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Zusammenfassung

Diese Dissertation untersucht variationelle Quanten-Algorithmen, welche wir dazu verwenden,
NP-vollstdndige kombinatorische Optimierungsprobleme wie das MAX-CUT-Problem approxi-
mativ zu l6sen. Unser Hauptaugenmerk liegt auf dem von Farhi, Goldstone, and Gutmann
eingefiihrten “Quantum Approximate Optimization Algorithm” (QAOA), welcher aufgrund seiner
potentiellen zeitnahen Anwendung auf echten Quanten-Computern erhebliches Interesse auf
sich gezogen hat. Insbesondere beweisen wir Leistungsgrenzen von QAQOA. Dariiber hinaus
schlagen wir zwei neue, von QAOA abgeleitete Algorithmen vor, welche darauf abzielen, diese
Beschrankungen zu umgehen: einer dieser Algorithmen, welchen wir “Recursive QAOA” nennen,
benutzt QAOA rekursiv als eine Subroutine, und der zweite Algorithmus, welchen wir “twisted

QAOA” nennen, macht sich Post-Processing zu nutze.
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Abstract

This thesis studies variational quantum algorithms applied to approximately solve NP-complete
combinatorial optimization problems such as the MAX-CuUT problem. Our main focus lies on the
“Quantum Approximate Optimization Algorithm” (QAOA) introduced by Farhi, Goldstone, and
Gutmann which has attracted considerable attention due to its potential applicability on near-
term real-world quantum devices. In particular, we prove performance limitations of QAOA.
Furthermore, we propose two new algorithms derived from QAOA which aim at bypassing
these limits: an algorithm using QAOA as a subroutine called “recursive QAOA” and a version

incorporating post-processing called “twisted QAOA”.
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Chapter 1

Introduction

The field of quantum computation, first envisioned in the early 1980s [4, 5], is currently in a
transitional phase in its development. On one hand, the capabilities of real-world devices are
continuously increasing as evidenced by the celebrated claims of quantum advantage by Google [6]
and subsequent introduction of devices capable of harnessing even more computational power |7]
as quantified by the number of fundamental quantum information units (generally called “qudits”
and more specifically “qubits” when in two-level form). On the other hand, the number of such
qubits in current devices is still not large enough to realize promising applications of algorithms
such as Shor’s factoring algorithm [8] and Grover’s search algorithm [9] due to the detrimental
effects of quantum decoherence. While the potential errors occurring in a quantum computation,
e.g., by decoherence or faulty gates and measurements, can be overcome in principle [10], the
advancements necessary to achieve scalable universal fault-tolerant quantum computation in the

lab are sufficiently challenging that this is not expected to be realizable in the near future.

This transitional phase has been called the “NISQ era” [11|, where the abbreviation stands
for “Noisy Intermediate-Scale Quantum”. In the absence of universal fault-tolerant quantum
computation, the goal is instead to focus on quantum algorithms whose physical realizations as
quantum circuits take very little time such that the negative effects of decoherence are at least
reduced. Such algorithms are realized via so-called short-depth quantum circuits; they are the
focus of this thesis. Informally, a quantum circuit satisfies this requirement if the total time that
the quantum computation takes to finish all of its actions (i.e., its depth) does not grow too

strongly (e.g., at most logarithmically) with the size of the problem instance.

While quantum processing capabilities are limited at the current time, classical computational
resources are powerful and ubiquitous. Therefore, a feasible approach to enhance the capabilities
of short-depth quantum circuits is to supplement the quantum computation by classical compu-
tation. One way of doing this is by letting the quantum circuit depend on a set of real parameters
which are found via classical means. The analytical study of the performance of algorithms of
this type are the overarching topic of this thesis; they are called variational quantum algorithms.
In particular, we will focus on one specific variational quantum algorithm applied to combinato-
rial optimization problems, the Quantum Approximate Optimization Algorithm, abbreviated as

“QAOA” [12].
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This algorithm is a so-called approximation algorithm, i.e., an efficient algorithm that outputs an
approximate solution to a combinatorial optimization problem (specified via a given cost function
whose value we wish to optimize), meaning that the obtained output is typically not optimal.
Such algorithms are motivated by the fact that many combinatorial optimization problems are
expected to be computationally hard to solve exactly. To measure the performance of approxi-
mation algorithms, we will use the so-called approximation ratio. This figure of merit is defined
as the (expected) value of the cost function applied to the output of the algorithm divided by
the actual optimum of the problem at hand; it is therefore always a quantity between 0 and 1
for maximization problems.

To use QAOA, one chooses a natural number called the “level” (usually denoted by p) before
applying the algorithm which we then denote by QAOA,,. While increasing p improves the per-
formance of the algorithm, it also increases the depth of the quantum circuit and therefore makes
it more susceptible to the effects of decoherence. Furthermore, the number of real parameters
in the quantum circuit (which need to be determined via classical means) is equal to 2p and
therefore also determined by the level; both these p-dependent properties motivate a choice of
small p.

In this thesis, we focus on finding both performance guarantees and limitations of QAOA,
depending on the level p. In particular, we compare the performance of QAOA with the per-
formance of established classical algorithms. To overcome any limitations that we observe, we
propose enhancements of this algorithm which we hope might perform better and investigate

their performance as well.

1.1 Summary of results

We give an overview of the published research articles which constitute the backbone of this
thesis, where Article I) [1] and II) |2] are the core articles for which the author of this thesis is
the principal author, while the author does not claim principal authorship for Article I1T) [3].

Core articles as principal author

e Article I) [1]: Hybrid quantum-classical algorithms for approzimate graph coloring

This core article has three main contributions to the study of variational quantum al-
gorithms. First, we apply techniques similar to the ones previously used in [13| for the
MAX-CUT problem to establish worst-case bounds on the performance of QAOA applied
to the MAX-k-CuUT problem, where k > 2 is a constant integer. In this combinatorial
optimization problem (which is intimately connected to the well-known graph coloring
problem), one attempts to color the vertices of a given graph using k colors such that as
many edges as possible connect vertices with different colors; choosing k£ = 2 yields the
MAX-CuUT problem. Our result implies that if one chooses the level of QAOA as a con-
stant, i.e., independently of the number of vertices in the graph, the performance of the
algorithm applied to almost all d-regular bipartite graphs with n vertices, where n and d

are large and suitably chosen, is comparable to simply randomly guessing colors.
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A crucial part of QAOA,, is the choice of 2p real parameters. Typically, these parameters
are chosen such that the expected value of the so-called problem Hamiltonian in the input
state is maximized. Usually, this expectation value consists of a sum of terms of the form
(W (B,v)|Z,Z3)0 (B,7)), where |1 (8,7)) is the output state of QAOA,, with parameters
B, € RP and Z! is the t-th power of the generalized Pauli-Z operator applied to subsystem
w. Being able to determine these quantities is important as the approximation ratio is
defined as a function of such expectation values. Therefore, as a second contribution, we
introduce a classical algorithm whose runtime on bounded-degree graphs scales linearly in
the number of vertices of the given graph and computes this expectation value for the case
p = 1. This algorithm can also be used to numerically study the performance of RQAOA;,

an algorithm introduced in Article IIT) [3|, which recursively uses QAOA; as a subroutine.

Third, we use this classical algorithm to compare the performance of three algorithms ap-
plied to the MAX-3-CUT problem in terms of their approximation ratios, namely QAOA1,
RQAOA1, and the best classical algorithm for the problem given by Newman [14|. These
algorithms are applied to a variety of different graph ensembles. We see empirically that
RQAOA; consistently outperforms QAOA; for all ensembles, and moreover, for certain
ensembles, RQAOA; is able to outperform Newman’s algorithm. However, there are also

certain regimes for which the classical algorithm outperforms RQAOA;.

Article II) [2]: Twisted hybrid algorithms for combinatorial optimization

In the second core article, we use a different approach to enhance the capabilities of QAOA
applied to the MAX-CUT problem by performing classical post-processing after the appli-
cation of a variational quantum algorithm. Inspired by the well-established techniques
for classical algorithms of Feige, Karpinski, and Langberg [15] and Halperin, Livnat, and
Zwick [16] which are suitable for the MAX-CUT problem on 3-regular graphs, we use the
original level-p QAOA circuit family, but choose the parameters to maximize an altered
cost function that already takes the subsequent post-processing into account. This change
(or “twist”, hence the name of the algorithm) of the cost function is motivated by the

availability of provable improvement guarantees for both of these techniques.

Expressing these guarantees as expectation values of local Hamiltonians and exploiting the
well-known locality of QAOA, we are able to derive provable, analytical lower bounds on
the approximation ratio of twisted QAOA applied to MAX-CUT on 3-regular graphs for
low levels of p. We see that twisted QAOA noticeably improves upon “bare” QAOA of the
same level while using the exact same amount of quantum resources. In fact, the obtained
results suggest that the performance of twisted QAOA with level p is comparable to the
performance of bare QAOA with level p + 1, meaning that using the twisted algorithm

decreases the total depth of the quantum circuit in comparison to the original algorithm.
Further article

Article I11) [3]: Obstacles to Variational Quantum Optimization from Symmetry Protection

In this article, we exploit the symmetry properties of QAOA to establish upper bounds
on the performance (as quantified by the approximation ratio) of low-level QAOA applied

3



INTRODUCTION

to the MAX-CUT problem; in particular, our results hold for constant-level QAOA. Our
result is motivated by the observation that both the QAOA circuit family for the MAX-CuT
problem and the input state of QAOA obey a special symmetry property with respect to
the operator X®" where X is the Pauli-X operator and n is the input size of the circuit; we
call this property Zs-symmetry. Consider now a family of MAX-CUT problem Hamiltonians
associated with a particularly chosen, infinite ensemble of graphs. We then show that there
is a positive constant € and a natural number ng such that if n > ng, any n-qubit quantum
state that has an energy density lower than ¢ cannot be prepared purely by a applying a

short-depth Zo-symmetric quantum circuit to a Zo-symmetric input product state.

Using this result, we then establish upper bounds on the performance of logarithmic-depth
QAOA applied to MAX-CUT on so-called Ramanujan graphs. In particular, the worst-case
approximation ratio of QAOA is strictly worse than the corresponding approximation ratio
achieved by the classical Goemans-Williamson algorithm [17]. This implies that constant-
level QAOA cannot achieve a higher approximation ratio than the best classical algorithms

in the worst case.

Furthermore, we introduce a recursive version of QAOA called “RQAOA” which recur-
sively uses QAOA to determine energetic (anti-)correlations between vertices in a given
graph to successively decrease the number of vertices, allowing a direct classical solution
followed by a reconstruction of a solution candidate of the original problem. We show
that for the Ising model defined on cycle graphs, level-1-RQAOA outperforms QAOA of
any level. We subsequently study the application of this algorithm for the Max-3-CuT
problem in Core Article I) [1].

1.2 Outline

In Chapter 2, we review some basics from classical computer science and quantum information
theory. In Chapter 3, we give a detailed introduction to the main topic of this thesis, the Quan-
tum Approximate Optimization Algorithm (QAOA). In Chapter 4, we present our results on
limitations of QAOA which — using different techniques — imply that the worst-case performance
of QAOA is insufficient, especially compared to classical algorithms. Lastly, in Chapter 5, we
give two proposals to enhance the QAOA ansatz by using a recursive and a post-processed

version of QAOA, respectively.



Chapter 2

Preliminaries

This chapter provides some background information necessary to understand the content of this
thesis. Conceptually, the topics addressed in this thesis lie at the intersection of computer science
and quantum physics, leading to quantum computation.

Let us first fix some mathematical notation that we will use. In this thesis, N = {1,2,3,...}
denotes the set of positive natural numbers, and we define Ny := N U {0}. For n € N, we set
[n] :={1,...,n} and use the expression Z, to denote both the set {0,...,n — 1} as well as the
additive cyclic group with n elements. Furthermore, we set Rs¢ := (0, 00) and R>¢ := [0, 00).
For any set A C N, we denote the set of all ordered tuples containing m elements of A by
A™, the set of all subsets of A with exactly m elements by (7‘2), and the set of all finite-length
strings consisting of elements of A by A*. For z € A* we denote its length by |z| and the
{-th entry of x by xy. Given two strings x,y € A*, we denote the concatenation of x and y by
TY = T1.. Tyl Yy, and if 0 € A, we denote the Hamming weight of x, i.e., the number of

nonzero entries in z, by |z|g.

2.1 Classical Computation

Classical computer science is the formal study of classical computers and computational systems.

For a more extensive introduction to the relevant subfields of this thesis, see [18] and [19].

2.1.1 Computational Problems

In this thesis, we will concern ourselves with the study of computational problems.

Definition 2.1 (Computational Problem)
A computational problem is a triplet (Z,F = {F(I)}1ez,S = {S(I)}1e1), where

(i) T is the instance set,
(it) for I € Z, F(I) is the feasible set associated with I, and
(i1i) for I € I, S(I) C F(I) is the solution set associated with I.

Given I € Z, the goal is to determine an element of S(I).
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Note that in this definition, there is freedom in choosing the feasible sets; adding elements to
any of them does not change the solution sets and therefore does not change the result of the
operational task at hand. In spirit, feasible sets can be thought of as the set of solution “guesses”
that the person posing the computational problem would deem reasonable, even if they are not
actual solutions to the problem.

One of the most basic computational problems models a Yes-or-No question. Recall that a

set L C {0,1}* is called a language.

Definition 2.2 (Decision Problem)
Let L be a language. The decision problem associated with L is the computational

problem ({0,1}*,{F(z)}refo,13++ {S() }oego1y+), where F(z) = {0,1} for all x € {0,1}*
and

S(z) = {1} forzelL |,

{0} forxz¢lL

For example, if we set L to be the set of all prime numbers represented by binary strings,
the associated decision problem models the task of determining whether a given binary string
represents a prime number.

For most of this thesis, however, we will focus on combinatorial optimization problems.

Definition 2.3 (Combinatorial Optimization Problem)

A combinatorial optimization problem is a quadruple

(Z, F ={F(D)}1er, S = {S()}1ez, ¢ = {er}rer)
such that
(i) (Z,F ={F(I)}1ez,S = {S(I)}1ex) is a computational problem,
(i1) for all I € Z, |F(I)| < oo,
(i1i) for all I € I, cr is a function cy: F(I) — R, and

(iv) for all I € I, we have

S ={ze Fl):erz) = max er(y)} .

We call ¢ the objective function associated with the combinatorial optimization problem.

Note that we assume that every combinatorial optimization problem is a maximization problem.
This can be done without loss of generality since minimization of a real-valued function f is
equivalent to maximization of — f.

Combinatorial optimization problems have a wide range of practical applications. Let us give
examples for some of these problems, with the first two based on graphs. Recall that an

undirected, unweighted graph G = (V, E) is specified via its vertex set V and its edge

6
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set £ C (‘2/), whereas an undirected, weighted graph G = (V, E, w) is additionally equipped
with a weight function w: F — R. Any unweighted graph can be interpreted as a weighted
graph by setting w(e) = 1 for all e € E. We call a k-tuple p = (p1,...,pr) € E* a path of
length k if for all ¢ € [k — 1], we have |py N pey1| > 1; if additionally |p1 N pg| > 1 holds, we call
p a cycle of length k.

1. For the definition of the traveling salesperson problem (TSP), recall that a graph
G = (V, E) is called complete if F = (‘2/) Furthermore, a cycle h of length |V] is called a
Hamiltonian cycle of G if every u € V is contained in exactly two entries of h. Then the
TSP is specified via

7 :={G: G = (V,E,w) complete, undirected, weighted graph}
for G€Z, F(G):={h:his Hamiltonian cycle in G} ,
cg: F(G)—-R |
hes = Y w(hyg)

kEZ|V|

The most commonly used real-world formulation of TSP is given via a traveler who starts
their journey in their hometown, wants to visit all cities on a given list exactly once before
returning home and asks which route they should take to minimize the total distance

traveled.

2. Let k > 2 be an integer. Then the unweighted M AX-k-CUT problem is a combinatorial

optimization problem with

T :={G: G = (V, E) undirected, unweighted graph} ,  (2.1)
for GeZ, F(G):= ZLV‘ ,
cg: F(G)—=R |
r > (1=0um,)
{uv}eFr

where §,p is the Kronecker delta, i.e., it evaluates to 1 if a = b and 0 else.

In other words, the task in the unweighted MAX-k-CUT problem is to find an assignment
of the vertices of a given graph to the set Zj (a so-called “cut”) such that the cardinality
of the set of edges that connect two vertices with different assigned values is maximized.
In the following, such edges will be called satisfied, and given a cut C' of a graph G,
we will call the number of satisfied edges in C' the cutsize of C in G and denote it by
cutsizeg(C'). A cut can be either specified via a function C: V' — Zj, or a string C € Z'V‘;
we will use both specifications interchangeably in the following. Note that there is also a
weighted version of the MAX-k-CUT problem, where each summand in the definition of
cq is multiplied by the corresponding edge weight; the goal there is to maximize the total
weight of satisfied edges.

If we set k = 2, we obtain the unweighted MAX-CUT problem.
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3. The 0-1 knapsack problem is specified via

Z:={(w,o,W): W eRand In € Ns. t. w,v € R"} |
Kl
for (w,v,W)eZ, F(w,o,W):={xe{0,1}"] Zwkajk <w}
k=1

Cwww) : Flw,v, W) =R |

|wl

T — Z VT
k=1

One can interpret this problem as being given a container (such as a backpack) which has
a maximum weight capacity W together with a list of n items which have both a weight
(modeled by w) and a value (modeled by v). The task is then to decide which items
should be put into the container such that it contains the maximum possible value while

not exceeding the given maximum weight.

2.1.2 Algorithms and Turing machines

The question of how to solve computational problems concretely leads to the study of algorithms.
Loosely speaking, an algorithm A for a computational problem (Z, F,S) is a sequence of unam-
biguous instructions that, upon inputting x € Z, outputs an element y = A(x) € F(z), and we
say that A solves the computational problem if A(z) € S(z) for every x € Z. While it is well
known that some computational problems such as the halting problem [20] are uncomputable,
i.e., there is no algorithm that solves it, all the computational problems in this thesis will admit
such an algorithm.

To formalize the above notion of an algorithm, several models of computation have been proposed.
The two most commonly used models are the Turing machine model and the circuit model.
To rigorously define computation and computational complexity, we will exclusively work within
the Turing machine model in the classical setting while in the quantum algorithmic setting,
we will exclusively work within the circuit model as it is easier to work with in practice. Our
description of the Turing machine model will be rather brief; we refer to [18| for a more extensive
treatment.

A (deterministic) Turing machine M is specified by a triplet (I, @,d), where I" D {0,1,0,>}
(the alphabet) and @ 2O {¢start, qhait} (the state set) are two finite sets and §: @ x I' —
Q xI'x {-1,0,1} is called the transition function. The machine consists of a tape, i.e., an
infinite one-directional line of cells, where each cell holds one element of I', a tape head that
is pointing at one cell and is capable of reading and/or replacing the content of the cell that it
is currently pointing at with elements from I', and a register which holds one element of Q.
We call a tuple (q,k,t) a configuration of M, where ¢ is the content of the register, k € N
represents the position of the tape head, and ¢ = t1to ... is the content of the tape, where t, € I’
for all £ € N.

To apply an algorithm specified by a given Turing machine to the binary input x € {0,1}*, one

first initializes the machine in the configuration (gstart, 1,>x00...). Subsequently, the transi-

8
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tion function is repeatedly applied until the register contains the state guai;; at this point, the
output M (z) is obtained by reading out the content of the tape and disregarding any [J or .
If the configuration of the Turing machine before an application of § was (g, k,t), the configu-
ration after an application is (01 (q,t;), max{1,k + 03 (q,tx)},t1...tx—102 (¢, tx) tg+1 - ..), where
for ¢ € {1,2,3}, the expression d0(q,t;) denotes the ¢-th component of ¢ (q,tx) and the third

component of the configuration should be interpreted in the sense of string concatenation.

Extensions of the model described above exist. For example, one could define Turing machines
with several tapes, tapes which are infinite in both directions, or two-dimensional tapes. More-
over, the Turing machine model introduced above is deterministic, i.e., feeding the same input
to the Turing machine will always produce the same output, a property that is not shared
by so-called probabilistic Turing machines. These devices are specified by a quadruple
(F,Q,(Sl,éz), where both §' and 62 are transition functions as described in the deterministic
setting. The fundamental difference between deterministic and probabilistic Turing machines is
that during each computational step in the probabilistic version, one randomly picks one of the
transition functions and applies this function. Probabilistic Turing machines capture the notion
of probabilistic (also called randomized) algorithms which utilize randomness: in general,
if 61 # 62, one run of the algorithm might produce an output that differs from the output of

another run.

2.1.3 Complexity of computational problems

Given two algorithms that solve the same computational problem, one can wonder whether one
of the algorithms is better suited for the task than the other according to some criterion, e.g.,
time or space needed to perform the algorithm. In general, we are not interested in an exact
expression for such quantities; instead, we care about the behaviour for large input sizes and

therefore use asymptotic notation which we briefly recall here.

Definition 2.4 (Asymptotic Notation [18])
Let f,g: N = R>q be two functions.

(i) We say that f = O(g) if there exist a constant ¢ and ng € Ng such that
f(n) <c-g(n) foralln>ng
(11) We say that f = Q(g) if g = O(f).

(i1i) We say that f =0 (g) if f = 0(g) and g = O(f).

(iv) We say that f = o(g) if for every e > 0, there exists ny € Ng such that

f(n) <e-g(n) foralln>ng

(v) We say that f =w (g) if g = o(f).
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We will follow the convention of including the input parameter n in the statement, e.g., we write
f(n) = O(g(n)) instead of f = O(g).

In terms of classical computation, we will only be interested in time as a resource, where we
measure time in terms of the number of applications of transition functions. We call a single

application of a transition function a computational step.

Definition 2.5 (Deterministic Time Complexity)
Let M = (T, Q,6) be a deterministic Turing machine and T: N — N.

(i) We say that M runs in time T if for every x € {0,1}*, the register of the machine
is in the state qnqu after at most T (|z|) applications of §.

(i1)) We say that M is a deterministic polynomial-time algorithm if there is a poly-

nomial T such that M runs in time T'.

We can now define the concept of complexity classes. Roughly speaking, a complexity class is a
set of computational problems that share certain features about the algorithms that solve them.
The most fundamental complexity classes concerning runtimes are captured in the following
definition.

Definition 2.6 (P, NP, Polynomial-Time Reducibility, NP-hard and NPC)
Let L be a language.

(i) We say that L € P if there exists a deterministic polynomial-time algorithm that solves

the decision problem associated with L.

(1i) We say that L € NP if there exists a deterministic polynomial-time algorithm M such
that for all x € L, there exists y € {0,1}* such that M (z,y) = 1.

(iii) Let L € NP. We say that L is (polynomial-time) reducible to L if there exists a

deterministic polynomial-time algorithm M such that, given input x € {0,1}*,
zele M) el

(iv) We say that L is NP-hard if every language L € NP is reducible to L.

(v) We call L NP-complete if L is NP-hard and L € NP. The complexity class of all
NP-complete languages is denoted by NPC.

By definition, it is clear that P C NP. However, it is not known whether P is in fact equal to
NP; this question is also known as the P-NP-problem and is considered to be one of the most
fundamental open problems of theoretical computer science. It is clear from the definition that
PN NPC # 0 if and only if P = NP. This implication illustrates the importance of NP-complete
problems as the “hardest” problems within NP.

While combinatorial optimization problems themselves cannot be elements of P or NP by defini-

tion since they are not decision problems, we can transform them to equivalent decision problems.

10
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For example, the unweighted MAX-CUT problem as defined in (2.1) with & = 2 can be formulated

as a decision problem associated with the following language:

Lyiax-cur :={(G,£): ¢ € Z and G = (V, E) undirected, unweighted graph such that

xe?éi)}(m ccl@) 2t
where we assume that the elements of Lyax.cur are encoded as binary strings. In their decision
versions, the combinatorial optimization problems introduced in Section 2.1.1, i.e., TSP, MAX-
Cut, Max-k-CuUT for any integer £ > 3, and the 0 — 1 knapsack problem, all turn out to be
NP-complete [21], and many other NP-complete combinatorial optimization problems are known.
One can also define complexity classes using randomized algorithms. To do so, we extend the

concept of runtime to the probabilistic setting.

Definition 2.7 (Probabilistic Time Complexity)
Let M = (F, Q, ", 52) be a probabilistic Turing machine and T: N — N.

(i) We say that M runs in time T if for every x € {0,1}*, the register of the machine
is in the state quay after at most T (|z|) applications of either 6* or 62.

(11) We say that M is a probabilistic polynomial-time algorithm if there is a polyno-

mial T such that M runs in time T'.

Given a specific run of a probabilistic Turing machine M applied to input = € {0, 1}*, we call the
sequence of applications of either ' or 6 the computational path of the run. Note that if M
runs in polynomial time 7', there are at most 2T (=) possible computational paths; in particular,
the number of computational paths is finite.

The most fundamental complexity class for randomized computation is called BPP which stands

for “bounded-error probabilistic polynomial time”.

Definition 2.8 (BPP)
The complezity class BPP consists of all languages L for which there exists a probabilistic

polynomial-time algorithm M such that the following holds:

o [fx €L, then Pr(M(z) =1] >

wino

o Ifx ¢ L, then Pr[M(z) =1] < 1.

In both cases, the probabilities are taken with respect to the uniform distribution on the finite

set of computational paths if M is applied to x.

2.1.4 Approximation Algorithms

Faced with the prospect that P = NP and its consequences for efficient solvability of practically
highly relevant optimization problems such as MAX-CUT or TSP, one might be inclined to lower
expectations in terms of polynomial-time solvability. The approach taken in this thesis is the

one studied in the research area called approzimation algorithms (see [22] for an extensive intro-

11
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duction to the field): instead of looking for the actual solution of the combinatorial optimization
problem, we are already satisfied with a guess obtained in polynomial time if it is guaranteed to

satisfy a certain quality compared to the optimal solution.

Definition 2.9 (Approximation Algorithms and Approximation Ratios)

Let P = (Z,F,S,c) be a combinatorial optimization problem.

(i) An approximation algorithm for P is a randomized polynomial-time algorithm that,

given a problem instance I € I, outputs z € F(I).

(i) Let A be an approximation algorithm for P and I € Z. Then if max cr(z) #

zeF(I)
n}g?[) ci(z), the approximation ratio of A for I is defined as
zE€
B fer (A ~ min er(2)
ar (A) = max c¢y(z) — min ¢y(2) (22)
zeF(I) zeF(I)

and as ay (A) =1 if ngnﬁ(}}) cr(z) = zg};}lj) cr(2).

(iii) Let A be an approzimation algorithm for P and J C Z. Then the worst-case ap-

proximation ratio of A on J is defined as

ag (A) = inf ay (A)

1eJ

If 7 = I, we write a(A) instead of az (A) and call this quantity the worst-case

approximation ratio of A.

It is obvious from this definition that ay (A) € [0,1] for all I € Z, with aj (A) = 1 corresponding
to the case of A outputting an exact solution; the goal is to find approximation algorithms that
provide approximation ratios close to 1.

In the following, we will discuss some classical approximation algorithms. Most relevant to
this thesis will be the MAX-k-CUT problems, so we will put emphasis on the corresponding
algorithms; a short discussion of approximation algorithms for other combinatorial optimization
problems not extensively studied in this thesis follows to give an impression of the flavour and
richness of the field.

Classical approximation algorithms for the MAX-CuT problem

In view of (2.2), note that for both the unweighted MAX-CuT and MAX-k-CUT problem, we

have mi(% : ca(x) = 0 for any graph G since we can always assign the same value to all vertices
TeF

which leads to none of the edges being satisfied.

e For the unweighted MAX-CUT problem applied to graphs G = (V| E), there are two clas-

sical, randomized approximation algorithms of general interest.

12
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The first algorithm is called the trivial approximation algorithm. It proceeds by
randomly assigning values 0 and 1 to the vertices of G. We denote this algorithm by 7. It

produces an approximation ratio of

ag (T) >

NN

This can be easily seen by combining two simple observations:

— every edge is satisfied with probability 1/2 independently from any other edges

— the MAX-CuT value of a graph is trivially bounded from above by the number of

edges, i.e., max cqg(z) < |E|.
ges. ., maxx cq(2) < |

Combining these two, we obtain

o)~ Elea (T 1218 _1/2-18] _1
¢ max cg(z) max cg(z) = |E] 2
z€F(G) z€F(G)

The second algorithm of particular interest is the Goemans-Williamson algorithm [17],
from now on often abbreviated by “GW?”. Given a graph G = ([n], E) with n € N, this ran-
domized algorithm combines semidefinite programming with randomized rounding

and proceeds in three steps:

1. Relax the combinatorial optimization problem to a semidefinite program (SDP) which

is equivalent to the vector program

max 2 ST (- ()

1 S§n—1 2
{v]}]:le {j,k}eE

n
where (-, ) denotes the inner product on R” (i.e., (z,y) := > xpyx for x,y € R™) and
k=1

S* 1= {v € R": |lv]]2 := \/(v,v) = 1}. Observe that the optimization is taken over

real-valued unit vectors.

2. Solve this SDP using one of the polynomial-time methods available such as interior
methods [23] or the ellipsoid algorithm [24] to obtain a solution v = {v;}7_; € Sn—1.

3. Sample r € S*~! with respect to the Haar measure on S (see [25] for a definition)
and output the cut c¢: [n] — {0,1} via

) 0 if (vj,r) >0,
c(j) =
1 else.

The main result of [17] is to establish the lower bound

2 0
a(GW) > — min ——— =~ 0.8785
T 0<0<7w 1 — cos

13
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Thus, the Goemans-Williamson algorithm significantly outperforms the trivial method.
Although this algorithm is probabilistic due to the sampling in the third step, it can be

derandomized, yielding a deterministic algorithm [26].

