, as
defined in Eq. (2.46), and M”,, the transpose of M,-1 is the linear operator corresponding
to multiplication by r~! in the dual basis.

Now we consider the element (19) € SLy(GF(2")) and find a Clifford unitary that
induces it. This Clifford unitary should perform the following mapping:

xTalzb) y xlal glal+lb] — xflal zWlal+[b] (3.64)

where W is the linear operator corresponding to the primal-to-dual basis conversion, as
defined in Eq. (2.44). In the following, we show that a unitary 'y, that induces such
mapping is defined as

Ty lc) = i2j=1 ZZ:I(W)j,ijCk|C> - Z‘Z?:I(W)j,jcy'(_1)Z1§j<kgn(W)j,ijCk|C>’ (3.65)

where the second equality follows from the fact that W is symmetric (see Eq. (2.44)). By
Eq. (3.65), one can verify that I'y is in the Clifford group, as it can be constructed by the
following composition of S gates and controlled-Z gates: an S gate acting on each qubit
j whenever (W);; = 1, and a controlled-Z gate acting on qubits j and k for each j < k
whenever (W), = 1 (all these gates commute). This simple construction of I'y, consists
of O(n?) gates. In Subsections 3.4.1 and 3.4.2, we show circuits implementing 'y, with
O(n) gates.

To verify that I'y induces the mapping specified in Eq. (3.64), we first observe that

XWZMFI/HC) — XWszJ(_Z')Z}L:l(W)j,jCj(_1)Z1gj<kgn(W)j,ijCk|C> (3.66)
— (_i)Z?ZI(W)j,jCj(_1)21g]-<kgn(W)j,ijCkaa1 (—1)LrTel|e) (3.67)
— (_i)zyzl(w)jyjcj(_1)21§j<k§n(W)j,kcjck+l.bJ"—C-‘ la+ ¢). (3.68)
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Furthermore, we have

Tywla+c) = j2=i=1(W)j,j(ate); (_1)Zlgj<kgn(W)j,k(a+C)j(a+0)k la + c) (3.69)
_ Z'Z?’zl(W)j,j(aﬁCr?ajCj)(_1)Zlgj<kgn(W)j,k(aﬁcg‘)(aﬁ%)|a +¢) (3.70)
— Z'Zyzl(W)j,j(aﬁCj)(_1)2?:1(“’);:;'%‘% (_1)Zlgj<kgn(W)j,k(ajak+a.70k+0jak+0.fck) la+ ¢),

(3.71)

where the second equality follows from the fact that, for any a,c € {0,1}, a®c = a+c—2ac.
Combining Eqns. (3.68) and (3.71), we have

Dy X o1 710] FJLV‘@ — =1 2k=19j0k (_1)2?:1(W)j,jajCj+Zlgj<kgn(W)j,k(ajCHaij)JrLbJ'fd la + ¢)

(3.72)
= 2i=1 Dt Whanazar (1) 25 2ja Wkgasentlbl-lel)g 4 o) (3.73)
)y EZ:l(W)j,ka]'ak<_1)W|—a-"|—c-|+LbJ"—C-‘ la + ¢) (3.74)
= §2i=1 Dk Wiwagar xfal(_pyWlal-Tel+[b]-[e] o) (3.75)
= =1 2k (Whiwazar xfal(_qylal-Tel+1b)-fel) ) (3.76)
— j2g=1 2r=1W)j kajar x[a] 7la]+b] ). (3.77)

This implies that 'y implies the mapping specified in Eq. (3.64) (up to some global phase).

We also need to find the Clifford unitary that induces the element (9 }) € SLy(GF(2")).
This is addressed in Subsections 3.4.1 and 3.4.2 in different ways, which yield different
constructions for unitary 2-designs.

3.4 Efficient constructions of unitary 2-designs

Now, the construction of a unitary 2-design reduces to implementing unitaries that induce
the generators of SLyo(GF(2")). The goal of this section is to find O(n)-sized circuits to
implement these unitaries.

3.4.1 Near-linear implementation based on self-dual basis for

GF(2")

The first approach is to represent the elements in GF(2") with respect to a self-dual basis.
The advantage of using a self-dual basis is that, the change of basis operation defined in
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Eq. (2.44) is trivial. In this subsection, we omit the [ | and | | notations because the
dual of a self-dual basis is itself. For all n-bit binary strings a,b € {0,1}", it holds that
Senxazb(STyen = jart-tanmoddyayath ang genxazb e = (—1)*bX°Z4.  Therefore,
S® induces (19) and H®" induces (§).

It remains to implement the unitary I, (multiply-by-r operator) that induces (8 T91 )
Fast multiplication methods with respect to a polynomial basis are known; however, no
polynomial basis of GF(2") is also self-dual if n > 2 | |. Here, we use special self-dual
bases that can be efficiently converted to and from polynomial bases. These special self-dual
bases are constructed with Gauss periods and exist for admissible n’s (see Definition 3.9
below). According to | ], there are infinitely many admissible n’s under the extended
Riemann Hypothesis. Our implementation in this subsection is restricted to the values of

n defined as follows.

Definition 3.9. A natural number n is called admissible if the following two conditions
hold:

1. 2n+1 is prime
2. ged(e,n) =1, where e is the index of the subgroup generated by 2 in Z3, 4,

where Z3, ., denotes the multiplicative group of Zon11. Since Zs, ., has 2n elements when
2n_

2n + 1 15 prime, e = Ok

In the remainder of this subsection, we first describe the procedure of finding a self-dual
basis using Gauss periods and explain the efficient conversion between the two represen-
tations with respect to a self-dual basis and a polynomial basis. Then we describe the
implementation of IL,.

Since, for an admissible n, 2n+1 is prime, it holds that 22® = 1 mod 2n + 1 by Fermat’s
Little Theorem. So 2n+1 divides 22" — 1, which implies that there is a primitive (2n+1)-th
root of unity 8 € GF(2%"). One way to obtain such f3 is the following. Let £ be a generator
of the multiplicative group of GF(22"). Because €21 = 1, we can take g = @ ~1/@n+1),
Consider the set

S={B+87182+572....0"+p"}. (3.78)

We first show that S is a self-dual normal basis of GF(2") over GF(2) (as defined in
Section 2.2). Then we show how to efficiently convert between S and a polynomial basis.

To show that S is a self-dual normal basis, we first argue that for an admissible n, 2
and —1 generate Z3, ., (ie., (2,—1) = Z5,,,). A proof is given in | ], and it
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can be rephrased as follows. Let v generate the cyclic group Z3, ;. If e is the index of
(2) in Z5, |, then 2 = ~°. Furthermore, 4" = —1. Since ged(e,n) = 1, there are integers
k1, ko such that 1 = eky + nk, and therefore, v € (2, —1), so Z3, ., = (2, —1). This further
implies that

{20, 20 2t ot . ontl o _onl =11 12 -2 ... n-n} mod2n+1.  (3.79)

Note that the RHS of the above equation is equivalent to the whole group of Z5, ;. Then,
we can reorder the elements of S as

(B + 877 87 +87%,..., 8"+ (3.80)

The set in Eq. (3.80), as a subset of GF(2"), is equal to {0420, ', ,042"71} where o =
B+ Bt is called a Gauss period of type (n,2) over GF(2). It is easy to see that § +
Bt € GF(2"), for one can verify that (8 + f71)*" = B+ f71. To argue that the set
{o? 2" -+ a¥ '} is linearly independent, suppose there exists aq,...,a,_1 € GF(2)
that are not all zero such that

0=apa? + - +a, 02 (3.81)
=a(B+ B+ +aa B+ (3.82)
—a(B” + B+ +ana (87T 87T, (3.83)

Because of Eqns. (3.79) and (3.83), there exist by,...,bs, € GF(2) that are not all zero
such that

0=b18+ -+ bon82" = B(B1B% + -+ + bpp82"Y) mod 2n + 1. (3.84)

The above equation holds for all (2n + 1)-th root of unity of GF(2%"), and 8 can be
substituted by 8" for r € {1,...,2n}. It follows that the polynomial f(z) = ujz® + --- +
u2,2%" ! has 2n roots, which is a contradiction with that fact that f(z) has degree at most
2n — 1. As a result, the set {2’ 02", ..., 02" '} (as well as S) forms a normal basis and
« is a normal element in GF(2"). Then, by | , Corollary 3.5], it holds that any
normal basis of Gauss period of type (n,2) over GF(2) is self-dual when n > 2. Therefore,
S is a self-dual normal basis as claimed.

Next, we show how to efficiently convert between S and a polynomial basis. We define
a map from GF(2") to {0,1}"*! as follows. If @ € GF(2"), then it is mapped to the vector
a = (0,ay,...,a,), where a = a;(8+ 871 + -+ + a, (8" + B7™). In other words, a’ is
the coordinate of a with respect to the spanning set {1, 8+ 371, 8%+ 372,..., 8" + 37 "}.
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Including the element 1 makes this spanning set not a basis, but significantly simplifies the
conversion between the following two spanning sets:

S ={LB+B+67%.... 0"+ 57"}, (3.85)
M={1,8+67(B+67")....B+87)"} (3.86)

Note that the set M arises from adding 1 to a polynomial basis. We call S’ a self-dual
spanning set and M a polynomial spanning set. The fact that M is not a basis does not affect
how we represent a field element as a polynomial based on M, i.e., a = Z?:o a;j(B+ 671,
and fast multiplication of two polynomials of this form still works.

For j € {1,...,n}, let s; = 7+ 377, ¢t; = (B + B7'), and let s; and t} be the
(n + 1)-bit string output by the map defined earlier. In the following, we describe the

linear transformation L, ; that maps s/ to t; for all j (by right multiplication). The
transformation L, is not unique. A simple choice for L, ; is based on the binomial

expansion (84 871)7 = 377_ (4)37~%. More precisely, for general k, we can choose Ly as
0 if £ > 7 orj—/{isodd,
(Li),,; = (. 19 othered (3.87)
(-0 /2) mo otherwise,

where 0 < ¢, 7 < k. The operation Ly is upper-triangular with 1’s on the diagonal, which
implies det(L;) = 1, so Ly, is invertible.

Now, we find a unitary A that induces L. (More precisely, Ay induces the matrix with
identical diagonal blocks that is the (k—1) x (k—1) submatrix of L, with the first row and
column omitted.) The unitary A, also induces a conversion from S’ to M. In | ],
the following theorem is proven.

Theorem 3.9 (| 1). Right multiplying L1 (L}, respectively) by the vector rep-
resentation (a') of an element a € GF(2") described above can be done using O(nlogn)
operations (additions and multiplications) in GF(2).

From this theorem, an efficient (classical) circuit that induces L, 11 can be built with
O(nlogn) CNOT gates. The intuition is that L,,; can be decomposed as a product of
O(log n) matrices, each with O(n) 1’s, as shown in | ]. Since the linear transforma-
tion can be done with GF(2) additions, this circuit contains only CNOT gates. A circuit
for L,}, can be obtained by running the circuit for L, 1 backward.

In the following, we present a different circuit that induces L,.; — a recursive con-
struction that also requires O(nlogn) CNOT gates, which yields a different proof of The-
orem 3.9. First consider Ly as defined in Eq. (3.87) where k is a power of 2. Taking k = 8
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as an example,

1000/0000
0101/0001
0010[0010
0001|0101
Ls=|\9 0001000 (3.88)
0000[0101
0000[0O0T10
(00 00/00O0 1,

We use two properties of L when k is a power of 2 (see Lg above for an illustration):

1. Each Ly consists of three nonzero blocks: two identical diagonal blocks which is Ly
and a block above the diagonal which we call LZ /2 (which is almost like Ly /o turned
upside down).

2. The first row of Lg/z contains only zeros. The (¢42)-th row of Ll,;/z is the (g — E)—th
row of Ly/o (where 0 < ¢ < k/2—2).

An illustration of the two properties is shown in Figure 3.3. Take the Pascal’s triangle
(mod 2) with k rows, and rotate the entries 90 degrees counter-clockwise. This gives the
(¢, ) entries of Ly when ¢ > j and ¢ — j is even. The above two properties for L primarily
come from the fact that Pascal’s triangle (mod 2) with k rows consists of 4 triangles of
k/2 rows, the middle one only has zero entries, and the other three are identical copies of
Pascal’s triangle (mod 2) with k/2 rows. Also, the triangle is always left-right symmetric.
Proofs of these are readily obtained from Lucas’ Theorem * | | (a more accessible proof
can be found online at [Rid]).

A left-multiplication of a vector by L yields

[ Lijs | Lo } { U1 } _ { Lij2 vy —i—Lg/2 Uy (3.89)
0 | Lk V2 L2 va ' '

Due to the relation between L} /2 and Ly, the above map can be induced by the unitary
A, implemented by the circuit in Figure 3.4. Using standard recursion analysis, the circuit
contains O(klog k) CNOT gates.

IConsider the base-p representation of integers m and n, where m > n > 0, and p is prime: m =
mo +mip+ -+ mp®,n =ng + nip+ -+ -+ ngp®. Then, () = (7°)(T1) -+ () mod p

n no ni Nk
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__________ Ly

I 90 degrees 1 1 0 :0 0
/ 111 S R A 5
10 1 1,0 1
i 1,1 1 0 Ig= 111

|
|
|
|
| NO 0 0N 170
|
|
|
|

Figure 3.3: An illustration of the Pascal’s triangle structure of the matrix Lg . Taking the left
half of an 8-level Pascal’s triangle and rotating counter-clockwise by 90 degrees, we obtain Lg.
Note that the block LE is the horizontal reflection of the lower-diagonal block L4 with a downward
shift, as described by property 2 of Ly.

] Ak/2 A

Ay

Ay /2

Figure 3.4: An example of representation conversion circuit which demonstrates the recursive
structure.

For general values of k, we apply the above construction to obtain Lyog,»1. We restrict
the circuit for Lypos,x1 to a sub-circuit with the first k registers and the CNOT gates
between them to obtain a circuit for L} that still has size O(klogk).

The circuit for A,:l that converts a vector from the self-dual representation to the
polynomial representation can be obtained by running the circuit for A, backward. The
first qubit which corresponds to the additional “1” in S’ is always |0) and it remains intact
during the computation, and therefore can be safely removed in the circuit. It is kept in
the analysis for conceptual simplicity.

Finally, we are ready to give the recipe for the fast multiplication of two elements
a,r € GF(2") represented with respect to S
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1. Insert a zero at the beginning of the vector representations of a and r to get the
vectors a’ and 1’ with respect to the spanning set S'.

2. Convert ' and ' to new representations a and 7 with respect to the polynomial
—1

spanning set M, using the circuit for A, ;.
3. Multiply a by 7 using Schénhage’s multiplication algorithm | | (denoted by I,
in Figure 3.5). The result is a vector with respect to the polynomial spanning set

{LB+B87(B+871)2,...,(B+671)").

4. Apply the unitary As,.; to the vector above so it is represented in the spanning
set {1,584+ 871, 8%+ B7%,..., 32" + 72"}, Then, discard the first element which is
always 0. The result is the vector representation with respect to the spanning set
{B+87Y, 824+872,..., 82"+ 372"}, Since 3 is the (2n+1)-th root of unity in GF(22")
(i.e., 52n+1 — 1)7 we have 6 + /871 — 62n + 67271, 52 _}_672 — 527171 + 672n+1’””
Therefore with n additional GF(2) CNOT gates, the resulting vector can be reduced
to the one with respect to the permuted self-dual normal basis S.

In step 3, Schonhage’s multiplication algorithm | | uses a radix-3 FFT algorithm to
do fast convolution. Readers may refer to | ] for another description of Schonhage’s
algorithm. This multiplication algorithm requires O(nlognloglogn) operations (addi-
tions and multiplications). Additions can be implemented with CNOT gates. Multipli-
cations involved in this radix-3 FFT are the ones between an element of the polynomial
ring GF(2)[z]/ (z*™ + 2™ + 1) (for certain m) and z (which is a 3m-th root of unity in
GF(2)[z]/ (z*™ 4+ 2™ + 1)). The result of this kind of multiplications is a shift of coeffi-
cients and it can be implemented by SWAP gates. Therefore, the whole multiplication
method can be implemented with O(nlognloglogn) CNOT gates. As an example, Fig-
ure 3.5 shows the implementation of II, in GF(2°).