However, better approximation ratios are achievable if we restrict our attention to certain
subsets of graphs, an assumption often well justified in practice. Given a graph G = (V, E)
and a vertex v € V, we define the degree of v as the number of edges in G which contain v,
and we will denote this quantity by deg(v). We call a graph d-regular if deg(v) = d holds
for all v € V, and we denote the family of all d-regular graphs by Dy.

As we will focus on (unweighted) 3-regular graphs in the Core Article II [2]|, we will briefly
mention some results concerning D3. Using a simple greedy post-processing technique,
Feige, Karpinski, and Langberg [15] exhibited an SDP-based approximation algorithm (in
the following abbreviated by FKL) which provably achieves ap, (FKL) > 0.924. Shortly
after, a refinement of this post-processing technique by Halperin, Livnat, and Zwick [16]
yielded an improved approximation algorithm (in the following abbreviated by HLZ); they
showed that ap, (HLZ) > 0.9326 which is the best currently known algorithm for 3-regular
graphs.

Approximation algorithms for the MAX-k-CuUT problem

14

e Similarly as in the case of unweighted MAX-CuT, the unweighted MAX-k-CUT problem

also has a trivial approximation algorithm with approximation ratio 1 — %; it proceeds

by randomly assigning values from the set Zj to the vertices of a given graph.

Frieze and Jerrum [27| gave an algorithm for MAX-k-CUT using SDP relaxations similar to
the one in GW which achieves an approximation ratio of 1 — % + 2log k/k? for sufficiently
large k. For such values of k, the algorithm is optimal in terms of approximation ratio if
one assumes the “Unique Games Conjecture” [28] and P # NP, meaning that in this case,
there is no approximation algorithm with a worst-case approximation ratio that is strictly

larger than this one.

Let us now focus on the case k = 3. For this problem, three algorithms by (a) Klerk,
Pasechnik, and Warners (denoted by KPW3) [29], (b) Goemans and Williamson (denoted
by GW3) [30], and (c) Newman (denoted by Newmang) [14] achieve the same currently

known best approximation ratio of
a (KPW3) = a (GW3) = a (Newmans) > 0.836008

In terms of analysis, Newman’s algorithm is the simplest one of the three. Furthermore, it
is generalizable to larger k, and it performs only slightly worse than the algorithm by Frieze
and Jerrum for large k [14]. Therefore, we will use this algorithm in Core article I) [1],

where we study approximation algorithms for the Max-3-CuT-problem.
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A brief overview over classical approximation algorithms for other combinatorial

optimization problems

While all NP-complete combinatorial optimization problems are reducible to each other, they
exhibit striking differences in terms of their approximability. As we have seen for the MAX-k-
CuT problems, it was possible to design deterministic approximation algorithms with constant
worst-case approximation ratios; such combinatorial optimization problems form the complexity
class APX. However, some combinatorial optimization problems such as the 0-1 KNAPSACK
problem exhibit even stronger approximability guarantees: for this problem, one can find a so-
called fully polynomial-time approximation scheme (FPTAS) which takes two inputs,
a problem instance and some parameter € > 0, and outputs an approximate solution with
approximation ratio 1 — € in time O (p (%, |x|)), where p is some polynomial, therefore allowing
arbitrarily good solutions in polynomial time [19]. The collection of such optimization problems
is the complexity class FPTAS; if one only requires the run time to be O (¢ (|z])) with arbitrary
dependence on g, where ¢ is some polynomial, one obtains a polynomial-time approximation
scheme, the collection of which forms the class PTAS. It follows immediately from the definitions
that the inclusions FPTAS C PTAS C APX hold; furthermore, it is known that equalities hold if
and only if P = NP.

For combinatorial optimization problems not known to be in FPTAS such as MAX-CUT, one
might wonder how well one can approximate them. For such problems, the PCP theorem [31,32]
yields techniques to establish upper bounds on the approximability, provided that P £ NP holds.
For example, for the MAX-CUT problem, it is known that it is impossible to find a polynomial-
time algorithm with a worst-case approximation ratio exceeding %—g unless P = NP [33], and if
one additionally assumes the validity of the Unique Games Conjecture [28|, it is known that
the Goemans-Williamson algorithm is, in fact, optimal [34,35|, meaning that in that case, it is
impossible to find a polynomial-time algorithm with a worst-case approximation ratio exceeding
a (GW). For more of such inapproximability results, we refer to [33|. Lastly, it is even possible
to show that some problems such as TSP cannot be approximated within a constant unless
P = NP [36].

2.2 Quantum Physics

Introduced in the 1920s as an attempt to answer fundamental physical questions that classical
physics was unable to, quantum physics established itself over time as one of the most precise
scientific disciplines. We will only state the very basics of quantum physics here; for a more
in-depth introductory text on quantum physics, we refer to the literature, e.g., [37]. Before we

dive into the foundations, we briefly introduce some Hilbert space terminology and notation.

2.2.1 Hilbert space essentials

Let ‘H be a complex vector space. We call H a complex inner product space if it is equipped
with an inner product (-,-): H x H — C such that for all vj,ve,v3 € H and A € C, we
have (i) (vi,v1) > 0, (ii) (v1,v2) = (ve,v1), and (iii) (v1,v2 + Avz) = (v1,v2) + (v, vs). If
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‘H is additionally complete with respect to the induced norm || - || := /(:,), (i.e., all Cauchy
sequences in H converge with respect to the metric defined by || - ||), we call it a Hilbert space.
In the following, let H be a Hilbert space. A linear function F': H — C is called a functional

on H, and the set of bounded linear functionals on H, i.e.,
H* :={F|F: H — C linear and there exists C' > 0s. t. |Fz| < C - |z| for all z € H} ,

is called the dual space of H. The Riesz representation theorem [38] states that H and H* are
isometrically anti-isomorphic, implying that each functional F' € H* can be written uniquely as
F (z) = (y,z), where y € H, so we can identify F' with y. From now on, all Hilbert spaces in

this thesis will be assumed to be finite-dimensional and complex unless specified otherwise.

In the following, we will need the concept of tensor products of Hilbert spaces to describe
composite quantum systems. Given two (finite-dimensional) Hilbert spaces H1, Ho with as-

sociated inner products (-,-)1, (-,-)2 and two respective orthonormal bases B; = {ej};-h:niHl,

By = {fj}?i:ni%" (i.e., (ex,er) = Ore and (fom, fn) = Omn for all ex, e € Bi, fin, fn € Ba2), we
define the tensor product of Hi and Ho as the Hilbert space Hq ® Ho that is characterized by

the orthonormal basis

{€5 ® fr}ieidim ),
ke[dim Ha)

and the inner product

(D1 ® d2,11 @ P2) = (d1,1)1 - (P2, ¢2)2

where ¢1,1Y1 € By, ¢2,%2 € By. The inner product of two general elements of H; ® Hy is
then fully determined due to linearity; it can be shown that this definition of the inner product
does not depend on the particular choice of the orthonormal basis. Note that the symbol ®
denotes both the tensor product of vector spaces and vectors. Concretely, the general tensor

product of two vectors (also known as the Kronecker product) is defined as follows: given
dim H1 dim Ho

xr = 21 vje; € Hyand y = > wyrfr € Ha2, where {7} c(dim,] 1Yk hedimms) C C, we
]:

k=1
define

dim H; dim Hs2
rRyi= Y > () e @ f
j=1 k=1

It is straightforward to extend the definitions to tensor products of more than two Hilbert spaces.

n n
The definition of the tensor product implies directly that dim @ Hy = [] dim Hy for n Hilbert
k=1 k=1
spaces Hi, ..., Hy; in particular, the dimension grows exponentially with the number of Hilbert

spaces.
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2.2.2 Operator terminology

For a Hilbert space H with inner product (-, -), a linear function A: H — H is called an operator

on H, and the space of bounded linear operators on H is defined as
B(H) := {A|A: H — H linear and there exists C' > 0s. t. ||Az| < C - ||z| for all x € H}.

We denote the identity operator on H by [ or, if context requires it, by I4.

Let A € B(H) and M be the matrix representation of A with respect to some orthonormal basis

O of H. The trace of A is defined as tr [A] = > My, i.e., the sum of the elements on the
k

diagonal of M. The adjoint of A is defined as the unique linear operator AT € B (#) for which
(Afz,y) = (2, Ay) holds for all 2,y € H. We call A Hermitian or an observable if AT = A,
unitary if ATA = I, positive semidefinite if (x, Az) > 0 for all z € H, or a projector if
A? = A. The dimension of the image of A is called the rank of A. We denote the set of all
unitary operators by U (H); it forms a group under composition. For two operators A, B € B (H),
we write that A < B if B — A is positive semidefinite. Note that AT is represented by the matrix
M1 with respect to the basis O, where M]Tk = m This also extends the definition of an adjoint
to linear maps which have different finite-dimensional domains and codomains.

Now let H;1, Hz be two (finite-dimensional) Hilbert spaces and A € B (H1), B € B(Hz). Then
we define the operator tensor product of A and B as the operator A® B € B (H1 ® Hs) that

acts as
(A® B) (r®y) = Ax ® By

for any z € Hi, y € Ha. Due to linearity, this definition fully determines the action for general
elements of H1 ® Ho. The definition of tensor products of operators extends in the natural way
to more than two operators, and a notational convention for such tensor products is to omit
the symbols ® and identities and use indices to indicate the label of the Hilbert space that
the operator is acting on nontrivially; for example, instead of writing A @ B® I ® C ® I, one
writes A1 B2Cy4, where the fact that the operator is acting on a tensor product of five Hilbert
spaces has to be made clear in context. We define the support of an operator O (denoted
by supp (O)) to be the set of labels of Hilbert spaces on which O is acting on nontrivially; for
example, supp (41 B2Cy) = {1,2,4}.

We will also need the notion of complete positivity. A map A € B (B (H1)) is called completely

positive if A ® I3,) is positive semidefinite for any finite-dimensional Hilbert space Has.

2.2.3 Dirac notation

The quantum physics community makes extensive use of the so-called Dirac or bra-ket no-
tation instead of the mathematical notation used so far. To introduce it, let H be a complex
Hilbert space with inner product (-,) and u,v,w € H. In Dirac notation, we write |u) and |v)
instead of w and v; furthermore, as mentioned in Subsection 2.2.1, w defines an element of H*
denoted by (w| via the Riesz isomorphism, i.e., ((w|) (v) = (w,v). The expression (w| is called

a bra and the expression |u) is called a ket. Furthermore, we denote the inner product of |u)
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and |v) as (u|v) instead of (u,v), and we denote the outer product of |v) and (w| by |v)(w| and
define it as the operator on H acting as |[v)w| (Ju)) := (w|u) - |v). Concerning tensor products,
we will often write either |u) ® |v), |u)|v), or |uv) to denote the tensor product of |u) and |v)
in Dirac notation, and if necessary, we will use subscripts to indicate the label of the associated
Hilbert space (e.g., |u)1 ® [v)2, |u,v)12, |uv)1 2, or |u)i|v)2).

We will mostly work with the Hilbert space H = C?, where d € N; we then say that H models
a qudit of level d, or a qubit if d = 2. For this Hilbert space, the canonical basis is also called
the computational basis, i.e., it is given by {|j)};cz,, where for k € Zg, the (k + 1)-st entry
of |j) is given by |j)k4+1 = d;x. This notion extends to the tensor product case H = (C¢) “" with
n € N: the computational basis is then given by {|j)}jezr, i.e., each basis element is labeled by
a d-ary string of length n. For example, |0) € C2, |1) € C?, and |2001) € ((C3)®4 represent in

conventional notation the vectors

X . 0 1 1 0
yo)_<0) , 11)_<1> , and [2000)=1] 0 || 0 || o0 |a]| 1

2.2.4 The postulates of quantum physics

In general, quantum systems are described by complex Hilbert spaces, so-called state spaces.
In this thesis, all state spaces will be of finite dimension, and all quantum systems will be closed,
i.e., they fully describe the physical experiment or computation that we are interested in and
we, the experimenter, have full control over the system. A quantum state is described by a
linear, positive semidefinite operator p with tr[p] = 1, where p acts on the state space H; such
operators are called density operators. If p is a rank-1 projector onto a space spanned by a
vector |¢) € ‘H with (|¢) = 1, we call p = [p)(¢)| a pure state and will instead work directly
with [¢); if p is not pure, we will call it a mixed state. Note that there is some ambiguity
for pure states |¢)) as all vectors of the form e?|y)) with ¢ € R will give rise to the same den-
sity operator and are therefore physically indistinguishable; for this reason, we identify all such
states with each other and call the respective multiplicative prefactor a global phase. One can

interpret mixed states as ensembles of pure states in the following way: the spectral theo-
dim H

rem [38] implies that we can write p = > M| W], where A1, ..., Aqimu are the eigenvalues
k=1

of p with associated orthonormal eigenvectors {|ix) }Hm* C H. Since p is positive semidefinite,
. dimH

we know that {\,}Hm% € R>g, and since tr [p] = 1, we know that kz A = 1. Operationally,
=1

we can interpret this as preparing the quantum system in the pure state |¢) with probability A.

To model the physical evolution of a quantum system, we will exclusively work within the

quantum channel framework. To this end, let H; and Hs be two state spaces. A quantum

channel is a completely positive map £: B(H1) — B(Hz) with tr[€ (p)] = tr[p] for all p €

B (#H1). It is well known [39] that every completely positive map € can be described via Kraus

operators { E} }r, where the E}: H; — Ho are linear maps which satisfy E;Ek = Iy, ; we can
k
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then express the associated action of € as € (p) = > Ej pE’,i. Of utmost importance in this thesis
k

will be unitary evolutions, where the Kraus representation consists of a single unitary Kraus
operator U € U (H); applied to a system in the mixed state p, the resulting state will therefore
be UpUT, while for a pure state [1)), the resulting state will be U|¢). Note that for a unitary
evolution, domain and codomain of the map must be the same Hilbert space H. Another way
to describe the unitary evolution of a closed quantum system is via the Schrédinger equation

which is the initial value problem

Pl 0) = HOWE) () = o)

where ¢y € R is the initial time of the system, T' € R is the maximal evolution time, |¢(t)) is
the state of the system at time ¢ € [to, T, |t)o) is some given initial state of the system, and
H: [ty,T] — B(#) is a map with the property that H(¢) is Hermitian for all ¢ € [tg, T]. This map
is called the Hamiltonian of the system. Solving this differential equation means to determine
the unitary evolution operator U: [tg,T| — U (H) such that [¢) (t)) = U(t)|1ho) for all ¢t € [to, T
and all [¢)g) € H. For a time-independent Hamiltonian H, it is easy to see that

U(t) = exp (—iH (t = to))

is the corresponding unitary evolution operator, while for time-dependent Hamiltonians, finding

this operator involves so-called time-ordered integrals [40].

Besides unitary evolutions, the most used quantum channels in this thesis are measurements.

These are described by Kraus operators {M,, },, satisfying ZMJ,LMm = I, where the index of
m

the measurement corresponds to the outcome of the measurement which can be read out by the
experimenter. For mixed states, if the quantum system is in the state p and it is measured with
respect to { My, }m, the measurement result m is obtained with probability tr [M,Tanp} and the

MmpM},

resulting post-measurement state of the system is ] . For pure states, this implies that

tr Mjanp
if the quantum system is in the state [¢) and it is measured with respect to { M, },, the mea-

surement result m is obtained with probability <1/)|M:an\1/J> and the post-measurement state

of the system is <w|]\j;|1ff4> e We can define a set of measurement operators via an observable
O € B(H) by writing O = / S AmMy,, where {\;, }mer C R is the set of distinct eigenvalues of

mekE
O with label set E and {M,, }mer are the projectors onto the associated eigenspaces.

The last basic postulate of quantum physics describes how one can combine quantum systems to
obtain a composite quantum system. This is done via the tensor product: for n subsystems

Hi, ..., Hn, the state space of the combined quantum system is given by H1 ® ... ® H,.

2.2.5 Further remarks

1. While it is obvious that for two states |¢1) € H; and [|¢2) € Ha, the tensor product
|th1) @ |1h2) is in H @ H, not every element of the tensor product space is of this form. In
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n
general, we call [¢)) € ® H; a product state if [¢)) can be written as 1)) = Q) |¢)),
=1

]7
where |¢;) € H; for all J E [n]. If it cannot be written in this way, we call |¢)) entangled
with respect to this decomposition. By a counting argument, it is easy to see that most
states are, in fact, entangled. Probably the most famous example for an entangled state is

the EPR pair [)) = % (]00) + [11)).

2. In this thesis, all state spaces will be of the form H = (Cd)®n for some d,n € N, and if
d = 2, all measurements will be with respect to the computational basis, i.e., we measure

each qudit with respect to the observable Z defined as

=ro><0\—rl><1\=<; _01) ,

where the matrix representation on the right hand side is with respect to the computa-
tional basis. The eigenvalues of Z are \g = 1 and A\; = —1, and we denote the possible

measurement outcomes by 0 and 1.

3. Another commonly used observable for single-qubit measurements is the operator X, where

— in the qubit case — X can be expressed as the matrix

(1))

with respect to the computational basis. After such a measurement with outcome m €

{+, —}, the system after the measurement is in the state |m), where

1
\+>=%(!0>+|1>) and  [-) = 7(|0> 1)

are the +1 and —1 eigenstates of X.

4. In the general qudit case with d € N, X and Z can be expressed as

X=) |k+1)¥k| and Z=> ™/ k)k
k’eZd kEZd

however, they are Hermitian if and only if d = 2. These operators together with Y =iX 7
are called Pauli operators, and together with the identity /-a, they form a basis of B ((Cd).

2.3 Quantum Computation

Finally, we discuss the main topic of interest in this thesis, namely quantum computation. For a
more in-depth introduction, we recommend the standard textbook by Chuang and Nielsen [39],

but other texts are also available such as [41].

20



QUANTUM COMPUTATION

2.3.1 Quantum Circuits

While it is possible to define quantum versions of Turing machines [5], we will instead work
exclusively with the quantum circuit model. We will also restrict our treatment to quantum
circuits which implement unitary operations, i.e., there will be no measurements except at the
very end of the circuit; the “principle of deferred measurement” [39] allows us to do so without
loss of generality. Furthermore, in this section, we will work exclusively with pure states and
focus on the qubit model (i.e., the state space will be H = (C2)®m for m € N), but the gener-

alization to mixed states and/or qudits of higher dimension is rather straightforward.

In general, a quantum algorithm is implemented by first applying a unitary operator U &
U ((C2)®m> to a (pure) input state ) € ((C2)®m, where m is the input size, and then measur-
ing the resulting state U|¢) with respect to an observable; this yields a classical output string.
Note that the first of these steps (i.e., the application of U to |1)) is sometimes also called state
preparation. However, a direct application of U is often not possible; in practice, one only has
access to a specific set (called gate set) of unitary operators (called gates) that one can apply
to the system, often with each gate acting nontrivially only on a small set of qubits. A popular

example for a gate set on m qubits is given by
Gm = {CNOT; x}]hey U{H;, T5, S5} (2.3)
i#k
where the subscripts denote the label(s) of the qubit(s) that the gate is acting on nontrivially,

and the actions of the operators on computational basis states |z);,|y)r € {|0),|1)}, where
j # k € [m], are defined as follows:

CNOT;klx)jly)e = |x)ilz @y

5 0+ (<171,

Silz); =i"|z);

Tjlz); = e'i%|z);

Hj|x); =

Concerning terminology, we call the first qubit in the definition of the CNOT gate the control
qubit and the second qubit the target qubit. This terminology is borrowed from classical
computation since the value of the first bit determines the output of the second bit; however,
note that this classical behaviour does not necessarily transfer to the quantum setting if one
works in bases other than the computational basis [39).

The popularity of this gate set originates in the fact [39] that it is an universal gate set, i.c.,
Om is a finite subset of U ((C2)®m> such that for every ¢ > 0 and every U € U ((C2)®m),

there exist £ € N and a finite sequence g1, - ,gr € Gp, such that |[U — g1 ---gi|| < &, where

| Ax]|

Tl for a linear operator A acting on a

|| - || denotes the operator norm defined as ||A]| := sup
z€H

Hilbert space H.
Let us assume that we are given some gate set G,,, and that we can write the unitary operator that

we want to implement as U = ¢y ... g, where £k € N and ¢1,...,9x € Gn. To define quantum
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circuits in the qubit models, we will use directed graphs. Recall that a directed graph is a
graph G = (V, E) in which E C V x V| i.e., each edge e = (u,v) is equipped with a direction
and pointing from vertex u to vertex v. The in-degree of a vertex u is the number of edges
that end in u while the out-degree of u is the number of edges that start in u; these quantities
are denoted by indeg(u) and outdeg(u), respectively. A vertex is called a source if its in-degree
is 0 and a sink if its out-degree is 0. Furthermore, we call a k-tuple p = (p1,...,px) € E* a
directed path of length & if for any ¢ € [k — 1], the second entry of py is equal to the first entry
of pes1; if additionally the second entry of py is equal to the first entry of p;, we call p a cycle
of length k. We call G acyclic if it does not contain any cycles.

With these definitions, we can now define quantum circuits in the qubit model as follows:

Definition 2.10 (Quantum Circuits)
Let m € N and G,, be a gate set on m qubits. We call a directed, acyclic graph an m-qubit

quantum circuit if it satisfies the following conditions:

(i) The graph contains m sources ui, ..., Uy, with outdeg (ug) = 1 for all k € [m], and

each uy is labeled with k.

(11) The graph contains m sinks vi, ..., v, with indeg (vi) = 1 for all k € [m], and each

vy 15 labeled with a single-qubit observable.

(11i) Each nonsource, nonsink vertex w satisfies indeg (w) = outdeg (w) and is labeled with

an indeg(w)-qubit gate g € Gy,

To use a quantum circuit to perform computation on a pure input state [i)) € (C2)®m, one follows
the edges of the graph starting in the sources and performs at each nonsource, nonsink vertex
the unitary action specified by the label to the appropriate qubits. At the end of the circuit, the

single-qubit measurements at the sinks are performed, yielding the result of the computation.

Figure 2.1(a) shows an example for the directed, acyclic graph associated with a quantum circuit;
however, in practice, one rather uses so-called quantum circuit diagrams to visualize the

circuits rather than graphs. An example for such a diagram is given in Figure 2.1(b).

Just as in the classical case, we want to quantify the performance of a quantum algorithm in
terms of the resources it uses. In the quantum circuit model, there are two main quantities of
interest to us. Given two directed paths p, ¢ in G, we say that p is longer than ¢ if the length
of p is greater than the length of q.

Definition 2.11 (Circuit Size and Circuit Depth)
Let C be a quantum circuit and G be the directed, acyclic graph describing C'.

(i) We call the number of nonsource, nonsink vertices in G (i.e., the number of gates in
C') the size of C and denote it by |C)|.

(ii) We call the number of gates on a longest directed path from a source to a sink the
depth of C and denote it by d(C).
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0) (D-H) (ro) (2) 0) —{#] 1A
10) (2)——cn) > (2) 0) D A
0 (3) ) // () \x‘\ 2) 0) (7 A
0) (DTS > (2) 0)
o 7 o =

Figure 2.1: An example for a quantum circuit acting on m = 5 qubits using the gate set G5
defined in (2.3). (a) The directed, acyclic graph associated with the circuit, where the vertices
are indicated by circles. The sources are situated on the left side of the graph and labeled
with the numbers of the associated qubits; they are followed by gates which are labeled by the
respective gate names, where CT denotes the CNOT gate such that the label of the control qubit
is smaller than the one of the target qubit and TC denotes the CNO'T gate in which those roles
are reversed. The sinks are situated on the right side of the graph; each of them is labeled with
the single-qubit observable Z. We indicate an application of the circuit to the product input
state |0)®° by writing |0) to the left of each associated source. A longest directed path in the
graph is indicated in red. (b) The associated circuit diagram of the circuit. CNOT gates are
indicated by the symbols connecting a dot (the control) and a @ symbol (the target). The meter
symbols at the end of the circuit indicate a measurement with respect to the computational
basis.

In the circuit C' shown in Figure 2.1, we have |C| = 6 and d(C) = 3, with a longest directed

path from a source to a sink indicated in red.

2.3.2 Quantum Algorithms

Let P=(Z,F ={F(I)}1ez,S = {S(I)}1e1) be a computational problem. To apply a quantum
algorithm to a problem instance I € Z of size n, one first encodes I into an appropriately
chosen quantum circuit on m qubits, where m > n, and then applies this quantum circuit to an

®™ to obtain a classical output {0,1}™.

appropriately chosen input state [¢) € (C?)
In this description, we did not require that m = n. The reason for this is that one might be
interested in performing auxiliary computations as part of the circuit which might require more
than n qubits. These m — n qubits are called auxiliary qubits.

Furthermore, note that for inputs of different sizes, the dimensions of the state spaces used
typically differ, so one has to use different quantum circuits for the computation. In contrast, the
classical Turing machine model introduced in Section 2.1.2 is capable of performing an algorithm
on any input size; it is therefore a uniform model of computation, while the general circuit
model is a nonuniform model of computation. To describe an algorithm in the quantum circuit
model, we therefore need to provide a quantum circuit for every input size n; such a collection
of quantum circuits is called a circuit family and is usually denoted by C = {Cp, }nen.

There is another subtlety in the circuit model that is not present in uniform computational mod-
els: given an input size n, one first has to build the circuit before one can apply the quantum

algorithm. This means that one could “cheat” by hiding most of the complexity of a computa-
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tional problem in building the circuit, leaving a very low-depth or small quantum circuit. To

circumvent this, one imposes a restriction on the procedure used to build the circuits.

Definition 2.12 (Uniform Quantum Circuit Families)
We call a set C = {Cp}nen @ uniform quantum circuit family if each C, is an m(n)-
qubit quantum circuit (i.e., m € N depends on n), and there is a classical deterministic

polynomial-time algorithm that computes the mapping n — C,.

We can now adapt Definitions 2.5 and 2.7 to the circuit setting.

Definition 2.13 (Quantum Circuit Complexity and Depth)
Let C = {Cp }nen be uniform quantum circuit family and T, D: N — N.

(i) We say that C has circuit complexity T if |C,| = T'(n) for all n € N.
(it) We say that C has circuit depth D if d(C,) = D(n) for all n € N.

(i) We say that C is a polynomial-time quantum algorithm if there is a polynomial T

such that C has circuit complezity T .

As discussed in Section 2.2.4, quantum theory is probabilistic in its nature due to the measure-
ment postulate. This suggests defining quantum complexity classes via probabilistic means, so
it is more natural to adapt BPP to the quantum setting instead of P. We therefore define the

following complexity class in the spirit of Definition 2.8.

Definition 2.14 (BQP)

The complexity class BQP is the set of all languages L for which there exists a polynomial-
time quantum algorithm specified by a uniform circuit family C = {C,}nen, where each
m(n)-qubit circuit Cy, is specified in terms of the gate set G, defined in (2.3), such that
the following holds:

o Ifx €L, then Pr[Cp(z); =1] > 2.
o Ifx ¢ L, then PrCp(z); =1] < 3.

Here, Cp(x)1 € {0,1} denotes the measurement result of the first qubit obtained by applying

the quantum circuit C,, with input x € {0, 1}".

It is evident that BPP C BQP, and it is conjectured that the inclusion is indeed proper with the
decision problem associated with factoring being known to be in BQP due to Shor’s algorithm [8]
while no classical, probabilistic, efficient algorithm has been found for the problem. However, it
is also conjectured that NP & BQP, so the power of quantum computation presumably does not

allow solving NP-complete problems.

24



Chapter 3

The Quantum Approximate
Optimization Algorithm (QAOA)

In this chapter, we give a detailed overview over the main quantum algorithm studied in this
thesis: the Quantum Approximate Optimization Algorithm (abbreviated “QAOA”) introduced
by Edward Farhi, Jeffrey Goldstone, and Sam Gutmann in [12].

3.1 Definition of QAOA

3.1.1 The Quantum Adiabatic Algorithm (QAA)

The core underlying motivation for QAOA comes from Quantum Adiabatic Computa-
tion [42] which itself is derived from the concept of adiabatic evolution. The setting is
as follows: we are given a Hamiltonian Hy on a finite-dimensional quantum system H that is
in the state |1g), where |1)g) is a ground state of Hy, i.e., it is an eigenstate of Hy with the
property that its associated eigenvalue is the minimum of all eigenvalues of Hy. Now let 7" > 0
and define the time-dependent Hamiltonian Hr: [0,7] — B (H) as

Hr(t) = (1 —t/T)Ho + (t/T) Hy (3.1)

where H; is another Hamiltonian on H. As we obviously have Hp(0) = Hy and Hp(T) = Hy, we
ask whether there are sufficient conditions such that the state |¢)7) of the system after unitary
evolution governed by Hrp is close to a ground state of Hj.

This question is answered by the adiabatic theorem [43|. To state it, let Ex(s) be the k-th
smallest eigenvalue of Hp(s), where k € {1,...,dim (H)} and s € [0,T] (i.e., E1(s) < Es(s) <
.o+ < Egim(2)(s)). Now define the minimum spectral gap A as

A= Sg{%g] (Ea(s) — Eq1(s))

The adiabatic theorem now states that if A > 0, then

(olyr)| =1

lim |
T—o00
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Quantitatively, the proof of the result shows that T needs to grow quadratically with A~! to
make |(¢p|Yor)| close to 1. The adiabatic theorem motivates the following quantum algorithmic
approach to find solutions of combinatorial optimization problems: first, we choose Hy to be a
Hamiltonian whose ground state [t¢)g) is simple to prepare (e.g., a product state). In the follow-
ing, this Hamiltonian will be called the mixing Hamiltonian and denoted by Hj;. If we now
manage to encode a solution of an instance I of a combinatorial optimization problem P as the
ground state of a Hamiltonian Hi, which we call the problem Hamiltonian and denote by
H}D from now on, we can adiabatically evolve this system according to the Hamiltonian (3.1)
with initial state |vp); if we choose the evolution time 7' large enough, a subsequent measure-
ment then yields a solution to our problem with high probability. This algorithm is called the
Quantum Adiabatic Algorithm (QAA). However, depending on the problem, it might take
an unreasonably large evolution time to solve the problem at hand with high probability, making
the algorithm potentially inefficient, and in some cases, the algorithm might even fail due to the

minimum spectral gap not being strictly positive; see [42].

3.1.2 Examples for encodings of combinatorial optimization problems

Before we derive QAOA from QAA, let us first briefly discuss the formulation of the NP-complete
problems MAX-CUT and MAX-k-CUT (see Subsection 2.1.1) as problem Hamiltonians. A wide
variety of formulations for, e.g., all of Karp’s 21 NP-complete problems [21], can be found in [44].
Let P=(Z,F ={F(I)}iez,S = {S(I)}1ez1, ¢ = {cr}1e7) be a combinatorial optimization prob-
lem, where we assume that for every I € Z, there are k,n € N such that F (I) = Z}. In this

thesis, we require every problem Hamiltonian H}D to satisfy
HT|z) = er(2)|2) (3.2)

for any z € Zj. This implies that the eigenspace associated with the largest eigenvalue corre-
sponds to the solutions of the combinatorial optimization problem rather than the groundspace;

the adiabatic theorem can be formulated analogously in this setting.

Max-CuTt

Given an undirected unweighted graph G = (V, E), we first associate a qubit to every vertex of

the graph, i.e., the state space of the quantum system is ((CQ)@W'. We then define the Max-Cut

Hamiltonian associated with G as

HMC = % > I-2ZuZ) . (3.3)

{uv}er

The eigenspace associated with the largest eigenvalue of this Hamiltonian is equal to
span{|z) € {|0),[1)}®IV]: 2 € {0, 1}V achieves the maximum cutsize}
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Max-k-CuTt

Let k > 2 be an integer. Given an undirected unweighted graph G' = (V| E), we first associate a
k-dimensional qudit to every vertex of the graph, i.e., the state space of the quantum system is
((Ck)@w. We then define the MAX-k-CuT Hamiltonian associated with G as

ng/[kc _ % Z Z (1 — 6p,0)Hyw(D) ,

{u,v}EFE bEZy,

where IT,, ,(b) = > |a,a+b mod k)a,a+b mod k|, , is a projector onto the subspace spanned
a€Zy,
by the two qudits u and v. Similarly to the MAX-CUT case, the eigenspace associated with the

largest eigenvalue of this Hamiltonian is equal to
®|V] . V] . . .
span{|z) € Z, ' ': z € Z;, ' achieves the maximum cutsize}

Note that for £ = 2, we obtain the MAX-CuT Hamiltonian Hg/IC.

Families of MAX-CUT and MAX-k-CuT Hamiltonians are examples for so-called local Hamil-
tonians. Letting A/ denote some index set, a family of Hamiltonians {H,, },ecar, where each H,
is acting on a tensor product of n subsystems, is called local if one can write each member of

the family as H, = . H, j, where M, is a finite index set for every n € N, and each local
JEMn
term H, ; is acting non-trivially on at most a constant number of subsystems independent of

the total number of subsystems in the state space. For example, the family {H(I}/IC}GEQ, where

G denotes the set of all undirected unweighted graphs, is local since we can write

HMC = Z H(I\;/I,ec , where (3.4)
e={u,v}€F

MY = 5~ 2.2)
(see (3.3)) and each H é\:/I’EC acts non-trivially on exactly two subsystems independent of the size
of the graph. Note that for ej,es € E, the local terms ngcl and Hg[g commute, meaning that
{HMC}geg is a family of commuting, local Hamiltonians.
We call a family of local Hamiltonians ¢-local if each of its local terms acts non-trivially on
exactly ¢ subsystems, where £ € N. Given an index set A" and a family of 2-local Hamiltonians
{H, }nenr, we define the interaction graph of H,, by associating a vertex with each subsystem
of the state space and connecting two vertices via an edge if there exists a local term acting non-
trivially on precisely those two subsystems. For example, the family of MAX-CuT Hamiltonians

is 2-local, and the interaction graph of H, g\;dc is the unweighted version of G.

3.1.3 From QAA to the QAOA ansatz

The ansatz for QAOA is now obtained by approximating the unitary evolution that the quan-
tum adiabatic algorithm implements. The Hamiltonian Hp defined in (3.1) is time-dependent,

and as mentioned in Subsection 2.2.4, it is in general difficult to obtain the associated unitary
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evolution operator if the Hamiltonian governing the evolution is time-dependent as it involves
evaluating a time-ordered integral. However, for a time-independent Hamiltonian H.qpst, the
evolution operator is given by U(t) = exp (—iHconst(t — t0)). If a time-dependent Hamiltonian
H is continuous in ¢, it is approximately constant and therefore approximately equal to H(s) on

any interval [s, s + ] C [tg, T] if 0 is small. These observations suggest the approximation
P
UT) ~ H exp (—iH (tym—1)(tm — tm—-1)) (3.5)
m=1
where p € N and {to,t1,...,tp} C [to, T]| with t, = T'is a discretization of the interval [to, T, i.e.,

ty < tpy1 for all k € Z,. In the case of adiabatic evolution, i.e., H(t) = (1 —t/T)Hp + (t/T) HY

we therefore obtain

p
. tm—1 tm—1 P
~ — 1-— H H tm — tm—
I (5 (157 e Bt ) o)

The final step to obtain QAOA is Trotterization, a technique inspired by the Lie-Trotter
product formula [45] which implies that

%in% |lexp ((A+ B)d) —exp (6A) exp (6B) || =0
5

for all A,B € B(C™), where § € R. Applying this observation non-asymptotically with A :=
—1 ( — %m) Hy, B:=—i (tmj?1> H}D and 0 := t,, — t;n_1, we therefore obtain

p
tm— tm—
~ H exp (—i (tm — tm—1) (1 - W% 1) HM> exp (—i (tm — tm—1) W} 1Hf)
m=1

To state the QAOA ansatz for the qubit setting with problem Hamiltonian Hf with state space

(C2)®n, where n € N, we choose the so-called transversal field as the mixing Hamiltonian, i.e.,

HM:ZXU )

u€[n]

and we choose the so-called level of QAOA, i.e., a number p € N which quantifies the degree of
discretization in (3.5): the larger we choose p, the finer the discretization becomes. The input
state for the algorithm is |[+") := |+)®" (see (3.1)) which is the unique eigenstate associated
with the largest eigenvalue of Hj;. Furthermore, we choose so-called angles 3,7 € RP; these
parameters represent the concrete time discretization that has been chosen. Note that in the
QAOA ansatz, we have 2p real parameters instead of only p such parameters as suggested
by (3.5). Then the level-p QAOA state [T (8,7)) is defined as

W7 (B,7)) :==UF (B,7)|+"),  where (3.6)
H exp (—ifBm Hpr) exp (—z'ymH}D)] ) (3.7)
m=1
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oe—iBIX |- o—iBpX |
e~ X ... o—iBpX |
oe—iBIX |- o—iBpX |
e~ X ... o—iBpX |

(a) (b)

Figure 3.1: (a) K4y = (V,E) := ({1,2,3,4}, (@)), the unweighted complete graph on four

vertices. (b) Circuit diagram associated with the QAOA unitary U[I\élc (B,7). Since |V| = 4,
the circuit acts on four qubits and each QAOA layer contains four one-qubit gates (single boxes
labeled with e=#X  where k € {1,...,p}), and since |E| = 6, each QAOA layer contains six
two-qubit gates (two connected boxes, both labeled with ~, where k € {1,...,p}).

The unitary operator UIP (B,7) is called the QAOA unitary. As an example, consider the
application of this unitary operator for the MAX-CUT problem, i.e., we choose the problem

Hamiltonian HMC = Y Hg/[?u v} as defined in (3.4) for an unweighted undirected graph
{uv}eFE Y

G = (V,E). This Hamiltonian acts on the state space (C?)

given by Hyy = >, X,. Since the local terms of the problem Hamiltonian Hg/lg and Hg{g

ueV
commute for all ej,es € E and the local terms of the mixing Hamiltonian X, and X, commute

14 .. . . .
@l l, so the mixing Hamiltonian is

for all u,v € V, we can write

lexp (—iBm Hr) exp (—WmHgAC)]

1~

UG (8,7) =

3
Il

|
1~

3
I

exp <_iﬁm > X“) exp | =i%m D Hefuw

ueV {uv}eF

L
T | T e itnx) T e (<ivmbdEn)

=1 |ueVv {u}€eFE

3

The operators in the product [] exp (—i5nX,) all act on single qubits while the operators in
ueV

the product ][ exp (—i'ymH g[a v}> all act on two qubits. The associated quantum circuit
{uv}erE Y
for the unweighted complete graph on four vertices is depicted in Figure (3.1).

The QAOA ansatz can also be generalized to the qudit setting with problem Hamiltonians with
state space (Ck)®n, where n, k € N; see Core Article I) [1]| for the explicit form of the ansatz
and the application of QAOA to the MAX-k-CUT problem.

3.1.4 Using QAOA for combinatorial optimization

Given p € N and angles 3,7 € RP, we can use the QAOA unitary U}D (8,7) associated with
a problem Hamiltonian Hf to define an approximation algorithm for the problem instance [

with problem size n (e.g., the number of vertices in a graph) of the combinatorial optimization
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1: function QAOAT(I € 7)
2 Determine (8%,77) € arg max (VF (8,7) [HT U7 (8,7))

Measure w})(ﬂ*, ~*) in the computational basis — measurement outcome C'
return C'

&

b

Figure 3.2: Pseudocode for QAOA” where p € N and P = (Z,F,S,c) is a combinatorial

p )
optimization problem. Note that in practice, Line 2 consists of finding 5*, v* € RP satisfying (3.8)

by using a quantum device.

problem P by preparing the level-p QAOA state Uf (B,7) |[+™) and subsequently measuring this
state in the computational basis to obtain a solution candidate z € {0,1}".

Now let p be the chosen level of QAOA. It is natural to use angles 5*,v* € RP such that the
expectation value of H}D under the level-p QAOA state with angles §*,~* is made as large as

possible, i.e., one wants to find 8*,~v* such that

IFB%77) = WF (BT ) P WE (87,970) =~ swp WF (B) IHFIWE (B:7)) - (338)
This is motivated by (3.2), where we required problem Hamiltonians to be diagonal with respect
to the computational basis; if |7 (8%,7%)) is a computational basis state that represents a
solution of the problem instance, then the supremum on the right-hand side of (3.8) is in fact
equal to the optimal value of the cost function since QAOA concludes with a measurement in
the computational basis.
Note that the supremum on the right-hand side of (3.8) is always finite due to the Cauchy-
Schwarz inequality and the fact that [|[¢)7 (8,7))|| = 1. The function fF is continuous, and if

the associated problem Hamiltonian H}D has only integer eigenvalues for all I € 7, we have

fF(B,7) = fF (B + km,~ + 2n0)

for all 3, v € RP and all binary, p-dimensional vectors k,¢. This implies that fF (RP x RP) =
fF ([0,27]P x [0,27]P) and since [0, 27]P x [0, 27]? is compact, the supremum in (3.8) is attained
on this compact set. This assumption on the eigenvalues of Hf is satisfied by both unweighted
MaX-CuT and MAX-k-CUT problems and many other combinatorial optimization problems.
Since we will only apply QAOA to such combinatorial optimization problems in this thesis, we
from now on assume that the supremum on the right-hand side of (3.8) is attained on [0, 27]P x
[0, 27]P. Therefore, the goal is to find

(B*,v*) € arg max (W] (B,7) [H] [¥T (8,7)) - (3.9)
B,7€[0,27]P

We now have everything to state the algorithm QAOAZ;, where p € N and P is a combinatorial
optimization problem; see Figure 3.2.

To quantify the performance of the algorithm, we extend the definition of an approximation ratio
(Definition 2.9) to QAOAE in a straightforward way.
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DEFINITION OF QAOA

Definition 3.1 (Approximation Ratio of QAOAZ,J)
Let P = (Z,F,S,c) be a combinatorial optimization problem and p > 1 be an integer.

(i) Let I € Z. Then if max cr(z) # min ci(z), the approzimation ratio of QAOA;DJ
zeF(I) ze€F(I)

for I is defined as

sup (¥ (8,7) [H W] (B,7)) — min ci(2)
a1 (QAOAP) = 27

max cr(z) = min er(z)

and as o (QAOAZ,J) =1if 21’611}2_1(}}) cr(z) = zg}-l?l) cr(z).

(ii) Let J C Z. Then the worst-case approximation ratio of QAOAZ,D on J is
defined as

ag (QAOAT) = inf ar (QAOAY)

If J =1, we write « (QAOAZ,)) instead of a g (QAOAZ,J) and call this quantity the

worst-case approximation ratio of QAOAZ,D.

Finding suitable variational parameters

In this thesis, we will be mostly concerned with the performance of QAOA as quantified by its
approximation ratio defined in Definition 3.1. However, this assumes that one has found optimal
angles §*,+* as specified in (3.9), a problem that has been shown to be NP-hard in general [46].
Therefore, optimizing this expected value is typically done using heuristic methods. In practice,
a quantum device is used to find good angles in Line 2 of Figure 3.2.

One of the most popular methods to do so is gradient descent (see [47,48| for introductory
treatments). Given n € N and f: D — R with D C R" being compact and f being smooth on
the interior of D, the goal of gradient descent is to find an element of arg max f(x). Gradient
descent is an iterative procedure, i.e., it produces a sequence (zy ),y such that hopefully, f (zz) =~

max f(x) for sufficiently large k. For gradient descent, this sequence is defined by
S

0o €D

Tpy1 =T + VS (1)

where v, € Rsq is a suitably chosen stepsize. While there are sufficient criteria under which
gradient descent converges to a global maximum (e.g., concavity), in general, convergence of the
method is not guaranteed. In particular, if f is not concave, it may have several local, but non-
global maxima, in which case the method might converge to such a local maximum instead. Since
the function (3,7) — fF (8,7) = (T (B,7) |HF [¥T (B,7)) is not concave, this may happen for
the optimization within QAOA. Another obstacle is a well known phenomenon known as “barren

plateau” [49]: the optimization may get stuck in a “flat” region of R?, i.e., a region for which
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\Y% ff ~ 0. This problem has been extensively studied in several works [50-53| where techniques to
avoid such convergence issues are explored. Furthermore, each step of gradient descent requires
an evaluation of the cost function as well as the computation and evaluation of the gradient of
the cost function, both of which are done using the quantum device in practice. This has the
consequence that the larger the chosen level p, the more expensive these evaluations become and
the more computationally intractable gradient descent becomes.

A more primitive heuristic to find suitable angles is grid search, where one chooses a finite

subset T' C R and determines arg  max ff(ﬂ,’y) to approximate the maximum. Since
(Byy)eTPxT?

|TP x TP| grows exponentially with the level p, this method is only tractable if p is very small.
While gradient descent and grid search are two heuristic methods for the optimization within
QAOA, there are in fact classes of problems for which one can find analytic expressions for
the optimal angles. For example, [54] gives an explicit expression for the optimal angles for
QAOAll\/IC on triangle-free regular graphs.

Finally, it was numerically argued in [55] for MAX-CUT that if the angles f3,v are fixed and
problem instances G € Ds are sampled from a sufficiently well-behaved distribution of 3-regular
graphs, then the value of f(l\;/IC (8,7) is almost constant independent of the instance G. This
implies that once one has found optimal or near-optimal angles for a typical instance, they will

with high probability also yield high expectation values for other, randomly drawn instances.

3.2 Properties of the QAOA ansatz

3.2.1 Locality

Let P be a combinatorial optimization problem with instance set Z and assume that the family
of problem Hamiltonians {H7 };c7 is a family of 2-local Hamiltonians, so we can write H} =

> HP with 2-local terms H,, where G = (V, E) is the interaction graph of H}. The locality
eck
of HY implies that its expected value under a QAOA ansatz state |7 (3,7)) can be written as

WF (B, [HT 19T (B,7)) = > _(WF (8,7) [HL [WF (8,7)) - (3.10)

ecE

Focusing on a single term H, one can see that (¥ (8,7) [HL|%T (8,7)) does not depend on all
subsystems of the state space, but only on a certain so-called p-neighborhood of e; QAOA,
is therefore a local ansatz. This property follows from the fact that terms in the QAOA,
unitary (3.7) which do not have support on this p-neighborhood commute through H? and
cancel with their adjoints since they are unitary [12]. For the MAX-CuT Hamiltonian, such
p-neighborhoods are illustrated in Figure 3.3.

While we illustrated this property in terms of the expectation value (3.10), it can be formulated
more generally for other local operators and ¢-local operators where ¢ # 2, see Section 3.2 of
Core Article II) [2].

The locality of QAOA allows to numerically evaluate expectation values such as (3.10) by a
classical algorithm as long as p is a small constant and the interaction graph has a small maximum

degree. In that case, only a small constant number of subsystems actually contributes nontrivially
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Figure 3.3: Illustration of 1- and 2-neighborhoods of an edge e = {u, v} in an interaction graph.
The 1-neighborhood of e consists of all vertices colored blue since each of these vertices is either
incident to w or v. The 2-neighborhood of e consists of all vertices colored blue or red since
each of these vertices is either an element of the 1-neighborhood of {u,v} or is incident to an
element in the 1-neighborhood. The vertex colored black is neither of those and is therefore not
an element of either of the two neighborhoods.

to each summand, so the dimension of the corresponding Hilbert space is small enough such that
a classical evaluation is computationally tractable. The locality of QAOA has been exploited
previously in the literature [12,56] to establish lower bounds on the approximation ratio, and we
also heavily make use of this technique in Core Article II) [2]. However, we emphasize that in

practice, a quantum device would be used to evaluate (3.10) in the angle optimization of QAOA.

3.2.2 Uniformity

Again, let P be a combinatorial optimization problem with instance set Z and assume again
that the family of problem Hamiltonians {H})} 7e7 18 a family of 2-local Hamiltonians, so we can

write HY = . H! with 2-local terms H., where G = (V, E) is the interaction graph of HT .
ecE
Now let e1,es € E be two edges such that the p-neighborhoods of e; and ey are isomorphic, i.e.,

there is an edge-preserving bijection between their vertex sets. It follows immediately from the

definition of QAOA, that then

W7 (B, [HE T (8,7)) = WF (8,7) [HL [V T (8,7))

holds, meaning that the QAOA ansatz is uniform: for fixed angles (3,7, the values of the
summands in (3.10) only depend on the isomorphism classes of the p-neighborhoods of the edge
associated with the summand.

Focusing on the unweighted MAX-CUT problem, the uniformity of QAOA means that one can,
e.g., rewrite the expectation value of ch of a QAOA state |¢gc (B,7)) as

(W& (B,7) [HE [ (8,7) = D ns (G) (W5 (B,9) [HF |98 (8,7)) »  (3.11)
SeN

where N is the set of isomorphism classes of p-neighborhoods, ng(G) denotes the number of
times that an edge e € E has the p-neighborhood S and HbMC is the Hamiltonian acting on the
subgraph S. For small values of p and bounded-degree graphs, this property allows us to simply
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list all possible p-neighborhoods, classically evaluate the cost functions on these neighborhoods
and then evaluate the expected value using (3.11) by counting the number of occurrences of each
isomorphism class in G. For larger values of p, there may be too many p-neighborhoods which
are too large, preventing a brute-force enumeration of such values. For a demonstration of this
technique, see [56].

The uniformity of QAOA also motivates to study the performance of QAOA, on graphs of
high girth, i.e., graphs which do not have cycles with less than 2p + 2 pairwise distinct entries.
For such graphs, all p-neighborhoods are isomorphic to the same symmetric tree (e.g., Gy in
Figure 3 of Core Article II) [2| for p = 1). Exploiting the symmetry of the tree, one can use
tensor network methods to evaluate the expected value of a local term of a QAOA state on such
a tree which allows to compute expectation values for such graphs; we use such techniques in
Core Article IT) [2]. There, one can also find a more general treatment of uniformity for general

local operators.

3.2.3 Circuit Depth for two-local Hamiltonians

For 2-local Hamiltonians such as the MAX-k-CUT Hamiltonians, the circuit depth of the QAOA
circuit depends linearly on the product of two quantities: the chosen level p and the maximum
degree of the underlying interaction graph. This follows from the commutativity of the local
terms in the Hamiltonians and the fact that we can arrange the associated gates according to
edge colorings, see [3| for a more detailed argument for MAX-CUT.

This depth dependency of the circuit on the level is one of the main points that make QAOA
interesting for the NISQ era: one can choose the level of QAOA depending on the capabilities

of the real-world quantum device at hand.

3.3 Performance guarantees for QAOA

As a first demonstration of the capabilities of QAOA, it was shown in the seminal paper [12] that
applied to the MAX-CUT problem restricted to 3-regular graphs, QAOAll\/IC achieves a worst-
case approximation ratio of ap, (QAOAll\/IC) > 0.6924 which has been confirmed to be tight
in [56]. Compared to classical algorithms (see Subsection 2.1.4), QAOAMC provides a significant
improvement over the trivial algorithm with ap, (7)) = 0.5, but does not compare favorably in
terms of provable lower bounds to the Goemans-Williamson algorithm with ap, (GW) > 0.878
or the HLZ algorithm with ap, (HLZ) > 0.9326.

The proof of the result for QAOAll\/IC exploits the locality and uniformity of QAOA. A similar
analysis was then used in subsequent work to establish provable lower bounds on approximation
ratios for p > 1 [56]; there, the authors show that ap, (QAOAIQVIC) > 0.7559 and conjecture
ap, (QAOAQ/IC) > 0.7923. Furthermore, this technique was also applied to other combinatorial
optimization problems [57].

From the definition of QAQOA, it is clear that given a problem instance x of a combinatorial
optimization problem P, we have ay (QAOAZ,)H) >y (QAOAZ;) for any p € N. Furthermore,
for problems such as MAX-CUT, it is known that pli_)ngo Qy (QAOAZ)D) =1 [12], i.e., QAOAgIC

achieves the actual optimum (i.e., an approximation ratio of 1) if one chooses p sufficiently large.
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Chapter 4

Performance limitations of QAOA

For QAOA,, applied to the MAX-CUT problem, an arbitrarily high approximation ratio can be
achieved by choosing the level p large enough [12]. However, it might happen that the circuit
depth (which depends linearly on p) needed to achieve a result deemed sufficiently accurate might
grow with the number of vertices in the given graph, in the worst case even exponentially as is
the case for the runtime of classical brute-force algorithms. Furthermore, a larger level of QAOA
implies a higher dimensionality of the parameter space which makes optimization methods such
as gradient descent computationally impractical.

We therefore hope for good performance of QAOA, with low, ideally constant values of p,
especially in the light of the NISQ era. In this chapter, however, we will outline two of our
results [1,3]| which imply that for constant p, the worst-case approximation ratios of QAOA, for
both the MAX-CUT problem as well as the MAX-k-CUT problem are upper bounded by constants
which are smaller than the worst-case approximation ratios of the best classical algorithms; in
order to surpass this threshold, p has to grow at least logarithmically in the number of vertices

in the given graph.

4.1 Limitations obtained by exploiting locality and symmetry

In [3], we showed the following limitations of QAOA,, applied to MAX-CUT.

Theorem 4.1 (Limitations of QAOA for MAX-CuT [3])
Let D > 3 be an integer. Then there exists an infinite family of bipartite D-regqular graphs

GP = {GP}.enp, where Np C N and GE is a graph on n vertices, such that if p <
3 logy(n)—4
3

DT We have
5 D -1
agp (QAOANC) < et 3p (4.1)
In particular,
5
a (QAOANC) < gte (4.2)

for any fixed p € N and any € > 0.
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Equation (4.2) follows directly from (4.1) by taking the limit D — oo. Apart from special,
heavily restricted cases such as the “ring of disagrees” [58], i.e., the application of QAOA,, to the
MAX-CUT problem on 2-regular graphs, this was — to the best of our knowledge — the first result
giving a provable upper bound on the achievable approximation ratio of QAOA,, for MAX-CuT
for p > 1. It quantitatively shows that for a constant level p, one always has MAX-CUT problem
instances in which QAOA performs worse than the best classical algorithm by Goemans and
Williamson [17], since 2 ~ 0.8333 < o (GW) & 0.8785 (see Subsection 2.1.4).

The key properties of QAOA that lead to this result are the symmetry and locality of both the
input state |+") (which is an eigenvector of X®" associated with eigenvalue +1) as well as the
QAOA unitary U (8,7) for MAX-CUT which commutes with X®" where n is the number of
vertices of the graph. In both cases, we say that Zso-symmetry is satisfied. In particular, these
relations are true for any choice of angles 3, -, meaning that we do not have to deal with finding

optimal angles or establishing that particular angles are indeed optimal.

The most important step in the proof is to establish the fact that there exists a family of bipartite,
D-regular graphs GP = {GP},,cnr, on n vertices such that the MAX-CuUT Hamiltonian associated
with those graphs has ground state energy 0, but their energy density (¢|H, g/{gc‘w /n is lower
bounded by a constant for sufficiently large n if the state |1)) was obtained by applying a low-

depth, Zs-symmetric circuit to a Zs-symmetric product state.

This result is reminiscent of and motivated by the so-called NLTS conjecture [59], where NLTS
is an abbreviation for “No Low-Energy Trivial States”. There, the goal was to show the existence
of a constant ¢ > 0 and a family of local Hamiltonians {H,}, on n qubits with ground state
energy 0 such that for sufficiently large n, any n-qubit state |1,,) that has an energy density lower
than e cannot be obtained by applying a constant-depth circuit consisting of one- and two-qubit
gates to a product state. Note that the result of [60], where the NLTS conjecture was finally
positively resolved, does not imply our result or vice-versa. The positive resolution of the NLTS
conjecture was a significant result in complexity theory as its validity was known to be necessary

for a potential quantum analogue of the classical PCP theorem [31,32] to hold [61].

A key ingredient in establishing our version of the NLTS conjecture restricted to Zg-symmetric
circuits is the following upper bound on the separation of output sets obtained from shallow

quantum circuits by Eldar and Harrow:

Lemma 4.2 (Separation of Output Sets from Shallow Quantum Circuits [62])
Let d € N, U be an n-qubit unitary implemented by a depth-d quantum circuit consisting of
one- and two-qubit gates, |p) be an n-qubit product state and define p : {0,1}" — [0,1],
z — p(x) = |(z|U]|p)]* and p(T) = 3 p(x) for T C {0,1}". Then
zeT
dist (5, 5") < —2VL 2
min {p(5), p(5")}

for any S, 8" C {0,1}", where dist (T1,T2) :== min |z —y|g, and |z|y is the Hamming
z€Th,yeTs
weight of z € {0,1}™.
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This result implies that output distributions of low-depth quantum circuits cannot assign a non-
negligible probability weight to subsets of bit strings which are highly separated with respect
to Hamming weight. Since the MAX-CuT Hamiltonians are Zs-symmetric (which can be seen
from the fact that flipping the bits in a given cut does not change the cutsize), we can choose
two bitflip-symmetric sets which are far apart to give a logarithmic lower bound on the level of
QAOA needed to achieve a certain approximation ratio; for further details, see Article III) [3].
We note that the bound in Lemma 4.2 has been further investigated and strengthened in [63]
and was also used in the proof of the NLTS conjecture [60]. Furthermore, our proof technique
to establish Theorem 4.1 has been further applied in the literature [64].

4.2 Limitations obtained by exploiting locality and uniformity

Shortly after the publication of [3], the authors of [13] showed that the worst-case performance
of QAOA is even worse than shown in our work: choosing D € N large enough, QAOA, with
p = O (log(n)) can only achieve an expected approximation ratio of % for the MAX-CUT problem
on random bipartite D-regular graphs with n vertices, i.e., the algorithm performs no better than
the trivial algorithm for MAX-CuUT described in Section 2.1.4. We note, however, that our result
in [3] not only holds for QAOA, but can be generalized for any variational quantum circuits
exhibiting Zo-symmetry; furthermore, we state an explicit family of graphs for which our upper

bounds hold.

In [1], we use the proof technique of [13] to show the following analogous no-go results for the
MaX-k-CuUT problem introduced in Section 2.1.4.

Theorem 4.3 (Limitations of QAOA for Max-k-Cur [1])
Let k > 2 be an integer. For n,d € N, denote the set of bipartite d-regular graphs on n

vertices by Qf;fd. Then there exist a constant ¢ > 0 and two functions f,g: N — Rsq with
f(d),g(n) € o(1) such that

1

Prg [ac (Qa0AM™*C) > (1 - E) + f(d) + g(n)] = o(1)

for alld > ¢ and d = o (y/n) and all levels p < % logy(n), where the probability is taken with

respect to the uniform distribution on Qf;id.

This result implies in particular that for suitably chosen (n,d,p), there are graphs in Q}fd for
which QAOA,, is incapable of achieving an approximation ratio that significantly outperforms
the trivial algorithm of random guessing.

The proof of this result exploits two key characteristics of QAOA, namely its locality and
uniformity (see Subsections 3.2.1 and 3.2.2). The central observation of [13] is that for uniformly
random d-regular graphs on n vertices, where d and n are suitably chosen, most p-neighborhoods
(see Subsection 3.2.1) in those graphs are isomorphic to the same tree with high probability,
and moreover, this observation also holds for the corresponding ensemble of bipartite, d-regular

graphs. By uniformity, this allows us to focus on trees as subgraphs. We then observe that for
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graphs whose p-neighborhoods almost all look like a tree, the choice of optimal angles for one
such graph will be nearly optimal for any other such graph. Finally, we obtain the result by
exploiting a known upper bound on the typical maximum k-cutsize of graphs in such ensembles
and by using that for bipartite, d-regular graphs on n vertices, the optimal k-cutsize is equal to

the number of edges, i.e., equal to nd/2. For the precise argument, we refer to Core Article I) [1].

4.3 Further known limitations of QAOA in the literature

As already mentioned, the very first limitations of QAOA were shown in [58], where the au-
thors looked at the performance of QAOA, applied to the MAX-CUT problem on the fam-
ily of cycle graphs G = {Gy}nenr, where N is the set of even natural numbers and G, =
(Z, {{k,k+1}: k € Z,}). In this case, a simple classical efficient greedy procedure achieves
optimality while aq,, (QAOA;\,/[C) < gi—i; ifp< 3.