We show that the radix-3 FFT algorithm has logarithmic depth: if the current step
of this algorithm is working on a polynomial of degree k, in the next recursion step, it
will work in parallel on three polynomials of degree [k/3]. The total number of steps
(i.e., the depth of the circuit) is, therefore, O(logn) for a polynomial of degree n. To
multiply two polynomials of degree at most n, each recursion step essentially consists of
three components: computing the radix-3 FFT, recursively doing [v/n | multiplications
of polynomials of degree at most [y/n] (in parallel), and computing the inverse radix-
3 FFT. Using a similar analysis, the depth of the polynomial multiplication circuit is
O(log(n) + log(n'/?) 4+ log(n'/*) 4 --- 4+ 1) = O(logn). The logarithmic depth of the basis
conversion circuit can be shown by its recursive structure (e.g., Figure 3.4). Therefore, the
depth of the circuit for II, is O(logn).

48



l
SP)

n
N

At

D
N>

l
P

5/ T 1 All

FanY
>

—h
L

Figure 3.5: The implementation of II, for multiplication of a by r where a,r € GF(2%). I, is
an implementation of Schonhage’s multiplication algorithm. The input and output bits are with
respect to a self-dual basis.

The ancilla qubits can be reset to |0) using standard techniques in reversible computing,.
The result is a circuit for II, for any nonzero r € GF(2") with O(nlognloglogn) CNOT
gates.

3.4.2 Near-linear implementations based on polynomial basis for
GF(2")

In this subsection, we present two alternative constructions for unitary 2-designs based on
polynomial bases for GF(2"). The benefit of using polynomial bases is that the unitary
that induces (% ) for r # 0 (which is a generator of SL,(GF(2"))) is straightforward to
implement with O(nlognloglogn) Clifford gates and circuit depth O(logn), as described
in Subsection 3.4.1. For the generator (% (1)), we provide two different 6(71) circuit im-
plementations in this subsection. However, an efficient implementation of the generator
((1’ (1)) with respect to a polynomial basis is not known. Instead of implementing every
element of SLy(GF(2")), we implement its lower-triangular subgroup A,(GF(2")) based
on the primal basis, and its upper-triangular subgroup V(GF(2")) based on the dual basis.

At the end of this subsection, we show how to combine the implementations of the two
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subgroups to achieve Pauli mixing, which results in an exact unitary 2-design with the
desired complexity. Note that Lemma 3.8 gives the necessary elements (generating set) we
need to implement for both the lower- and the upper-triangular subgroups.

In the following, we give two different implementations of the unitary that induces
(% (1)) Together with the implementation of the unitary II, that induces (6 r91 ), we can
implement the lower-triangular subgroup A, (GF(2")) because of Lemma 3.8. The upper-
triangular subgroup V,(GF(2")) can be implemented with respect to the dual basis by

conjugating the unitaries for Ao(GF(2")) by H®™.

Implementation with O(nlognloglogn) non-Clifford gates

Now, we show how to implement the generator (% (1)) using O(nlognloglogn) gates with

depth O(logn). This construction contains non-Clifford gates, but they compose to a
Clifford unitary.

We need to implement the unitary I'y,, which is defined in Eq. (3.65), and W is the
primal-to-dual basis conversion matrix defined in Eq. (2.44). Since the primal basis is a
polynomial basis, W has the property that if j + k& = j' + &' then (W);;, = (W), for all
j,k,7', K. Such a matrix is referred to as a Hankel matriz. Recall that 'y, is defined as

Tyy|c) = i2i=1 2k (Wincien| ¢, (3.90)

To implement I'y, it suffices to compute the exponent of ¢ using mod 4 arithmetic, and
the exponent can be written as

ler oo e W] (3.91)

The computation of Eq. (3.91) is related to the problem of computing convolutions. The
convolution of two d-dimensional vectors u and v is defined as the (2d — 1)-dimensional
vector w satisfying

wo 4+ wn T + wiT? + -+ + Wog_oT202 (3.92)
= (uo +w T +udT? + -+ + ug 1 T (vo + 0 T +03T? + - + v T, (3.93)

for polynomials over T'. The product of a Hankel matrix with a vector reduces to convo-
lution, as shown in the following proposition.
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Proposition 3.10. The product of an n x n Hankel matrix with an n-dimensional vector
reduces to the problem of computing the convolution of two (2n — 1)-dimensional vectors.

Proof. Suppose we compute the production of a Hankel matrix with some vector:

X1 X2 T T n
Ty X3 o $n.+1 1{2 (3.94)
Tn Tp41 0 T2n—1 Yn
This can be computed from the convolution of [x1, ..., z, 1] and [0,...,0,yy,,...,y1]: this
convolution is a (4n — 2)-dimensional vector that is the vector in Eq. (3.94) padded with
2n — 2 components on the left and n — 1 components on the right. O
To compute Eq. (3.91), we first compute ey, ..., e, € Z, satisfying
€1 (&1
=W, (3.95)
€n Cn

with a fast algorithm for polynomial multiplication over Z, using O(nlognloglogn) gates
(e.g., [ , Theorem 8.23]). Then the value of Eq. (3.91) for the exponent for ¢ in
Eq. (3.65) can be obtained from the 2n ancilla qubits containing ey, ..., e, (as each ¢, is a
two-bit string) and the n qubits containing ¢, ..., ¢, as follows. For each j € {1,...,n},
apply a controlled-Z gate between the high order bit of e; and ¢;, and apply a controlled-S
gate between the low order bit of e; and c;.

Note that this construction uses controlled-S gates, which are not in the Clifford group.
It is not straightforward to circumvent as the underlying ring is Z, and addition mod 4
requires non-Clifford gates. The construction uses polynomial multiplications. Therefore,
using the similar circuit depth analysis in Subsection 3.4.1, the circuit depth of this con-
struction is O(logn).

Implementation with O(nlog®nloglogn) Clifford gates

Now, we show how to implement the generator (}9) using O(n log® nloglogn) Clifford

gates with circuit depth O(log? n). In the previous construction, the computation is reduced
to a convolution in mod 4 arithmetic, which can be computed efficiently with non-Clifford
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gates. In this construction, we use a recursive procedure that is based on convolutions in
mod 2 arithmetic, which can be computed efficiently with Clifford gates.
Without loss of generality, we assume that n is a power of 2. (In general, an arbitrary
n n

n is divided unevenly in the recursive step, as n = |[5] + [5].) We divide W into four
5 X 5 blocks:

(3.96)

where WD W02 W) and W are 2 x 2 Hankel matrices, and W12 = WD, Define
block matrices A, B, and C' as

(12) (11)
A:[o W 1’B:[W 0

0 0

0 W(22)

Clearly, W = A+ B+ C. If we treat A, B, and C as basis conversion matrices, we define
4, I'p, and T'¢ as in Eq. (3.65) (with W replaced to A, B, and C, respectively). Then
'y can be implemented with I'yI'gl'¢ as

AT X ZWTLILT = 1y T p X Tal zCTal+IPT T (3.98)
= T X ol z(B+Olal+ o] pT, (3.99)
— X[Lﬂ Z(A+B+C)[aW+LbJ (3100)
= Xlal zWlal+(e] (3.101)
=Ty Xzt (3.102)

We first show how to implement I'4 using O(nlognloglogn) gates. Similar to the
definition of 'y in Eq. (3.65), we have

n/2

Tale) = (—1)554 Shonsaes Waseses | o) (3.103)

To implement I'yy, it suffices to compute the exponent of —1 using mod 2 arithmetic, and
the exponent can be written as

C2+1
[ - e ]WID ] (3.104)

Cn
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Again, by Proposition 3.10, the multiplication of a Hankel matrix with a vector reduces to

computing a convolution. We first compute ez 1, ..., e, € Z satistying
€241 C2t1
=W | (3.105)
€n Cn

with a fast algorithm for polynomial multiplication over Zy using O(nlogn loglogn) gates.
Since the convolution is with respect to the entries of W, which are constants in our setting,
the multiplication can be implemented using Clifford gates (in fact, CNOT gates). Then
the phase in Eq. (3.65) can be computed by applying O(n) controlled-Z gates between the
bits ezyq,..., e, and ¢, ..., ¢z, respectively.

The implementation of I'g and I'¢ are equivalent to the implementations of the original
instance of size n/2. For the base case of the recursion (where W is a 1 x 1 matrix), a
single S gate implements I'y,. The gate cost G(n) of the recursive implementation satisfies
the recurrence relation:

G(n) = 2G(n/2) + O(nlognloglogn). (3.106)
It follows that
G(n) € O(nlog®nloglogn). (3.107)

This recursive construction uses polynomial multiplication in each recursion step. There-
fore, it follows from the circuit depth analysis for polynomial multiplication in Subsec-
tion 3.4.1 that circuit depth of this construction is O(logn +1log 2 + -+ - + 1) = O(log? n).

Pauli mixing from A,(GF(2")) and V,(GF(2")) in different bases

Now, we show how to achieve Pauli mixing by implementing Uy, that induces M €
A9(GF(2")) and Uj that induces M € Vo (GF(2")). In the following, we first show how to
generate and construct an element of an ensemble of unitaries, which no longer corresponds
to SLy(GF(2")). Then, we prove that this ensemble is Pauli mixing, and hence a unitary
2-design.

The construction is based on the following decomposition of elements of SLy(GF(2")),
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which follows from Eq. (3.108):

1 0) (a 7) y
. if a#0
(a 7> _ Bla 1) \0 « (3.108)
B o v 0 0 1 S
5 1) \1 o e

All matrices in this decomposition are lower-triangular, upper-triangular, or (‘f (1)) Uni-
taries that induce lower-triangular matrices can be implemented in the primal basis; uni-
taries that induce upper-triangular matrices can be implemented in the dual basis, and the
unitary that induces (§§) can be implemented in any self-dual basis (by H®").

The procedure to generate an element of the ensemble is as follows.

Procedure 3.1: Generation procedure
Sample (5 ) € SLy(GF(2")) uniformly at random;
if a # 0 then
M1 — (g 0;1 );
M = (s7a1);
Construct the Clifford unitary Uy, U v, (composition of two circuits);
nd
Ise if a =0 then
M (5.%);

Construct the Clifford unitary Uy H®™ (composition of two circuits);

AW N =

¢]

© o N o w
@

10 end

Note that the construction in steps 2-5 of Procedure 3.1 corresponds to the first case of
Eq. (3.108), and the construction in steps 7-9 corresponds to the second case of Eq. (3.108).
Either case results in a Clifford unitary that can be implemented with O(nlogn loglogn)
gates (including non-Clifford gates), or with O(nlog® nloglogn) Clifford gates. Although
the subset of all Clifford unitaries that can be generated by Procedure 3.1 does not have
the structure of SLy(GF(2")) because different bases are used for the components, we show
in the following that this ensemble is indeed Pauli mixing.

First, we consider the mixing property over the Paulis that result from conjugating by
Uy for a random M € Ay(GF(2")). Partition the nonzero elements of GF(2") x GF(2")
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into the following disjoint subsets:

Ri={(%) € GF(2") x GF(2") :a=0and b # 0}, (3.109)
Ry = {(%) € GF(2") x GF(2") : a # 0} . (3.110)
A random element M € Ay(GF(2")) uniformly mixes elements in R; as well as in Ry in

the following sense. (A similar result holds for Vo(GF(2")) with a and b switched in the
definitions of R; and Rj.)

Lemma 3.11. Let M € Ay(GF(2") be chosen uniformly at random. Then, for any (‘é) €
R1, the distribution M(‘é) is uniform over Ry; for any (Z) € Ry, the distribution M(Z)
s uniform over Ray.

Proof. First, we consider R;. Note that (dal 2) ((1)) = (2). It follows that any element
(2) € R; can be mapped to (6?1) and then mapped to any (6?2) € R; by elements in
A5(GF(2")). Suppose there exist distinct (¢, ) and (4, ) such that Pry{M(9) = (0 )} >
Pry{M(9) = (i)} There exists M' € Ry such that M'()) = (,). Then, we have
Pry{M'M(9) = (4)} > Pra{M(9) = (4 )} Since the distribution over M’M is the
same as the distribution over M, the last inequality implies that Pry{M (g) = ( o )} <
Pry{M(9) = (4,)}, which is a contradiction.

Similarly, we consider Ry. Note that (ccz 091 ) (é) = (g). It follows that any element
(z) € R; can be mapped to (ccﬁ) and then mapped to any (fﬁ) € Ry by elements in
Ay (GF(2™)). Suppose there exist distinct (g} ) and (g ) such that Pry{M(§) = (4 )} >
Pry{M(%) = (&)}. There exists M’ € Ry such that M'(g ) = (). Then, we have
Pry{M'M (%) = (i)} = Pru{M(%) = (%)} Since the distribution over M'M is the
same as the distribution over M, the last inequality implies that Pry{M (g) = ( & )} <
Pry{M(%) = (4 )}, which is a contradiction. O

It is fruitful to organize the n-qubit Paulis in Q(C*") into rows and columns where
XTalZ1b) ig in column a and row b. The first column and row are labeled by @ = 0 and
b = 0, and they are referred to as the zero column and the zero row, respectively. The
remaining rows and columns are referred to as the nonzero rows and the nonzero columns.
The relative ordering of the nonzero rows and nonzero columns does not affect the analysis.
An example of such an organization for n = 2 is shown as the following:

IX XI XX
1z 1Y XZ XY
z1 ZX YI YX
27 ZY YZ YY

(3.111)
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where the identity Pauli (in the upper-left corner) is excluded. In this example, we need
the uniform distribution on the 15 items to achieve Pauli mixing.

According to Lemma 3.11, conjugating by U), for a uniformly sampled M € Ay(GF(2"))
results in a uniform mixing of the zero column (as illustrated in Figure 3.6) and a uni-
form mixing of all nonzero columns (as illustrated in Figure 3.7). We refer to this mix-
ing as the lower-triangular Pauli mizing. Similarly, we define the upper-triangular Pauli
mizing, which is corresponding to a transposed versions of Figures 3.6 and 3.7. The
upper-triangular Pauli mixing can be achieved by conjugating Uy, for uniformly sampled

M € V,(GF(2")).

> 1
N-1

Figure 3.6: Ilustration of the lower-triangular Pauli mixing within the zero column (N =
2m).

. 7 N(A}_l)

Figure 3.7: Ilustration of the lower-triangular Pauli mixing within the nonzero columns

(N = 2m).

Now, we consider another form of mixing, which is referred to as the column Pauli
mizing, that is achieved by choosing M = (é (1)) for a uniformly sampled 5 € GF(2"), and
then conjugating by the U,;. The effect of the column Pauli mixing is that the Paulis in
the zero column do not change (as illustrated in Figure 3.8), and any Pauli in a nonzero
column mixes within its column (as illustrated in Figure 3.9).

It follows from Eq. (3.108) that Procedure 3.1 is equivalent to applying a probabilistic
mixture of the two procedures below: with probability %, Procedure 3.2 is applied; with

o6



. -

Figure 3.8: Illustration of the column Pauli mixing for the zero column (N = 2").

2=

.

Figure 3.9: Illustration of the column Pauli mixing for the nonzero columns (N = 2").

probability Q%H, Procedure 3.3 is applied. The probability ﬁ is the probability that
a =0 for a random (3 ;) € SLo(GF(2")).

Procedure 3.2:
1 Apply an upper-triangular Pauli mixing operation;
2 Apply a column Pauli mixing operation (independently from the first step);

We prove that the above probabilistic mixture of Procedure 3.2 and Procedure 3.3
results in Pauli mixing as in the following lemma.

. . . . ey . 271
Lemma 3.12. The stochastic process of applying either Procedure 5.2 with probability 57~
or Procedure 3.3 with probability ﬁ 1s Pauli mixing.

Proof. To simplify the presentation, assume N = 2". First, consider the case where an
initial Pauli is in the zero row (i.e., b = 0 and the Pauli is of the form X! for some a # 0).
Then, as illustrated in Figure 3.10, if Procedure 3.2 is applied, it results in a uniform
distribution over the Paulis in the nonzero columns, and the probability for each Pauli is
m; if Procedure 3.3 is applied, it results in a uniform distribution of the Paulis in the
zero column, and the probability for each Pauli is ﬁ Consider the probabilistic mixture
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Procedure 3.3:
1 Apply H®" (to transpose the layout of Paulis);
2 Apply a lower-triangular Pauli mixing operation;

: N 1 1 11 1
of .the twq prpcedures. Since 37 - NN-T) — N and 7 * y-7 = §z_q, it implies the
uniform distribution.

1
N-1

R S
I ——— NV-1)

Procedure 3.2:

Procedure 3.3: N-T

Figure 3.10: Ilustration of the mixing procedure starting in the zero row (N = 2").