Furthermore, the authors of [56] use a simple argument exploiting the locality of QAOA to
show that « (QAOAIIYIC) < gg—ig by observing its behaviour on graphs without small cycles. In
particular, it follows that « (QAOA;}/IC) < a(GW) for p <6.

On the more heuristic side, Hastings [65] studied the performance of local classical algorithms
and found evidence that such algorithms outperform QAOA; for virtually every regularity of
graphs. This analysis was then extended in [66] to QAOA3 and has since then spawned more
work in that direction, resulting in both negative and positive evidence for the performance of

QAOA [67].

All of the results established in this chapter assume a perfect, noiseless execution of the QAOA
circuits. This is motivated by the fact that by assuming a constant level of QAOA and bounded
degree of the underlying graphs, the depth of the circuit is constant as well. However, it was
found in [68] that even for low levels of QAOA, decoherence and noise will drive the output

state of QAOA to a Gibbs state that is efficiently simulable on a classical computer.
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Chapter 5

Enhancements of QAOA

In the previous chapter, we outlined several results showing that QAOA has severe shortcomings
in terms of worst-case approximation ratios for both MAX-CUT and MAX-k-CUT compared to
known classical approximation algorithms. Naturally, one may ask how to circumvent these
limitations. In this chapter, we propose two approaches towards enhancing QAOA: a recursive
version of QAOA called “recursive QAOA” which was introduced in [3] and further investigated
in Core Article I) [1], and a post-processed version of QAOA called “twisted QAOA” which was
proposed in Core Article II) [2].

5.1 Recursive QAOA

In [3] and [13], the locality of QAOA was exploited to demonstrate its shortcomings in terms of
approximation ratios. A natural approach to sidestep these limitations is to make the algorithm
more non-local. For this purpose, we introduced a recursive version of QAOA called “RQAOA”
in [3] which uses QAOA as a subroutine. This algorithm was then further investigated in Core
Article I) [1] where it is also stated in its most general form. We explain the procedure applied
to the so-called Ising model [69] which we will abbreviate by Is. This is a combinatorial opti-
mization problem specified via the 4-tuple Is = (Z, F = {F(I) }1ez, S = {S) }1ez, ¢ = {c1}1e7),

where

7T :={G: G = (V, E,w) undirected, weighted graph with w: £ — Z}
for GeZ, F(@Q):={0,1}V
cg: F(G) =R |
T Z w(€)0z, 2,

e={u,v}eF

Given a graph G = (V, E, w), the associated problem Hamiltonian is given by
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It is natural to analyze the performance of a quantum approximation algorithm applied to the
Ising model since many important problem Hamiltonians can be expressed in terms of HY: for
example, we have for MAX-CuUT

HYC = 3 (1811 - HE)

N |

for any unweighted graph G = (V, E).
Let p > 1 be the level of QAOA used in the procedure. On a high level, RQAOAJIDS works as
follows: we use the quantum device and apply QAOA}DS to determine pairs of vertices which are

highly correlated or anti-correlated by computing

My = (08 (B°,7) | ZuZo|0E (5577))

for every edge {u,v} € E, where [¢5 (8*,7*)) is the level-p QAOA state as defined in (3.6) with

optimal angles §*, v* € RP as defined in (3.9). Next, one determines an edge

{u*,v*} € argmax | M, ,|
{u,v}eFE

and then substitutes
Zv* = sgn (Mu*,v*) Zu* (51)

into Hg; This eliminates the variable v* from the Hamiltonian at the cost of an additional,
additive identity term in the resulting Hamiltonian which only contributes an additive constant
to the cost function. The resulting interaction graph then contains one fewer vertex.

This procedure (preparing the QAOA state on the current interaction graph, determining the
strongest correlation/anticorrelation, eliminating a variable to obtain a new Hamiltonian with
smaller associated interaction graph) is then repeated, see Figure 5.1 for an illustration of two
successive variable elimination steps. We stop when the resulting interaction graph is sufficiently
small such that the problem can be solved directly via, e.g., brute-force. After that, one obtains
a candidate solution to the problem on the original graph by iteratively labeling the vertices
according to (5.1), see Figure 5.2.

For the set of cycle graphs, we obtain the following result in [3]:

Theorem 5.1 (RQAOA on Cycle Graphs [3])
Let G := {Gy, = (Vp, En, wn) nen be an infinite family of undirected, weighted graphs with
Vo =2y, E, = {{k,k+1 modn}: k€ Z,} and wy: E, — {—1,1}. Then

ag (RQAOAT) =1

Note that it was shown in [58] that for even n, we have ag,, (QAOA;S) < % if p < §, meaning
that RQAOAIlS strictly outperforms QAOA;S in this setting. Furthermore, we note that there is
a simple, classical procedure starting at one vertex which then greedily chooses the assignment

of one of the two neighboring vertices and proceeds iteratively until no vertices are left; it is
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[u—y

2
HE = —721Zy — Z1Zs — Z1Z5 — ZoZa — ZoZg

- — 2304 — 4325 — Zslig — ZLsZs

5 6

l {5,6} € argmax |M,, .|, where Mss < 0
{uv}er

1 2
HE = —Z1Zy — Z1Zs — Z1 Zs — ZaZy — sgn (Ms g) Z2 Zs
- —Z3Z4 — ZgZ5 — Sgn (M576) Z4Z5 — Sgn (M576) Z5Z5
=~ Ly — 143 — Z1Zs — LaZy+ ZoZy

' —J3ly — Z3ls + ZyZs + 1

)
l {1,2} € argmax |M, |, where M;5 <0
{uv}eE’
1
Hé? = —sgn (MLQ) lel — Z123 — Z125 — Sgn (MLQ) 2124
+sgn (M) Z125 — Z3Zy — Z325 + ZyZis + 1
4 = -\ 43— 22175+ Z1 Ly — L3274
—Z305 + ZyZs + 21
)

Figure 5.1: Variable elimination in RQAOA. The original graph and the associated problem
Hamiltonian with w(e) = —1 for each e € E are given at the top left and right, respectively. In
the first step of RQAOAIIS, the highest correlations/anticorrelations are measured on the edges
{1,2}, {3,4}, and {5, 6}, with all the pairs being anticorrelated; we choose the edge {5, 6} which
is then contracted and leads to the vertex 6 being eliminated by an appropriate substitution into
the problem Hamiltonian (middle); note the identity appearing in the new problem Hamiltonian.
This procedure is repeated with the new Hamiltonian in the second step; in this case, the highest
correlations/anticorrelations are measured on the edges {1, 2} and {3,4}, with all the pairs being
anticorrelated; we choose the edge {1, 2} which is then contracted and leads to the vertex 2 being
eliminated (bottom).

easy to see that this local and efficient procedure outputs an optimal solution. To show that
RQAOA' solves the problem perfectly, we exploit that in the variable elimination step for cycle
graphs, we have only two options which permits a case distinction to determine the vertex which

is eliminated next.

Unfortunately, the variable elimination step cannot be as easily analyzed when looking at general
graphs. One reason for this is that during an execution of the algorithm, the maximum degree in
the resulting interaction graph can grow; see e.g. Figure 5.1 where the maximum degree of the

interaction graph grows by one when the first variable elimination is performed. This observation
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O\ 0

(a) (b)

Figure 5.2: Obtaining the candidate solution for the original graph in Figure 5.1 after the two
variable eliminations specified there were performed. (a) An optimal solution for the classical
problem instance associated with HS = —Z,Z5 — 22,75 + Z1Z4 — Z3Z4 — Z3Z5 + ZaZs + 21,
i.e., the final Hamiltonian in Figure 5.1. This solution was obtained via brute-force calculation.
(b) The final output of RQAOAIlS applied to the original graph in Figure 5.1. We assign 0 to
the vertex 2 since it was negatively correlated with vertex 1 which had been assigned the value
1 in the solution in (a). After that, we assign 1 to the vertex 6 since it was negatively correlated
with vertex 5 which had been assigned the value 0 in the solution in (a).

has the negative consequence that the circuit depth of QAOA used in each recursive step may

grow as well.

Because of the difficulty of a rigorous analysis, we study the performance of RQAOA applied
to the MAX-3-CuUT problem in Core Article I) [1] empirically instead of proving rigorous results.
We introduce a classical simulation routine that allows us to efficiently compute expectation
values of Ising type terms, i.e., terms of the form Z,7,, under QAOA; states. We then use
this algorithm to empirically compare the performance of QAOA;, RQAOA,, and the best
known classical algorithm by Newman [14] on 3-colorable, d-regular graphs on up to n = 300
vertices. We find that for some combinations of n and d, RQAOA; is able to outperform the
classical algorithm while the converse is true for other combinations. It is an open problem to
characterize the regimes for which RQAOA; outperforms Newman’s algorithm; note, however,
that RQAOA] is itself a classical algorithm due to its aforementioned simulability. We also note
that RQAOA; consistently significantly outperforms QAOA; in our simulations. We refer to

the paper [1] for figures corroborating these claims.

RQAOA has been extensively applied on real-world devices and in simulations for benchmarking
in the literature (see, e.g., [70,71]).

5.2 Twisted QAOA

The second proposed modification of QAOA in this thesis is inspired by classical post-processing
techniques and is introduced in Core Article II) [2]|. For this modification, we focus on the MAX-
Cut problem on unweighted 3-regular graphs; however, the techniques of the article can be
extended to bounded-degree graphs and are in principle applicable to any variational quantum
algorithm, not just QAOA.
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Recall from Section 2.1.4 that for 3-regular graphs, it is possible to surpass the approximation
ratio of the Goemans-Williamson algorithm by an efficient classical algorithm. Both results
mentioned there, i.e., the method by Feige, Karpinski and Langberg (FKL) [15] as well as the one
by Halperin, Livnat, and Zwick (HLZ) [16], first solve a slightly modified semidefinite program
similar to the one in the Goemans-Williamson algorithm to obtain a cut by randomized rounding
before using simple post-processing techniques to increase the size of the cut even further. The
key to their established approximation ratios is that for both of these techniques, there are

functions Ig: {0,1}" — R>o, where G is a 3-regular graph on n vertices, such that
cutsizeg (C') > cutsizeg (C) + I (C)

holds, where cutsizei (D) denotes the number of satisfied edges in a cut D of G, C is the cut of G
on which we perform the post-processing and C’ is the final cut of G after the post-processing.
Crucially, I can be explicitly efficiently computed in both cases and therefore quantifies the

guaranteed improvements of these procedures. For example, for FKL, we have
1
Ie (€)= 518 (@) (5.2)

where Sg(C) is the set of all three-tuples (c, j, k) € V3 such that {c,j},{c,k} € E and C(c) =
C(j) = C(k). The main idea in our proposal to improve QAOA is to realize that in both cases,
we can “quantize” the improvement functions Ig; as a result, we obtain a corresponding positive

semidefinite operator IqG for which one can then show that
E [cutsize (C')] = (| (HYC +1L) |v) (5.3)

where [¢) € ((C2)®n and C’ is the final cut that one obtains after applying the chosen post-
processing procedure to the result that one obtains after measuring |¢)) in the computational

basis. For example, the quantized version of I in (5.2) is given by

IZ,= Y Tjr , where Tl jz := (J000)000] + [111)111])
(C,j,k)eTG

C7j7k ’

where T denotes the set of all three-tuples of distinct vertices lying on a path of length 2
(so-called triplets) in G.

We note that the corresponding operators for both procedures are local, hence the observable
Hglc + Iz; is local as well. Since we would like to maximize (5.3), we propose the following
modification of QAOA: we first optimize the angles of the QAOAII;/IC ansatz with respect to
the observable Hg/IC + IZ, instead of Hg/IC to obtain angles 8*,v* € [0,27]P. Then, we prepare
the QAOA;}AC state [P C (8%,~4*)) which we measure with respect to the computational basis,

obtaining a cut C to which we then apply the respective post-processing procedure.

We call this algorithm “twisted QAOA”. Crucially, the circuit used in the algorithm is exactly
the same as in regular QAOA, but with different angles; therefore, the algorithm uses exactly the

same quantum resources. Furthermore, this algorithm is not restricted to QAOA; in principle,
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any variational quantum algorithm can be used. In order to obtain provable lower bounds,
however, one needs to be able to establish expressions similar to Eq. (5.3).

We can use the techniques from [12,56] which exploit the locality of QAOA to obtain the results
depicted in Figure 1 in [2]. We empirically observe that for low levels p of QAOA, the twisted
versions of the algorithm perform similarly to QAOA, 1, therefore effectively saving one level

of QAOA and reducing both the circuit depth and the number of parameters.

5.3 Other proposals for enhancing QAOA in the literature

In addition to the proposals introduced in the two previous sections, there have been other sug-
gestions for improving QAOA. Most prominently, the usage of different mixing Hamiltonians
other than the transversal field Hamiltonian has been proposed in [72], an ansatz which the au-
thors call “Quantum Alternating Operator Ansatz” (also abbreviated as QAOA since it includes
the “standard QAOA” as a special case). One motivation for this proposal is the fact that for
some combinatorial optimization problems, the standard QAOA is not capable of producing
certain states. This may lead to inaccurate solutions of the combinatorial optimization problem.
On the other hand, a different mixing Hamiltonian may be useful for combinatorial optimization
problems with hard constraints such as the Maximum Independent Set problem [21], where the
goal is to find a set of vertices of maximum cardinality in a given graph such that no vertices in
the set share an edge. Using the standard binary encoding where membership of a vertex in a
set is indicated by 1 while 0 denotes that the vertex is not an element of the set, not every com-
putational basis state corresponds to a feasible solution of the problem. Here, a different mixing
Hamiltonian could ensure that the output of the algorithm always satisfies such constraints.

Another, potentially complementary approach is to use a different initial state for QAOA instead
of the uniform superposition; this approach is called “warm-starting QAOA”. In [71], the authors
use a different mixing Hamiltonian and apply this version of QAOA to a product state obtained
by encoding the output of a classical approximation algorithm such as the Goemans-Williamson
algorithm (GW). This ansatz has the attractive feature that one is guaranteed to achieve o (GW)
since one can simply discard the output of the algorithm if the cut obtained by the quantum
algorithm is not good enough. In another approach, the authors of [73] do not change the
QAOA unitary, but apply the algorithm to a biased superposition of computational basis states
corresponding to possible cuts in a given graph which have also been obtained by classical means.
However, the most naive warm-start, i.e., simply using a computational basis state as input
state while not changing the QAOA unitary at all, very likely does not lead to improvements
of the performance of the algorithm as was argued in [74]. Furthermore, it is not expected
that these proposals are capable of strictly outperforming the Goemans-Williamson algorithm
in terms of worst-case approximation ratio as this would have far-reaching complexity theoretic
consequences: in that case, the Unique Games Conjecture [28] would be false or NP C BQP

which is not expected to be true.

44



Bibliography

1]

2]

3]

4]

[5]

(6]

7]

8]

19]

[10]

[11]

[12]

Sergey Bravyi, Alexander Kliesch, Robert Koenig, and Eugene Tang. Hybrid quantum-

classical algorithms for approximate graph coloring. Quantum, 6:678, 2022.

Libor Caha, Alexander Kliesch, and Robert Koenig. Twisted hybrid algorithms for combi-
natorial optimization. Quantum Science and Technology, 7(045013), 2022.

Sergey Bravyi, Alexander Kliesch, Robert Koenig, and Eugene Tang. Obstacles to vari-
ational quantum optimization from symmetry protection. Phys. Rev. Lett., 125(260505),
2020.

Richard P. Feynman. Simulating physics with computers. International Journal of Theo-
retical Physics, 21:467—488, 1982.

Paul Benioff. The computer as a physical system: A microscopic quantum mechanical
Hamiltonian model of computers as represented by Turing machines. Journal of Statistical
Physics, 22:563-591, 1980.

Frank Arute, Kunal Arya, Ryan Babbush, et al. Quantum supremacy using a programmable

superconducting processor. Nature, 574:505-510, 2019.

Philip Ball. First quantum computer to pack 100 qubits enters crowded race. Nature,
599(542), 2021.

Peter W. Shor. Algorithms for Quantum Computation: Discrete Logarithms and Factoring.
In Proceedings 35th Annual Symposium on Foundations of Computer Science, pages 124—
134, 1994.

Lov K. Grover. A fast quantum mechanical algorithm for database search. In Proceedings of
the Twenty-Fighth Annual ACM Symposium on Theory of Computing, page 212219, 1996.

Daniel Gottesman. Stabilizer Codes and Quantum Error Correction, 1997. arXiv:quant-
ph/9705052.

John Preskill. Quantum Computing in the NISQ era and beyond. Quantum, 2:79, 2018.

Edward Farhi, Jeffrey Goldstone, and Sam Gutmann. A Quantum Approximate Optimiza-
tion Algorithm, 2014. arXiv:1411.4028.

45


https://arxiv.org/abs/quant-ph/9705052
https://arxiv.org/abs/quant-ph/9705052
https://arxiv.org/abs/1411.4028

BIBLIOGRAPHY

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

46

Edward Farhi, David Gamarnik, and Sam Gutmann. The Quantum Approximate Op-
timization Algorithm Needs to See the Whole Graph: Worst Case Examples, 2020.
arXiv:2005.08747.

Alantha Newman. Complex Semidefinite Programming and Max-k-Cut. In 1st Symposium

on Simplicity in Algorithms, volume 61, pages 13:1-13:11, 2018.

Uriel Feige, Marek Karpinski, and Michael Langberg. Improved Approximation of Max-Cut
on Graphs of Bounded Degree. J. Algorithms, 43(2), 2002.

Eran Halperin, Dror Livnat, and Uri Zwick. MAX CUT in cubic graphs. Journal of Algo-
rithms, 53(2), 2004.

Michel X. Goemans and David P. Williamson. Improved Approximation Algorithms for
Maximum Cut and Satisfiability Problems Using Semidefinite Programming. J. ACM, 42(6),
1995.

Sanjeev Arora and Boaz Barak. Computational Complezity: A Modern Approach. Cam-
bridge University Press, 2009.

Thomas H. Cormen, Charles E. Leiserson, Ronald L. Rivest, and Clifford Stein. Introduction
to Algorithms. MIT Press, 3rd edition, 2009.

Alan M. Turing. On Computable Numbers, with an Application to the Entscheidungsprob-
lem. Proceedings of the London Mathematical Society, s2-42(1):230-265, 1937.

Richard M. Karp. Reducibility among Combinatorial Problems. In Complezity of Computer
Computations, pages 85 — 103, 1972.

David P. Williamson and David B. Shmoys. The Design of Approzimation Algorithms.
Cambridge University Press, 2010.

Narendra Karmarkar. A new polynomial-time algorithm for linear programming. Combina-
torica, 4(4), 1984.

Robert G. Bland, Donald Goldfarb, and Michael J. Todd. The Ellipsoid Method: A Survey.
Operations Research, 29(6), 1981.

Gerald B. Folland. A Course in Abstract Harmonic Analysis. CRC Press, 1994.

Sanjeev Mahajan and Hariharan Ramesh. Derandomizing Semidefinite Programming Based
Approximation Algorithms. In Proceedings of IEEE 36th Annual Foundations of Computer
Science, pages 162 — 169, 1995.

Alan Frieze and Mark Jerrum. Improved Approximation Algorithms for MAX k-CUT and
MAX BISECTION. Algorithmica, 18(1), 1997.

Subhash Khot. On the Power of Unique 2-Prover 1-Round Games. In Proceedings of the
Thiry-Fourth Annual ACM Symposium on Theory of Computing, page 767775, 2002.


https://arxiv.org/abs/2005.08747

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

BIBLIOGRAPHY

Etienne Klerk, Dmitrii Pasechnik, and Joost P. Warners. On Approximate Graph Colouring
and MAX-k-CUT algorithms based on the ¥-function. Journal of Combinatorial Optimiza-
tion, 8:267-294, 2004.

Michel X. Goemans and David P. Williamson. Approximation Algorithms for MAX-3-CUT
and Other Problems via Complex Semidefinite Programming. Journal of Computer and
System Sciences, 68(2), 2004.

Sanjeev Arora, Carsten Lund, Rajeev Motwani, et al. Proof Verification and the Hardness
of Approximation Problems. J. ACM, 45(3), 1998.

Irit Dinur. The PCP Theorem by Gap Amplification. J. ACM, 54(3), 2007.
Johan Hastad. Some Optimal Inapproximability Results. J. ACM, 48(4), 2001.

Subhash Khot, Guy Kindler, Elchanan Mossel, and Ryan O’Donnell. Optimal Inapprox-
imability Results for MAX-CUT and Other 2-Variable CSPs? SIAM J. Comput., 37(1),
2007.

Elchanan Mossel, Ryan O’Donnell, and Krzysztof Oleszkiewicz. Noise stability of functions
with low influences: Invariance and optimality. Annals of Mathematics, second Series,

171(1), 2010.

Sartaj Sahni and Teofilo Gonzalez. P-Complete Approximation Problems. J. ACM, 23(3),
1976.

David J. Griffiths and Darrell F. Schroeter. Introduction to Quantum Mechanics. Cambridge
University Press, 3rd edition, 2018.

Michael Reed and Barry Simon. Methods of Modern Mathematical Physics I: Functional

Analysis. Flsevier Science, 1981.

Michael A. Nielsen and Isaac L. Chuang. Quantum Computation and Quantum Information:

10th Anniversary Edition. Cambridge University Press, 2010.

Michael Grossman and Robert Katz. Non-Newtonian Calculus: A self-contained, elementary

exposition of the authors’ investigations. Lee Press, 1972.

Eleanor Rieffel and Wolfgang Polak. Quantum Computing: A Gentle Introduction. The
MIT Press, 2011.

Edward Farhi, Jeffrey Goldstone, Sam Gutmann, and Michael Sipser. Quantum Computa-
tion by Adiabatic Evolution, 2000. arXiv:quant-ph/0001106.

Albert Messiah. Quantum Mechanics, Vol. 1I. Dover Publications, 1999.
Andrew Lucas. Ising formulations of many NP problems. Frontiers in Physics, 2, 2014.

Hale F. Trotter. On the product of semi-groups of operators. In Proceedings of the American
Mathematical Society, volume 10(4), pages 545 — 551, 1959.

47


https://arxiv.org/abs/quant-ph/0001106

BIBLIOGRAPHY

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

48

Lennart Bittel and Martin Kliesch. Training Variational Quantum Algorithms is NP-hard.
Physical Review Letters, 127(12), 2021.

Edwin K.P. Chong and Stanislaw H. Zak. An Introduction to Optimization. Wiley, 2013.

Stephen Boyd and Lieven Vandenberghe. Convex Optimization. Cambridge University
Press, 2004.

Jarrod R. McClean, Matthew P. Harrigan, Masoud Mohseni, et al. Low depth mechanisms
for quantum optimization, 2020. arXiv:2008.08615.

Stefan H. Sack, Raimel A. Medina, Alexios A. Michailidis, et al. Avoiding barren plateaus
using classical shadows, 2022. arXiv:2201.08194.

Johannes S. Otterbach, Ricardo Manenti, Nasser Alidoust, et al. Unsupervised machine

learning on a hybrid quantum computer, 2017. arXiv:1712.05771.

Jiahao Yao, Marin Bukov, and Lin Lin. Policy Gradient based Quantum Approximate
Optimization Algorithm. In Proceedings of The First Mathematical and Scientific Machine
Learning Conference, volume 107, pages 605 — 634, 2020.

Ruslan Shaydulin, Ilya Safro, and Jeffrey Larson. Multistart Methods for Quantum Ap-
proximate Optimization. In 2019 IEEE High Performance Extreme Computing Conference
(HPEC), pages 1 — 8, 2019.

Zhihui Wang, Stuart Hadfield, Zhang Jiang, and Eleanor G. Rieffel. Quantum approximate
optimization algorithm for MaxCut: A fermionic view. Phys. Rev. A, 97:022304, 2018.

Fernando G. S. L. Brandao, Michael Broughton, Edward Farhi, et al. For Fixed Control
Parameters the Quantum Approximate Optimization Algorithm’s Objective Function Value
Concentrates for Typical Instances, 2018. arXiv:1812.04170.

Jonathan Wurtz and Peter Love. MaxCut quantum approximate optimization algorithm
performance guarantees for p > 1. Phys. Rev. A, 103:042612, 2021.

Jordi R. Weggemans, Alexander Urech, Alexander Rausch, et al. Solving correlation cluster-
ing with QAOA and a Rydberg qudit system: a full-stack approach, 2021. arXiv:2106.11672.

Glen B. Mbeng, Rosario Fazio, and Giuseppe Santoro. Quantum Annealing: a jour-
ney through Digitalization, Control, and hybrid Quantum Variational schemes, 2019.
arXiv:1906.08948.

Michael H. Freedman and Matthew B. Hastings. Quantum systems on non-k-hyperfinite
complexes: a generalization of classical statistical mechanics on expander graphs. Quantum
Information and Computation, 14(1-2), 2014.

Anurag Anshu, Nikolas P. Breuckmann, and Chinmay Nirkhe. NLTS Hamiltonians from
good quantum codes, 2022. arXiv:2206.13228.


https://arxiv.org/abs/2008.08615
https://arxiv.org/abs/2201.08194
https://arxiv.org/abs/1712.05771
https://arxiv.org/abs/1812.04170
https://arxiv.org/abs/2106.11672
https://arxiv.org/abs/1906.08948
https://arxiv.org/abs/2206.13228

[61]

[62]

[63]

[64]

[65]

|66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

BIBLIOGRAPHY

Dorit Aharonov, Itai Arad, and Thomas Vidick. Guest Column: The Quantum PCP Con-
jecture. SIGACT News, 44(2), 2013.

Lior Eldar and Aram W. Harrow. Local Hamiltonians Whose Ground States are Hard to
Approximate. In 58th Annual IEEE Symposium on Foundations of Computer Science, pages
427-438, 2017.

Giacomo De Palma, Milad Marvian, Cambyse Rouzé, and Daniel Stilck Franga. Limita-
tions of variational quantum algorithms: a quantum optimal transport approach, 2022.
arXiv:2204.03455.

Sami Boulebnane. Improving the Quantum Approximate Optimization Algorithm with
postselection, 2020. arXiv:2011.05425.

Matthew B. Hastings. Classical and Quantum Bounded Depth Approximation Algorithms,
2019. arXiv:1905.07047.

Kunal Marwaha. Local classical MAX-CUT algorithm outperforms p = 2 QAOA on high-
girth regular graphs. Quantum, 5:437, 2021.

Kunal Marwaha and Stuart Hadfield. Bounds on approximating Max kXOR with quantum
and classical local algorithms. Quantum, 6:757, 2022.

Daniel Stilck Franca and Raul Garcia-Patron. Limitations of optimization algorithms on

noisy quantum devices. Nature Physics, 17(11), 2021.
Hal Tasaki. Physics and mathematics of quantum many-body systems. Springer, 2020.

Ruslan Shaydulin and Stefan M. Wild. Exploiting symmetry reduces the cost of training
qaoa. IEEE Transactions on Quantum Engineering, 2:1 — 9, 2021.

Daniel J. Egger, Jakub Marecek, and Stefan Woerner. Warm-starting quantum optimization.
Quantum, 5:479, 2021.

Stuart Hadfield, Zhihui Wang, Bryan O’Gorman, et al. From the Quantum Approximate
Optimization Algorithm to a Quantum Alternating Operator Ansatz. Algorithms, 12(2),
2019.

Reuben Tate, Majid Farhadi, Creston Herold, et al. Bridging Classical and Quantum with
SDP initialized warm-starts for QAOA, 2020. arXiv:2010.14021.

Madelyn Cain, Edward Farhi, Sam Gutmann, et al. The QAOA gets stuck starting from a
good classical string, 2022. arXiv:2207.05089.

49


https://arxiv.org/abs/2204.03455
https://arxiv.org/abs/2011.05425
https://arxiv.org/abs/1905.07047
https://arxiv.org/abs/2010.14021
https://arxiv.org/abs/2207.05089

BIBLIOGRAPHY

50



Appendix A

Core Articles

A.1 Hybrid quantum-classical algorithms for approximate graph

coloring

51



Hybrid quantum-classical algorithms for approximate graph

coloring

Sergey Bravyi, Alexander Kliesch, Robert Koenig, Eugene Tang

In the unweighted MAX-k-CUT problem, where £ > 2 is an integer, the goal is to find a max-
imal k-coloring of a given graph G = (V, E), i.e., a function C: V — Z; that maximizes the
number of edges whose endpoints have been assigned different values. In Core Article I), we
study the performance of two variational quantum approximation algorithms — QAOA [12]| and
RQAOA [3] — applied to this NP-complete combinatorial optimization problem and compare
them with classical algorithms, both heuristically and mathematically rigorously, in terms of

their approximation ratios.

A.1.1 Main Results

We first show that on the families of bipartite, regular graphs on n vertices, the probability of
level-p QAOA (from now on denoted by QAOA;) outperforming the trivial algorithm (where
we randomly assign values to each vertex) vanishes for n going to infinity and a suitable choice
of the degree of the graphs if p does not grow at least logarithmically with n.

Faced with such limitations, we then compare the performance of RQAOA with QAOA and
investigate whether it performs better. To do so, we introduce a classical, time-efficient algorithm
which computes the expectation value of Ising-type terms — which typically appear in the problem
Hamiltonians of combinatorial optimization problems —under QAOA output states. This allows
us to numerically evaluate the performance of both QAOA; and RQAOA; in particular, we are
able to determine high-quality variational parameter in practice, making a case study possible.

We generate random, d-regular, 3-colorable connected graphs on n vertices, where (n,d) €
{30, 60, 150,300} x{4, 6, 8,10}, and determine the achieved approximation algorithms of QAOA;,
RQAOA;, and the best classical algorithm by Newman [14] for the MAX-3-CUT problem on
these graphs. We observe that RQAOA consistently outperforms QAOA; and that for certain
regimes (n,d), RQAOA; even outperforms Newman'’s algorithm. However, for other families of

graphs, Newman’s algorithm is capable of outputting near-optimal solutions, therefore outper-

forming RQAOA;.

A.1.2 Individual Contribution

I am the principal author of this article. The idea for this work came after Article III) [3] in this
thesis, where we introduced RQAOA to circumvent the limitations of QAOA that were found
in this article. I was in charge of the numerical methods used in this article, with the exception
of the angle optimization outlined in Appendix A, and was significantly involved in proving the

main result (Theorem 3.1.) and the write-up of the article, with the exception of Section 4.
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We show how to apply the recursive quantum approximate optimiza-
tion algorithm (RQAOA) to MAX-k-CUT, the problem of finding an
approximate vertex k-coloring of a graph. We compare this proposal to
the best known classical and hybrid classical-quantum algorithms. First,
we show that the standard (non-recursive) QAOA fails to solve this op-
timization problem for most regular bipartite graphs at any constant
level p: the approximation ratio achieved by QAOA is hardly better than
assigning colors to vertices at random. Second, we construct an efficient
classical simulation algorithm which simulates level-1 QAOA and level-1
RQAOA for arbitrary graphs. In particular, these hybrid algorithms give
rise to efficient classical algorithms, and no benefit arising from the use
of quantum mechanics is to be expected. Nevertheless, they provide a
suitable testbed for assessing the potential benefit of hybrid algorithm:
We use the simulation algorithm to perform large-scale simulation of
level-1 QAOA and RQAOA with up to 300 qutrits applied to ensembles
of randomly generated 3-colorable constant-degree graphs. We find that
level-1 RQAOA is surprisingly competitive: for the ensembles considered,
its approximation ratios are often higher than those achieved by the best
known generic classical algorithm based on rounding an SDP relaxation.
This suggests the intriguing possibility that higher-level RQAOA may
be a potentially useful algorithm for NISQ devices.

1 Introduction

Combinatorial optimization is currently considered one of the most promising areas
of application of near-term quantum devices. One of the primary restrictions of
such devices is the fact that they may only execute short-depth circuits with rea-
sonable fidelity. This is a consequence of the lack of sophisticated fault-tolerance
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mechanisms. Variational quantum algorithms such as the quantum approximate op-
timization algorithm (QAOA) [7] can deal with this restriction because parameters
such as the circuit depth/architecture can be chosen according to existing experi-
mental restrictions. This is in contrast to more involved quantum algorithms e.g.,
for algebraic problems: these may involve circuit depths scaling with the problem
size and have additional requirements on the connectivity of available inter-qubit
operations.

QAOA and similar proposals are hybrid algorithms: Here we envision opera-
tions on the quantum device to be supplemented by efficient, that is, polynomial-
time classical processing. As a result, the algorithmic capabilities of such a hybrid
setup should be compared to the class of efficient (polynomial-time) classical prob-
abilistic algorithms. This means that corresponding proposals face stiff competition
against decades of algorithms research in classical computer science. While there
are complexity-theoretic arguments underscoring the power of e.g., constant-depth
quantum circuits, the jury is still out on whether hybrid algorithms for near-term
devices can indeed provide a provable computational advantage over comparable
classical algorithms.

Recent no-go results show limitations of variational quantum algorithms for the
well-studied MAX-CUT problem: in [3], we showed that the Goemans-Williamson-
algorithm — the best known classical algorithm for this problem — outperforms
QAOA for any constant level p (which amounts to constant-depth for bounded-
degree graphs) in terms of the achieved approximation ratio. This result extends to
more general, possibly non-uniform Z,-symmetric hybrid local quantum algorithms,
and shows that corresponding circuits will need a circuit depth growing at least
logarithmically with the problem size to yield a better approximatio ratio. More
recently, Farhi, Gamarnik and Gutmann [6] exploited the spatial uniformity of the
QAOA algorithm to give an extremely elegant argument demonstrating a similar
logarithmic-depth lower bound for QAOA for random d-regular graphs. The title of
reference [6] aptly summarizes this conclusion using the words “the QAOA needs to
see the whole graph”.

To go beyond these negative results, one could attempt to simply use logarithmic-
depth circuits with the reasoning that for small to intermediate problem sizes, the
corresponding circuit depths may still be amenable to realization by a near-term
device. In addition to the problem of fault-tolerance, the potential merits of this
idea are unfortunately difficult to assess by means of classical simulation. Indeed, the
very idea that this approach yields computational benefits over classical algorithms
is in tension with efficient classical simulability of corresponding quantum processes.

An alternative to this necessarily limited approach is to try to find new ways of
leveraging the information-processing capabilities of short-depth circuits by intro-
duction of non-local (classical) pre- and post-processing steps, thereby sidestepping
the key assumption of locality in the aforementioned no-go results. As long as one
restricts to procedures where these additional processing steps can be executed effi-
ciently (e.g., in polynomial time) and the quantum device is used only a polynomial
number of times, the resulting hybrid algorithm still has the feature of being ef-
ficiently executable with near-term hardware. At the same time, it may provide
additional descriptive power, ultimately (hopefully) resulting in improved approxi-
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mation ratios.

The recursive quantum approximate optimization algorithm (RQAOA) is a pro-
posal of this kind which makes use of QAOA (with a constant level p) in a recur-
sive fashion with the goal of improving approximation ratios. Numerical evidence
obtained for MAX-CUT on random graphs indicates that even level-1 RQAOA sig-
nificantly improves upon QAOA (at the same level) for the MAX-CUT problem |[3].
While the problem of establishing a rigorous lower bound on the approximation ra-
tio achieved by this hybrid algorithm remains open (except for very special families
of instances), this indicates that RQAOA — especially at higher levels p — has the
potential to yield results competitive with the best known classical algorithms.

Here we consider the MAX-k-CUT problem, an optimization version of the graph
k-coloring problem. Suppose G = (V, E) is a graph with n = |V vertices and
e = |E| edges. Given an integer k > 2, the goal is to find an approximate k-coloring
of vertices of G which maximizes the number of edges whose endpoints have different
colors. For each vertex j € V, introduce a variable z; € Z;, which represents a color
assigned to j. The k-coloring cost function to be maximized is defined as

Cl)y= > (1 —044,) for x €L} . (1)

(i,5)EE

The performance of a k-coloring algorithm on a given graph G is usually quantified
by its approximation ratio «, that is, the ratio between the expected value of the
cost function C'(x) on a coloring = produced by the algorithm and the maximum
value max, C'(x).

The MAX-E-CUT problem can also be viewed as an anti-ferromagnetic k-state
Potts model. The standard MAX-CUT problem corresponds to k = 2. The prob-
lem is well-studied. Consider first the special case where G is a k-colorable graph.
Clearly, a uniformly random assignment of colors = achieves an approximation ra-
tio of 1 — 1/k on average. For the case where k is a power of two, Cho, Raje
and Sarrafzadeh [11]| constructed an O((e + n)log k)-time algorithm which achieves
an approximation ratio of 1 — 1/k(1 — 1/n)°¢*  improving upon a deterministic
O(enk)-time algorithm |[21] achieving the same ratio 1 — 1/k as random coloring
(and obtained by derandomizing the latter). In the general case, when G may not
be k-colorable, Frieze and Jerrum [8] gave an algorithm achieving an approximation
ratio 1 — 1/k + 2log k/k? for arbitrary sufficiently large k. This is known to be
close to optimal since no polynomial-time algorithm can achieve an approximation
ratio better than 1 — 1/(34k) unless P = NP [12], and is indeed optimal if one
assumes the Unique Games Conjecture [13]. Frieze and Jerrum'’s algorithm is based
on an SDP relaxation and a randomized rounding scheme inspired by Goemans and
Williamson’s algorithm for MAX-CUT [10] and comes with detailed estimates of the
approximation ratio «y achieved by the algorithm, namely

g > 0.878567
ag > 0.800217
oy > 0.850304
a5 > 0.874243
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Here the bound on a5 matches the Goemans-Williamson algorithm for MAX-CUT.
This was further improved by a new algorithm by Klerk et al. [14] with a guaranteed
approximation ratio of

as > 0.836008 (2)
vy > 0.857487 .

Their algorithm is based on the properties of the Lovasz J-function and achieves
the best currently known approximation ratio (for polynomial-time algorithms) for
k = 3. Goemans and Williamson themselves [9] independently introduced an al-
gorithm based on so-called “complex semidefinite programming” that matches this
ratio for £ = 3. Unfortunately, the analysis involved in establishing the bound (2)
is significantly more complicated than the MAX-CUT case and is not known to be
generalizable to arbitrary k. Fortunately, Newman [17] describes a simple rounding
procedure that leads to an algorithm provably matching the bound (2) while only
being slightly worse than Frieze/Jerrum for larger values of k. Finally, it should also
be noted that dense 3-colorable graphs can be 3-colored in (randomized) polynomial
time [1].

Here we study approximation ratios achieved by QAOA and RQAOA, respec-
tively for MAX-k-CUT with & > 2, and compare these to those achieved by the best
known classical approximation algorithms for this problem discussed above.

Outline In Section 2, we discuss how to formulate QAOA and RQAOA for the
MAX-k-CUT-problem. In Section 3, we establish limitations on constant-level
QAOA. In Section 4, we describe an efficient classical simulation algorithm for sim-
ulating level-1 QAOA and level-1 RQAOA. In Section 5 , we discuss our numerical
findings comparing level-1 QAOA and level-1 RQAOA with the best known classical
algorithm for MAX-k-CUT.

2 Hybrid algorithms for MAX-E-CUT

Here we give a brief description of how QAOA and RQAOA can be adapted to apply
to MAX-k-CUT for any k > 2.

2.1  QAOA to MAX-E-CUT

Solving MAX-k-CUT by level-p QAOA (in the following denoted by QAOA,) pro-
ceeds in an established fashion as in the case of MAX-CUT (i.e.,, & = 2). One
notable feature is that in the MAX-k-CUT problem, it is natural to work with n qu-
dits of dimension k each instead of qubits (all quantum circuits considered below can
be simulated on a standard qubit-based quantum computer with a constant-factor
overhead). We use the n-qudit cost function Hamiltonian

C= > > Ji(0);(b) (3)

1<i<j<n beZy
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where J; j(b) are real coefficients and

I1(b) = Z la,a + b){a,a + b

aEZk

is a diagonal projector acting on C* ® C*. Here and below the addition of color
indices is performed modulo k. The subscripts 4, j in II; ;(b) indicate which pair of
qudits is acted upon by II(b). By definition, II, ;(b) = I, ;(—b).

Equation (3) defines a general class of cost function Hamiltonians. The MAX-
k-CUT problem on a graph G = (V, E) associated with the cost function (1) corre-
sponds to the choice of coefficients

_ )0, (i.4) ¢ B
Falb) = {1 — 640, (i,j) €EE. @

The Hamiltonian C' defined Eq. (3) commutes with the symmetry operator X®",
where

X = Z le+ 1) (c]
CEZLy

is the generalized Pauli-X operator. This is analogous to the Z,-symmetry of the
Ising model exploited in [3]. Motivated by the corresponding ansatz for MAX-CUT,
we generalize the level-p QAOA ansatz to qudits as

[¥(8,7)) = U(B,M)[+") ()
where the level-p QAOA unitary is given by

U(B,7) = ﬁ B(®)Ene- 0
t=1

with 3 = (BW,...,3®) € (R¥)P, v = (v, ..., 4®) € RP and where for 3 € R*,
the unitary B() : C* — CF is diagonal in the eigenbasis of X and given by

B(B) =3 ¢®|¢a)(dal »  |da) = Z°F) . (6)
a€Zy,
In this expression,
Z =Y w'a){al, w = ik
a€Zy,

is the generalized Pauli-Z operator, whereas |+) € C* is the +1 eigenvector of X,
that is, |+) = k72 Y4z, k). Level-p QAOA for MAX-k-CUT proceeds by

(i) first maximing the expected value (|C|v) where |¢) = (8, 7)) over (8,7) €
(R*)P x RP.

(ii) then measuring an energy-maximizing state |1,) = |¢(5s, 7)) in the compu-
tational basis.

The output of this process is a coloring = € Z} achieving an expected approximation
ratio

max (6 |C1) / max C(z)
Y z
This concludes the description of QAOA,,.
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2.2 Adapting RQAOA to MAX-k-CUT

The RQAOA proceeds by successively reducing the size of the problem, eliminat-
ing a single variable in each step by a procedure called correlation rounding. To
formulate RQAOA for MAX-k-CUT, we begin by noting that the family of Hamil-
tonians defined by (3) is closed under variable eliminations (up to irrelevant additive
constants).

Level-p RQAOA proceeds by iterative applications of several single variable elim-
ination steps as described by (i) and (ii) described below. We note that in the very
first variable elimination step, the scalar M; ;(b) (for a fixed pair of vertices (i, 7))
computed in (i) depends only on whether or not b is non-zero. This is a consequence
of the specific form (4) of the coefficients J; ;(b) in the (initial) MAX-k-CUT cost
function Hamiltonian C' (Eq. (3)). However, this is no longer necessarily the case
after one or more variable elimination steps have been completed since the cost
function Hamiltonian is updated according to (ii).

A single variable elimination step of level-p RQAOA works as follows:

(i) First, maximize the expected value (¢|C|y) with |¢0) = |¢(5,7)) over (5,7) €
(R*)P x RP. Then compute the mean value

M; ;(b) = (Y|IL; ;(b)|¢) for all pairs of vertices (i, 7) .
Note that 0 < M, ;(b) < 1 since II, ;(b) is a projector.

(ii) Next, find a pair of vertices (i, j) and a color b € Z;, with the largest magnitude
of M, ;(b) (breaking ties arbitrarily). Then impose the constraint

rj=x;,+b (modk), (7)

restricting the search space to the span of computational basis vectors |z) as-
sociated with colorings = € (Zg)" satisfying (7). Observe that |¢)) has support
on such basis states if and only if M, ;(b) = 1. To eliminate the variable w;,
the constraint (7) is inserted into the cost function Hamiltonian as follows: use
the identity

IL;,;(0) I (a — b) = 1L (b)I1; n(a)

which holds for all b & {7, j} and all a € Zy,. Thus I, 5 (a) = IL; 5, (a — b) on the
subspace satisfying the constraint. Replacing II; ,(a) by II; (e — b) in the cost
function Hamiltonian for all h ¢ {i,j} one gets a new Hamiltonian C” of the
form (3) (up to an additive constant) acting on n — 1 variables, i.e., C’ acts
trivially on the i-th qudit. The cost function C’ is defined on a graph G’ with
n — 1 vertices obtained from G by identifying the vertices ¢ and j.

By construction, the maximum energy of C’ coincides with the maximum energy
of C over the subset of assignments satisfying the constraints (7). Since the new
Hamiltonian C’ acts trivially on the qudit ¢, this qudit can be removed from the
simulation. This completes the variable elimination step.

RQAOA, executes several variable elimination steps in succession, eliminating
one variable in each recursion until the number of variables reaches a predefined
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cutoff value n.. The remaining Hamiltonian then only depends on n. variables is
minimized by a purely classical algorithm, for example brute-force search. An (ap-
proximate) solution x € Z} of the original problem can then be obtained recursively
by reconstructing eliminated variables using the constraints (7).

Since the introduction of RQAOA in [3|, other modifications of QAOA involv-
ing iterated rounding procedures have been proposed, see e.g., [16, Section V.A|. In
contrast to the variant discussed there, RQAOA’s rounding procedure is determin-
istic and relies on rounding correlations between qudits rather than individual spin
polarizations.

Further variations of RQAOA have been proposed and studied in [5, 20]. There,
the authors consider “warm-starting” the algorithm by beginning with a solution re-
turned by an efficient classical algorithm (for the case of MAX-CUT, the Goemans-
Williamson algorithm) instead of the standard product state. They provided numer-
ical evidence that both QAOA and RQAOA can achieve better performance when
supplemented with “warm-starting”, making this a promising potential avenue for
future investigations.

3 Limitations of QAOA, applied to MAX-E-CUT

Limitations for level-p QAOA with p = O(logn) applied to MAX-CUT were ob-
tained for ensembles of random d-regular graphs in [6]. Here we show analogous
results for QAOA applied to MAX-k-CUT for £ > 2. Our main result is the
following theorem. It shows that unless the level p of QAOA grows at least log-
arithmically with n, QAOA cannot be more than marginally better (for large n
and d) than randomly guessing a coloring, for most d-regular bipartite graphs. We
denote by fo;d the ensemble of uniformly random d-regular bipartite graphs on n
vertices. For a graph G, we denote by MCy(G) = max,ezn C(z) the maximum
k-cut of G. Note that MCy(G) = nd/2 for any d-regular bipartite graph G. Let
ag/lck’ (G) be the approximation ratio of MAX-k-CUT QAOA, applied to G, that
is, aOK(G) = (1(6.))|C(G)[1(6.))/MCL(G) where 0, — (B,,7%) € (RF)? x RP is
an optimal set of angles, and where C(G) is the cost function Hamiltonian for G

defined by Eq. (3).
Theorem 3.1. There is a constant ¢ > 0 such that

Pr [a)'9(G) > (1= 1/k) + 0a(1) + 0n(1)] < (1)

i p
ngfid

for all degrees d satisfying d > ¢ and d = o(y/n) and all levels p < %logd n.

Our approach generally follows the basic idea of [6] and also exploits the fact
that QAOA is a local, and furthermore uniform algorithm. In contrast to the main
result of [6], which is expressed as an upper bound on the expected approximation
ratio (over the choice of graph) achieved by QAOA, Theorem 3.1 shows that the
approximation ratio is upper bounded for almost all graphs in the considered en-
semble. Analogous to the setting of [6], where it is shown that the approximation
ratio converges to 1/2 in the limit of large d, we show that the limiting value is
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the approximation ratio achieved by random guessing. In the analysis of 6], the
explicitly known expected maximal cut size for random d-regular graphs is used.
The analogous value for MAX-k-CUT is not known for random d-regular graphs.
Instead, we rely on an upper bound on the size of the maximum k-cut for typical
d-regular random graphs obtained in the analysis of an SDP-relaxation from [4].
In our analysis, we pay special attention to the graph-dependence of the optimal
QAOA angles when computing QAOA approximation ratios: here we make use of
the fact that the figure of merit (the average energy) for different typical graphs
differs only by a negligible amount for any fixed angles.

Given a graph G = (V, E), let (i,j) = e € E be an edge in G. We write N,(e)
to denote the p-local neighborhood of e, i.e., the subgraph induced by the set of
all vertices h such that d(h,i) < p or d(h,j) < p. Let 1,4 denote the tree such
that all vertices except the leaves are d-regular and such that there exists an edge
(4,7) such that all leaves are distance p from either i or j. Let ng ,(G) denote the
number of edges e in a graph G such that N,(e) 2 T, 4. The key insight of |6] is the
fact that for p sufficiently small compared to n, it holds with high probability that
almost all p-local neighborhoods of a random d-regular graph look like 7, 4. This is
expressed by the following lemma, where we denote by G, 4 the uniform distribution
over d-regular graphs on n vertices.

Lemma 3.2. [6] Let n,d and A € (0,1) be given. Suppose that
(d—1) <nt. (8)
Then there ezists some constant A’ € (A, 1) such that
Egng, ., [n1,,(G)] = O(n™) .
In particular, by Markov’s inequality,

GP:gr [ng, ,(G) > n"] = On*=B) = o(1) forall B e (A1) . (9)
~Yn,d ’

Moreover, the same result also holds for the ensemble fo;d of random d-regular bi-
partite graphs.

The proof of Lemma 3.2 relies on the fact that the number of cycles of length
¢ in a random d-regular graph is Poisson distributed, allowing an upper bound to
be established on the expected number of cycles below a certain length [23]. This
latter bound applies to both random d-regular graphs as well as random bipartite
d-regular graphs. Both ensembles will be of relevance in the proof of Theorem 3.1.

Let us now fix some B € (A’,1). We will say that a graph G on n vertices
is T-typical if ng, ,(G) < nP. Lemma 3.2 says that a random (possibly bipartite)
d-regular graph G is T-typical with high probability. Since QAOA is a local, and
moreover uniform, algorithm, the performance of QAOA,, on any given graph can be
related to the performance of QAOA, on the induced p-neighborhood of each edge.
Lemma 3.2 therefore suggests that to study QAOA, for generic d-regular graphs, it
suffices to consider the behavior of QAOA, on T, 4.

Let now C(G) be the cost function Hamiltonian for the MAX-k-CUT problem
associated with G (see Eq. (3)), and let ¢(#) denote the level-p QAOA state defined
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by Eq. (5), where we use the shorthand 6 = (3,7) for the collection of all angles.
Then the expectation value for MAX-k-CUT QAOA, on G = (V, E) can be written
as

@ONC@NEO) = > WO)Cislv ()

(i,9)EF

where C;; is the term in the Hamiltonian (3) acting non-trivially on both qudits ¢
and j. Note that due to the locality of the QAOA unitary, each of the individual
terms (¢0(0)|C; ;|¢(0)) in this expression a function of the subgraph N,(ij) and 6.

Now, let G be a d-regular T-typical graph. Each of the local terms (¢/(6)|C; ;|1 (6))
is bounded above by 1 since C; ; is a projection. Since for a T-typical graph G, all
but ng, ,(G) < n” of the edges satisfy N,(e) = T}, 4, it follows that

WOICENO) = (5~ 0| CrO+ 3wl
4,5):Np (1) #Tp,q
- ”zdcT(e) +0(n?) . (10)

In this expression, the function Cr(0) = (¢(0)|Cy ;+|1(9)) is the local term associated
with any one edge (7', j') such that N,(¢'j’) = T, 4. Importantly, the function Crp(-)
depends on (p, d) only, i.e., it is universal for all T-typical graphs G.

An important consequence is that the maximal expectation value achieved by
level-p QAOA is roughly identical for all T-typical graphs G: if Gy and G, are
T-typical, then

max($(6)|C(GVI(O)) — max(()|C(Go)[w(8)| = Ow™) . (1)
This follows from the fact that
((0)|C(GIB(6)) = (1(6)|C(Ga)[¥(8))| = O(nP)  for any set of angles ¢12)

as a consequence of (10), and the inequality ’||f||OO - ||g||00’ < |If — 9llso- Specializing
Eq. (12) to 8 = argmaxy (¢ (0)|C(G1)[1(0)) also shows that a choice of optimal angles
for any given T-typical graph G will also be nearly optimal for all other T-typical
graphs Gb.

We are going to establish an upper bound on the performance of QAOA on T-
typical graphs. To this end, we use the following upper bound on the typical size
of the maximum k-cut of a graph G in the ensemble G, 4 of d-regular graphs. Then
the following holds:

Theorem 3.3. [}, Theorem 19] There exists constants A, > 0 such that

1\ nd
< _ - > _ —2n
L lMCk(G) < (1 k) : +AanVd| >1—e

for all degrees d satisfying d > ¢ and d = o(y/n).
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This implies that for all degrees d satisfying the hypotheses of Theorem 3.3, we
have

EGNQRJ[MCk(G)] < (1 - i) nzd + )\n\/c_l + 0(n) . (13)

Lemma 3.4. Let n,d satisfy the hypotheses of Theorem 3.3 and let p, A be such
that Eq. (8) holds. Then there exists a constant B' € (0,1) such that the following
holds for sufficiently large n: There exists a T-typical d-reqular graph G satisfying

MCy(G) < Egng, ,[MCi(G)] +n”". (14)

Proof. Let T denote the set of T-typical graphs, and let us abbreviate

E = Egng, ,[MCi(G)]. We show that a randomly chosen d-regular graph G' ~ G, 4
satisfies the desired properties (i.e., G € T and Eq. (14)) with non-zero probability.
Indeed, we have by the union bound

B B
o G & T or MC(G) > E +n*] < Lr GeT+ Pro IMCx(G) > E+n"] .
(15)
We show that sum on the rhs is strictly less than 1 for a suitable choice of B" € (0, 1)

in the limit n — oo, implying the claim. Indeed, by Eq. (9) of Lemma 3.2, there is
some A" € (A, 1) such that

GPgr (G ¢ T]=0n"?b) whenever Be (A1) . (16)
~Yn,d

On the other hand, we have with Markov’s inequality

, 1 1
Pr |[M >E4nf]=——  <1--n8/E
G~gﬂ,d[ Cu(G) 2 E+n” 1+nB/E=" 2" /

by Taylor series expansion. Note that the latter is well-defined, i.e., n® /E — 0
for n — oo for all B" € (0,1), since we have £ = (n). This is because a max
k-cut is at least as large as a max 2-cut, and the expected max 2-cut scales as ©(n).
Inserting (13), we conclude that

GN%I;W [MCk(G) > FE+ nB,} <1- ; [((1 — /1) g + /\\/3>_1 nB -1 4 o(nB,_l)] )
(17)
Combining Egs. (15), (16), (17) and comparing exponents of n, we conclude that
GN%EL@ [Q & T or MC(G) > E + nB,} <1 for sufficiently large n
whenever A’ — B < B’ — 1.

The Lemma therefore holds for any choice of B’ € (1 — B+ A’ 1). O
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Now, let us fix a T-typical graph G, from Lemma 3.4 with some chosen constant
B’. Then we have

max (v(0)|C(G.)[4(0)) < MCi(G.) < Egng, ,[MCi(G)] + n".

The first inequality follows from the fact that the expected value of the MAX-k-CUT
cost function for colorings returned by QAOA cannot exceed the actual maximum.
From inequality (13), we then have the bound

max(1(6)| C(G.)[16(6)) < ((1 - ;) ;i + WEz) -1+ o(n). (18)

From the uniform bound Eq. (11) between the maxima of T-typical graphs, the
same bound holds for any T-typical graph G with the same n and d as G, that is

max(U(O)|C(G(9)) — max(v(6) (G (O)] = oln).

To obtain a bound on the approximation ratio, we can focus our attention on
d-regular bipartite graphs, which are guaranteed to have a maximum k-cut of size
nd/2 for any k. Since Lemma 3.2 applies equally to random bipartite graphs, so
that a random bipartite d-regular graph is also T-typical with probability 1 — o(1).
Letting G be a T-typical bipartite graph with n and d satisfying the hypothesis of
Theorem 3.3, the bound (18) holds for G. Dividing through by nd/2, the approxi-
mation ratio a)!“*(G) is therefore bounded above by

(07

MG = max(OIC@NO) < (1 1) +0ul1) + 0a(1)

This concludes the proof of Theorem 3.1.

4 Classical simulation of level-1 RQAOA

A polynomial-time classical algorithm for computing expectation values
(W(B,NZ;Zi|p(B, 7)) for level-1 QAOA states |¢(5,7)) and the MAX-CUT cost
function was given by Wang et al. [22]. Our work [3] describes a generalized version
of this algorithm applicable to any Ising-type cost function.

In this section, we consider the k-coloring cost function Hamiltonian (3) and more
generally Hamiltonians of the form (3) and give a classical algorithm for computing
expectation values (|27 Z5|¢), where [¢p) = [(5,7)) is the level-1 QAOA state
defined in Eq. (5) and Z, is the generalized Pauli-Z operator acting on a qudit u €
[n]. The algorithm has runtime O(k*(d,, + d,)), where d; is the degree of a vertex
j. For a constant number of colors k, this scales at most linearly with n. For
constant-degree graphs, the computation requires a constant amount of time.

A natural application of our algorithm is finding optimal angles (3, ) for level-
1 QAOA states. Indeed, since the variational energy is a linear combination of
the expected values (¥|Z7Z5|1), it can be efficiently computed classically using
our algorithm. This eliminates the need to prepare the variational state |¢)) on
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a quantum device for each intermediate choice of the angles (5,v) in the energy
optimization subroutine. In fact, the technique discussed here can easily be adapted
to also efficiently compute partial derivatives %(MZ{;ZﬁW} and %(MZ{;ZﬁW}, thus
sidestepping the need of using a quantum device even if the latter is used to estimate
the gradient of the cost function. However, once the optimal angles (3, ) are found,
a quantum device would be needed to prepare the optimal variational state and
perform a measurement to obtain a classical solution of the problem. Since the final
measurement is not used in the recursive version of QAOA, our algorithm enables
efficient classical simulation of level-1 RQAOA in its entirety.

4.1 General algorithm for level-1 QAOA-type expectation values
Our formulation extends beyond our QAOA Ansatz for MAX-k-CUT and could

be used in other contexts. Specifically, let C' be a 2-local Hamiltonian on n k-
dimensional qudits given by

C= E: (lhva

1<u<v<n

where we assume that the terms C,, and C,, acting on different qudits u < v
and v < v’ commute pairwise. We will also write C,, = SWAPCWSWAPT for
the interaction term C,, acting on qudits (v,u) (in this order) when u < v. Let
|[+) € C* be a qudit state. We are interested in generalized QAOA states of the
form

[T(8,7)) = B(B)*"e"|+)*" (19)

where B(f) : C¥ — CF is a unitary on C* for any 8 € R*. We assume that
B(—f) = B(B)' is the adjoint of B(3). The states defined by Eq. (5) are a special
case.

Let O be any two-qudit observable. Our goal is to compute the expectation value

puw(O) = W (B, 7)|Ouptb(5,7)) (20)

where the subscripts u, v indicate the pair of qudits acted upon by O. Define the
density matrix

Pup = Trwg{um} (ei7c|+><+|®n6—i70> ‘

One can compute p,, in time O(n) by initializing the pair of qudits u, v in the state
v | )82 and sequentially coupling {u,v} to each of the remaining qudits w in
the following way: qubit w is initialized in the state |[4) and then coupled to {u, v}
by the respective terms in the cost function C, namely e"/(CuwtCow)  Finally, w is
traced out.

The algorithm for computing p,, can be summarized as follows:
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1+ €N0uv|4)(4|®2e=1Cu
for w € [n]\{u,v} do
1 <= Ew(n)
end for
return 7

where &, is a two-qudit quantum channel defined as
gw(,r/) — TI'Q |:67;’Y(Cu,w+cv,w)(n ® |+><+|)e—i7(cu,v+cv,w)):| . <21)

The final state p,, , involves n — 2 applications of £, in general. By restriction to w
which interact non-trivially with {u, v}, this can be reduced to fewer than d, + d,
applications, where d, is the degree of u in the interaction graph associated with
C (ie., (u,w) is an edge if and only if C,, # 0). This improvement applies for
example to the MAX-k-CUT cost function Hamiltonian (3) for a bounded-degree
graph.