Next, consider the case where an initial Pauli is not in the zero row (i.e., b # 0 and
the Pauli is of the form X[®Zl%) Then, as illustrated in Figure 3.11, if Procedure 3.2 is
applied, it results in a two-level distribution of Paulis: either a uniform distribution over
the Paulis in the zero column where the probability of each Pauli is m, or a uniform
distribution over the Paulis in the nonzero columns where the probability of each Pauli
is L5 if Procedure 3.3 is applied, it results in a uniform distribution over the nonzero

N2
columns, and the probability of each Pauli is m Consider the probabilistic mixture
of the two procedures. Since N]YH . N(]\l,_l) = N21_1 and NLH . % + Nfrl . N(]\l,_l) = N21_1, it
also implies the uniform distribution.
O

3.4.3 Lower bounds for the size and depth of unitary 2-designs

Let £ = {p;, Uj}f:1 be any exact unitary 2-design on n qubits. In the following, we show
that with constant probability, the set of unitaries has circuit size Q(n) and depth Q(logn),
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Procedure 3.2: . D s o

——

Procedure 3.3: NN

Figure 3.11: Illustration of the mixing procedure starting in a nonzero row (N = 2").

assuming a universal gate set consisting of 1- and 2-qubit gates. This proof also applies
to unitary 2-designs that approximate the exact operation under Definition 3.2 or 3.3 in
terms of the diamond norm.

For the circuit size, suppose that the circuit for U; acts nontrivially on s; qubits.
We show that Zle p;s; > n/2, so the circuit size is at least n/2 on average. Since &
is a unitary 2-design, it implements the full bilateral twirl. Therefore, the linear map
p— Z§:1 ijijjT = Igin is the completely depolarizing channel on n qubits. For each
¢, consider the input state |0)(0|q. on the ¢-th qubit, and the output on this qubit is ICTQ
Then, the cumulated probability of one of the unitaries U;’s acting on this qubit is at
least 1/2. Define a matrix M with rows labeled by j = 1,...,k and columns labeled by
¢=1,...,n,and (M);, = p, if U; acts nontrivially on the (-th qubit. It implies that the
sum of each column of M is at least 1/2. Also, the sum of the j-th row is s;p;. The total of
the row sums is equal to the total of column sums, and thus we have that Z?:l p;s; > n/2.
Furthermore, if Zj:8j<n/4 p; > 2/3, then Z?lejsj # n/2. Therefore, with probability at
least 1/3, the circuit has size at least n/4.

For the circuit depth, consider the bilateral twirl 7z on Z ® I¢" ! @ Z @ [®"~1:

k
TelZ@ I 0 Ze 19" =3 p(U;(Z ® I°" YU & (U;(Z @ I°")UI).  (3.112)

J J
=1

Express each U;(Z ® I ®"’I)UJT as a linear combination of Paulis, and define ¢; as the
number of qubits that are acted on nontrivially by at least one of the terms in this lin-
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ear combination of Paulis. Intuitively, ¢; is the number of qubits that U;(Z @ I*"~1)U ]T
nontrivially acts on. Since each gate interacts with at most two qubits, the depth of the
circuit for U; is at least logt;. This is because Z ® I®"! nontrivially acts on only one
qubit, and conjugating by each layer of the circuit for U; can at most double the qubits it
acts on. Now we show that for most U;(Z ® I®"‘1)U;f it holds that ¢; > n/2. By the proof
of Lemma 3.3, we have

1
TeZQI®" @ Z @ I°" 1] = > R®R. (3.113)

S22
ReeQ(CT)\{1}

The fraction of R,’s that nontrivially act on less than n/2 qubits is equal to

(\V]

/2, 2, ] ]
4" 3 < g 32 <4 2 9n 32 2L ().866". 3.114
S (j)r=iy (F)pearg (3.114)

(=0 /=0

Therefore, we have Zj:thn/Q p; — 1. In particular, we have Zj:tjzn/ij > 1/2, since
otherwise, the RHS of Eqns. (3.112) and (3.113) cannot be equal.

60



Chapter 4

Continuous-Time Evolution of
Markovian Open Quantum Systems

In this chapter, we study a description of the continuous-time evolution of Markovian
open quantum systems. A quantum system is closed when it has no interaction with the
environment (i.e., some external system). Consider the Hilbert space CV. The continuous-
time evolution of a closed quantum system can be described by the Schrodinger equation:

d .
) = —iH |, (1)

where H € L(CV), referred to as the Hamiltonian, is a Hermitian matrix. In the following,
we assume that H is time-independent. The solution to the Schrodinger equation is

[r) = e~ |abo), (4.2)

which is a time-dependent unitary operation. If a quantum system has interaction with
the environment, it is called an open quantum system. In this thesis, we consider a class
of open quantum systems where p;,s is completely determined by p; for any § > 0. These
open quantum systems are often referred to as Markovian open quantum systems. It should
be noted that, technically, these are open systems in an idealized sense, that assumes there
is no transfer of information from the environment back to the system (which can lead to
good approximations if the backward flow of information is very small). Markovian open
quantum system dynamics are expressed (without any reference to an environment) in
terms of dynamical semigroups that are generated by the following elegant generalization

of the Schrodinger equation
d
%Pt = L[p4], (4.3)
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where £ € T(CY), called the Lindbladian, is a superoperator defined as

m

| 1 1
Llp) = —ilH,p] + ) <Lij} — 5 LiLip — EPL}LJ) (4.4)
j=1

for all p € D(CY), where H € L(CV) is a Hamiltonian, Ly, ..., L,, € L(CY) are linear
operators, and recall that [H, p| denotes the operator Hp — pH. Eq. (4.4) is called the
Lindblad equation. The solution to the Lindblad equation is

pe = ¢ [pol, (4.5)
which is a time-dependent quantum channel (again, assuming that H, Ly, ..., L, are time-
independent). Note that in the special case where Ly = --- = L,, = 0, Eqns. (4.3) and

(4.4) become 4p = —i[H, p], which is equivalent to the Schrédinger equation.

Hamiltonian evolution can be viewed as a semigroup of unitaries {U; € U(CY) : ¢t > 0}
generated by H in the sense that U, = e~*. Similarly, Lindblad evolution can be viewed
as a semigroup of quantum channels {M, € C(C") : ¢t > 0} generated by £ in the sense
that M, = e,

In the remainder of this chapter, we first show a derivation of Lindblad equation and
then present some examples of Lindblad evolution. Finally, we show that Lindblad evo-
lution can be simulated as Hamiltonian evolution in a larger Hilbert space, and we prove
a lower bound for these simulation methods. In this chapter, Sections 4.1 and 4.2 con-
tain introductory material. In Section 4.3, Theorem 4.1 is based on | |; however,
Theorem 4.3 is not previously published.

4.1 Macroscopic derivation of the Lindblad equation

There exist microscopic derivations of the Lindblad equation based on the Schrodinger
equation in a larger Hilbert space and imposing the Born-Markov approximation and the
weak-coupling limit, for example, in | ]. In this section, we present a macroscopic
derivation of the Lindblad equation, which is closely connected to the Kraus operators of
quantum channels. This derivation is based on Preskill’s lecture notes [Pre, Chapter 3.

The goal is to obtain an expression of the following linear map:

C o= £lp). (4.6)

62



The definition of the derivative implies that

lim PP — £[p], (4.7)

which implies that, after small time ¢, the state p; evolves to

prs = pr+ 6L[pe] + 0(6), (4.8)

where the error o(d) is with respect to the trace norm. In the following, we derive an
expression of £ by looking at the Kraus operators of the linear map that is an approximation
of the above equation (by omitting the o(d) term).

To begin with, let us consider the following Kraus representation:

m+1

Pt+s = Z EthE]Tw (4.9)
j=0

where Ey, ..., E, € L(CY) are linear operators. The linear map specified in Eq. (4.8)
suggests that one of the Kraus operators can be in the form of I + O(d) (with respect
to the spectral norm) and the spectral norms of the others Kraus operators are in the
order of O(v/d). In the following, we argue that any Kraus representation for Eq. (4.8)
can be converted to this form. First consider a general Kraus representation with m Kraus
operators {Fy, ..., F,,_1}. We express Fj as a polynomial in /9

Fy = Fjo + V6Fy + 8Fp, (4.10)
and we have
EypF} = FuopFjy + Vo(FiopFjy + FjipFly) + 6(FppFl + FjopFly + FiapFlg).  (4.11)

Compare the above equation to Eq. (4.8), we have

m—1
> FiopFly=p. (4.12)
=0
By | , Theorem 8.2], there exist ap, ..., a,_1 € C such that
F}O = ij[, (413)
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for all j € {0,...,m —1}. Moreover, it holds that Z;':Ol |oj|* = 1. Invoking | , Theo-
rem 8.2| again, this Kraus representation can be converted to another Kraus representation
with Kraus operators {Fy, ..., E,,_1} such that

EO() = [ and (414)
E=0forall je{l,...,m—1}. (4.15)

Now, Eq (4.11) can be rewritten as

EopEl = p+ VO(pEL, + Eop) + 0(EapEY, + pEl, + Egp), and (4.16)
E;pE! = §(EjpE}) for all j € {1,...,m — 1}. (4.17)

Comparing the above two equations to Eq. (4.8), we have that
pE§ + Eop =0, (4.18)

for all p € D(CY). There are two cases for the above equation to hold. First, Fy; = 0 and
we are done. Second, Ey; = ail for some nonzero o € R. In this case, the action of the
Kraus operator Fy = I 4+ v/dail is equivalent to the action of two Kraus operators I and

Oz\/SI.

Therefore, let Ly, ..., L, € L(CY) arbitrary linear operators acting on C, and we
write

Ey=1+ 0Ly, (4.19)

E; =V6L;, for j € {1,...,m}. (4.20)

It is fruitful to write Lg in the form Ly = —iH + K for Hermitian operators H and K. We
can determine K by the normalization condition for Kraus operators. In fact, we have

I= iE}Ej (4.21)
= (I +6(iH + K))(I +6(—iH + K)) + zm:éL;r-Lj (4.22)
=1+ 62K + i LiL;) +0(6?). (4.23)

j=1
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This implies that
1 m
K = —§ZL}Lj +0(5). (4.24)
=1

The big-O notations in the above equations are with respect to the spectral norm. Then
Eq. (4.19) can be written as

I
Ey=1+56 (-m -5 > L}LJ) + 0(5%). (4.25)

j=1

Now we are ready to derive the Lindblad equation. Consider the expressions of p; 5 in
Eq. (4.8), and the Kraus operators in the form of Eqns. (4.20) and (4.25). We have

pos = 3" EyiE] (426)
=0

@ 1 1
7j=1

It follows that

d . Pt+s — Pt i + + 1 t
oo =lim EER = [ )] +Z Lip, L} — L JLipe = 5 LiL; ) (4.28)
for all ¢ > 0. This is the Lindblad equation as in Eq. (4.4)
The first term of the Lindblad equation, %pg = —i[H, po|, is a generalization of the

Schrodinger equation to apply to density operators, and it describes the unitary part of
the Lindblad evolution. Intuitively, the other terms correspond to the interaction with the
environment. Each L; is called a jump operator or a Lindblad operator. The Lij; terms

can be interpreted as one of the possible jumps. The —%L;Ljp — %pL;Lj terms can be
interpreted as the (non-unitary) evolution when no jump occurs.

The Lindblad equation can be viewed as an idealization of the frequently occurring
physical scenario where a quantum system evolves jointly with a large external environ-
ment in a manner where information dissipates from the system into the environment. In
quantum information theoretic terms, Lindblad evolution is a continuous-time process that,
for any evolution time, is a quantum channel. Moreover, Lindblad evolution is Markovian
in the sense that, for any 6 > 0, the state at time t + ¢ is a function of the state at time ¢
alone (i.e., is independent of the state before time t).
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4.2 Examples of Lindblad evolution

In this section, we present the Lindblad evolution for three quantum channels: the depo-
larizing channel, the phase damping channel, and the amplitude damping channel.

The depolarizing channel can be used to model a system that undergoes some noisy
process. It can be described as the following process. With probability 1 — p, the state
remains the same; with probability p, one of the three errors will occur with equal prob-
ability: the bit flip error (applying X gate), the phase flip error (applying Z gate), and
both bit flip error and phase flip error (applying Y gate). This quantum channel can be
described by the Kraus representation:

ps (1—p)p+ gxpx + gYpY + gZpZ, (4.29)

for all p € D(C?). Tt has four Kraus operators, /1 — pI, \/p/3X, +/p/3Y, and \/p/3Z.

When p — 0, repeatedly applying this quantum channel yields a continuous-time pro-
cess, which we call the depolarizing process, and it can be described by the Lindblad
evolution. Following the steps in Section 4.1 (setting 6 = p), we obtain the Lindblad
operators L; = X/\/g, Ly = Y/\/g, and Lg = Z/\/g, and the Lindblad equation of the
depolarizing process can be written as

3

d 1 1 1

== DI ZI Lo — oI L) = = t t A

P = ; <L]pLj SLiLp 2,0LjLJ) = 3(XpXT+ YV + ZpZT) —p. (430)
The phase damping channel (a.k.a. the dephasing channel) can be used to model a

system that is probabilistically losing coherence (its density operator becomes diagonal):

with probability 1—p, the state remains intact; with probability p, the state loses coherence

(as an effect of measurement). This process can be described by the Kraus representation:

p = (1= p)p+pAipAl + pAspAl, (4.31)
where A; = (§9) and A, = (§9).

Similarly, when p — 0, repeatedly applying this quantum channel yields a continuous-
time process, which we call the phase damping process. It can be described by a Lindblad
equation. Following the steps in Section 4.1 (setting 6 = p), we obtain the Lindblad
equation for the phase damping process as:

2

d 1 1
P~ E (LjPL; - §L}LJ’P - §PL}LJ') ) (4.32)
j=1
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where L; = (§§) and Ly = (§9).

The amplitude damping channel can be used to model a physical process called “spon-
taneous emission” (where a system transitions from a higher energy state to a lower energy
state and emits a photon). In this thesis, we focus on its information-theoretical point
of view and computational applications. This channel can be described by the Kraus
representation:

p s ApAl + AspAl, (4.33)

where A; = (, \/1071,) and Ay = (8 \(/)’3) are the Kraus operators’.

Again, when p — 0, repeatedly applying this quantum channel yields a continuous-time
process, which we call the amplitude damping process. It can be described by a Lindblad
equation. Following the steps in Section 4.1 (setting 6 = p), we obtain the Lindblad
equation for the phase damping process as:

d 1 1

—p=LpL' — ZLTLp— ZpL'L 4.34
= p 5L'Lp = 5pL'L, (4.34)

where L = (8(1)).

Note that the depolarizing channel defined in Eq. (4.29) is a mized unitary channel: it
can be written as a probability distribution of unitary operations. The amplitude damp-
ing channel defined in Eq. (4.33) is not unital?, and thus is not a mixed unitary chan-
nel. Actually, it cannot be written as any linear combination of other quantum chan-
nels. To see why this is so, first observe that for A; and Ay defined in Eq. (4.33), the
set {ATA;, ATA, ATA; ATA,) is linearly independent. Then, the statement follows from
[ , Theorem 2.31]. Such quantum channels are called extremal channels.

4.3 Lower-bound of simulation as Hamiltonian evolu-
tion in a larger Hilbert space

Lindblad evolution can be intuitively thought of as Hamiltonian evolution in a larger system
that includes an ancilla register, but where the ancilla register is being continually reset

In Chapter 6, we use another form of Kraus operators ([1) 6_9/2) and (8 V 166”) for the amplitude

damping channel. Note that these two forms of Kraus operators are equivalent by setting p =1 —e~*. In
particular, when A — 0, A~ 1 — e .
2A linear map M € T(CN,CM) is unital if M[Ien] = Iom.
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to its initial state. To make this more precise, consider a time interval [0,¢], and divide it
into IV subintervals of length § = % each. At the beginning of each subinterval, reset the
state of the ancilla register to its initial state, and then let the joint system-ancilla evolve
under a Hamiltonian J and the system itself evolve under H. Let the evolution time for
J be /6 = \/t/N and the evolution time for i be § = t/N. This process, illustrated in
Figure 4.1, converges to the true Lindblad evolution as N approaches oco. For the specific
evolution described by Eq. (4.4), it suffices to set the ancilla register to C™*! (with initial

state |0)) and the Hamiltonian J to the block matrix

o LI ... LI
L, 0 --- 0
J=1 . . . . (4.35)

L, 0 -+ 0

‘ >{ } trace | >{ } trace | >{ } trace

0){ [ »out 0){ [ %out 0){ ] [ %out

| e—iJ\/g B N 671']\/3 B T B e—iJ\/g B
%) {: Y T s — N

Figure 4.1: Lindblad evolution for time ¢ approximated by unitary operations. There are
N iterations and 6 = t/N. This converges to Lindblad evolution as N — oo.

A remarkable property of this way of representing Lindblad evolution is that the rate
at which the Hamiltonian J evolves is effectively infinite: Lindblad evolution for time ¢/N
is simulated by a process that includes evolution by J for time \/t/N, so the rate of the

evolution scales as
Vt/N N
— ] 4.36

which diverges as N — oo. Moreover, the total Hamiltonian evolution time of J in Fig-
ure 4.1 is Ny/t/N = V/Nt, which also diverges. We are interested in whether much more
efficient simulations of Lindblad evolution are possible, such as O(t polylog(t/e¢)). This
problem is addressed in Chapter 5.

In the following, we prove that, in general, the above scaling phenomenon is necessary
for simulating time-independent Lindblad evolution in terms of time-independent Hamil-
tonian evolution along the lines of the overall structure of Figure 4.1. In this sense, exact
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Lindblad evolution for finite time does not directly correspond to Hamiltonian evolution
for any finite time. On the other hand, it can be shown that if the scaling of N is at least
t? /e then the final state is an approximation within e. Note that then the corresponding
total evolution time for J scales as +/(t2/e)t = t'°//e. Therefore, quantum algorithms
that simulate Lindblad evolution by first applying the above reduction to Hamiltonian evo-
lution and then efficiently simulating the Hamiltonian evolution are likely to incur scaling
that is at least t'-5/y/e.

Let £ € T(C?") be a Lindbladian acting on n qubits over a time interval [0, T]. For each
initial state, £ associates a trajectory, consisting of a density operator p, for all ¢t € [0, T].
Here we show that if this is simulated by Hamiltonian evolution in a larger system with an
ancilla register that is continually reset (expressed as a limiting case when N — oo in the
process illustrated in Figure 4.2) then the total evolution time for this Hamiltonian can be
necessarily infinite.

] [ ] trace ] [ ] trace ] [ ] trace
[0)< [~ pout  |0){T| [ pout  0){ ] |~ pout

e—iHé e—iHé e e—iHé

Figure 4.2: N-stage e-precision discretization of the trajectory resulting from L. For each
ke {l,..., N}, after k stages, the channel should be within e of exp(%ﬁ).

Definition 4.1. Define an N-stage e-precision discretization of £ for interval [0, 7] as an
ancilla register (Hilbert space CM ), referred to as E, a Hamiltonian H acting on the joint
system CM @ C%", and 6 > 0 such that the channel Nys, defined as

Nizslp) = Trg e~ (j0}0] © p)e™] (437)

for all p € D(C*"), has the following property. Nys approzimates evolution under L in the
sense that, for each k € {1,..., N},

|(Nas)® = exp(5F L) ], < e. (4.38)

o —

That is, the N points generated by Ngs, (Nus)?, ..., (Nus)™ approzimate the corresponding
points on the trajectory determined by L.
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Our lower bound is for the amplitude damping process on C? which is the time-evolution
described by the Lindbladian £, where

01
and L = (0 0).

Theorem 4.1. Any i—pr@cision N-stage discretization of the amplitude damping process
over the time interval [0,1In2] has the property that the total evolution time t of H satisfies
t|H|| € QN). (Note that this lower bound is independent of the dimension of the

ancillary system.)

Llp| = LpL" — (LT Lp+ pL'L), (4.39)

Although the above theorem is stated specifically for the amplitude damping process,
one can prove similar results for many other Lindblad processes.

To prove Theorem 4.1, we first prove the following Local Hamiltonian Approzimation
lemma. This concerns a scenario where H is a Hamiltonian acting on a joint system of
two registers, a system register (the Hilbert space C*") and an ancilla register (the Hilbert
space CM) referred to as E, and where E is traced out after this evolution. Informally, the
lemma states that, if the initial state is a product state and the evolution time is short,
then this process can be approximated by the evolution of another Hamiltonian G that
acts on C?" alone. This is illustrated in Figure 4.3.

|0) — — trace out |0) trace out
—iH§

Q

input —| — output input — ¢ %G9 | — output

Figure 4.3: The Local Hamiltonian Approximation lemma. The first register is M-
dimensional, the second register contains n qubits, and the approximation is within O(§?)
(independent of M and n).

Lemma 4.2 (Local Hamiltonian Approximation). Consider a joint system CM* @ C*". We

refer to the first register CM as E. Let H € L(C™ ® C?") be a Hamiltonian. Define the
quantum channel Nys € C(CQn) as

Nuslp) = Trg [e’iH‘S(IOXOI ® p)eiHﬂ. (4.40)
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Then there exists a Hamiltonian G € L(C?") (with ||G|| < ||H||), such that Ngs; € C(C*")
defined as

Naslp) = e pei (4.41)

satisfies ||[Nus — Nas|li € O(8?| H||?).

Proof. Viewing H as a d x d block matrix (where d = 2"), we have

d—1 d—1
H= |7)Ck] @ Hj, (4.42)

7=0 k=0

and we refer to Hj as the (7, k)-block. Define D as the diagonal blocks of H, namely

U

-1

D= [iXil® Hj;, (4.43)

<.
Il
o

and set J = H — D (the off-diagonal blocks). Note that ||D| < ||H||, /]| < 2||H]|, and
e — e=iDoe=iI3|| < §2||H |2, for > 0, which permits us to consider the effect of J and
D separately.

Now consider the state e=*/°(]0) ® [1)). We will show that, if the measurement corre-

sponding to projectors [0)0| and I — |0)0] is performed on E, then the residual state has
trace distance O(6?) from |0) ® |¢). Since the (0, 0)-block of J is 0,

T3 ([0) ® ) = || T]|o"[w ), (4.44)

where |U) is a state such that (J0)0| ® I)]¥+) =0 and 0 < § < 6. Therefore,

(o) @ ) = 3 5 0y ) (4.49
= 10) @ [0} — 11716 + 7|9, (045

where 0 < 0" < Ml —1 —5||J|| € O(6%||J||?). Tt follows that, if the above measurement
is performed on register E, then the probability of measurement outcome corresponding
to I —|0X0] is at most (8| J]|)* + (6”)* € O(62]|J||*) € O(6*||H||*). This implies that the
state after E is traced out from e=*/°(]0) ® [¢)), namely

Tre [~ 5(|0X0] @ [} ])e”]. (4.47)
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has trace distance O(62||H||?) from the original state |1)1)|.

Therefore, for states of the form |0) ® |}, the operation e~° can be approximated by
e~*P% at the cost of an error of O(6?||H||?) in trace distance. The result follows by setting
G = Hy (the (0,0)-block of D). O

Now, we are ready to prove Theorem 4.1.

Proof of Theorem 4.1. It is straightforward to check that, starting with the initial state
|1)(1] and evolving by the amplitude process for time 7" = In2 produces the maximally
mixed state.

Consider any }l—precision N-stage discretization of this process, with Hamiltonian H
and § > 0. We can apply the Local Hamiltonian Approximation lemma (Lemma 4.2) to
approximate each of the N evolutions of H with evolution by a Hamiltonian G that is
local to the register C2". The result is unitary evolution on C2?" that approximates the
amplitude damping process within trace distance error at most O(N§?||H||?).

Unitary evolution applied to |1)(1| results in a pure state, and the trace distance between
any pure state and the maximally mixed state is % Therefore, to avoid a contradiction, we

2 2 . . . 1 .
must have N§°||H||* € Q(1), which implies that § € Q(m) Thus, the total evolution

time of H is t = N0 € Q(v/N/||H||), and we conclude that t||H| € Q(v/N). O

Note that Trg[e 1 (|0X0| @ p)e'’!] defines a continuous-time output for all ¢+ > 0. Tt is
natural to consider a simulation of £ by a Hamiltonian H in a larger Hilbert space such
that this continuous-time output is always close to e“![p] for all t+ > 0. We refer to this
type of simulation as the trajectory simulation of L. More precisely, we have the following
definition.

Definition 4.2. A Hamiltonian H is an e-precision trajectory simulation of a Lindbladian
L for time interval [0,T], if for any state p and t € [0,T], it holds that

| Tre [e7"*(|0)0] @ p)e ] — eu[p]Hl <e. (4.48)

A lower bound corresponding to the trajectory simulation is given by the following
theorem.

Theorem 4.3. Any e-precision trajectory simulation H of the amplitude damping process
for time interval [0,T] for any T > In2 has the property that ||H|| € Q(y/1/€).
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Again, the above theorem is stated specifically for the amplitude damping process, but
one can prove similar results for many other Lindblad processes.

Proof of Theorem 4.3. Let N be the smallest power of 2 that is larger than é. We have
é < N K< 4%' Given €, let H be an e-precision trajectory simulation for the amplitude
damping process for time interval [0, 7], as shown in Figure 4.4.

trace
out

|0X0

e—th

hs

Figure 4.4: A demonstration of a trajectory simulation H of some Lindbladian L.

Note that by Definition 4.2, H is also an e-precision trajectory simulation for the
amplitude damping process for the subinterval [0,1n 2]. This trajectory simulation process
for time interval [0,In2] can be approximated by a 2-stage discretization as shown in
Figure 4.5, where the evolution time for each piece is In2/2. In Figure 4.5, the state at @D
is

TI"E [e—iHln2/2<|0><0| ® p)eiHhﬂ/Q} ) (449)
—] — |t —] — |t
ool | busee joyol — buzee
il 152 e tH %2
=
@ @)

Figure 4.5: Approximating a trajectory simulation H as two stages.
By Definition 4.2, the trace distance between this state and e“%/2[p] is at most e. Then,
at (2), the accumulated error is bounded by 2¢. Continue this approximation recursively
until there are N = i pieces, where the evolution time for each piece is at most In2/N,
as shown in Figure 4.6. By Definition 4.2, the error for each piece is at most €. It follows
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that the accumulated approximation error is upper-bounded by e N < € - 4_15 = %, and the
total evolution time is In2. This is a i—precision N-stage approximation of the amplitude

damping process. By Theorem 4.1, ||[H||In2 € Q(+/'N) € Q(y/1/¢), and therefore ||H| €

Q/T/e).

N states

10X0]

t
};ﬁ?e\oxow

t
};ﬁferoxor

trace
out

hs

- rrin2 rrin2 rrin2
e_ZHnT e_ZHnT e_ZHnT

Figure 4.6: Approximating a trajectory simulation H as a %—precision N-stage discretiza-
tion (N = ).

e
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Chapter 5

Quantum Algorithms for Simulating
Markovian Open Quantum Systems

The dynamics of Markovian open quantum systems is captured by Lindblad evolution,
which is discussed in Chapter 4. In the problem of simulating a Lindbladian £ for time
t, the objective is to build quantum circuits to simulate the quantum channel e with
small error. This problem is briefly discussed in Section 1.2, and a lower bound is given
in Section 4.3 if this Lindblad evolution is simulated as Hamiltonian evolution in a larger
Hilbert space. In this chapter, we give more efficient quantum algorithms for simulating
Lindblad evolution. This chapter is based on | | (not including the appendix, whose
content is in the previous chapter).

5.1 Previous work and main results

5.1.1 Previous work

As presented in Section 4.1, Hamiltonian evolution is the special case of Lindblad evolution
where L; = 0 for all j. Feynman | | proposed the Hamiltonian simulation problem
as a motivation for building quantum computers. Since then, the problem has received
considerable attention | , ; , , , , , ,

, , ]. A series of recent algorithms has been discovered that achieve a
scaling that is O(t polylog(t/e)poly(n)), thereby outperforming what can be accomplished
by the longstanding Trotter-Suzuki methods | ].
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The problem of simulating Lindblad evolution, which is the natural generalization from
closed systems to Markovian open systems has received much less attention. Kliesch et
al. | | gave a quantum algorithm for simulating Lindblad evolution in the case
where each of H, Ly, ..., L, can be expressed as a sum of local operators (i.e., acting on
a constant number of qubits). The cost of this algorithm with respect to t and e (omitting
factors of poly(n) and poly(m)) is O(t?/¢). Recently, Childs and Li | | improved this
to O(t'5//€) and also gave an O((t?/¢) polylog(t/e)) query algorithm for the case where
each of H and L, ..., L,, is sparse and represented in terms of an oracle (i.e., a black-box
that accepts a row index j and an integer k, and outputs the position and value of the k-th
nonzero entry on row j of a matrix). Another result in | | is an () lower bound for
the query complexity for time ¢t when H = 0 and m = 1.

To the best of our knowledge, none of the previous algorithms for simulating Lindblad
evolution has cost O(t polylog(t/e)poly(m,n)), which is the performance of the algorithm
presented in this chapter.

Note that there are simulation algorithms that solve related problems, for example, in
[ |, where the final state is not produced; instead, it simulates the expectation of
an observable applied to the final state. There are also interesting classical algorithmic
techniques for simulating Lindblad evolution that are feasible when the dimension of the
Hilbert space (which is 2™ for n qubits) is not too large. In the classical setting, since the
state is known (and stored) explicitly, some “unravellings” of the process (that are state-
dependent in general) can be simulated. For example, the random variable corresponding
to “the next jump time” (which is highly state-dependent) can be simulated. In the context
of quantum algorithms, the current state (even the input state) is unknown and cannot be
measured without affecting it.

5.1.2 Main results

Evolution under Eq. (4.4) for time ¢ corresponds to the linear map ! (which is a quantum
channel for any ¢ > 0).

Each of the operators H, Ly, ..., L,, € L(C?") corresponds to a 2" x 2" matrix. The
simulation algorithm is based on a succinct specification of these matrices. Our succinct
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specification is as a linear combination of ¢ Paulis, defined as

q—1

H =" BorVow (5.1)
k=0

q—1

L; = Zﬁjkvjka (5.2)
k=0

where, for each j € {0,...,m} and k € {0,...,¢ — 1}, Vj;, is an n-fold tensor product of
Paulis (I, X, Y, Z) and a scalar phase € (6 € [0,27]), and B > 0.

In the evolution e*t, it is possible to scale up £ by some factor while reducing ¢ by the
same factor, i.e., e[p] = e(®¢[p] for any ¢ > 0, where ¢£ denotes the linear map obtained
from £ with H multiplied by ¢ and each L; multiplied by /c. This reduces the simulation
time but transfers the cost into the magnitude of £. To normalize this cost, we define a
norm based on the specification of L.

Define the norm of a specification of a Lindbladian £ as a linear product of Paulis as

q—1 m q—1
[l = 3 B+ (X 6) (5.3)
k=0 j=1 k=0

For simplicity we use the terminology ||£||paui €ven though the quantity is not directly a
function of the linear map £. However, |[cL||pauli = ¢||L||pauii if ¢£ denotes the expression
in Eq. (4.4) with the factor ¢ multiplied through.

Our main result is the following theorem.

Theorem 5.1. Let L be a Lindbladian presented as a linear combination of q Paulis.
Then, for any t > 0 and € > 0, there exists a quantum circuit of size

2 o (log(mgqr/e) +n)log(7/e)
X (m o log log(7/e€) >

(5.4)

that implements a quantum channel N, such that HN —e
m is the number of jump operators in L.

CtHO < e,where 7 =t || L||paui and

Remarks:
1. The proof of Theorem 5.1 is in Section 5.4. A main novel ingredient of the proof is

Lemma 5.3, concerning a variant of the “linear combination of unitaries” construction
that is suitable for quantum channels (explained in Sections 5.2 and 5.3).
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2. The factor ||L||paui corresponding to the coefficients of the specification as a linear
combination of Paulis is a natural generalization to the case of Lindbladians of a
similar factor for Hamiltonians that appears in | ].

3. When m, ¢ € poly(n), the gate complexity in Theorem 5.1 simplifies to

log(r/e)* .
X <T log log(7/c) W ))' (55)

4. A Lindbladian L is local if

/

H= i H;, (5.6)

Jj=1

where Hy, ..., H,, and also Ly,...,L,, are local (i.e., they each act on a constant
number of qubits). A local specification of L is as Hy,..., Hy, L1, ..., L, and we
define its norm as

Ll oeat = D NI+ IIL;11*. (5.7)
P j=1

For local Lindbladians, Theorem 5.1 reduces to the following.

Corollary 5.2. If L is a local Lindbladian then the gate complexity for simulating
eXt with precision € is

ne _ log((m + m')7/€) log(7/€)
¢ ((m tm)T log log(7/e) > ’ o8

where 7 =t || L]]jocal-

5. We also consider sparse Lindbladians (see | | for various definitions, extending
definitions and specifications of sparse Hamiltonians | |). Here, we define a
Lindbladian to have d-sparse operators if H, L1, ..., L,, each have at most d nonzero

entries in each row/column. A sparse specification of such a Lindbladian L is as
a black-box that provides the positions and values of the nonzero entries of each
row/column of H, Ly, ..., L,, via queries.