Finally, the definition (19) of |¢/(/3, 7)) together with the assumed commutativity
of the terms C,, in the Hamiltonian give that the expectation value (20) can be
computed according to

1u(0) = Tr (puuB(—B)**0u B(B)*?) . (22)

This computation is illustrated in Fig. 1. To find the k-dependence of the overall
complexity of this algorithm, we need to consider the evaluation of the superopera-
tors &, defined by (21) and the expression (22) for the problem at hand.

4.2  Simulating QAOA; for MAX-k-CUT

Here we specialize the algorithm from Section 4.1 to the MAX-k-CUT problem. For
this problem, B(f) is given by Eq. (6) whereas C' (cf. Eq. (3)) is a diagonal 2-local
Hamiltonian commuting with X®". The most general diagonal 2-local Hamilto-
nian C' commuting with X®" has the following form: Let {h(a)}4cz, be a family of
n X n-matrices satisfying

Po (1) = By (1) = hyo(—T) (23)
for all u,v € [n] and r € Z;. Then C can be written as

C = Z Cuw Cuw = Z huw(a)ZyZ, % = Z hpu(a)ZyZ, % . (24)
1<u<v<n a€Zy a€Zy,
From Eq. (23) one gets C,,, = C,, and Ci = C,,. Let us agree that C,, = 0 for

all u. The Hamiltonian Eq. (3) takes the form (24) with hy(a) = + Xpez, Juw(b)w™
since

1
I,.,(b) = - SN whZiz "

(ZEZk
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(f) The resulting expression can be interpreted as the result
of applying a sequence of superoperators &, to the state
€02 | 4) (4]®2e71 %2 and then taking the expectation
Of B(—B)®2C1y2B(ﬁ)®2.

Figure 1: An expression of the form (¢)(5,7)|Cu|¥(8,7)). Here we assumed that n = 4 and
(u,v) = (1,2). Single-qudit operators of the form B([3) are represented by circles, and their
adjoints B(3)! by filled circles. Similarly, gates of the form e~"Cr respectively e?7Cra for
qudits p < q are represented by connecting lines between the corresponding qudits with empty
respectively filled circles.
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Note that
{a,ble”™|a, b) = exp {—mﬁp,q(a — b)] (25)

where the Fourier transform k(D) of h is defined as a hermitian n x n matrix with
entries

= > hygla)w™ w = ek

a€Zy,

A straightforward computation using (25) then gives that the superoperator &, (cf.
Eq. (21)) is equal to

Z Dyy(a)nDu(a)f

aEZk

with diagonal Kraus operators
D, (a)lc,d) = exp [—Mﬁuﬂu(c — a) — iyhy(d — a)} e, d) .

A general two-qudit mixed state can be classically described by a Hermitian matrix
of size k? x k%. Multiplying this matrix by a diagonal Kraus operator D,,(a) takes
time O(k*). Thus a single application of the quantum channel &, can be simulated
classically in time O(k®). In total, the matrix p,, can thus be computed in fewer
than O(k*(d, + d,)) steps, where d, and d, are the degrees of u and v in the
interaction graph defined by C.

Finally, we claim that the expectation value p, ,(O) in (22) can be computed in
time O(k®). Indeed, we have

pup(0) = Tr(nOy,)  where 1= B(8)%*p,,B(=)%*.

Let us write

Pup = Z M(avb)®|a><b‘

a,bGZk
for some k x k matrices M(a,b). Accordingly,

(B(B) @ Dpun(B(=B)®I) = > M'(a,b) @ |a)(b] = n'

a,beZy,

where M’(a,b) = B(8)M(a,b)B(—/) can be computed in time O(k?®) for each pair
a,b by multiplying & x k matrices. Thus one can compute the matrix of ' in the
Z-basis in time O(k°). Rewrite this matrix as

= > la){¥l ® L(a,b)
a,beZy,
for some k x k matrices L(a,b). Then

n=I@BB)nIoB(—6)= Y layb®L'(a,b),

a,beZy,
where L'(a,b) = B(8)L(a,b)B(—f) can be computed in time O(k?) for each pair

a,b by multiplying £ x k£ matrices. Thus one can compute the matrix of n in time
O(k%), as claimed. Finally p1,,(0) = Tr(nO,,) can be computed in time O(k?).
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5 Comparison of QAOA, RQAOA and classical algorithms

With the algorithm proposed in Section 4, we have simulated level-1 QAOA and
level-1-RQAOA on large problem instances of MAX-k-CUT. Our focus is on (ap-
proximate) 3-colorability, i.e., k = 3. To compare these hybrid algorithms to classical
algorithms, we have also applied the best known efficient classical approximation al-
gorithm (as measured by the approximation ratio) to each problem instance, see
Section 1 for an overview of these algorithms.

Concretely, we generate random d-regular, 3-colorable connected graphs on n
vertices according to an ensemble G[d, n] defined as follows. Here we assume d <
2n/3 to be even, and n to be a multiple of 3. A graph G is drawn from G[d, n] as
follows:

1. Define a partition [n] = V3 UV, U V3 into three pairwise disjoint subsets of each
size |V;| =n/3 for j =1,2,3.

2. For each pair r < s with r, s € {1, 2,3}, generate a random bipartite d-regular
graph with vertex set V,. U V; and bipartition V. : V. This graph is generated
by iteratively going through each v € V,, and adding edges (v, w,),. .., (v, wq)
where {wy, ..., wy} C V; are chosen uniformly at random among those vertices
in V; that (currently) have degree less than d. If at some point during this
process, no such vertices are available, the generation of the bipartite graph is
restarted.

3. Check whether the obtained graph contains a complete graph on 3 vertices
(i.e., a triangle) and is connected. If either of these properties is not satisfied,
start over.

By definition, a graph G' = (V, E) drawn from G[d, n] is 3-colorable and thus the
cutsize of the maximum 3-cut is equal to Cpax = |E| = nd/2. In particular, ex-
pected approximation ratios for QAOA; can be immediately computed from the
expectation (¢|Cly) of the cost function Hamiltonian. Similarly, for any approxi-
mate coloring = € Z% produced by RQAOA; (or any algorithm, for that matter),
the achieved approximation ratio is C(z)/Chax. We use the efficient classical algo-
rithm by Newman [17]| for comparison, as it has the best approximation guarantee
(worst-case bound) among all known efficient classical algorithms for k& = 3, see
Section 1. Note that the theoretical lower bound 0.836008 on the expected approx-
imation ratio of the classical algorithm [17] used here matches the one established
for the algorithm in [14] in the case k = 3 and the algorithm in [9].

Details for implementation. We empirically observed that the energy landscape
contains local maxima and stationary points which often prevent gradient descent
in QAOA and RQAOA from finding the optimal solution. The presence of many
points with a negligible gradient is a well-studied phenomenon under the name of
barren plateaus [15]. Several promising strategies for alleviating this problem have
been previously explored [18, 24, 19].

For the specific case of level-1 RQAOA applied to MAX-3-CUT, the energy
function to be optimized depends on four arguments, three of which can be efficiently
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computed if the fourth one is known. This makes grid search an attractive and
cheap alternative to gradient descent as there is only one dimension to be searched.
It allows us to sidestep potential convergence problems with gradient descent and
to study large graphs. In more detail, the energy E(3,7) = (¥ (5,7)|C|v(8,7)) of
the cost function Hamiltonian is a function of 8 = (B, f1,52) € R? and v € R.
However, as we show in Appendix A, for any fixed value v € R, parameters 3 € R3
maximizing the function 8 — FE(f3,v) can be found efficiently by computing roots
of a degree-4 polynomial and performing a binary search on the unit circle. This
significantly reduces the dimensionality of the optimization problem: only an interval
of values v € R needs to be searched. Because the function to be optimized further
satisfies E((So, £1,52),7) = E((—Bo, —B2, —1)), —y) as C' is self-adjoint and real,
and B((Bo, 51,52)) = B((—Bo, =1, —P2)), it further suffices to restrict the grid
search to the interval v € [0, 7).

We thus chose 50 equidistant grid points 7, ..., 750 in the interval [0, 7] for ~.
After finding the grid point -y, that minimizes the cost function (see Appendix A),
we performed another refined grid search with 50 additional equidistant grid points
on the interval [ys_1, Vst1]-

In our numerical experiments we find that optimal angles for QAOA; for the
considered random ensembles of graphs concentrate around certain values. This
is in line with the analytical findings of [2] for QAOA: there it is shown that for
random ensembles of 3-regular graphs, frequencies of certain local subgraphs con-
centrate, yielding a simple dependence of the figure of merit on the angles. Similar
observations are also used in the proof of our Theorem 3.1.

Choice of parameters. For each pair of parameters (n,d) € {30, 60, 150,300} x
{4,6, 8,10}, we generated 20 graphs from G[d, n].

Numerical results. In Figures 2, 3, 4 and 5, we illustrate obtained achieved ap-
proximation ratios of QAOA;, RQAOA; and the best approximation ratio of the
classical algorithm by Newman [17] over 100 samples generated in the correlation
rounding step (magenta, green and blue bars). For Newman’s algorithm, we addi-
tionally provide the empirical average and standard deviation of the samples, which
are indicated through error bars. Also, the theoretically expected approximation
ratio of aNewman = 0.836008 for Newman’s algorithm is shown.

As expected, we find that RQAOA; significantly outperforms QAOA; for the
considered family of graphs. Their performance deteriorates with increasing degree d
(although RQAOA; is less susceptible to this). This is consistent with our no-
go result (Theorem 3.1), which applies to random d-regular graphs of sufficiently
large (but also constant) degree d. We note, however, that Theorem 3.1 does not
immediately pertain to the numerical examples considered here because of the (non-
explicit) lower bound on d and its asymptotic nature (as a function of n).

More interesting is the comparison to Newman’s classical algorithm. Being a
randomized algorithm, it is natural to consider the empirical means and variance
of the achieved approximation ratio (although in practice, only the best coloring
among a constant number of runs would be used). An analytic understanding of
the exact behavior of Newman’s algorithm appears to be a difficult problem. As
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already pointed out by Goemans and Williamson in their seminal paper [10], even
computing the variance analytically appears to be challenging.

In our numerical experiments we find that the variance of Newman’s algorithm
increases with d and decreases with n. In cases where the variance is large, among
the 100 trials considered, we typically find an essentially optimal solution!. We note,
however, that the empirical average approximation ratio appears to be close to the
theoretical worst-case guarantee anewman-

With the observations above we can distinguish two regimes when comparing
the performance of RQAOA to Newman’s algorithm:

In the first regime (see e.g., Figs. 3¢ and 4d), where Newman’s algorithm has high
variance, we find that the optimal solution returned is superior to the one provided
by RQAOA. Nevertheless and perhaps surprisingly, the coloring output by RQAOA
(which is a deterministic algorithm up to estimation errors for expectation values
when used in practice) outperforms the average approximation ratio of Newman’s
algorithm.

In the second regime (see e.g., Figs. 2a and 5a), Newman’s algorithm is strongly
concentrated about its average. In this case, RQAOA; outperforms virtually all
instances returned by Newman’s algorithm. This regime includes instances with a
large number of vertices, indicating that RQAOA may be a useful heuristic algorithm
for problems of practical interest.

Larger levels p > 1 may further increase achieved approximation ratios of RQAOA.
Unfortunately, exploring this may require new ideas or actual quantum devices. This
is suggestive of RQAOA being a promising candidate for NISQ applications.

'Let us mention that the 3-coloring problem for dense 3-colorable graphs admits an efficient
algorithm [1], although this is not directly connected to the performance of Newman’s algorithm.
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Figure 2: Comparison of approximation ratios between QAOA;, RQAOA; and the algorithm
by Newman for MAX-3-CUT, where we took the best approximation ratio over 100 samples
of graphs with n = 30 vertices. The expected approximation ratio of Newman's algorithm is
indicated by the horizontal line at @ = 0.836008. For each graph, the empirical mean and
standard deviation of Newman's algorithm are indicated through the error bars.
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Figure 3: Comparison of approximation ratios between QAOA;, RQAOA; and the algorithm
by Newman for MAX-3-CUT, where we took the best approximation ratio over 100 samples
of graphs with n = 60 vertices. The expected approximation ratio of Newman's algorithm is
indicated by the horizontal line at o = 0.836008. For each graph, the empirical mean and
standard deviation of Newman's algorithm are indicated through the error bars.
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Figure 4: Comparison of approximation ratios between QAOA;, RQAOA; and the algorithm
by Newman for MAX-3-CUT, where we took the best approximation ratio over 100 samples
of graphs with n = 150 vertices. The expected approximation ratio of Newman's algorithm
is indicated by the horizontal line at a = 0.836008. For each graph, the empirical mean and
standard deviation of Newman's algorithm are indicated through the error bars.

Accepted in { Yuantum 2022-03-23, click title to verify. Published under CC-BY 4.0.

21



Approximation Ratio

01 020304050607 0809 1011 12 13 14 15 16 17 18 19 20
Instance

(a) n=300,d =14

Approximation Ratio

01 020304050607 0809 1011 12 13 14 15 16 17 18 19 20
Instance

(c) n=300,d=38

Approximation Ratio

Approximation Ratio

01 020304050607 0809 1011 12 13 14 15 16 17 18 19 20
Instance

(b) n =300, d =6

01 020304050607 0809 1011 12 13 14 15 16 17 18 19 20
Instance

(d) n =300, d =10

Figure 5: Comparison of approximation ratios between QAOA;, RQAOA; and the algorithm
by Newman for MAX-3-CUT, where we took the best approximation ratio over 100 samples
of graphs with n = 300 vertices. The expected approximation ratio of Newman's algorithm
is indicated by the horizontal line at a = 0.836008. For each graph, the empirical mean and
standard deviation of Newman's algorithm are indicated through the error bars.
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6 Discussion and Outlook

We formulated a variation of QAOA using qudits which is applicable to non-binary
combinatorial optimization. We study its applicability by considering the MAX-
k-CUT problem with & > 2. We show that this version of QAOA shares certain
limitations with the original proposal for qubits: its expected performance on ran-
dom d-regular k-colorable graphs (for d = o(y/n)) approaches random guessing in
the limit of large d. We give an efficient classical simulation algorithm for its level-1
version. This method extends to problem Hamiltonians with pairwise commuting
2-local terms. The algorithm can also be used to simulate level-1 recursive QAOA
(RQAOA), a hybrid classical-quantum algorithm designed to overcome the limita-
tions of standard QAOA.

While efficient simulability precludes the possibility of a quantum advantage
compared to the best efficient classical algorithm, it offers a crucial window into the
performance of QAOA and RQAOA. We use our simulation algorithm to perform
numerical experiments on graphs with up to 300 vertices, obtaining approximation
ratios for MAX-3-CUT achieved by level-1 QAOA and RQAOA. We compare these
results to the best known efficient classical algorithms for MAX-3-CUT, specifically
the recent algorithm by Newman [17]. Our experiments show that RQAOA; (which
significantly outperforms QAOA;) is competitive with Newman’s classical algorithm
for generic k-colorable graphs. See Section 5 for a detailed discussion.

Our observations suggest that RQAOA may be a viable application for NISQ de-
vices combined with efficient classical computation: it may be applicable to problem
sizes of real-world relevance. Our results are indicative of the potential of RQAOA
at larger levels p, which may no longer be simulable classically, and which hold
promise. Future work may seek to establish performance guarantees for RQAOA,
akin to the rigorous results available for existing classical algorithms. As an exam-
ple, we proved in [3| that for the “ring of disagrees”, RQAOA; achieves the optimal
approximation ratio. A next step in the analysis of RQAOA would be to find more
interesting classes of graphs for which achievability results can be established.
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A MAX-3-CUT angle optimization without gradient descent

First let us write the expectation value (22) in the form that makes its dependence on
 more explicit. Recall from (6) that for each a € Zj, the X-cigenstate |¢,) = Z°|+)
is an eigenvector of the unitary B(j3) to eigenvalue e+, Since the vectors {|¢,) }acz,
form an orthonormal basis of C, one gets

,uu,v(0> — Z ei(ﬂp‘f'ﬁq) <¢p X gbq

DP,q€ZLy,

pu,vB(_B)(X)QOu,U

Gp @ bg) -

Consider the special case O = Z" ® Z~". The identity Z" |¢,) = |¢p+r) gives

[ (Zr ® Z—'I‘) _ Z ei(ﬁp""ﬂq_ﬁlﬂ*r_BQ*r) <¢p ® gbq |pu,v| gbp—i-r X ¢q—r> (26)

DP,qE€L

For (B,7) € R® x R, let E(B3,7) = (¥(8,7)|C|¥(B,7)) denote the energy in the
level-1 QAOA state, where the cost function Hamiltonian C' is given by Eq. (24)
with k = 3. Let v € R be fixed in the following. Let us write E(8) = E(/3,). Here
we consider the problem of finding maxg E(f3).

With Eq. (26) we have

EB) = > 3 hyle)elPetherfercho-c) (4, @ ¢y | ppgl Pate @ dpc)

1<p<g<na,b,c€Z3

Clearly, the terms with ¢ = 0 do not depend on 8 and the sum over p,q gives
Tr (pp,) = 1. For each p < ¢ the sum of all terms with ¢ = —1 and the sum of
all terms with ¢ = 1 are complex conjugates of each other. Indeed, these sums are
expected values of hy,¢(1)Z,Z, " and hy, (1)*Z; ' Z,. Here we noted that hy, (1) =
hyq(1)*. Thus

E(B) = 3 hyg(0) + 32 2Re (hy (D50 (60 6 6 | 0] s © 651))

1<p a,b
<gq<n €73

Let 5 = By + B1 + [». Some simple algebra gives

E(B)=C+Re > gae'(382=5)

a€Zs

where

¢ = Z hpqe(0) +2Re Z hpq(1) (0 ® Gati1 |Ppgl Par1 @ Pa)

1<p<q<n a€’ls

and

Ga = 2 Z hp#l<1) <¢a X Qba |pp7Q| gba—f—l ® ¢a—1> + hp,q(l)* <¢a X ¢a |pp,q| ¢a—1 X ¢a+1> )

1<p
<q<n
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Define 6, = 33, — 3. Then 6y + 61 + 65 = 0. Thus it suffices to maximize a function

F'() = Re Z gael

a€ls

over f € R? subject to a constraint
90 + 91 + 92 = 0

For fixed 6y the maximum over #; can be computed analytically using the identity

max Re (glewl + 92€—i00—z‘01) = max Re (ewl (gl + g;‘ewo)) = ‘gl + gietl.

The maximum is achieved at ; = —arg (g1 + gé‘ewo) . Let z = €. It remains to
maximize a function

F'"(z) = maxgers  F'(0) = Re (goz) + |g1 + 952
(90 + 6‘1 + (92 =0
et =

over the unit circle {z € C : |z| = 1}. Fix some f € R. One can easily check that
conditions F"(z) = f,|z| = 1 imply ps(z) = 0, |2| = 1, where ps(z) is a degree- 4
polynomial

2
oot = (~8) st s S04 2 (ol = = (1/2) )

4
(g5)°
A

+ 2 (g192 + fg5) —

For a given f one can analytically compute roots of ps(z), select roots lying on the
unit circle, and check whether at least one of those roots z satisfies F”’(z) = f. Thus
one can check whether an equation F”(z) = f has solutions z on the unit circle. Now
one can maximize F”(z) over the unit circle using the binary search over f. Given the
optimal value §, = argmaxy F” (%), one computes §; = — arg (g1 + gg‘eie‘)) 0y =
—6y — 6, and solves a linear system 6, = 33, — 3 to find By, 81, Ba.
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The two currently best known classical approximation algorithms for the MAX-CUT problem
restricted to 3-regular graphs by Feige, Karpinski, and Langberg (FKL) [15] and Halperin,
Livnat, and Zwick (HLZ) [16] both utilize post-processing: they first produce an intermediate
cut (in their case, by relaxing the combinatorial optimization problem to a semidefinite program)
and then improve upon it via classical, efficient methods. In Core Article II), we investigate the
effect of their respective post-processing methods on QAOA applied to the MAX-CUT problem
and use them to modify (“twist”) the algorithm. We note that our techniques are, in principle,

applicable to any variational quantum algorithm.

A.2.1 Main Results

A naive application of post-processing would consist of running the standard QAOA and then
applying the corresponding techniques on the resulting cut. However, both the FKL and HLZ
post-processing techniques allow for a rigorous, analytical lower bound on the approximation
ratio achieved by the total algorithm. The key idea is to realize that these improvements can be
modeled in terms of additional terms in the cost Hamiltonian used in the description of QAOA.
We therefore optimize the angles in QAOA with respect to this modified Hamiltonian instead
of the usual problem Hamiltonian to account for the post-processing that we apply to the cut
resulting from preparing and measuring the QAOA state. In particular, the new Hamiltonian
is still a local Hamiltonian for both post-processing methods, allowing us to use established
techniques exploiting the locality of QAOA to derive provable, analytical lower bounds on the
approximation ratio of the twisted version of QAOA. We observe that, despite not using any
more quantum resources, twisted QAOA of level p improves upon standard QAOA of level p
and is in fact competitive with the performance of standard QAOA of level p + 1.

A.2.2 Individual Contribution

I am the principal author of this article. The idea for this work came after discussions with
my doctoral advisor Robert Koenig and Libor Caha, who was then visiting our department M)
before accepting a position at the chair a few months later; we then started to investigate the
potential of the idea more thoroughly. I was significantly involved in finding the ideas of the
article, in particular in establishing the lower bounds, and was also significantly involved in

writing the article with the exception of Section 3.
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Abstract

Proposed hybrid algorithms encode a combinatorial cost function into a problem Hamiltonian
and optimize its energy by varying over a set of states with low circuit complexity. Classical
processing is typically only used for the choice of variational parameters following gradient
descent. As a consequence, these approaches are limited by the descriptive power of the associated
states. We argue that for certain combinatorial optimization problems, such algorithms can be
hybridized further, thus harnessing the power of efficient non-local classical processing.
Specifically, we consider combining a quantum variational ansatz with a greedy classical
post-processing procedure for the MaxCut-problem on three-regular graphs. We show that the
average cut-size produced by this method can be quantified in terms of the energy of a modified
problem Hamiltonian. This motivates the consideration of an improved algorithm which
variationally optimizes the energy of the modified Hamiltonian. We call this a twisted hybrid
algorithm since the additional classical processing step is combined with a different choice of
variational parameters. We exemplify the viability of this method using the quantum approximate
optimization algorithm (QAOA), giving analytic lower bounds on the expected approximation
ratios achieved by twisted QAOA. We observe that for levels p = 1, .. ., 5, these lower bounds are
comparable to the known lower bounds on QAOA at level p + 1 for high-girth graphs. This
suggests that using twisted QAOA can reduce the circuit depth by 4 and the number of variational
parameters by 2.

1. Introduction

Due to their real-world interest, problems and algorithms for combinatorial optimization figure
prominently in present-day theoretical computer science. For theoretical physics, the profound and
immediate connections to the physics, e.g., of Ising or Potts models are particularly appealing.
Combinatorial optimization also provides an intriguing potential area of application of near-term quantum
devices with clear figures of merit such as approximation ratios. Yet the study of quantum algorithms for
these problems is still in its infancy, especially when compared to the intensely studied area of classical
algorithms. For example, for classical algorithms, an established bound [13, 14] on efficiently achievable
approximation ratios for MaxCut under the unique games conjecture matches that achieved by the
celebrated Goemans—Williamson algorithm [10] (see also [4]). It appears rather unlikely that under the
unique games conjecture an efficient quantum algorithm can outperform the Goemans—Williamson
algorithm for generic graphs. Even the more modest goal of identifying special families of instances for
which a quantum algorithm outperforms comparable efficient classical algorithms appears to be out of
reach. Independently of whether or not one can find a provable real-world quantum advantage in the
setting of combinatorial optimization, or ends up using quantum devices as a heuristic to efficiently find
approximate solutions, or finds novel classical algorithms inspired by quantum ones (as has happened
before), it is natural to study to what extent existing proposals can be improved in a systematic manner with

© 2022 The Author(s). Published by IOP Publishing Ltd
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associated performance guarantees. This is what we pursue here in the context of hybrid classical-quantum
algorithms.

For the problem of finding (or approximating) the maximum of a combinatorial cost function
C:{0,1}" — R (given by polynomially many terms), typical hybrid algorithms proceed by defining the cost
function Hamiltonian

He= Y C@)2)

ze{0,1}"

in terms of local terms, and a parametrized family {Ug(0)}gco of n-qubit unitary circuits. The later might
be parametrized by the underlying graph of the cost function or in case of hardware-efficient algorithms
tailored to the physical device [12]. The parametrized family gives rise to variational ansatz states

[W(6)) = Ug(6)[0)"",

that can be prepared with Ug(6) from a product state [0)“". Measuring ¥(f) in the computational basis
then provides a sample z € {0, 1}" from the distribution p(z) = |(z|¥(6))|* such that the expectation value
of the associated cost function is equal to the energy E[C(z)] = (¥ (6)|Hc|¥(6)) of the state U () with
respect to He. Thus the problem of maximizing C is translated to that of finding a value of the (vector of)
parameters # maximizing the energy of W(#). The latter step is envisioned to be performed e.g., by
numerical gradient descent or a similar classical procedure prescribing (iteratively) what parameters 6 to
try. The computation of this prescription (according to obtained measurement results) is the classical
processing part of the quantum algorithm leading to the term hybrid. We will refer to this form of algorithm
as a ‘bare’ hybrid algorithm in the following.

The potential utility of this approach hinges on a number of factors. Of primary importance—beyond
questions of convergence or efficiency—is whether the family {W(6) }yco of states is sufficiently rich to
variationally capture the (classical) correlations of high-energy states of Hc. There is an inherent tension
here between the requirement of applicability using near-term devices, and the descriptive power, i.e.,
required complexity of these states: on the one hand, each unitary Ug(6) is supposed to be realized by a
low-depth circuit with local gates (making it amenable to experimental realization on a near-term device),
and the dimensionality of the parameter or ‘search’ space O should be low to guarantee fast convergence
e.g., of gradient descent. On the other hand, states having high energy with respect to H¢ and belonging to
the considered family of variational states may have intrinsically high circuit complexity, and,
correspondingly, may also require a large number of variational parameters to approximate. The
unavoidability of this issue has been demonstrated using the MaxCut-problem on expander graphs with »
vertices and the quantum approximate optimization algorithm (QAOA) at level p: here the parameter space
is © = [0,27)% and the corresponding circuits Ug(6) have depth O(pd). Locality and symmetry of the
ansatz imply that achievable expected approximation ratios are upper bounded by a constant (below that
achieved by Goemans—Williamson) unless p = Q(log n) [3]. In fact, the locality of the ansatz alone implies
that for smaller values of p, the achieved expected approximation ratio is not better than of a random
guessing for random bipartite graphs, as shown in [6].

These fundamental limitations of ‘standard” hybrid algorithms are tied to the assumption that an
increased complexity of the required quantum operations is unacceptable and/or infeasible in the near
term. Under these circumstances, the only way forward appears to be to use alternative, possibly more
powerful (e.g., non-local) efficient classical processing which could exploit the limited available quantum
resources more effectively. One example where a classical post-processing is used is [7], where QAOA is
combined with a greedy ‘pruning’ method to produce an independent set of large size. Here post-processing
is needed, in particular, to ensure that the output is indeed an independent set. Another proposal in this
direction is the idea of ‘warm-starting’ QAOA with a solution provided by the Goemans—Williamson
algorithm [5] (see also [16]). The warm-starting approach has the appeal that—Dby construction—the
Goemans—Williamson approximation ratio can be guaranteed in this approach (assuming convergence of
the energy optimization). An alternative is the recursive QA0A (RQAOA) method [2, 3] which uses QAOA
states to iteratively identify variables to eliminate. This effectively reduces the problem size but increases the
connectivity and thus the circuit complexity of the iteratively obtained subproblems. Furthermore,
analytical bounds on the expected approximation ratios are unknown except for very special examples [3].
For both warm-starting QAOA as well as RQAOA, one deviates from the original QAOA ansatz, leading to
different variational states and corresponding quantum circuits.

1.1. Our contribution
Basic idea. Here we consider arguably more minimal adaptions of hybrid variational algorithms for the
MaxCut-problem on three-regular graphs. For a given bare hybrid algorithm A involving a family
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{¥(0)}yco of variational ansatz states as described above, we show how to construct a modified algorithm
A™ which uses the same family of states { () }gco. The algorithm AT will be called twisted-A. Our
modified algorithms are directly motivated by the work of Feige, Karpinski, and Langberg [9] (referred to as
FKL in the following). These authors propose an algorithm for the MaxCut problem on three-regular graphs
which proceeds by solving a semidefinite program relaxation (similar to Goemans and Williamson), and
subsequently improving the rounded solution by a simple greedy post-processing technique. We also
consider the improved version by Halperin, Livnat, and Zwick [11] (referred to as HLZ below) which
involves a more non-local greedy procedure. For some motivation, see the following example.

Example. Consider a simple motivational example of a greedy post-processing procedure that can improve
a given cut. The input will be a three-regular graph G = (V, E) and a cut C. We say that a vertex is
unsatisfied when all three of its neighbours lie in the same partition of the cut as it does. The algorithm will
repeatedly run through the vertices and check whether some of them are unsatisfied. If it finds an
unsatisfied vertex it moves it to the opposite side of the cut and repeats the process with the updated cut
until none of the vertices is unsatisfied. Since moving one vertex increases the cut size by 3 and potentially
lowers the number of unsatisfied vertices by 4, one can show that this procedure improves the cut size by at
least 2 times the number of unsatisfied vertices in the initial cut. Let us apply this greedy procedure to a
random cut, which has an expected approximation ratio of 1/2. A vertex will be unsatisfied with probability
273, From the linearity of expectation we have that the greedy procedure will improve the cut by at least
251V/|. Since | V| = 2|E|, we achieve approximation ratio at least 1 4 = = 0.5625 in expectation.