78



Define the norm of any specification of a Lindbladian in terms of the norm of operators
H Ly, ...,L, as

1€llops = I1E + > I1Ls11%. (5.9)
j=1

The query complexity and gate complexity for simulating d-sparse Lindbladians £
are

O (7 polylog(mgrt/e)poly(d,n)), (5.10)
where 7 = t||L||ops- We sketch the analysis in Section 5.5.

6. We expect some of the methodologies in | : , , | to be adapt-
able to the Lindblad evolution simulation problem (in conjunction with our variant
of the LCU construction and oblivious amplitude amplification), but have not inves-
tigated this.

5.2 Novel techniques

As noted in Section 5.1, for the Hamiltonian simulation problem, several recent meth-
ods have achieved the scaling that is O(t polylog(1/e€) poly(n)) which improve on what
has been accomplished using the longstanding Trotter-Suzuki decomposition | ]. One
of the main tools of these algorithms is a remarkable circuit construction to implement
certain unitary operators (or near-unitary operators) that can be decomposed into a lin-
ear combination of unitaries. We refer to this construction as the standard LCU method
[ , ]. For a unitary V' that is a linear combination of unitaries as V =
aoUp + -+ + ay_1Up,—1, the standard LCU method is a circuit construction W (consisting
of the implementations of Uy, ..., U,_;) that performs the following mapping:

WI0)|v) = VBV [¥) + /1 - p|@), (5.11)
where |®1) is some state such that (|0)0| ® I)|®1) = 0 and
1

S (5.12)
<Z§n§ol %’)

p:
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is the success probability (that arises if the first register is measured).

Another technique used in previous Hamiltonian simulation algorithms is oblivious
amplitude amplification for unitaries (introduced in | ] and originally inspired
by | ]), which is a generalization of amplitude amplification for unitaries | :

|. Suppose a unitary V' produces the desired state |¢)) with probability p in the
following sense

V]0) = v/plY) + /1 = p|®), (5.13)

where |®1) is some state that is orthogonal to [¢)). Amplitude amplification for unitaries
can be viewed as a generalization of Grover’s algorithm | | in the sense that when
the reflection about |¢) (i.e., 2|1} ¢)| — I) and the reflection about the input state (i.e.,
2|0)0| — I) are available, only O(1/1/p) applications of V' is sufficient to obtain the desired
state [¢) with almost certainty. In a more general case, the reflection about the input
state is unavailable. Then the technique of oblivious amplitude amplification for unitaries
can be applied to boost the success probability with the same performance as amplitude
amplification for unitaries.

In the remainder of this section, we first demonstrate that the standard LCU method
performs poorly on Stinespring dilations. Then, we briefly summarize the two novel tech-
niques, namely, LCU for channels, and oblivious amplitude amplification for isometries.

5.2.1 The performance of the standard LCU method on Stine-
spring dilations

For the case of Lindblad evolution, the operations that arise are quantum channels that are
not generally unitary. One method to implement a quantum channel is to consider a larger
Hilbert space by Stinespring dilations and use the standard LCU method to implement
the evolution in the larger Hilbert space. In this subsection, we show in some technical
detail why the standard LCU method performs poorly for Stinespring dilations of quantum
channels.

Let us consider the amplitude damping channel defined by Eq. (4.33), whose two Kraus
operators have the following LCU decompositions:

By = (é \/%) — ao ((1) ?) + aor ((1] _01) (5.14)
B = (8 ?) — o (? (1)) +an (_01 (1)> , (5.15)
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where agg = 1“21"5, g = =10 V21’5, and og = a1 = \/73. Evolving the amplitude damping

process defined by Eq. (4.34) for time ¢ yields this quantum channel with 6 = 1 — e,
When t < 1, we have § & ¢, 90 = 1 — t/4, and oy =~ t/4.

A Stinespring dilation of this quantum channel (denoted by V') and its LCU decompo-
sition can be derived from the above LCU decompositions of E, and FE; as

1 0 0 0 1000 1 0 0 0
o vi=s V5 of 0100 0 -1 0 0
V=10 vz vics ol o001 0o|lFT[0o 0o -1 0 (5.16)
0 0 1 0001 00 0 1
00 0 -1 00 0 1
00 -1 0 0 0 —1 0
towlg 1 g o | Tl g 1 o of G0
10 0 0 10 0 0

Applying the standard LCU method and using Eq. (5.12) , the success probability is

1 1
= —1-2V5+6(9). 5.18
(0o + o + a0 + aip)? (1+ \/3)2 (9) ( )

It implies that for small time evolution ¢, the failure probability is ©(+/t), which is pro-
hibitively expensive: the process can be repeated at most ©(1/+/t) times until the cumu-
lative failure probability becomes a constant. This process corresponds to the amplitude
damping process of total evolution time

) (%) -t =0(V1), (5.19)

which is subconstant as t — 0. This causes a problem in the general Lindblad simulation.

5.2.2 Brief summary of novel techniques

Some quantum channels are mized unitary channels, which means they can be expressed
as a probability distribution of unitary operations (e.g., with probability po,...,pm_1 on
unitaries Uy, ...,U,_1). To simulate such channels, one can first randomly sample j €
{0,...,m — 1} and then apply the standard LCU method to each unitary U;. However,
there are quantum channels that are not mixed unitary — and such channels can arise from
the Lindblad evolution, such as the amplitude damping process we examined in Section 4.2.
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As demonstrated in Subsection 5.2.1, a simple reductionist approach, namely, express-
ing these quantum channels in the Stinespring form and then applying the standard LCU
method in the larger Hilbert space, performs poorly. Instead, we take a different approach
that does not involve a reduction to the unitary case: we develop a new variant of the LCU
method for channels. Using this new LCU method, to implement the amplitude damping
process with the Kraus operators specified in Eqns. (5.14) and (5.15), a higher success
probability

1 1
- —1— 2 2
(o + a01)? + (g0 + a11)? 1+0 o+6(5) (5:20)

can be achieved compared to the success probability in Eq. (5.18). For small time evolution
t, the failure probability is ©(¢). Now, the process can be repeated ©(1/t) times until the
cumulative failure probability becomes a constant. This implementation corresponds to
the amplitude damping process of total evolution time

o (%) = 0(1), (5.21)

which is constant as t — 0. This is consistent with the algorithms of simulating Hamilto-
nian evolution in | : ]. Therefore the methodologies used therein can be
used with various adjustments to obtain the similar simulation bounds.

Another new technique that we employ is an oblivious amplitude amplification algo-
rithm for isometries (as opposed to unitaries), which is noteworthy because a reductionist
approach based on extending isometries to unitaries does not work. Intuitively, this is
because the new LCU construction for channels turns out to produce an isometry that
corresponds to a purification of the quantum channel, and it does not produce a unitary
extension of that isometry.

5.3 New LCU method for channels and completely
positive maps

Let Ag,..., A, € L(C?") be the Kraus operators of a quantum channel. Suppose that,
for each j € {0,...,m — 1}, we have a decomposition of A; as a linear combination of
unitaries in the form

q—1
Ay =l (5.22)
k=0
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where, for each j € {0,...,m —1} and k € {0,...,¢ — 1}, ajx > 0 and Uy, is unitary.

The objective is to implement the quantum channel in terms of the implementations of
Ujr’s. We will describe a circuit W and a fixed state |p) such that, for any n-qubit state

¥),

W0} i) |) = v/pl0) (Z YA;j|1) ) +/1—pl@%), (5.23)

=0
where (|0)0| ® [ ® I)|®+) =0 and
1
>oito (im0 ag)?
is called the success probability pammeter (which is realized if the first register is measured).
Note that the isometry [¢) — >, "7)A;]¢) is the quantum channel in purified form.

p= (5.24)

The circuit W is in terms of two gates. One gate is a multiplezed-U gate, denoted by
multi-U such that, for all j € {0,...,m —1} and k € {0,...,q — 1},

multi-U[k)[7)[1) = [k)]7)Ujk[)- (5.25)

The other gate is a multiplexed-B gate, denoted by multi-B. It performs the following
mapping for all j € {0,...,m — 1}:

multi-B|0)]j) = (\/_ZMU{; ) 7, (5.26)

57 =0

where

q—1
Sj = Zajk' (527)
k=0
Define the state |p) (in terms of sg, ..., S;,—1 from Eq. (5.27)) as

) = ——— " sili) (5.23)

Define the unitary W € U(C? ® C™ ® C*") as
W = (multi-B' ® Imulti-U (multi-B @ I). (5.29)
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Figure 5.1: The circuit W for simulating a quantum channel using the new LCU method.

The LCU construction with the circuit of W with its initial state |0) ®|u) @10} is illustrated
in Figure 5.1. In this figure, we refer to the first register as the indicator register (as it
indicates whether the computation succeeds or not at the end of this operation), the
second register as the purifier register (as it is used to purify the quantum channel when
the computation succeeds), and the third register as the system register (as it contains the
state being evolved).

In the following lemma, Eq. (5.23) is shown to apply where Aq,...,A,,_; € L(C*")
are arbitrary linear operators (i.e., Kraus operators of a completely positive map that is
not necessarily trace-preserving). If the map is also trace-preserving, then it holds that
Z;n:_ol 7)A;]¢) and |®+) are normalized states, and the success probability parameter p
is the actual success probability realized if the first register is measured; otherwise, these
need not be the case. In subsequent subsections, we will apply this lemma in a context
where the trace-preserving condition is approzimately satisfied.

Lemma 5.3. Let Ay, ..., A,,_1 be the Kraus operators of a completely positive map. Sup-
pose that each A; can be written in the form of Eq. (5.22). Let multi-U, multi-B, W, and
|y be defined as above. Then applying the unitary W on any state of the form |0)|u)|)
produces the state

Vi) (Z |j>Aj|w>) +VT=pl0t),

where (00| @ I ® I)|®1) =0, and
1
m— - 2
Zj:()l (ZZ:E O‘J”f)

Proof. First consider the state |0)|7)|¢) for any j € {0,...,m — 1}. Applying W on this

p:
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state is corresponding to the standard LCU method | ]:

W0Y|) ) = (multi-B! @ Nmulti-U (multi-B @ 1)[0)[7)]4) (5.30)

\/Z_ﬂ(multl B @ Imulti-U CZ; VG| k) ) 15)[4) (5.31)

——(multi-B' @ 1) (Z_: \/a_ﬂc|k>lj>Ujk|¢>> (5.32)

Vi

- l|o )1j) (Z o Upel0) ) +/T1eE) (5.33)
- S—j|o>|j>Aj|¢> Nk (5.34)

where |®5) is a state satisfying (|00|®®1)|®;) = 0 and ; is some normalization factor.

Up to this point, if the indicator register were measured and |0) were observed as the
“success” case as in the standard LCU method, then the state of the purifier and the
system register collapses to |7)A;[1). However, this is not a meaningful quantum state, as
it only captures one Kraus operator of a linear map. Now we use this specially designed
quantum state |u) to obtain the desired purification state. We use the superposition |u)
instead of |7) in the purifier register then, by linearity, we have

WI0) 1)) = +/p|0) (Z 17)A; 1) ) +/1—p|®), (5.35)

where (|0}0| ® I ® I)|®+) =0 and p = <. 0

Z]OJ

5.4 Overview of the algorithm

In this section we show how to apply our new LCU method in order to prove the main
result, Theorem 5.1.

We first show that, for Lindbladians specified by Eqns. (4.4), (5.1) and (5.2), the
quantities || L] paui (defined in Eq. (5.3)) and ||£]|ops (defined in Eq. (5.9)) satisty

H‘CHO S 2HﬁHops < 2H£Hpau|i' (536)
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For the first inequality in Eq. (5.36), note that [|L]|; < 2||L]|ops holds by the triangle
inequality and the fact that, for any M € L(C?") such that |M|, =1,

|z, < 2] 5] (5.37)
fEsMLlly < sl s l= 2l (5.38)

Then, since ||M ® Icen|| = ||M|| for any M € L(C?"), the first inequality in Eq. (5.36) fol-
lows. The second inequality in Eq. (5.36) follows from the fact that, if H and Lo, ..., L1
are specified as in Eqns. (5.1) and (5.2), then

q—1 q—1
1H) <> o and, ||L;]| <3 B, forall j e {1,...,m}. (5.39)
k=0 k=0

Now, we are ready to present the details of our construction for the proof of Theorem 5.1.
The overall structure is similar to that in | | and | ], with the main novel
ingredient being our variant of the LCU construction (explained in Section 5.3) and also
a variant of oblivious amplitude amplification for isometries. For clarity, the details are
organized into the following subsections, whose content is summarized as:

1. In subsection 5.4.1, we describe a simple linear map M in terms of Kraus operators

that are based on the operators in £. For small §, M; is a good approximation of
cs
e-°.

2. In subsection 5.4.2, we show how to simulate the linear map M; in the sense of
Lemma 5.3, with success probability parameter 1 — O(9).

3. In subsection 5.4.3, we show how to combine r simulations of Moy so as to obtain
cumulative success probability parameter 1/4. Conditioned on success, this produces
a good approximation of constant-time Lindblad evolution.

4. In subsection 5.4.4, we show how to apply a modified version of oblivious ampli-
tude amplification to unconditionally simulate an approximation of constant-time
Lindblad evolution.

5. In subsection 5.4.5, we show how to reduce the number of multiplexed Pauli gates
by a concentration bound on the amplitudes associated with nontrivial Pauli gates.

6. In subsection 5.4.6, we bound the total number of gates and combine the simulations
for constant-time evolution to simulate arbitrary time evolution, which completes the
proof of Theorem 5.1.

86



5.4.1 A linear map that approximates infinitesimal Lindblad evo-
lution

In this subsection, we show how to approximate Lindblad evolution for small time §, namely
e®’ by a linear map M, that can be described in terms of m + 1 Kraus operators, where
the precision of the approximation is O(§?).

We first bound the error of an approximation of ¢~° for small 6. In particular, we prove
the following lemma.

Lemma 5.4. Let £ € T(CY) be a Lindbladian. Then, the following holds:
|(Zeomy +0L) — 2| < (0 [|IL]1,)% (5.40)

Proof. Assume that 0 < §||£||, < 1. Then, for any M € L(C") such that | M|, < 1, we
have

[ = @em +00M, = |30 5] (5.41)
<> S, (5.42)
<> ey’ (5.43)
< (8 [l.[M]]],)? (5.44)
< (d11L]l)?, (5.45)

where we are using the fact that e — (1 + z) < 2?2 when 0 < 2 < 1.

To extend this from the induced trace norm to the diamond norm, we consider an
arbitrary Hilbert space CV' with N’ > N. Note that

(€7 — (Zyery + 6L)) @ T eny
— exp (5 (ﬁ ® IL(CNQ) - (IL(@N@CN/) +6 (E ® IL(CN/)>> . (5.46)

Also, L ® I, ¢y s a Lindbladian with HE ® Ly,

= ||£||, when N" > N. Therefore,
1
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we have
||e‘5£ — (Zreny + 0L)],
= [t = @uem +6(2) @ Ty

1

=l (5 (£ Ten) ) = (Tuemaeny + 3 (L0 Tyeny) )|, (5.48)

< (oeorics] ) oo
= (a[1£]l,). (5.50)
O

Following the approach described in Section 4.1, define the linear map M as

Ms[Q] = A;Q4}, (5.51)
j=0
where
Ag=1- gZL;Lj —i6H and, for j € {1,...,m}, A; =V0iLj,. (5.52)

J=1

Note that, in general, M does not satisfy the trace-preserving condition for a quantum
channel; however, it satisfies an approximate version of it:

2
> Al T = Z(ZL}L]) +6°H? (5.53)
§=0 j=1
2 (& ’
<7 (ZL;LJ-) Al (5:5)
j=1
m 2
<& |> LiL|| +6|H|? (5.55)
j=1
m 2
saQ(Z)Lj.Lj +HHH> (5.56)
j=1
= (5 H£H0p5)2' (557)
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Now, we show that
M = ello < 5(5[1£]]ops)*. (5.58)

To do this, we introduce an intermediate linear map, Z + §£ (mapping p to p+3dL[p]), and
show that

IMs = (Z+8L)], < (3 11L]4p5)° (5.59)

and then Eq. (5.58) follows from the fact that

@ [1£11,)* (5.60)
(20 [1L1l6ps)*; (5.61)

@ +0L) =, <
<

where the first inequality follows from Lemma 5.4. In order to show Eq. (5.59), note that
for any operator @ € L(CN @ CM') with ||Q||, = 1 and N’ > N, we have

| M5 ® Ty ey = (Tieny +00) @ T o)) Q)|

= ZO<Aj @ NQA; @ D)l = (Q+ (£ ® I onr))[Q))

(; Ui m 52 m
= Z(Z LiL, ®I>Q(Z LiLy ®1) — iy (LI @ DQH @) (5.63)
Jj=1 j'=1 j=1

(5.62)

1

+522i(H®I)Q i(L}Lj @)+ (HNQH®I) 1 (5.64)
o([Eane oS an e o) oo
= p=
<o ([ o] fwed]) 560
p=
<4’ i IL511% + H>2 (5.67)
< ¢ HEJH?,IPS- (5.68)

This completes the proof of Eq. (5.58).
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5.4.2 Implementing the approximation map by the new LCU
method

Here we show how to construct a quantum circuit that computes an approximation of Mg
along the lines of Eq. (5.23) using the new LCU method.

By substituting Eqns. (5.1) and (5.2) into Eq. (5.52), we have

qg—1
A = \/SZBjkI/}k, for j € {1,...,m}, and (5.69)

_ T —1 —1
5 m q—1 q . q
Ag=1— 5 Z ( @k%k) (Z ﬁjl%‘l) - 252 Bow:Vor (5.70)
1=0 k=0

j=1
§ it oo 1 g—1
_ f ’
=1+ 3 ; . lZﬁjkﬁjl <_ijvjl> + 5;:05% (—iVor) - (5.71)

Note that Eqns. (5.69) and (5.71) are expressing the Kraus operators Ay, ..., A, as tensor
products of Paulis (i.e., they are of the form of Eqns. (5.1) and (5.2)). Therefore, by
Lemma 5.3, the circuit construction of W in Figure 5.1 and the state |u) from Eq. (5.28)
satisfy the following property. For any state |),

W0} |14} = v/pl0) (Z 17)Aj1¥) ) +/1—p|®T), (5.72)

where |®1) satisfies (00| @ I ® I)|®+) = 0 and

p- s 579
where
qg—1
:ﬁZﬁjk, for j€{1,...,m}, and (5.74)
5 m q—1 qg—1
30_1+2;k Olz;@jkﬁﬁ&z:ﬁ% (5.75)

(The values of sg, ..., s, are directly from Eqns. (5.69) and (5.71).)
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To simplify the expression for the success probability parameter, define

q—1
C; = Zﬁjk, (576)
k=0
for 7 € {0,...,m}. Then we can rewrite Eqns. (5.74) and (5.75) as
s; = \/Scj, for je{1,...,m}, and (5.77)
5 m
so=1+3 > ¢+ by (5.78)
j=1
and
1
P= = (5.79)
ijo 55
1
_ i (5.80)
(14§55 & +den) + 30, 39
1
- _ (5.81)
1420507, 63+ 2660 + 02 (1307, &2 + o)
1
= 5 (5.82)
1207 @+ 6o ) + 5 (S & + 200
1
N ! (5.83)

126 Ll + 5 (1]l + o)

=1-26 ||£||pau|i pauli

~0 (52 1c|? ) . (5.84)

Note that, since M is only an approximate channel, the success probability parameter
p does not correspond to the actual probability of outcome 0 if the indicator register is
measured; however, it can be shown that p is within O(6?) of the actual success probability.
We do not show this here; our analysis will be in terms of the cumulative error arising in
circuit constructions in the subsequent subsections (which consist of several instances of
the construction from this subsection).
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5.4.3 Simulation with constant success probability

In this subsection we iterate the construction from the previous subsection r times, with

d=0(1/r).

The resulting success probability parameter associated with M5 is p" = (1 — O(1/r))",
which converges to a constant. We can tune the parameter ¢ so that p” = 1/4 holds exactly.
This is accomplished by setting p = 471/" and then solving for § in Eq. (5.83), yielding the
positive solution

2
- ||£||pau|i + \/HEH[Q)auIi + éll <||‘Cl|pau|i + CO) (41/T - 1)
5 = (5.85)

2
(1L + c0)

i (chn\f) )iw(rl?)' o

pauli

The circuit that implements M} uses an initial state (|0)|u))®"|¢)), which can be re-
ordered to [0)®"|u)®"|¢). It consists of r instances of W, each with separate indicator and

purifier registers, but with the same system register. Let W denote this unitary operator
(consisting of r applications of W on different indicator and purifier registers). For each
J=1Jo- - jre1 € {0,...,m}", define A; as

Aj - Ajo st Ajy'—l' (587)

We can conclude that

W (10)*" 1) |) ) = mm@“( > .|j>?1j|w>> +/1—p|dh) (5.88)
= %|0>®’"< > \j>ﬁjw>> + 5y, (5.89)

where |®+) satisfies (J0Y0|®" @ 19" ® I)|®+) = 0.

Note that this conditionally simulates M3, and M} approximates e, for

s In(2) 1
== o +0(r). (5.90)

pauli
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The approximation is in the sense that

M5 — e2t|. = 0(1). (5.91)

r

If the desired evolution time is such that ¢ [|£]| ,,; < In(2) then the success probability
parameter resulting from this approach is larger than 1/4; however, it can be diluted to
be exactly 1/4 using a method described in | | that employs an additional qubit as
part of the indicator register.

In the next subsection, we show how to use oblivious amplitude amplification to achieve
perfect success probability.

5.4.4 Oblivious amplitude amplification for isometries

There are two hurdles for applying oblivious amplitude amplification in our construction.
First, the purified quantum state corresponding to the success case is not a normalized
quantum state, as the Kraus operators of Mj do not satisty the trace-preserving condition.
Second, the operation corresponding to the success case is an isometry (rather than a
unitary), because part of the registers in the initial state is restricted to (|po) « -+ |ftm—1))®".

The second hurdle is resolved by using different projectors in the amplitude amplifica-
tion operator. For the first hurdle, we show that it only causes a small error. To begin with,
we examine how far it is for the Kraus operators to satisfy the trace-preserving condition,
and this quantity will be used later in the proof. By repeatedly applying Eq. (5.57), we
have

Yoo A4 -1 = Sl Al @A, A )T (5.92)
7€{0,....m}" jo---jr—1€{0,...,m}"
2
<7 (011L ) paus) (5.99)
= (In(2))*/r + O(1/r?), (5.94)

where the second equality follows from substituting the value of § from Eq. (5.85).

Before we present the oblivious amplitude amplification construction, we introduce
more notations for convenience. For any [¢), let |¥) denote the initial state

) = [0)|) ), (5.95)
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where [0) = [0)®", and |7i) = |p)®". Let |®) denote the desired purification state, i.e.,
@) =10){ > WAl |- (5.96)

Let Py := [0)0] ® I ® I and Py := [0)0| ® |f)(7i| ® I be two projectors. By Eq. (5.89), we
have

Ww) %y@ n ?@ﬂ, (5.97)

for some state |®1) satisfying Py|®+) = 0. Define the unitary operator
F=-W{I-2P)WI —2P)W (5.98)

as the oblivious amplitude amplification operator. We summarize the result in the following
lemma.

Lemma 5.5. For any state 1)), Let |V), |®), and F be defined as above. Then
[E[¥) — |®)]| = O(1/r).
To prove this lemma, we need the following lemma, which slightly extends the results
of | , Lemma 2.3].

Lemma 5.6. For any |¢), let |¥), |®), |®+), Py, and P, be defined as above. Let |¥U+) be
a state satisfying the equation

W) = \/;y@ - %\qﬂ. (5.99)
Then Py|¥+) = O(1/r).
Proof. Define the operator
Q= (@l @ 1) WHRW (0@ 1). (5.100)

For any state [¢),

wieks) = ||Bw (Bia)| = |7 (§|@>+§|¢L>>H =310 —Lioam.

(5.101)
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The last equality holds because |[|®)||> = 1 4+ O(1/r), which follows from Eq. (5.94).
Therefore, all the eigenvalues of Q are § + O(1/r), and we can write

Q= %I + O(%), (5.102)

where the big-O notation is with respect to the spectral norm. Now, for any |¢), we have
Qlv) = <<0|<u| @ 1) WIRW (10)17))) (5.103)

== (<6|<m ® 1) Wo) (5.104)

_ % (@@ 1) (%m + gmfﬂ) (5.105)

=ty + Y2 (@l 1) 10, (5.100)

The third equality follows from Eqns. (5.97) and (5.99). On the other hand, by Eq. (5.102),
we have

1 1
Q) = ;1v) + 0(;). (5.107)
By Eqns. (5.106) and (5.107), we have
~ 1
<<oy<u| ® I) oty = 0(;), (5.108)
which implies P|¥+) = O(1/r). O

Now we are ready to prove Lemma 5.5. The proof uses the methods in | ].

Proof of Lemma 5.5. First consider the operator Pl/V[?TPOW\. We have
— 1 — 1 1 3 1 1
PWTP W) = §P1WT|<I>) =3P (§|\1/> + %mfi)) = Z|\1/> + O(;), (5.109)

where the second equality follows from Eqns. (5.97) and (5.99) and the last equality follows
from Lemma 5.6. Then we have

F|U) = (=W (I — 2P)W(I — 2P,)W|¥) (5.110)

= 2P,W + W — AW PW! PBW)| W) (5.111)

= |®) + O(1/r). (5.112)

Therefore, |F|¥) — |®)|| = O(1/r). O
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Since |®) is a purification of Mj[|¥)¢|], Lemma 5.5 implies that the circuit for F
simulates a Stinespring dilation of M} with error O(1/r). This further implies that

|V = M|, =0@/r), (5.113)

where N is the quantum channel that F' implements by tracing out indicator and purifier
registers.

5.4.5 Concentration bound and encoding scheme

From the previous subsections, r is a parameter that determines the precision, which is
O(1/r). Up to this point, to simulate constant-time Lindblad evolution, the number of
occurrences of the multiplexed-U gate in our construction is O(r). In this subsection, we

show how to reduce this to O(%) while only introducing an additional error of e.

It is important to note that, in light of Eqns. (5.69) and (5.71), there are O(m) Kraus
operators for M; and each can be expressed as an LCU of O(mg?) terms.

Consider the initial state (|0)|u))®" of the indicator and purifier registers. At the
beginning of the algorithm, the multiplexed-B gates applied on this state are multi-B®".
Note that the first term in Eq. (5.71) corresponds to the unitary I, which need not be
performed. The circuit can be rearranged to bypass these operations, as in earlier papers
on Hamiltonian evolution (see, for example, | ).

More precisely, we compute the amplitude associated with this I being performed.
For each instance of W acting on |0)|u)|v)), consider the state of indicator and purifier
registers which control the multiplexed-U gates (i.e., the state multi-B|0)|x)). The state
|0)|0) corresponds to unitary /. The amplitude of |0)|0) is

So 1 So

= - (5.114)
>y 83 V50 D im0 S5

B 1+6/237M, 3+ de (5.115)

V120 2+ 200 + O (XTL, & + 0)?) '

- 1—%icﬁ—éco—i—@(é?(ié%—coy), (5.116)

j=1 7=1
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where s; and ¢; are defined in Eqns. (5.74), (5.75), and (5.76) (j € {0,...,m}), and J is
defined in Eq. (5.85).

If this indicator and purifier registers are measured in the computational basis then the
probability that the outcome is not (0,0) is

30 — n 2 3
?Zc§+5co+@<52<205+co> ) < S0 01L ] s + © (52\15\\§au“) (5.117)
j=1 j=1

_ §+@(%>. (5.118)

Therefore, after the multi-B acting on |0)|u)|), if the indicator and purifier registers are
measured, then the probability that the outcome is not (0,0) is upper-bounded by %

Roughly speaking, this is qualitatively the same scaling that arises in Hamiltonian
evolution simulation | ], hence the same so-called Hamming weight cut-off applies.
Below is a more precise explanation of this.

In the indicator and purifier registers, after applying multi-B, the computational basis
states of the indicator and purifier registers are of the form |kg,lo) - - - |kr—1,l-—1). Define
the Hamming weight of such a state as the number of j € {0,...,r—1} such that (k;,[;) #
(0,0). If the indicator and purifier registers are restricted to states that have Hamming
weight at most A then the circuit can be restructured so that there are only h occurrences
of the multiplexed-U gates.

Let X1,..., X, be r independent random variables with Pr[X; = 1] = £ and Pr[X; =
0] =1— 2 forall j € {1,...,r}. Consider the state of the indicator and purifier registers
right before multiplexed-U gates are applied (i.e., the state (multi-B|0)|u))®"). We are
interested in how much amplitude is associated with the low Hamming weight states. This

is related to the Chernoff bound (see | ]), i.e., for all 6 > 0, it holds that
r 65“
j:
where =37, Pr[X; =1] = 2. Letting h = (14 6)u, we have
”” St () (3e/2)"
Pr [Z X; > h] <<= (5.120)
j=1
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Therefore, the probability of the Hamming weight being larger than A is upper bounded

by €2 provided
log(1/e€)
—_— . 121
heO <10g10g(1/6) (5 )

From this, we conclude that the occurrences of the multiplexed-U gates can be reduced to

0 (%) with error e.

Now, the number of qubits for indicator and purifier registers in a segment is still
O(rlog(mgq)). We use the similar compression scheme as in | | to reduce the number
of qubits for indicator and purifier registers. The intuition is to only store the positions of
components with nonzero Hamming weight, and we also need two other registers to store
the actual state in this position.

The compression scheme works as follows. First note that the multiplex-B gate acts
on [0)|p) as

m— lmq2

VEaRIR)). (5122
\/Z sj j=0 k=0

We consider the initial sate (|0)|u))®". After applying the multiplexed-B gates (before
applying the multiplexed-U gates), the state becomes (multi-B|0)|u))®", which is

multi-B|0)|u) =

Xr

50y 0)0) + ST S /57 A k)
Z;ﬂolsz
DD VTN

m—1 9 ’
2j—0 5 — 50000

S0 Z;n 01 32 S0
R = m——lg’ and o = m—1 5 . (5125)
Zj:o Sj Z] =0 SJ

The compressed encoding is performed in two steps. First, we prepare the state

Z/@’"’lg‘amug) + n|L), (5.126)

jeG

(multi-B|0)|u))®" = (5.123)

= | 5l0Y]0) + (5.124)

where
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where | - | denotes the Hamming weight, G = {(¢1...,9») : 1 < W < h,g1 + -+ g <
r — h'}, and |L) (with amplitude 1) is some state that is orthogonal to all terms in the
first sum. It is shown in | , Section 4.2—4.4] that this state can be prepared with
O(h(log(r) + loglog(1/€))) 1- and 2-qubit gates so that |n|> < e. Second, we add one
register to prepare the state

(Zﬂg'ogwgunm) 2 f RGN D
2]08 — SoQpo

where the state in the second register can be prepared by a slightly modified multiplex-B
gate and state |u), and it can be implemented with O(m?¢?) 1- and 2-qubit gates.

JEG

Note that there is a natural one-to-one correspondence between the set G and the set
of binary strings with Hamming weight at most h as

Gr.. ., g < 091109210% .. 09 107 hm9 =9 (5.128)

To see that Eq. (5.127) encodes the state (multi-B|0)|u))®" for the terms with Hamming
weight at most h, observe that the state

S S Vb))
\/Z] 0 S — 5000

(g1, 9m)) (5.129)

corresponds to
(10)10))29 1) ... (0)]0)) %92 |} (|0)[0)) o= om) (5.130)

where

= JZ VARl 5.131)
Z] -0 8 — S0Qo0

It follows that Eq. (5.127) has the desired amplitudes for the terms with nonzero Hamming
weight in Eq. (5.124).

v) =

In this encoding scheme, the register for |g) requires O(log(r)h) qubits. The two ad-
ditional registers require O(hlog(mgq)) qubits. If we prepare the indicator and purifier
registers in this encoded representation, the number of qubits is

O((log(r)h + log(mq)h)) = O((log(1/€) + log(mq))h). (5.132)
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We summarize this encoding scheme as follows. In the original representation, the
initial state of the indicator and purifier registers is (|0)|x))®", and we apply multiplexed-
B gates multi-B®" on this state before applying multiplexed-U gates. In the encoded
representation, the initial state is [0%)|0°)|0°), where a = O(log(r)h), b = O(log(mq)h),
and ¢ = O(log(m)h); the first and second registers correspond to the indicator register
in the original representation, and the third register corresponds to the purifier register
in the original representation. We denote the encoding operator by E. The operator F
corresponds to the multiplexed-B gates in the original representation, as we apply E on
the encoded initial state before applying multiplexed-U gates.

5.4.6 Total number of gates and proof of the main theorem

In this subsection, we count the number of 1- and 2-qubit gates in our construction. There
are three parts that we need to consider: the implementation of the encoding operator F,
the implementation of the reflections in the oblivious amplitude amplification operator,
and the implementation of the multiplexed-U gates. To complete the proof of the main
theorem, all that remains is to bound the number of these gates.