The algorithm A" proceeds by using the variational family of states defined by the algorithm A to
obtain an approximate cut, but this step is modified or ‘twisted’, as discussed below. The algorithm A™
then attempts to enlarge the cut size of the obtained cut by applying a classical post-processing procedure:
we perform either the FKL post-processing procedure (obtaining an algorithm FKL-A™) or the HLZ
post-processing procedure (giving an algorithm HLZ-A™).

Let us now describe the sense in which A" is a ‘twisted” form of .4 and not merely a hybrid algorithm
augmented by a subsequent classical post-processing step. This terminology stems from the fact that in the
quantum subroutine of the algorithm, the variational parameters (angles) are not optimized with respect to
the original problem Hamiltonian Hg. Instead, one can express the expected cut size produced by
measuring a state W(6) and using classical post-processing by the expectation value of a modified
Hamiltonian Hg' (for both FKL and HLZ) in the variational state W(6). The twisted algorithm AT thus
optimizes the angle 6 with respect to the modified Hamiltonian H} . Importantly, this does not change the
ansatz/variational family of states used. This allows us to make a fair comparison (in terms of quantum
resources and, especially, the number of variational parameters) to the original algorithm .A.

Improved hybrid algorithms. The modified algorithm A™ requires a set of quantum operations that are
comparable (in number and complexity) to that of A. In particular, it involves preparing the states
{¥(0)}yco. In addition, AT uses extra local measurements because the hybrid optimization step is
modified: the energy to be optimized is given by a modified problem Hamiltonian H rather than the
MaxCut-problem Hamiltonian Hg associated with the considered graph G. The modified Hamiltonian H}
is either a three- or four-local Hamiltonian and (as Hg) diagonal in the computational basis. In particular,
this means that measurements of up to 4 qubits at a time in the computational basis are sufficient to
determine the (expected) cost function. We note that while this can also be achieved by measuring each
qubit in the computational basis and taking appropriate marginals, locality properties can be exploited at
the optimization stage, see e.g. [15].

By construction, the algorithms A and A7 achieve (expected) cut sizes (for any fixed instance G) related
by the inequalities

E [cutsize (A(G))] < E [cutsize (AT (G))] (1)

for any (bare) hybrid algorithm A, assuming that the optimal parameters are found in the optimization
step. Indeed, (1) follows because, denoting with

0, = arg meax<\ll(9)|HG|\Il(0)>
the optimal parameters for the Hamiltonian Hg, we have by definition of the algorithms that

E [cutsize(A(G))] = (W(6,)|Hg|(6.))

E [cutsize (A™(G))] = max(W(0)[HE [¥(0)), .

and
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Hg :HG+AG3

where Ag is a sum of non-negative local operators. These considerations apply to any bare hybrid
algorithm A.

Lower bounds on approximation ratios. We specialize our considerations to QA0A, and establish lower
bounds on the approximation ratio for bare and twisted QAOA, i.e., we consider the algorithms QA0A, and
QAOA;' . Specifically, we consider low values of p for three-regular graphs, triangle-free three-regular graphs
and high girth three-regular graphs. We denote the expected approximation ratio achieved by an algorithm
A on a graph G with maximum cut size MC(G) by

ag(A):=MC(G)™! - E[cutsize(A(G))].

In the following, we will refer to the expected approximation ratio achieved by an algorithm A simply as the
approximation of A (omitting the term ‘expected’) unless specified otherwise. In the case of A = QAOA,,
E[cutsize(A(G))] is defined as in (2), but with the level-p QAOA trial function ¥;(5,7), 3, € [0,27)"
instead of W(6).

Our results are summarized in figure 1, which gives our lower bounds on the approximation ratio for
each of these methods. For comparison, we also state the following known bounds on bare QAOA for any
three-regular graph G,

ac(QAOA,) > 0.6924 established in [8]
ac(QAOA,) > 0.7559 conjectured in [8], established in [18]
ac(QAOA3) > 0.792 39 conjectured in [18].

Also shown in figure 1 are the guaranteed approximation ratios of the best-known classical algorithms: this
includes the Goemans—Williamson algorithm (Gw) for general graphs (which is optimal when assuming the
unique games conjecture [13]) which achieves

ag(GW) > 0.8785 for any graph G (see [10]).

For three-regular graphs, the best efficient classical algorithms are the algorithm by Feige et al [9] which
relies on a semidefinite program whose solution is then improved by a simple greedy post-processing
technique, and a refinement of this technique by Halperin et al [11]. They achieve

aG(FKL) > 0.924
aG(HLZ) > 0.9326

see [9]

for any three — regular graph G see [11].

According to the table given in figure 1, the established lower bounds on the expected approximation
ratios for twisted versions of QAOA at level p = 1,. .., 5 are comparable to the lower bounds on QAOA,
at the higher level p + 1. This suggests that by using these twisted versions, the level p can be reduced by
one while roughly maintaining the approximation ratio. We emphasize, however, that this conclusion can
only be drawn when it is known that the corresponding bound on QAOA, 1, is tight.

Let us conclude by mentioning a few open problems. One potential avenue to obtaining improved
approximation ratios with hybrid algorithms is to use a different variational family of ansatz states. Here
our work gives clear guidance when this is combined with classical post-processing: for a graph G, the
energy of a modified cost function Hamiltonian H' = Hg + Ag should be optimized instead of that of H.
In particular, since Ag is a sum of three-local terms in the case of FKL and a sum of four-local terms in the
case of HLZ, this motivates introducing new terms (e.g., proportional to these terms) in the ansatz. Such a
modification of the algorithm is superficially related to the fact that the classical (randomized
rounding-based) algorithms of [9, 11] also use additional (three-variable) constraints in the semidefinite
program (SDP) compared to the Goemans—Williamson algorithm. We note, however, that using different
variational ansatz states will require a different accounting of resources (e.g., circuit depth). In contrast, our
twisted algorithms use the same circuits to prepare ansatz states as their bare version.

Another promising approach may be to combine warm-starting-type ideas with classical
post-processing. Here one could consider algorithms that first solve the SDP underlying the classical
algorithms [9, 11], and subsequently prepare a corresponding quantum state. One may hope that—similar
to [5]—suitably designed approaches give a guaranteed approximation ratio matching that of these classical
algorithms.

Moving beyond combinatorial optimization problems, it is natural to ask if variational quantum
algorithms for many-body quantum Hamiltonian problems (e.g., quantum analogues of MaxCut as
considered in [1]) can be improved by similar greedy (quantum) post-processing procedures.
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Bare QAOA, Eq. (23) | 0.6924 [8]| 0.7559 [18]| 0.7923 [18]| 0.8168 | 0.8363 | 0.8498
FKL-QAOA} Prop. 5.1 || 0.7443 0.7887 0.8146 0.8323 | 0.8457 | 0.8564
HLZ-QAOA/ Prop. 5.2 || 0.7548 0.7954 0.8191 0.8358 | 0.8482 | 0.8582
Figure 1. The main results of this work. We compare the provably guaranteed approximation ratios of bare QA0OA,,
FKL — QAOA;r and HLZ — QAOA;r for three-regular graphs with girth greater than 2p + 2. Numbers written in boldface also
apply to general three-regular graphs. All quantities are rounded down to four decimals. Guaranteed approximation ratios which
have been established in other work are indicated with citations.

1.1.1. Outline

In section 2, we review the relevant classical post-processing methods that—in combination with
randomized rounding of the solution of certain SDP relaxations—yield the best known efficient classical
algorithms for MaxCut on three-regular graphs. In section 3, we review the QAOA and state a few properties
relevant to our subsequent analysis. In section 4, we motivate and define the algorithm A™ obtained from a
hybrid algorithm .A. Finally, in section 5, we establish our lower bounds on the achieved approximation
ratio achieved by the twisted algorithm QAOA™.

2. Classical post-processing methods for MAXCUT

In this section, we describe the two classical post-processing procedures which we build on to define twisted
versions of a given hybrid algorithm for the MaxCut problem on three-regular graphs. These
post-processing procedures are subroutines of the classical algorithms for MaxCut on bounded degree
graphs and graphs with maximum degree 3 by Feige et al [9], and Halperin et al [11], respectively.

Recall the definition of the MaxCut problem: we are given an (undirected, simple) graph G = (V, E) and
are asked assign two colors to vertices C: V — {0, 1}, which we refer to as a cut of G, that maximizes the
number cutsize(C) of satisfied edges. Here we say that an edge e = {u, v} is satisfied by C if and only if
C(u) # C(v). The maximal size cutsize(C) of a cut C of G is denoted MC(G).

The Goemans—Williamson algorithm [10] for MaxCut proceeds by solving an SDP relaxation [4] of the
MaxCut problem, and subsequently uses a randomized hyper-plane rounding to obtain a cut.

The algorithms of [9, 11] also proceed by first solving certain SDPs and applying randomized rounding.
The obtained candidate cut is then further processed in a greedy manner in order to improve the cut
size.

Here we review these post-processing procedures and corresponding performance guarantees. One of
their key features is that they can be applied to any candidate cut C irrespective of whether it is produced
e.g., by rounding the solution of an SDP, random guessing, or starting with a fixed cut. This means that they
can also be applied to the output of a hybrid algorithm. We emphasize, however, that our modified hybrid
algorithms require a modification going beyond simple post-processing of the classical measurement result,
see section 4 for details.
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Figure 2. The main motivation behind FKL. On the left, the closed neighborhood of a vertex c is shown. Now assume that we
assign a cut C to G and that (¢, j, k) is a good triplet for C. We distinguish two cases, depending on whether the edge {c, (} is
satisfied (dashed line) or unsatisfied (straight line). Top row: if {c, £} is unsatisfied, flipping the value of ¢ increases the size of the
cut by three (no satisfied edges are destroyed, three satisfied edges are created). Bottom row: if {c, ¢} is satisfied, flipping the value
of ¢ increases the size of the cut by one (one satisfied edge is destroyed, two satisfied edges are created).

Although the guaranteed approximation ratio achieved by HLZ is better than the one achieved by FKL, we
investigate both algorithms. The reason for this lies in the locality of the procedures: while FKL considers
only the direct neighborhood of a vertex in a single step and is therefore local, HLZ also considers paths and
cycles of lengths in the given graph whose lengths might potentially be unbounded and is therefore not
necessarily local. We emphasize, however, that the performance of both procedures in the quantum case can
be quantified by considering local operators.

Both post-processing procedures take as input a cut C. They iteratively work towards (ideally)
improving the cutsize by modifying the cut. A single iteration proceeds by identifying a suitable subset
W C V of vertices whose assigned color is flipped, i.e., replacing C by the modified cut

{C(U) forveg W

1— C(v) otherwise .

2.1. The Feige—Karpinski—Langberg (FKL) post-processing method

The main idea of this post-processing step is the following observation: if there are three vertices c, j, k such
that one of them (say, ¢) is connected to both the other ones and all three vertices are assigned the same
color by the cut C, then flipping the value at ¢, i.e., considering C{C}, will increase the size of the cut, see

figure 2.
To formalize this, we assume that the set V of vertices of the graph G = (V, E) is ordered. Without loss
of generality, set V = [n] = {1,...,n}. The following definitions will be central:

Definition 2.1 (triplets).

(a) A three-tuple (c,j, k) € V? of pairwise distinct vertices with j < k is called a triplet if {c,j} € E and
{c, k} € E. We call the vertex c the central vertex of the triplet. The set of all triplets in G will be
denoted Tg.

(b) Let Cbeacutof Gand (¢}, k) € Tg. Then (c,j, k) is called a good triplet for C if
C(c) = C(j) = C(k).

The set of all good triplets for C will be denoted Goodg(C).

(c) Let Cbeacutof G, (¢, k) € Goodg(C) and v € V. We say that (c, j, k) is destroyed by flipping v if
(¢,j, k) is not a good triplet for the cut C{"7,

We now formulate the post-processing procedure by FKL. While the observations above show that
flipping the center of a good triplet (c, j, k) will increase the cutsize, we might get even better results by
flipping j or k. Furthermore, it is in our interest that the flipping does not destroy too many good triplets.
Taking all this into account motivates the procedure given in algorithm 1.
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Algorithm 1. The FKL improvement procedure for three-regular
graphs [9].

1: function FKL(three-regular graph G = (V, E), cut C)
2 S+ Goodg(C)

3:  while S # () do

4 VGood < set of all vertices in S

cutsize (C(”) ) —cutsize(C)

5: véarg eﬂvlg;id 5\Goodg (<177

6 C«

7: S ¢ triplets in S that are good for C{*}
8 return C

The following result is proven in [9].

Lemma 2.2 (lemma 3.2 in [9]). Let G be a three-regular graph and let C be a cut of G. Then the cut
c = FKL(G, C) satisfies

. . 1
cutsize(C") > cutsize(C) + §|GoodG(C)|.

Let us exemplify this improvement by using two simple examples with a three-regular graph G = (V, E).
Consider first the trivial constant cut C.,net Which assigns the same color to all vertices. The cutsize of Ceonst
is 0, hence the approximation ratio vanishes as well, i.e.,

cutsize(Ceonst)
MC(G)

Now consider the cut C' := FKL(G, Coonst) obtained by applying the FKL-post-processing procedure to the
trivial cut. This cut achieves approximation ratio at least

cutsize(C") > 23
MC(G) T
This can be seen as follows: for a constant cut, every triplet is a good triplet and it is easy to see that
|Tg| = 2|E| for a three-regular graph. Lemma 2.2 then implies that the resulting cut C satisfies
cutsize(C') > Z|E| and we obtain the claim with MC(G) < |E|.

As another example, consider a uniformly random cut Cyypdom 0f G. For such a cut, the expected
approximation ratio is

{cutsize(cmndom)

MCG) ] =1/2.

Let C" := FKL(G, Crandom) be the result of applying the FKL-procedure to Crandom- Then

cutsize(C")
2 | > 2.
MC(G)
To see this, note that the probability of a fixed triplet being good is equal to ;. By linearity of expectation,
we have E[|Goodg(C")|] = 1|Tg| = 3|E|. Lemma 2.2 then implies that the resulting cut C" satisfies
E[cutsize(C")] > (3 4 1 - 3)|E| = %|E| > 3MC(G).

2.2. The Halperin—Livnat—Zwick (HLZ) post-processing method

In 2004, Halperin et al [11] improved upon the algorithm of [9], giving an algorithm for MaxCut achieving
an expected (provable) approximation ratio of at least 0.9326 on graphs with vertex degree at most 3. To the
best of our knowledge’, this is the best currently known efficient classical algorithm. Although their
algorithm works for graphs of maximum degree 3, we will discuss a restricted and thus simpler version for
triangle-free three-regular graphs. Unlike the FKL-post-processing this method employs more non-local
improvement procedure. The main point here is to illustrate the use of another post-processing method in
the construction of twisted hybrid algorithms. We will refer to this procedure simply as
HLZ-post-processing.

3 There is supposedly a slightly improved algorithm in Doror Livnat’s M.Sc. Thesis having an approximation ratio 0.9328 [11].
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Algorithm 2. The HLZ improvement procedure simplified to three-regular

triangle free graphs.

1: function HLZ(triangle-free three-regular graph G = (V, E), cut C)

2 V3 < vertices in V with three unsatisfied edges by cut C

3 V, < vertices in V with two unsatisfied edges by cut C

4: while V; UV, # () do

5: if V5 # () then

6: v ¢ vertex in V3 with the smallest number of neighbours in V3
7 C+Ct

8 elseif V, # () then

9: v < vertex in V,

10: {v1, ..., vt} < the longest path or cycle in G[V,] containing v
11: M {v; € {vy,...,v}|iis odd}

12: CeCM

13: V3 < vertices in V with three unsatisfied edges by cut C

14: V, < vertices in V with two unsatisfied edges by cut C

15: return C

Given a cut C of a triangle-free graph G, this post-processing method proceeds as specified in
algorithm 2. Specializing the results of [11] to the triangle-free case considered here gives the following
statement:

Lemma 2.3 (lemma 3.1in [11]). Let G be a three-regular triangle-free graph, C be a cut of G and V, and V;
be the sets of vertices with two and three unsatisfied edges adjacent to them in the cut C. Then the cut
C = HLZ(G, C) satisfies’

. . 2 17
cutsize(C') > cutsize(C) + §|V2| + E|V3|'

Again, let us get a feel for the impact of the procedure like we did for FKL in certain simple scenarios,
this time for a triangle-free three-regular graph G = (V, E). Once again, consider first the trivial constant
cut Ceonst Which assigns the same color to all vertices and therefore has cutsize 0, so the approximation ratio
is 0 as well. Considering C' := HLZ(G, Ccongt), i.€., the cut obtained by applying the HLZ-post-processing
procedure, this cut achieves an approximation ratio of at least

cutsize(C")

MC(G) > 0.7555. (3)

To see this, note that for a constant cut, all vertices belong to V3 = V and none to V, = (). Lemma 2.3
implies that cutsize(C') > 1Z|V| and using that |E| = 3/2|V| > MC(G), we obtain

cutsize(C') cutsize(C)) ~ 172
MGG 2 5 2 155 ~ 0.7555.

As another example, consider a uniformly random cut Cyandom 0f G. For such a cut, the expected
approximation ratio is 1, i.e., E[cutsize(C)] = 1|E|. Considering the cut C" := HLZ(G, C), the
approximation ratio of this cut is

{cutsize(C”)
MC(G)

} > 0.6611

which can be seen as follows: the probability of a vertex being in V3 and V, are 273 and 272, respectively. By
linearity of expectation, we have E[|V3|] = 27°|V| and E[|V>|] = 272|V|. Lemma 2.3 implies that
E[cutsize(C")] > ‘—125‘ + Z|V| + 75| V/|. Using that |V| = 2|E|, we see that the approximation ratio is

15-8
lower-bounded by § + &= ~ 0.6611 in expectation value.

3. Quantum approximate optimization and MaxCut

Here we briefly state the relevant definition for QAOA applied to the MaxCut problem. In section 3.2, we
then discuss basic features of QAOA that we exploit to find lower bounds on approximation ratios.

3.1. Definition of the MaxCut Hamiltonian and QAOA,
Recall that the MaxCut problem Hamiltonian for a graph G = (V, E) is given by

Ho=3 Y U-2.2) )

{uv}eE

4 Note that there is a typo in the lemma 3.1 [11].
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where a single qubit is associated with each vertex u € V. Measurement of a state ¥ € (C?)?/Vl in the
computational basis yields a string C € {0, 1}"! specifying a cut C of expected size
(V|Hg|¥) = E[cutsize(C)]. (5)

The variational family used in QAOA is specified by a natural number p called the level of QAOA. For a
given graph G = (V, E), the level-p variational state with parameters (3,7) € [0,27)" x [0,27) is

[46(8,7) = Us(B )| +1) ©)

+\V\> = H—)@‘V‘ and where

P
us(Bm =1 [exp (mZn) exp(ivaa]

m=1 ucV

where [+) = J5(|0) + (1)),

is the QAOA unitary. In the following, we analyze the performance of twisted algorithms derived from
QAOA,.

3.2. Locality and uniformity of QAOA

The analysis of QAOA typically exploits its locality and uniformity, see e.g., [8, 17, 18]. Similar arguments
apply to our modified versions of QAOA. Here we state these properties in a form that will be used below to
establish lower bounds on the achieved approximation ratios.

Locality of QAOA. One of the defining features of this ansatz is its locality: the reduced density operator
of 15(B,7) on some subset S C [#] of qubits is uniquely determined by (/3,y) and the ‘p-environment’ of
S, a certain subgraph of G. For the following analysis, it will be convenient to express this dependence in a
more detailed form.

Let A be a local operator supported on a subset supp(A) C [#] of qubits. Conjugation of A by an
operator of the form exp(—if3,,X,,) does not change the support of A and leaves the operator invariant
unless u € supp(A). Similarly, conjugation of A by an operator of the form exp(iv,,Z,Z,) leaves A invariant
unless {u, v} N supp(A) # (), in which case the support generically becomes {u, v} U supp(A). Applying
this reasoning iteratively shows the following: conjugating A by the QAOA unitary Ug(, ) is equivalent to
conjugation by a cost function unitary Us®) [supp(a)] (8, 7y) associated with a subgraph G» [supp(A)] of G.
The latter is defined as follows, for any fixed subset S C V vertices corresponding to the support of A. A
length-¢ path starting in S is a sequence (i, . . ., ug) of vertices such that uy € Sand {uj_;,u;} € E for all
j=1,...,£ The subgraph G [S] of G is the result of taking the union of all paths of length at most p
starting in S. We call G'[S] the p-environment of S. Succinctly, this shows that

(a8 DIAEGB,7)) = (Yo isuppian 5o 1) 4|0 uppiany (Bo) )

In other words, to evaluate the expectation of A, it suffices to consider the QAOA-state associated with the
p-environment of the support of A.

Uniformity of QAOA. For a generic local operator A with support S = supp(A), the quantity
<wG(p)[S] (B>7y) ‘AW)G(F)[S] (s, ’y)> depends on the underlying graph G only through the p-environment G*’[S]
of § and the subgraph G[S] of G induced by S. In fact, for a fixed induced subgraph K:= G[S], only the
equivalence class of the p-environment G)[S] matters. Here two graphs G, and G, (that both contain K as
a subgraph) are called equivalent if and only if they are isomorphic with an isomorphism fixing K. This
property of QAOA is an immediate consequence of its definition.

This motivates considering equivalence classes of p-environments associated with a graph G. We denote
this set by £®)(G) and call this the set of p-environments of G. Modulo isomorphisms fixing G, every
element of £?)(G) is a graph that appears as a p-environment G’ [S] for a graph G, where S is a subset of
vertices of G with the property that the induced subgraph is G = G[S]. We will use individual

representatives of each equivalence class to denote elements of £ (G). For example, the set £ 1) (]'._'_'C . ) is
depicted in figure 4 found in appendix A. These observations allow to reorganize expectation values that are

uniform. For example,

WaBA| Y. ZuZo | WaB)) = D nalG) a8, )21 Z00a(8,7))

{u,v}ekE G~'€5(P)<1°_§)

(7)
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where 15(G) is the number of times the p-environment G appears inG. .
Of special interest to us will be so-called p-trees. Given a graph G and p € N, T® (G) is defined as the
sole tree in £ (G), see figures 6 and 7 in appendix A for examples.

4. Twisted variational hybrid algorithms for MaxCut

In this section, we define our twisted algorithm A™ given a hybrid algorithm .A. We first show in section 4.1
that the effect of classical post-processing can be quantified in terms of the expectation value of a modified
problem Hamiltonian. We then give the definition of the twisted algorithm A™ in section 4.2.

4.1. Lifting performance guarantees to hybrid algorithms

Lemmas 2.2 and 2.3 provide performance guarantees for the improvement obtained by applying the
(classical) FKL- and the HLZ-algorithm to any cut C. Here we show that these results easily translate to the
context of hybrid algorithms.

Concretely, consider a graph G = (V, E) with V = [n] and a variational ansatz state ¥ € (C?)".
Measuring ¥ in the computational basis provides a cut C € {0, 1}" to which we can apply either the FKL or
the HLZ procedure.

Let us first consider the simpler case of FKL, i.e., suppose that C = FKL(G, C) is the cut obtained by
applying the FKL-post-processing to the cut C. To make lemma 2.2 applicable to this setting, we need an
operator that accounts for good triplets. Such an operator is

> Mg,  where Iej = (|000)000] + [111)(111[) .,
(C>j>k)€TG

with T denoting the set of triplets in G. Observe that 11 is a projector onto the subspace spanned by
computational basis states |C) describing a cut C € {0, 1}" such that (c, j, k) is a good triplet in C. This
implies that the expectation (U|Ng|¥) of Ng in a state ¥ is equal to the expected number of triplets in a cut
C obtained by measuring ¥ in the computational basis, i.e.,

(UINg|[W) = > [(C[W)[* - |Goodg(C)| = E[|Goods(C)|]. (8)
ce{o,1}"

Correspondingly, we call Ng the good triplet number operator.
Combining (8) with (5), we obtain the following ‘quantum version” of lemma 2.2:

Lemma4.1. Let G = (V, E) be a three-regular graph with V = [n] and ¥ € (C*)®". Let C € {0, 1}" be the
result of measuring W in the computational basis and C':=FKL(G, C). Then

E [cutsize (C')] = (| <HG + %NG) |D).

This lemma shows that the ‘target Hamiltonian” Hg should be modified by introducing the
improvement operator
1
A= 3Ne. )
A similar treatment applies to the HLZ-procedure. Suppose that C' = HLZ(G, C) is the cut obtained by
applying the HLZ-post-processing to the cut C. We now want to ‘quantify’ lemma 2.3 and therefore need
two operators that account for the number of vertices with two and three unsatisfied edges adjacent to
them, respectively. To define these operators, let A(c) be the ordered three-tuple of neighbors of ¢ € V and
A(c) denote the closed neighbourhood A(c) := (¢, A(c),, A(c)2, A(c)3). Then we set

2 _ @
=D 12, and M =310,

ceV ceV
where
b
H(Z/i(c) = Z |b)b|, ® Pﬁx()c) with PA(C = Z |xyz><xyz|A(C) and
be{o,1} {x,2}€{0,1}3,

b&x+bey+bdz=1

1% ., := (10000)(0000] + [1111)(1111 ),

10
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Algorithm 3. The twisted algorithm Post-A™ where Post € {FKL, HLZ}
and where A = {|U(0)) } ;.o is a variational algorithm. The measurement
result C € {0, 1}" obtained in step 3 defines a cut of G.

1: function Post-A™ (three-regular graph G = (V, E) with V = [n])

2:  Compute §, = arg maxgeo (Ve (0)|(Hg + AP | W4 (0))

3 Measure Ws(6.) in the computational basis getting outcome C € {0,1}"
4: Compute C' = Post(G, C)

5 return C'

Observe that Pf@b()c) is a projector onto the sum of computational basis states that contain exactly two bits

equal to b. Furthermore, Hﬂ(c) is a projector onto the subspace spanned by computational basis states

which are associated with exactly two unsatisfied edges adjacent to c. Similarly, HSX(:) is a projector onto the

subspace spanned by computational basis states which are associated with exactly three unsatisfied edges

adjacent to c. By abuse of notation, we use I’ and TI® whenever the graph is known from the context.
Using the same reasoning as for lemma 4.1, we obtain the following:

Lemma4.2. Let G = (V, E) be a three-regular triangle-free graph with V = [n] and ¥ € (C*)®". Let
C € {0, 1}" be the result of measuring U in the computational basis and C :=HLZ(G, C). Then

_ 2 17
E[cutsize(C')] = (¥| <Hc + gM(GZ) + 15M(G3)) |¥).

Therefore, Hg should be modified by introducing the improvement operator

2 17
AGH = Mg+ M (10)

4.2. Definition of the twisted algorithm A+
Here we present our modified variational algorithm AT which we call twisted-.A. We formalize a
variational quantum algorithm A as follows: it is given by a family of states

A={V.(0)}pco

where x is an input to the algorithm, i.e., a problem instance and © C R for some k € N. Once one has
chosen 6, the state W, (6) is measured to obtain the output of the algorithm.

In the case of the MaxCut problem, a problem instance is given by a graph G. A good hybrid algorithm
for this problem specifies a variational family {¥5(0)}gco whose elements can be efficiently prepared (e.g.,
by a low-depth circuit) and which—ideally—contains elements with large energy (corresponding to the
expected cut size) with respect to the MaxCut problem Hamiltonian Hg (see equation (4)). Given such an
algorithm A, we obtain a twisted algorithm Post-A™ by the following modifications, where
Post € {FKL,HLZ} denotes the chosen classical post-processing involved (see section 2):

(a) In the angle optimization step, the modified cost function Hamiltonian H} = Hg + AEPS‘ is used.
Here AL and AEM are the corresponding operators defined in equations (9) and (10), respectively.

(b) The classical post-processing procedure Post is applied to the measurement result obtained by
measuring the optimal state.

Algorithm 3 shows the general procedure.

5. Lower bounds on approximation ratios of QAOQA™

Here we analyze the twisted versions of QAOA in detail. For a graph G and p € N, let Hg; be the Hamiltonian
(4) and ¥ 5(3, ) the level-p trial wavefunction defined by (6). The twisted algorithms FKL — QAOAP+ and
HLZ — QAOA; proceed as described in algorithm 4. We prove lower bounds on the approximation ratios
ag (FKL — QAOA;‘ ) and ag (HLZ — QAOA;‘ ) for certain families of three-regular graphs G.

A remark on the proof technique is in order here: while we rely on numerical gradient descent to
determine good candidate parameters, these are used to optimize our lower bounds only. In particular, the
validity of the established bounds is independent of the correctness of these numerical methods. This is
especially important because we consider high-dimensional optimization problems and gradient descent
may or may not converge.

11
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Algorithm 4. The twisted algorithm Post-QAOA, for Post € {FKL, HLZ}.

1: function Post-QAOA, (three-regular graph G = (V, E) with V = [n])

2 Compute (8,,7,) = arg max(g,)c(o.2m? « o 2rp (Y6 (6 M| (He + APOSt)W’( BM)
3:  Measure ¥;(3,,,) in the computational basis getting outcome C € {0, 1}"

4 Compute C' = Post(G, C)

5:  return C

5.1. Approximation ratios of FKL-QAOA™ for three-regular graphs

We denote the girth of a graph G, i.e., the size of the smallest cycle in G, by g(G). We present two kinds of
results: for FKL — QAOA;", we give a bound applicable to all three-regular graphs. For higher levels p, we
give bounds applicable to three-regular graphs with high girth.

Proposition 5.1. Let G be a three-regular graph. Then

(a) ag(FKL — QAOAY) > 0.7443.