Proof of Theorem 5.1. We first consider the case where t is as defined in Eq. (5.90), so
tIIL]| o = (2) + O(1/r). The quantum circuit is based on the oblivious amplitude
amplification operator F', whose correctness is shown by Lemma 5.5. We modify the
quantum circuit of F' by applying a concentration bound and the encoding scheme on the
indicator and purifier registers as shown in Subsection 5.4.5. In the following, we show
that this quantum circuit achieves the desired gate complexity.

For the encoding operator F, we first apply the techniques in | | for (|0)|p))®" to
prepare the state as in Eq. (5.126). This can be done with O (h(log(r) + loglog(1/¢))) €
O(log(r)h) gates. In addition, we need prepare a superposition of the basis states with
nonzero Hamming weight in the second and third registers as in the second register in
Eq. (5.127). This can be done with a slightly modified multiplex-B gate and state |u) with
gate cost O(m?¢?). Thus, the number of 1- and 2-qubit gates required for the encoding
operator E is O(log(r)h + m?¢*) = O(log(1/e)h + m?q?).

In the oblivious amplitude amplification operator F', there are two reflections, I — 2F,
and I — 2P, between W and WT. If we look into the constructions for W, the two
reflections are between multiplexed-B gates. To translate the operator (multi-B®") (I —
2P) (multi—BTw) to the encoded representation, note that the multiplexed-B gates corre-

spond to the encoding operator E in the encoded representation, and the reflection I —2P;

100



is the reflection about the initial state |0)®"|u)®". Hence in the encoded representation,
the corresponding operation is first applying ET, reflecting about the encoded initial state
|02)|0°)|0¢), where a, b, and c are defined in the last paragraph of Subsection 5.4.5, and
then applying FE.

A similar method applies to the operation (multi-B®") (I — 2P,) (multi—BT@)T). The

only difference is that the reflection I — 2F, is reflecting about the subspace where the
state of the indicator register is |0)®”. In the encoded representation, the corresponding
reflection in the encoded representation should be about the subspace where the first two
registers is in the state |0)|0°). Therefore, the corresponding operation in the encoded
representation is first applying ET, then applying the reflection about the encoded state
|02)]0°) on the first two registers, and last applying E.

The number of 1- and 2-qubit gates involved in the two reflections consists of the
implementation of the encoding operator E, and two reflections. The number of gates for
the reflections is of the same order of the number of qubits for the encoded representation.
Therefore the number of 1- and 2-qubit gates in this part is O(log(1/€)h +m?¢?).

Each multiplexed-U gate costs O(mg?(log(mgq) + n)) of 1- and 2-qubit gates, as each
controlled-U requires log(mg) qubits for multiplexing and O(n) Paulis, and we have to im-
plement O(mg?) these controlled-U gates. Since the number of occurrences of multiplexed-
U gates is h, the gate cost for this part is O(mg*h(log(mq) + n))

Therefore, the total number of 1- and 2-qubit gates is

O(m?q® +log(1/€)h + mq*(log(mq) +n)h) € O (mgq2 (log(ml(i/gel)og(;l;i;)g(l/e)) .
(5.133)

For arbitrary evolution time ¢, let 7 := ¢|[L]| ;- Divide the normalized evolution time
into O(7) segments. Then run this quantum circuit for a segment with precision €/7 and
trace out the indicator and purifier registers. Repeat this O(7) times and this evolution is

simulated with total number of 1- or 2-qubit gates O <m2q27'(bg(mﬁ);/lz);:;i;g(ﬁ E)>.

The distance between N and e’ in terms of the diamond norm is established by
Eqns. (5.91) and (5.113). Choosing r large enough (i.e., 7 = 1/¢), the error of the simulation
is within e. Note that the concentration bound and encoding scheme only cause O(e)
erTor. 0
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5.5 Lindbladians with sparse Hamiltonian and Lind-
blad operators

In this subsection, we sketch the analysis of the simulation of Lindbladians with d-sparse
Hamiltonian and Lindblad operators. Without loss of generality, we assume ||H|| > 1 and
LIl > 1 for j € {1,...,m}. We first describe a method to approximate H and L; as
a linear combination of unitaries. Then we sketch the analysis of two key quantities: the

normalized evolution time ¢ ||£||pau“, and the number of unitaries ¢ in this approximation

We consider the case where H is d-sparse and each L; is both column and row d—sparse

. Li+Lt . L;—L! L;+L}
given by an oracle. Each L; can be decomposed as L; = + t+i—5—*, where + ——% and
L—L! n

~5L are Hermitian. Let the maz norm of an operator A € L(C2 ), denoted by HAHmaX,
i i
defined as [|A]| .., = max; |(j|A|k)|. For each ]+L ) = LJ , and H, we use the methods in

[ | to approximate them as a linear comblnation of umtarles with equal coefficient
7. In particular, for any H € L(CY) that is Hermitian and is d-sparse, this approximation
can be accomplished in the following two steps:

1. Obtain a decomposition H = Z;lil H;, where each H; is 1-sparse and a query to H;
can be simulated with O(1) queries to H. | , Lemma 4.4]

2. Further decompose each 1-sparse Hamiltonian H; into O(||H;|| /) unitary Hamilto-
nians Hy; such that ||H; — >, Hll < /2. , Lemma 4.3]

max — [

. . Lj+LT Lj*LT .
The above approximation also works for each ——* and ——*. The error of the approxima-
tion is O(d?7) in terms of the max norm, and the number of unitaries in the approximation
is O(d*||H|| /) for H and O (d?||L|| /) for L;. Let ¢y be the sum of coefficients in the
LCU approximation of H, and c¢; be the sum of coefficients in the LCU approximation of
L; for j € {1,...,m}. It is easy to see that ¢ = O (d*||H||) and ¢; = O (d?*||L,||) for
J € {1 mY. We have t €] = teo+ 300, ¢2) € O(td"[[L]p).

To bound ¢, which is the number of terms in the LCU decomposition for each of
H and L;, we consider the error of this approximation. As each of H and L; can be
approximated with error O(d?y) in terms of the max norm, £ can be approximated with
error O(d® L] ops 7) in terms of the diamond norm. To see this, for all p € D(C*"), let

S 1
L'lp] = P+ (L’ pL’f — —L’TL’ = §pL;TL;) , (5.134)

Jj=1
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with [|[H — H'|| ., € O(d*y) and ||L; — L}|| € O(d*y) for all j € {1,...,m}. For all
d-sparse operator A € L(C?"), it holds that ||A|| < d||A||maX [ ]. Hence, |H — H'|| €
O(d*y) and ||L; — Li|| € O(d*y) for all j € {1,...,m}. We have
(L' = L)[p] = —il(H" = H), p]
- 1
+3 (L;pL;T — LipL} -5 (L;TL;p . L}Ljp>
j=1

|
-5 (pL;TL; - pL}Lj)) . (5.135)

for all p € D(C*"). Furthermore,

12" = L)l < 21H — H| + 3 @I - Ll + 2|25 12— Lil)  (5.136)

j=1
€0 (d37 ||c\|ops) . (5.137)
The bound [|£ — L], € O(d®y||£||,,,) follows from an extension of the above inequality

to a larger Hilbert space by considering the operator H' ® Icon, H ® Igon, L @ Igon and
L;®Icon forall j € {1,...,m}. To restrict the simulation error within e for evolution time
t, v can be chosen so that v = O(e/(td? ||[,||ops)). Therefore, the number of unitaries in

the decomposition is bounded by ¢ = O (td® H£||ips /€).

In the implementation of the multiplexed-U gates, we no longer need to implement
all the O(mg?) unitaries, since the oracles for H and L; are given. Also, the cost for
implementing the encoding scheme becomes O(log(1/€)h 4 poly(n)) as the coefficients in
the LCU for each H and L; are the same, which saves the O(m?¢?) factor. Thus the m
and ¢ factor in the gate complexity can be eliminated. (The log(m) and log(q) factor will

be preserved.) Let 7 =t ||L]| .. By our construction, the gate complexity is

O (7 polylog(mgt/e) poly(n,d)) .

The query complexity is the number of occurrences of the multiplexed-U gates, which

log(r/e)
o ( foglog(/c) W’) ‘

1S

103



Chapter 6

Harnessing Open Quantum Systems:
Dissipative Quantum Search

In this chapter, we provide methods for solving the “over-cooking” problem of Grover’s
algorithm (briefly discussed in Section 1.3): if the number of marked items M is unknown,
how to produce a marked state while preserving the quadratic speedup.

A search problem can be modeled as in a search space of IV items with a boolean function
f to partition a set of N items. Without loss of generality, assume N is a power of 2. This
set can be labeled by natural numbers so that we can refer to this set as {0,..., N — 1}.
We call an item marked if f(j) = 1. Otherwise, we call it non-marked. The goal is to
find a marked item with as few queries to f as possible. All classical algorithms need
to make Q(N/M) queries to f, where M = [{j : f(j) = 1}| is the number of marked
items. Remarkably, quantum algorithms permit a quadratic speedup: O(y/N/M) queries
are sufficient. This quadratic speedup is achieved by Grover’s algorithm. We give a brief
overview of this algorithm in Section 6.2. In this chapter, we consider a more general search
problem where only one copy of a non-trivial initial state is given, which is discussed in
detail in Subsection 6.1.2. The results in this chapter are not previously published.
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6.1 Previous work and main results

6.1.1 Previous work

Methods have been proposed to address this over-cooking problem. One representative
of these methods is shown in | ], where a trial-and-error approach is used: one
first apply a small number of iterations; if a marked item is not found, keep increasing
the number of iterations. As presented in | |, this trial-and-error approach uses
multiple copies of the initial state. It is possible to use only one copy of the initial state:
if a marked item is not found, the state collapses to the superposition of the unmarked
states, where the next trial can start with, and the query complexity is still O(/N/M).

Other techniques such as quantum counting | | and quantum amplitude estima-
tion [ ] can also be used to address this over-cooking problem. These approaches
consist of two steps: first estimate M; then apply Grover’s algorithm for a desired number
of iterations. With these two-step approaches, at least two copies of the initial state are
required.

Although the above approaches perform well, there is some aesthetic appeal in the
possibility of an algorithm that naturally converges to the target stage through its iterative
process, without extra intermediate steps such as measurements and classical randomness.
This is usually called the fized-point property. Grover et al. | , | proposed the
7 /3-search algorithm where a sequence of operators (which are more generalized version
of the Grover iterator) is built in a recursive manner. After applying these operators, the
state becomes monotonically closer to the target state but never passes the target state.
This algorithm perfectly solves the over-cooking problem. However, the quadratic speedup
is lost | .

Yoder et al. | | proposed the first fixed-point quantum search algorithm which
preserves the quadratic speedup. The fixed-point property of this algorithm is presented
in the following sense: for any N, M;,, and a desired error tolerance €, a sequence of
O(+\/N/Minlog(1/€)) unitaries (which are more generalized version of the Grover iterator)
is constructed such that for any instance of the search problem with N items and M marked
items (with M > M,,;,), this sequence of unitaries yields a state that is e-close to the target
state (in terms of the Euclidean norm). As each unitary in this sequence uses O(1) queries
to f, the query complexity of this algorithm is O(y/N/Muinlog(1/€)). This sequence of
operators can be extended to obtain better results (in terms of €). However, the complexity
of this sequence extension is multiplicative, and the quadratic speedup is likely to be lost.
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6.1.2 Main results

In this chapter, we present a novel fixed-point approach for solving the search problem
that preserves the quadratic speedup against classical algorithms. Our algorithm works
in a natural fixed-point manner: the error (in terms of the trace-distance between the
current state and the target state) converges with more iterations, though not necessarily
monotonically. Moreover, only one copy of the initial state suffices and no intermediate
measurement or classical randomness is required.

Instead of working on the search problem for N items, we define the search problem
abstractly in terms of amplitude amplification, and in a context where the initial state can
be nontrivial.

Definition 6.1. In this general search problem, let G C CV be an unknown subspace of
CN. We are given one copy of an initial state |thini) € CV and the following oracles:

e An initial state verification oracle Qi € U(C?) that performs the following mapping

Qinit|Yinit) = —|Vinit), and (6.1)

Qinit|¢ijn_it> = W}ijr;it)? (6-2)
where i) € CN is a state that is orthogonal to |ins). A controlled-Qine is also
available.

o A solution verification oracle Qgooq € U(CN®C?) that performs the following mapping

wbe 1), ifly) e,

[¥)1b), if [1) is orthogonal to G. (6.3)

ngod|¢>|b> = {

A controlled-Qgood s also available.

e A guessing oracle R, which is a unitary that, starting in state |Uini), yields a guess
of a state in the target space with probability p in the sense that

max R|timie)|? = p. 6.4
|w>eG|<¢| |Uinit) | p (6.4)
We assume that p is unknown.

Let |tg00d) be the projection of |inie) on G. The goal is to create the state |1go0d) with as
few queries to Qgood and Qinir as possible.
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One of the main results of this chapter is stated in the following theorem.

Theorem 6.1. Consider the general search problem defined in Definition 6.1. Assume
p < 1/4. Fiz an e > 0. There exists a quantum algorithm acting on two registers C* @ C?",
where the state in the second register (C*") after a total number of j steps starting from
|Vinie (Vinit| s denoted by pj, such that ||p; — [Vgood (Vgood||l, < € for all j > c- \/%3 log(1/e),
where ¢ is some constant independent of p and €. Moreover, each step of this quantum
algorithm can be implemented using a constant number of queries to Qgood and Qinit-

We prove Theorem 6.1 in Section 6.4.

6.2 Review of Grover’s algorithm

In this section, we give a brief review of Grover’s algorithm | | for solving the search
problems in a more general model. For a more comprehensive review of these algorithms,
readers may refer to the book by Nielsen and Chuang | .

We first consider the more general search problem defined in Definition 6.1. Here, we
assume that p is known. Recall the solution verification oracle Qgood € U(CY @ C?) defined
in Eq. (6.3). It is convenient to conjugate the second register by the Hadamard gate H,
and set b = 1. This yields a unitary (I ® H)Qgood({ ® H) that performs the following

mapping

(1 ® H)Qgooall © H) [thgo0a) 1) = —|tgo0a)]| 1), and (6.5)

(1 ® H)Qgood(I ® H)|1hga0a)11) = [¥gooa) 1), (6.6)

where |¢g{)od> is a state that is orthogonal to G. Effectively, this is equivalent to a unitary
@good € U(CY) that flips the phase of marked states as

Cjjgoodeood) = —[¥good), and (6.7)

@good|w;_ood> = ’wg_ood>‘ (6-8)

The Grover iterator is defined as
G = (RQinitRT) Q\good' (69)

To view Grover’s algorithm in a geometric way, let 6 be the angle such that sin(6/2) =

VP and cos(0/2) = /T —p. Write R|thinit) = c08(6/2)]thy00q) +510(8/2)|1good) , Where [z oq)
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is some state orthogonal to G. Then, we conduct the analysis with respect to the basis
{|¥d oa)s [good) - The operator G can be represented as

good
G (0089 —st)‘ (6.10)

sinf cos0

Starting with the state R|¢iit), each application of G rotates the angle by 6. After O(1/,/p)
applications of G, the state will be close to |1good)-

Remark. The search problem that was considered by Grover | ] is a special case
of the more general search problem defined in Definition 6.1 in the following sense. Let
the set {0,..., N — 1} be a search space of N items. Assume N = 2" is a power of 2. A
boolean function f : {0,..., N — 1} — {0,1} is used to determine whether an item j is
marked (f(j) = 1) or not (f(j) = 0). The target state is defined as

1
ood) — - 5 6.11
|lbg d> \/7EiJ3;%%Z:1|j> ( )

where M = |{j : f(j) = 1}|. The initial state is |0)y, and the guessing oracle is the
n-fold Hadamard gate H®". The initial state verification oracle is simply the unitary
Ien —2]0)0] . The solution verification oracle is defined as

Qgood|7)[0) = [5}1b ® f (7)), (6.12)
for b € {0,1}. We have that [({good| H®"|tinit)|* = M/N. Therefore, the number of queries

is O(/N/M).

6.3 The dissipative query model

In this section, we present a gadget for the dissipative quantum search algorithm, namely,
the dissipative query model. In Section 6.2, we have reviewed the standard query model,
which performs the maps [¢good)|b) F [¥good)|b @ 1) and [tz ) |b) — [t .4)|b). For the

good good
dissipative query model, the intuition is to non-reversibly change the state of the second

register via the amplitude damping process.

To begin with, we first define a parameterized amplitude damping channel.

Definition 6.2. The amplitude damping channel with damping strength A > 0, denoted
by ADy, is a quantum channel acting on L(C?) that performs the following mapping.

ADi[p] = AopAj + ArpAl, (6.13)
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for all p € D(C?) where

1 0 0 V1I—e
Ao = <O 6_)‘/2> > CLTLd Al = (0 O ) . (614)

Note that when A — oo, AD., is the completely amplitude damping channel, and
when A = 0, ADy is the identity channel. The amplitude damping channel with damping
strength A can be viewed as a continuous-time process in terms of A, as

AD)\l o AD,\O = A,DA0+>\17 (615)

for all Ao, A\ > 0. Moreover, this continuous-time process is Markovian and thereby can
be described by a Lindblad equation specified as follows:

1
Loalp) = LuapLly = 5 (LlaLaap + pLYaLaa) (6.16)

where the jump operator L.q is defined as

Laa = (8 [1)) : (6.17)

The Lindbladian L.q generates AD) in the sense that

AD), = eFaat, (6.18)

Next, we extend the amplitude damping channel with damping strength A to a con-
trolled channel. More formally, we have the following definition:

Definition 6.3. The controlled amplitude damping channel with damping strength A > 0,
denoted by c-ADy, is a quantum channel acting on L(C*® C?) that performs the following
mapping:

¢-AD[p] = BopBJ + BipB], (6.19)
for all p € D(C? @ C?), where
100 0 000 0
010 0 000 0
Bo=lg o1 o |"@Bi=|g 00 yizen (6:20)
00 0 e?? 00 0 0
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It can be verified that the controlled amplitude damping channel with damping strength
A performs the following mapping

|b)b] @ AD,[p], when b=1

6.21
|b)b| ® p, when b = 0. (6.21)

|b)(0| © p = {
We use the circuit in Figure 6.1 to represent such a channel.
[b)b] ? [b)b|
P ——AD\——

Figure 6.1: The circuit representation of the controlled amplitude damping channel with
damping strength A.

Now, we use a standard query oracle, instead of a single qubit, to control the amplitude
damping channel. To do this, we consider a 2-dimensional subspace for the n-qubit register
CVN (where N = 2"). Define the state |r) as

1

|T> = 1 — p(|¢init> - \/pwjgood»' (622)

]

Then the set {|r),[tgood)} forms an orthonormal basis for the 2-dimensional subspace
spanned by [¢init) and [ge0d). In the following definition, we only consider the case where
the state of the first register is in the 2-dimensional subspace spanned by [¢init) and |Ygeod)-

Definition 6.4. Provided the state in C*" is in the 2-dimensional subspace spanned by
|init) and |Ygood), the query-controlled amplitude damping channel with damping strength
A >0, denoted by ¢-ADy, is a quantum channel acting on L(C?" @ C?) that performs the
following mapping:

¢-AD,[p] = EopE} + E1pE], (6.23)

for all p € D(C* @ C?). With respect to the basis {|r), [{good) } for the C*", Ey and E; are
defined as

100 0 00 0 0
010 0 00 0 0

Eo=tlg o1 o |"™E=]) 90 yice (6:24)
00 0 e M2 000 0
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It is easy to verify that the query-controlled amplitude damping channel with damping
strength A performs the following mapping:

(Y)Y © ADA[p],  when [¢) € G

6.25
[XY| @ p, when |1)) is orthogonal to G. (6:25)

V)XY @ p {

We use the circuit shown in Figure 6.2 to denote the query-controlled amplitude damping
channel with damping strength .

WXl | Q| XY

|
P — AD) —

Figure 6.2: The circuit representation of the query-controlled amplitude damping channel
with damping strength .

In this thesis, we refer to an application of q-AD, for any A > 0 as a dissipative query.
The dissipative query and the standard query are closely related: one dissipative query can
be implemented by two standard queries together with one controlled amplitude damping
channel. We have the following proposition, which is straightforward.

Proposition 6.2. For all A > 0, one application of ¢-ADy can be implemented by two
standard queries to Qgood and one c-ADy by the circuit shown in Figure 6.3.

A notable property for both c-AD), and q-AD, is the continuous-time property, which
is inherited from AD,. In particular, it holds that

c-AD,, o c-AD,, = c-AD),+»,, and (6.26)
q’A’DM © q'AD)\o = q_'AD)\oJr)\lu (627>

for all \g,A\; > 0. When A — 0, repeatedly applying q-AD, yields a continuous-time
process, which is Markovian and can be described by the following Lindblad equation

1
L[p] = LpL' — 3 (L'Lp+pL'L). (6.28)
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WXl | Q| ¢ | Q| XY

bY(b| — T d—— [b)b|

P ———AD\——

Figure 6.3: Implementing one dissipative query with two standard queries to (QQgood and
one c-AD,.

When the state of the first register is in the 2-dimensional subspace spanned by [¢;n;:) and
|1g00d), With respect to the basis {|r), [t)good) } for the first register, the jump operator L is
defined as

(6.29)

o O O O
o O OO
o O OO
o = O O

Evolving by this Lindblad equation for time X is equivalent to applying a dissipative query
with damping strength A, i.e.,

e = ¢-AD;. (6.30)

6.4 Dissipative quantum search algorithm

The building block of this algorithm is a quantum channel M, which is demonstrated in
Figure 6.4. The channel M, is a composition of two quantum channels q-AD,, which is
defined in Definition 6.4, and ¢-G, which is the controlled-Grover iterator in the form of
a quantum channel. Note that in Definition 6.4, the query-controlled amplitude damping
channel with damping strength \ is acting on L(C?*" ® C?), whereas in this section, we
swap the two Hilbert spaces so that q-ADj is acting on L(C? ® C?"). This results in a
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]
1)(1] —— ADy F _T_ a
T |
| |I L
|Pinit Winit | 1Ll ] 9
L — | —
q-ADy G

Figure 6.4: The quantum circuit for M.

slight change of the Kraus operators:

1 00 ©0 000 0
010 0 00 0 Vi—e?

Eyo = 00 1 0 , and Ey; = 00 0 Oe ) (6.31)
00 0 e M2 000 0

again, assuming that the state in C?" is in the 2-dimensional subspace spanned by |¢ini;) and
|Vgood). Under the same assumption, the matrix representation of the controlled-Grover
iterator is

1 0 O 0
01 0 0
-G = 0 0 cosf —sinb (6.32)
0 0 sinf cos6
The channel ¢-G is specified as
c-G[p] = c-Gpe-GT, (6.33)
for all p € D(C* ® C?"). Tt follows that the channel M, can be specified as
Milp] = -G(EropE] , + Ex1pE} )G (6.34)
= -G ExgpE} o ¢-GT + -G Ex1pE} | -G (6.35)

Let [¢init) and [1g00d) be defined as in Definition 6.1. Now, we present the algorithm in
Algorithm 6.1.

To show that Algorithm 6.1 has the desired property for Theorem 6.1, we need the
following lemma.
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Algorithm 6.1: Dissipative quantum search procedure

p < [IXL] @ [WiniePinie;

A+ 1;

k <+ 1,

Loop

A A/2;

for j < k to k + 2[5 log(1)] do
| i Mapgl;

end

k<7

EndLoop

© 00 g O kA W N =

Jun
o

Lemma 6.3. Assume p < 1/4. Let |¢) be any state in the 2-dimensional subspace spanned
by [Ygood) and |thinit) with nonzero overlap with |Yg0d), and let o be a mixture of |1)(1| ®
[ )X1| and [0)0] @ |Vgood (Vgood|- Let My be a quantum channel parameterized by \ defined
in Bq. (6.35). If 2\/p < X < 4/p, then for any € > 0, it holds that

HM%\[O’] - |0><0| ® W}goodxwgoodml S €, (636)

for all j > Q(ﬁlog(l/eﬂ.

Before proving Lemma 6.3, we first analyze M. Let us first focus on the operator
c-G - E) . To simplify the analysis, we only consider the lower-right block (as the operator
c-G - Eyo keeps the first register intact if the state in this register is either |0) or |1)).
Define the operator A, as

cosf@ —sinf 1 0
Ay = <sin9 cos @ > (O e’\/Q) ' (6.37)

For an angle ¢, we use the shorthand |p) to denote the vector (gﬁf 5 ) For the operator

Ay, we have the following lemma.

Lemma 6.4. Let alp1) = Ax|po), where we choose the amplitude a > 0 to be non-negative,
and the angle @1 > g to be the smallest possible such angle no smaller than pgy. Then, the
following holds.

1. If0 < X\ <1, then a® < 1—% whenever 5 < (¢o mod ) < %’r.
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[f0<)\<4sm then—<g01 gpog%.

The main idea of this lemma is to show that the amplitude of the state is contracted
by the applications of Ay. In particular, there exists an interval of ¢ that permits this
contraction (statement 1), and the angle ¢ rotates with certain speed (statement 2).

Proof of Lemma 6.4. Consider statement 1. Suppose § < (900 mod 7r) < ij Then we
have | cos ¢g| < \/Li < | sin |, and hence a® = cos? g+ e *sin® gy < $(1+e7). It is easy
to verify that the function
A1
g =1-7 -0+ e™) (6.38)

is monotonically decreasing in A. In the interval [0, 1], the function g takes its minimum
value when A =1, where g(1) =1 —1 — (1 +e7') > 0. We have

z N<1-Z2 .
s(L+e?)<1-7, (6.39)
for all A € [0,1]. It follows that a®> <1 — %, which proves statement 1.

Now, consider statement 2. We first analyze the action of the operator of Ay. Let ¢’
be an angle such that

1 0 cosy\ oS Vg ~,fcos¢
(0 e_’\/2> (sin <p0> - (e‘A/Q sin go()) ~ 4 \sing' ) (6.40)

for some a’ > 0. The last equality implies that tan ¢’ = e=*?tan ,, and therefore
t
g a2 (6.41)
tan ¢g

By the laws of tangents and sines, we have

: A 1 — —-X/2 A
sinfpo —¢') _ 1= () >0, (6.42)
sin(po + ')  14e M2 4

for all A > 0. It follows that

|sin(go — ¢')| < tanh (A) | sin(go + ¢')| < tanh (2) (6.43)
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By the fact that tanh(\) < sin()) for all A € [0,1), as shown in | , Eq. (2.13)], we
have

A
| sin(go — ¢')| < sin (Z) : (6.44)
By the monotonicity of sine, we obtain
LA
o=@ < (6.45)
Therefore, when 0 < A < 4sin(g), we have
, 0
po =¥ =3 (6.46)

Now, let us analyze the action of the second operator of Ay, which rotates the state by
an angle 6. It implies that ¢ — ¢’ = 0. Together with Eq. (6.46), we have

30

<1 — o < > (6.47)

N D

which concludes statement 2. O
In the following, we use Lemma 6.4 to prove Lemma 6.3.

Proof of Lemma 6.3. To understand the impact of repeatedly applying M, we consider
the impact of applying the operators c-G - E o and c-G - E) ; separately.

For any state o specified in the lemma, applying E) ; on it yields |[0)(0] ® [¢go0d {Vgood,
which will be invariant for any subsequent operations such as c¢-G, E) o, and E),. Ap-
plying ¢-G - E\p on o results in some state oy, which is a mixture of |1)}1]| ® [¢1)(¢1]
and |0)}0] @ |1good (¥good|, Where [t)1) is some state in the 2-dimensional subspace spanned
by [Vgood) and |¢inie). After j application of M, the resulting state o; will always be
a mixture of |1)(1| ® [1;}v;| and [0)}0] ® [1good)(Vgood|, Where [1);) is a state in the 2-
dimensional subspace spanned by [1)good) and |tini). To bound the distance between M [o]
and [0X0] ® [¥good (Wgood|, it suffices to bound the amplitude of (¢-G - E))7|1)]¢), where
|Y) can be any state in the 2-dimensional subspace spanned by |{geod) and [¢ini). This
can be demonstrated in Figure 6.5.

The impact of the operator ¢-G' - E) ¢ is shown in Lemma 6.4. Note that both c-G and
E\p do not affect the first register if the state in this register is either |0) or |1), so it
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suffices to consider the operator Ay defined in Eq. (6.37). Take 2,/p = 2sin(6/2) < A <
4sin(0/2) = 4,/p. By statement 1 of Lemma 6.4, it is guaranteed that the amplitude of
the state will be contracted by 1 —A/2 =1 —,/p/2 when I < (¢y mod 7) < 3%, When
p < 1/4, we have

0.3 < (1—/p/2)7 < (6.48)

Cbl)—l

As the interval [%, 27} is half of the interval [0, 7], to ensure the desired constant-contraction,
the number of iterations should be 4/,/p. Statement 2 of Lemma 6.4 ensures that the
rotation speed of ¢ is at least v/P/2, which implies that even if the algorithm is started
with some ¢ < 7 or ¢ > =F 37 with an additional /P/2 iterations, the angle ¢ will be in the

interval %, 2%]. Therefore when J > 4[\1[ log(1/€)], the state is contracted by at least /e,

and the trace-distance will be upper-bounded by €, which proves the lemma. O
Po
By "\ By *
/ .
|O><O‘ X Pgood . ﬁrS’_C
Po ¢ }Weranon
c—(?l lc—(?
/
p 1 | O| & Pgood

/
101 ‘O><0| @ Pgood |0><O| @ Pgood

&GJ &Gl &Gl J
P2 ‘O><0| & Pgood |0><0| & Pgood

} second
iteration

Figure 6.5: Demonstration of the impact of Fy and E; in each iteration.

In Figure 6.6, we show a numerical comparison between the algorithm in Lemma 6.3
and Grover’s algorithm. This numerical comparison illustrates that the error converges
(though not monotonically) with more iterations of M.

Now, we are ready to prove Theorem 6.1.
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Figure 6.6: Numerical comparison between the algorithm given in Lemma 6.3 (solid) and
Grover’s algorithm (dashed). The horizontal axis represents the number of iterations (of
M, and the Grover iterator, respectively), and the vertical axis represents the overlap of
the current state with the target state. The size of search space is N = 2!8 and there is
only one marked item.

Proof of Theorem 6.1. We use Algorithm 6.1. For each trial of A, if 2,/p < X\ <4,/p, then
by Lemma 6.3, the error bound is satisfied. Otherwise, the resulting state is in the form
of o specified in Lemma 6.3, and this state can be the input state of the iterations for the
next trial of A\. To obtain error bound e, the total number of iterations is
1 8
412log(1/e)] + 4[4log(1/e)] + -+ + 4(; log(1/e)] < v log(1/e). (6.49)
Since 2,/p < X' < 4,/p, the above quantity is upper-bounded by \/iﬁ log(1/€). The fact that

each application of M can be implemented using a constant number of queries to Qgood
and Qjnir follows from Proposition 6.2. O

The numerical comparison between Algorithm 6.1 and Grover’s algorithm is shown in
Figure 6.7. Note that the error convergence is not monotonic as it appears in the figure.
There exits tiny increasing of error during the applications of M that cannot be observed
due to the limited scale of this plot.
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steps

Figure 6.7: Numerical comparison between Algorithm 6.1 (solid) and Grover’s algorithm

(dashed).

The horizontal axis represents the number of applications of step 6 in Algo-

rithm 6.1 and the Grover iterator in Grover’s algorithm, respectively, and the vertical axis
represents the overlap of the current state with the target state. The size of search space

is N = 2'® and there is only one marked item.
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Chapter 7

Conclusion

In this thesis, we studied computational problems related to open quantum systems. In
Chapter 2, we provided the necessary background for this thesis, including the termi-
nologies and notations for quantum information and some properties of finite fields. In
Chapter 3, we studied an example of open quantum systems — unitary 2-designs. We
gave three constructions of unitary 2-designs on n qubits. The first construction re-
quires O(nlognloglogn) Clifford gates, and it works for infinitely many n under the
extended Riemann Hypothesis. The second construction requires O(nlognloglogn) gates
(including non-Clifford gates), unconditionally for all n. The third construction requires
O(nlog® nloglogn) Clifford gates, unconditionally for all n. In Chapter 4, we studied the
Lindblad evolution, which captures the dynamics of Markovian open quantum systems.
We first gave a macroscopic derivation of the Lindblad equation. Then, we showed a lower
bound for simulating Lindblad evolution as Hamiltonian evolution in a larger Hilbert space.
In Chapter 5, we presented an efficient quantum algorithm for simulating Lindblad evolu-
tion for time ¢ and error € with gate complexity (in a simplified form) O(¢ polylog(t/e)),
which cannot be achieved if the Lindblad evolution is simulated as Hamiltonian evolution
in a larger Hilbert space (because of the lower bound shown in Chapter 4). In Chapter 6,
we demonstrated that open quantum systems can be used as building blocks for other
quantum algorithms. In particular, we introduced a novel query model — the dissipative
query model, which can be implemented by the standard query model with the amplitude
damping process. With this dissipative query model, we showed a fixed-point quantum
search algorithm that preserves the quadratic speedup.
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