(b) Ifg(G) = 7, then ag(FKL — QAOAS ) > 0.7887.
(c) Ifg(G) = 9, then ag(FKL — QAOAT) > 0.8146.
(d) Ifg(G) > 11, then ag(FKL — QAOA] ) > 0.8323.
(e) Ifg(G) > 13, then ag(FKL — QAOAY) > 0.8457.
(f) Ifg(G) > 15, then ag(FKL — QAOAS ) > 0.8564.
Proof.

(a) For brevity, let us write 1;(6) for the QAOA, state with parameters § = (3,7) € [0, 27)*. Recall

from lemma 4.1 that the expected approximation ratio obtained from such a state using the
FKL-post-processing procedure is given by

(e (He + AGT) [1e(0))

MC(G) (1)

We follow and simplify the approach of [8, 18] and bound the ratio (11) in terms of its local
contributions.

We first rearrange and express the numerator of (11) as a sum over triplets. Notice that since
the graph is three-regular, any edge lies in exactly four triplets. Hence

He+ A8 = ) Ten (12)
(cpk)eTG

where Ty is the triplet operator defined as

i Hc,k 1
% + e for (6),k) € Tg

Tiejb =
and where H*? : (I Z,7y) is term in the MaxCut-problem Hamiltonian Hg associated with the
edge {a, b}.

Next consider the denominator in the expression (11), i.e., the maximum size MC(G) of a cut.
We can bound this term by the expression

MC(G) < |E| = |A(G)] = [&(G)] (13)

where A (G ) is the set of isolated triangles (triangles that do not share an edge with another
triangle) in G and & (G ) is the set of crossed squares (consisting of two triangles sharing an edge).
Inequality (13) follows immediately from the expression that in any cut of G, there is at least one
unsatisfied (i.e., ‘uncut’) edge in each isolated triangle because of frustration. Similarly, there is at
least one unsatisfied edge in each crossed square. We note that the bound (13) applies to any
three-regular graph G with more than four vertices because in these graphs, any triangle is either
isolated or part of a crossed squared. (Observe that for the remaining graph, the complete graph

G = K, on four vertices, we have MC(K4) = 4, and equation (13) does not hold for this graph. In
our argument, we will replace equation (13) by the relaxed equation (14) below which applies also
to Ky.)

12
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We can bound MC(G) further starting from (13) by expressing the right-hand side as a sum
over edges. Since every isolated triangle has three edges, we can express the number of isolated
triangles as

AG) =3 Y 0xe(e)

ecE

where § A(G) (e) is 1 if the edge e is part of an isolated triangle in the graph G and 0 otherwise.
Similarly, we have

6(6) = £ 3 dsen(e)

eck

for crossed squares, where 5$(G) (e) is 1 if the edge e is part of a crossed square in the graph G and
0 otherwise.

To establish our bound, we only consider the one-environment of each edge e € E, i.e., G [e].
For an edge e € E which belongs to a triangle, the one-environment G'")[e] is not necessarily
sufficient to distinguish whether the triangle is isolated or belongs to a crossed square: for example,
this is the case for an edge e that belongs to a crossed square but is not shared by both triangles.
The fraction of uncut edges (in any cut) is 1/3 for an isolated triangle, and 1/5 for a crossed
square. Using the smaller of these two contributions per edge, i.e., pretending that each triangle is
in a crossed square, yields the bound

MC(G) < Z(l - %mc:)(e))

ecE (14)

Here 0 A(G) (e) indicates whether the edge e is part of a triangle, i.e., 0 A(G) (e) equals 1 whenever

the edge e is part of a triangle in graph G and 0 otherwise. Notice that J 5 () (e) = 5A(G(1) le]) (e),

therefore it is enough to examine the one-environments of edges to obtain the bound (the possible

environments are showcased in figure 3 in the appendix A). We note that while we have excluded

G = Ky in the proof of inequality (14), it is easy to check directly that this graph also satisfies (14).
Expression (14) motivates defining the local averaged MaxCut fraction of an edge e in G as

1
G
Le =1 géA(G) (6) .
Using that every edge appears in four triplets, we can reexpress the upper bound (14) as

1 G G
(e,ik)eTG

G
= > Liw (15)

(e,pk)eTq
where )
G R G G
L =1 (L{c,j} T L{c,k})

denotes the local averaged MaxCut fraction of a triplet (¢, 7, k) € Tg.
Inserting the upper bound (15) on MC(G) and expression (12) into (11) gives

(16(0)| (He + AEY) [1h6(6)) N 2 eimere (V60| Tieinlva(0))
MC(G) - Z(c,j,k)eTGL(Gc,j,k)

. (16)

Recall that for any triplet (c, j, k) € Tg, the expectation value (16(6)|T(cjx [1)c(6)) is equal to the
local expectation (¢ (0)|T(cjp |V (6)), where G is the (appropriate) graph environment of the
triplet. By its definition as a local quantity, the combinatorial quantity L(GC’ o= L(GC ik also depends
only on the corresponding graph environment. The set of equivalence classes

EW ( ek ) = {G.} }1:1 of possible graph environments consists of 11 (equivalence classes of)
graphs, see figure 4 in appendix A. Denoting—as in (7)—Dby n¢(G,) the number of times the
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(b)—(f)

environment G, appears in G, we can restate (16) as

(a0 (Hs + Ag™) [¥6(9)  35,21m6(G) (Y, (0) Tiej ¥, (0))

> . (17)
MC(G) S LinG(GALE

Equation (17) is valid for any choice of @ € [0, 27)%. Suppose now that we have found some angles
6 € [0,27)? such that

(6,(0)| Ty [6,(0)) _ (6, ()| Tiejn|vbs, (0))

> foralls=2,...,11. (18)
Gs = G > >
Licin Liin
An example of such a pair is
0 = (B,7) = (1.130 565, 5.667 705) (19)

as can be verified by straightforward computation. The mediant inequality %Z > min{ %, %
implies (inductively) that
11
_ Nt . L
# > min =
2721”r€r r=1,.,110,
for any inte A Ny and non-negati 1 t. 1L {0, ML Combining this with (18)
y integers {n;};1, C Ny and non-negative scalars {t,},2, {¢,},L,. Combining this wi ,
we conclude that

S n6(G) (e, ()| Tiejwo|vo6, (0)) (e, (0)| Tiejm [0, (0))

> > 0.7443. (20)

> Lin6(GLE L
From (17) and (20) we obtain
OV (H. + AFKL 9
Wa)l (He + A )[V6®) - (214

MC(G)

and the claim follows by taking the maximum over 6 € [0, 27)%.

Let us briefly elaborate on the choice (19) of parameters @ in this proof. By direct computation,
(Y6, 0)| Tej | e, 0))
el 6]

(k)
parameters 6 € [0, 27)” in equation (19) are the numerically obtained angles achieving the
maximum for r = 1. We note that their only required feature in our argument is property (18).
This can be verified immediately. A proof that these values f indeed correspond to some maximum
is not required.

Let ¢5(0) for 6 € [0,27)* be the QAOA,-wave function. We again consider the expected
approximation ratio given by the expression ratio (11). We can use the trivial lower bound
MC(G) < |E| on the size of the maximum cut, giving

ag(FKL — QAOAS) > [E[™' - (¢6(0)|(He + AG™) [ha(0)) (21)

we numerically observe that the quantity max,¢ (g, is minimal for r = 1. The

for any choice of § € [0,27)%. The assumptions on the girth can be expressed as g(G) > 2p + 2 for
P =2,3,4,5,6, i.e., the level of QAOA. For such high-girth graphs, all relevant graph environments

of an arbitrary triplet in G are isomorphic to the tree Tw (m ), see figure 6 in appendix A.
Therefore, using (12), the bound (21) becomes

ac (FKL-QAOAY) = 2(i (6) e ¥ — ) (0)

T(p)(].'_;_l.c) jck

for any choice of § € [0, 27)*. We can evaluate the right-hand side of this inequality using a tensor
network algorithm and gradient descent to maximize the angles. In particular, in each of the cases
(b)—(f) we found a set of angles 6 such that the right-hand side of (22) is equal to the value stated
in the proposition. These angles are listed in figure 8. This completes the proof.

(22)

For sake of comparison, we also obtained the guaranteed approximation ratios of bare QAOA for
p = 4,5, and 6 for high girth graphs. These were computed in a similar fashion as explained at the end of
the proof of proposition 5.1:

ag (QAOAp) > WJT(P)(B) (9) |2_1(I - ZlZQ)hDT(P)(ﬁ) (9» (23)

The witness angles proving the lower bounds are listed in figure 8.
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5.2. Approximation ratios of HLZ-QAOA™ for three-regular graphs

Proposition 5.2. Let G = (V, E) be a three-regular graph. Then

(a)

If G is triangle-free (i.e. g(G) = 4), then ag (HLZ— QAOA?') > 0.7548.

(b) Ifg(G) = 7, then ag(HLZ — QAOAY ) > 0.7954.

(c) Ifg(G) = 9, then ag(HLZ — QAOAT ) > 0.8191.

(d) Ifg(G) = 11, then ag(HLZ — QAOA] ) > 0.8358.
(e) Ifg(G) = 13, then ag(HLZ — QAOAT ) > 0.8482.
(f) Ifg(G) > 15, then ag(FKL — QAOA{ ) > 0.8582.
Proof.

(a) Recall from lemma 4.2 that the expected approximation ratio obtained using the
HLZ-post-processing procedure is given by

(1b6(0)|(Hg + ALY) [96(0))
MC(G) ’

(24)

where we again use ©5(0) for the QAOA; state.
We rearrange and express the numerator (24) as a sum over three-star subgraphs, as they are
underlying graphs of local terms of the improvement operator AH%. The three-star graph with the

J
central vertex ¢ has vertices {c, j, k, ¢} and edges {{c,j}, {c k}, {c, ¢} } and we depict it by )\
C

l
Since the graph G is three-regular, any edge {4, b} € E lies in exactly two stars with central vertices

a and b. Hence
He+AgY =S, (25)

ceV

where S, is the three-star operator

Hc,j +Hc,k _|_Hc,€

Se:
2

2 17
—+ EHEZ) + EH?) fOr Cc € V,

(j, k, £) is the ordered neighbourhood of ¢ in G and H*? is again the MaxCut term on edge {a, b}.
Inserting the trivial upper bound on MC(G) < |E| and (25) into (24) gives:

(Ya(0)|(Hg + AZ)[¢6(0)) < 2eev(¥6(0)[Se[¥6(9))
MC(G) - |E|

. (26)

We can restate (26) as a sum over the local expectation values over the graph environments from

J
the set £ ( /k) = {Gr}§:1 (listed in figure 5 in appendix A):
k€1

(Wa(O)| (He + A7) [6(0) _ 2 n6(G)) (e, (01566, (6))

Z N 27
MC(G) |E| @7)
where n6(G;) is number of times the environment G, appears in graph G.
Suppose now that we have found some angles @ € [0, 27)* such that
(¥6,0)|Sc|v6,(0)) = (v, (0)|Sc |, (0)) foralls =2,...,8. (28)

An example of such a pair is
0 = (B,7) = (0.102870, 5.669 319)

as can be verified by straightforward computation.
We combine (27) with (28) and use the fact that Y°_ n¢(G,) = |V| = 2/3|E| for three-regular
graphs:
(6(0)|(Hg + AZY)|1ha(6))
MC(G)

> %WGI 0)|Sc|voc, (B)) > 0.7548

and the claim follows.
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(b)—(f) We will follow a similar line of reasoning as in (a) and proposition 5.1(b)—(f). The assumptions
again guarantee that the considered graphs are of girth greater than 2p + 2 with p being the level of
QAOA. For such high-girth graphs, all graph environments of an arbitrary star in G are isomorphic

toG = T®) ( )\] ) Therefore,
k€1

aG(HLZ — QAOAS) >

[SSR ]

(Ve(0)]Sc|v(0)),

where 1) (0) for 6 € [0, 27)% be the QAOA,-wave function. We obtain witness angles by numerical
optimization (listed in figure 8) and the claim follows.

We note that the proven lower bound proposition 5.2(a) on the approximation ratio
ag(HLZ — QAOAT) of the twisted algorithm QAOA; is below the value 0.7555 resulting from the
application of HLZ to a constant partition (see (3)). An improvement over this trivial (classical) algorithm
can only be observed starting from level p > 2 (cf proposition (5.2)(b)—(f)). This is not surprising given the
fact that the QAOA-ansatz is very restricted, especially for small values of p. In particular, for any angles
(5,7y), the QaOA-state 1 (3,7y) (cf (6)) with the usual cost function Hamiltonian Hg for MaxCut is
different from both the all-zero state |0)“" and the all-one state |1)“". This is the case for any level p since
because of the Z,-symmetry of the ansatz: every state 15(5,y) is an eigenstate of the
operator X®",
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Figure 3. The edge environments £ (1) ( I_§ ) as described in section 3.2.
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i .
e
e

Gy




10P Publishing

Quantum Sci. Technol. 7 (2022) 045013

L Caha et al

J
J
C
k 14 k 14
G4 G5 G6
J J
C
Gr e

J
Figure 5. Triangle-free star environments in 5(1) ( /I\ ) as described in section 3.2.
k
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T ( jck ) ] c k
Figure 6. The triplet trees T( ) ( ] ) and T( ) ( ok ) constructed as described in section 3.2.
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Figure 7. The star trees T(l) /k and T(2) )\ constructed as described in section 3.2.

k1 kil
Appendix B. Witness angles
Method %) ol
FKL-QAOAJ [ 0.99225 3.46308 5.78009  2.25304
HLZ-QAOA] | 0.98705 3.47167 5.77664 2.25962
FKL-QAOAJ [ 0.62112 0.48905 0.26477 0.42728 0.79596 0.92620
HLZ-QAOA] | 0.62519 0.49754 0.27393 0.42808 0.79569 0.92077
QAOA, 0.59956 0.43434 0.29676 0.15904 0.40875 0.78057 0.98804 0.15691
FKL-QAOAYT | 0.63219 2.09215 0.42150 0.22286 0.38433 0.72509 0.83266 0.94350
HLZ-QAOA] | 0.63516 0.52634 0.43047 0.23058 0.38478 0.72269 0.82767 0.93461
QAOA; 0.63167 0.52253 1.96094 0.27599 0.14930 0.35924  0.70609 0.82209 1.00420 1.15394
FKL-QAOAZ | 0.64008 0.54030 0.45437 0.34000 0.18710 0.35582  0.68736 0.78042 0.87482 0.99556
HLZ-QAOAZ | 0.64349 0.54679 0.46687 0.38838 0.19975 0.35349 0.68144 0.76945 0.85500 0.96997
QAOA¢ 0.63589 0.53443 0.46334 0.35999 0.25858 0.13885 | 0.33137 0.64558 0.73165 0.83696 1.01019 1.12724
FKL-QAOA{ | 0.64369 0.54870 0.47903 0.40547 1.88825 0.16000 | 0.33434 0.64986 0.73024 0.81681 0.93262 1.04923
HLZ-QAOA{ | 0.64622 0.55243 0.48572 0.42258 1.91095 0.17045 | 0.33265 0.64669 0.72479 0.80326 0.90278 1.01496
Figure 8. Witness angles § = [3,, 3,,...and v = 7,,7,, . . . certifying the approximation ratios of QAOA,, FKL — QAOA;' and
HLZ — QAOA, on graphs of girth greater than 2p 4 2 forp € {2,...,6}.
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Obstacles to Variational Quantum Optimization from Symmetry

Protection

Sergey Bravyi, Alexander Kliesch, Robert Koenig, Eugene Tang

While already the seminal paper on QAOA [12] provides a non-trivial lower bound on the
worst-case approximation ratio achieved by QAOA applied to MAX-CUT on 3-regular graphs,
little was known about upper bounds on this quantity in any setting. In particular, it was not
rigorously known whether constant-level QAOA might be able to outperform the best classical
approximation algorithms in the general case. In Article III) [3], we give a negative answer to

this question.

B.1.1 Main Results

We show that the worst-case approximation ratio achievable by QAOA applied to Max-CuT,
where the level of QAOA is growing at most logarithmically in the size of the considered graphs,
is upper bounded by a constant arbitrarily close to % ~ 0.8333. In particular, this implies that
the worst-case approximation ratio of constant-level QAOA is worse than the one achieved by the
best classical approximation algorithm for MAX-CuT, the Goemans-Williamson algorithm [17],
which achieves an approximation ratio of 0.8785. To establish this result, we utilize that the
QAOA circuits and the MAX-CUT Hamiltonians commute with the symmetry operator X®",
where n is the number of vertices, while the QAOA input state is a +1 eigenstate of this operator;
we therefore call the resulting QAOA state Zo-symmetric.

As a second result, we prove a general upper bound on the performance of geometrically local
variational algorithms producing Zs-symmetric states by considering the family of cycle graphs.
Our results make it clear that all local variational quantum algorithms suffer from restrictions;
we therefore introduce a more non-local version of QAOA which we call “recursive QAOA”
(RQAOA) which uses QAOA as a subroutine to determine correlations between vertices of a
given graph. For the family of cycle graphs, we then show that RQAOA with level 1 produces
a maximum cut for any member of the family, strictly surpassing the worst-case performance of

constant-level QAOA.

B.1.2 Individual Contribution

Eugene Tang is the principal author of this article. The idea for working on proving limitations
of QAOA first came after discussions with my doctoral advisor Robert Koenig and Eugene
Tang who was then visiting our department M5. The concrete idea to show these limitations by
exploiting symmetry considerations was conceived while Robert Koenig visited Sergey Bravyi at

IBM in New York. I was involved in the scientific work and the write-up of the article.
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The quantum approximate optimization algorithm (QAOA) employs variational states generated by a
parameterized quantum circuit to maximize the expected value of a Hamiltonian encoding a classical cost
function. Whether or not the QAOA can outperform classical algorithms in some tasks is an actively
debated question. Our work exposes fundamental limitations of the QAOA resulting from the symmetry
and the locality of variational states. A surprising consequence of our results is that the classical Goemans-
Williamson algorithm outperforms the QAOA for certain instances of MaxCut, at any constant level. To
overcome these limitations, we propose a nonlocal version of the QAOA and give numerical evidence that
it significantly outperforms the standard QAOA for frustrated Ising models.

DOI: 10.1103/PhysRevLett.125.260505

Variational quantum optimization (VQO) has recently
received significant attention as a candidate application of
near-term quantum processors. The basic proposal is appeal-
ingly simple: The output state of a parameterized quantum
circuit is used as a variational wave function to minimize the
expected energy of a given Hamiltonian [1]. Depending on
the envisioned application, the Hamiltonian may govern
electronic interactions in a molecule or material of interest [2]
or encode a classical cost function whose minimum is to be
approximated [3]. Rotation angles that define individual
gates in the state preparation circuit serve as variational
parameters. These parameters are adjusted via a classical
feedback loop that aims to minimize the expected energy.

The central question common to all VQO proposals is
whether the chosen variational class of states is expressive
enough to provide a good ground state approximation. Let
us point out two factors that can limit the expressive power
of VQO. First, the state preparation quantum circuit must
have a small depth to enable reliable implementation on
near-term noisy devices lacking error correction. This
means that highly entangled states such as the ground
state of Kitaev’s toric code [4] may be out of scope for near-
term VQO using gate-based devices and low-depth circuits
[5,6]. Second, the number of variational parameters in the
state preparation circuit must be small enough to enable
efficient energy minimization. While this is not a serious
concern for proof-of-principle experiments with a handful
of qubits, it is anticipated that large-scale VQO with an
extensive number of variational parameters may give rise to
intractable optimization problems, for example, due to the
barren plateau (vanishing gradient) effect [7].

In this Letter, we elaborate on the limitations of
VQO and establish formal no-go results for the quantum

0031-9007/20/125(26)/260505(6)

260505-1

approximate optimization algorithm (QAOA) [3]. Recall
that the QAOA aims to approximate the maximum
of a classical cost function C(x) that depends on
n binary variables, x = (xy, ..., x,). The cost function is
encoded into an n-qubit diagonal Hamiltonian C =
> vefo.1yr C(x)[x)(x]. The QAOA variationally maximizes
the expected energy of C over n-qubit quantum states of the
form [3]

w(B.y)) = [ [ ePBeraC|+m), (1)

a=1

where f3, and y, are variational parameters, |+") is the

tensor product of n single-qubit states |4+)=(|0)+|1))/v/2,
and B = 27:1 X is the transverse magnetic field operator.
The integer p, called the QAOA level, controls the
expressive power of the variational ansatz. Finally, the
QAOA outputs a bit string x obtained by preparing
the optimal variational state |y(f3, 7)) and measuring each
qubit in the standard basis. The expected value of C(x)
coincides with the variational energy (w(B,7)|Cly(5,7)).
The performance of the QAOA is commonly quantified by
an approximation ratio defined as the ratio between the
maximum variational energy and the maximum value of the
cost function Cp,,, = max, C(x).

A paradigmatic test case for the QAOA is the maximum
cut (MaxCut) problem [3]. Suppose G = (V, E) is a graph
with a set of n vertices V labeled by integers j =1,...,n
and a set of edges E. Given an n-bit string x, let cut(x) be
the set of edges (j,k) € E such that x; # x;. The cost
function to be maximized is the cut size, C(x) = |cut(x)].
The corresponding n-qubit Hamiltonian is

© 2020 American Physical Society
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cz%-E:(p-gz@. (2)

(j.k)EE

Here, Z; is the Pauli Z operator applied to a qubit j, and I is
the identity. The state preparation circuit defined in Eq. (1)
has depth ~pD, where D is the maximum vertex degree of
the graph G and p is the QAOA level [8]. To keep the
circuit depth and the number of variational parameters
small, below, we focus on the regime when p and D are
constants or slowly growing functions of n.

Our first result is an upper bound on the maximum
variational energy attained by level-p states. Namely, we
show that for any constant D > 3 and all large enough n
there exists a degree-D graph G with n vertices such that

D -1
3D

(w(B.7)|IClw(B.7))
Cmax

5
< 6 + (3)
for any 3,y € R” as long as p<(1/3log,n—4)(D+1)7".
This result severely limits the performance of the QAOA
with any constant level p independent of n. Indeed, the
right-hand side of Eq. (3) is approximately 5/6 ~ 0.833 for
large vertex degree D. For comparison, the best-known
classical algorithm for MaxCut due to Goemans and
Williamson [9] achieves the approximation ratio ~0.878
on an arbitrary graph. Thus, the QAOA with a constant level
p cannot outperform classical algorithms. We note that
upper bounds on the QAOA approximation ratio were
previously known only for p = 1 [3]. We refer to Ref. [10]
for numerical studies of the QAOA applied to MaxCut.

Similar concerns about limitations of the QAOA have
previously been voiced by Hastings [11], who showed
analytically that certain local classical algorithms match
the performance of the level-1 QAOA for Ising-like cost
functions with multispin interactions. Hastings also
gave numerical evidence for the same phenomenon for
MaxCut with p = 1 and argued that this should extend to
p>1][11].

QAOA states possess a certain symmetry that plays a
crucial role in our analysis. Namely, the state [y(f3,7)) is
invariant under a global spin flip:

X®w(B,y)) = lw(B. 7))

Indeed, the Hamiltonians B and C commute with the
symmetry operator X®", while the initial state |+") is a
+1 eigenvector of X®". More generally, let us say that an
n-qubit state |y) is Z, symmetric if it is a +1 eigenvector of
X®" Our proof of Eq. (3) combines two observations:
(1) The symmetry forces good variational states to be highly
entangled, and (ii) low-depth circuits are not capable of
preparing highly entangled states.

To elaborate on the role of the Z, symmetry, suppose
x € {0, 1}" is an optimal cut such that C,,,, = C(x). Let X
be the bitwise negation of x. Note that C(x) = C(x).

Although the state |x) has no entanglement whatsoever, its
Z,-symmetric version (|x)+|%))/v/2 is a highly entangled
state, locally equivalent to the n-qubit Greenberger-Horne-
Zeilinger (GHZ) state (|0") + |1"))/+/2, which cannot be
prepared by a low-depth circuit [5].

The fact that symmetry may prevent one from preparing
ground states of certain Hamiltonians by low-depth circuits
is well known in the theory of topological quantum order
under the name symmetry protection [12—14]. The bound
Eq. (3) asserts that the Hamiltonian C exhibits a strong
form of symmetry protection that extends to all states with
energy density above a certain constant threshold.

We shall now argue that for a suitable family of graphs G
all good variational states are qualitatively similar to the
GHZ state. Specifically, the results of Refs. [15-17] show
that for any constant D > 3 there exists an infinite family of
bipartite degree-D graphs G such that

C(x) = |cut(x)| > ~Amin {|x|,n — |x|} 4)

for any x € {0, 1}", where & is a constant satisfying
D
h> 3" D—-1 (5)

and |x| is the Hamming weight of x. Such graphs, known
as Ramanujan expander graphs, maximize the spectral gap
of their adjacency matrices among all D-regular graphs.
Random D-regular bipartite graphs are known to approach
the bound Eq. (5) with high probability [18].

Let G be a bipartite graph as above and x,,, € {0, 1}" be
an optimal solution of the MaxCut problem. For a bipartite
graph, Cpax = C(xop) = |E|. Moreover, the optimal sol-
ution X, is unique up to the bitwise negation and

C(x) + Clxop @ x) = |E| (6)

for all x € {0, 1}". Here, @ denotes the bitwise XOR. Set
€ = h/6 and consider a level-p QAOA state such that

(w(B.7)|Clw(B.7)) = |E| —en. (7)

Let x be a random rn-bit string sampled from the distribution
P(x) = [{x|w(B.7))|*>. Markov’s inequality and Eq. (7)
show that C(x) > |E| — 2en with a probability of at least
1/2. From Eq. (6), one infers that C(xq, @ x) < 2en witha
probability of at least 1/2. Let dist(x,y) = |x @ y| be the
Hamming distance between bit strings x and y. Combining
Eq. (4) and the bound C(x,y @ x) < 2en, one gets

2
min {dist(xop, X), dist(Xope, X) } < % = g (8)

with a probability of at least 1/2. This shows that the state
lw (B, 7)) has a non-negligible weight on bit strings close to
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Xopt and on those close to X, Here, closeness means being
within a Hamming distance of at most n/3.

Finally, we employ a fascinating result by Eldar and
Harrow stated as Corollary 43 in Ref. [19]. It asserts that the
output distribution of a low-depth circuit cannot assign a
non-negligible weight to subsets of bit strings that are far
apart in Hamming distance. Namely, suppose |w) is an
n-qubit state that can be prepared starting from a product
state by a depth-d quantum circuit composed of one- and
two-qubit gates. The state |y) does not have to be symmetric
in any sense. Define a distribution P(x) = |(x|w)|*. Given a
subset S C {0, 1}", let P(S) = >_,cs P(x). Reference [19]
showed that for any subsets S, S’ C {0, 1}" one has

4n1/223d/2

dist(S, 8') < — {P(S),P(S)}

©)

Here, dist(S,S’) = min,cg minyeg dist(x,y) is the mini-
mum number of bit flips required to get from S to §'.
Choose S and S’ as the sets of n-bit strings x such that
dist(xop, x) < n/3 and dist(xgy, x) < n/3, respectively.
Then dist(S,S") = n/3. Choose |y) = |y(B,7)). The Z,
symmetry of QAOA states gives P(x) = P(X) and, thus,
P(S) = P(S'). We have already shown that P(SU S') >
1/2 [see Eq. (8)]; that is, P(S) = P(S’") > 1/4. Combining
this and Eq. (9), one arrives at I < 48n~!/2239/2 This gives a
lower bound on the depth d required to approximate the
maximum value Cp,,, = |E| within a ratio

1= h<5 D-1

El~ ' T3p~6' 3D

Here, we recalled that € = h/6 and |E| = Dn/2 and used
Eq. (5). In Appendix A in Supplemental Material [20], we
show that the level-p QAOA circuithas depthd < p(D + 1)
whenever G is a bipartite degree-D graph. Thus, 1 <
48n~1/2234/2 implies p > (1/3logy n —4)(D + 1)~'. This
concludes the proof of Eq. (3).

The above arguments provide an upper bound on the
variational energy for any Z,-symmetric state generated by
a low-depth circuit. One may ask if stronger bounds can be
derived by making use of the special structure of the QAOA
ansatz. Indeed, so far this structure has been used only in
establishing the Z, symmetry and expressing the circuit
depth d in terms of the degree D and the level p. A notable
special feature of the QAOA ansatz is its geometric
locality—the entangling operators e”7<C include inter-
actions only between nearest-neighbor qubits with respect
to the underlying graph G.

To elucidate implications of the geometric locality,
consider a toy model known as the ring of disagrees
[3]. It describes the MaxCut problem on the cycle graph.
The latter has a set of vertices V=27, = {0,1,...,.n—1}.
An edge is drawn between any pair of vertices j, k € Z,

such that j = k + Imodn. Quite recently, Ref. [21] proved
that the optimal approximation ratio achieved by the level-
p QAOA for the ring of disagrees is bounded above by
(2p+1)/(2p +2) for all p and conjectured that this
bound is tight. Here, we prove a version of this conjecture
for arbitrary Z,-symmetric geometrically local variational
states. To quantify the geometric locality, let dist(j, k) be
the distance between qubits j and k with respect to the cycle
graph Z,,. Define the R neighborhood of a qubit j as the set
{i € Z,:dist(i,j) < R}. A unitary U acting on n qubits
located at vertices of the cycle graph has range R if the
operator U'Z ;U has support on the R neighborhood of j for
any qubit j. For example, the level-p QAOA circuit
associated with the ring of disagrees has range R = p.
A unitary U is said to be Z, symmetric if UX®" = X®"U.
Let C be the MaxCut Hamiltonian Eq. (2) associated with
the cycle graph Z,,, where n is even. Note that such a graph
has a maximum cut of size n. We show that

L2R+1/2

1
"UtCU|+-" —_

: (10)
for any Z,-symmetric range-R unitary U with R < n/4.
This bound is tight whenever n is an even multiple of
2R + 1. Since one can always round 7 to the nearest even
multiple of 2R + 1, the bound Eq. (10) is tight for all n up
to corrections O(1/n), assuming that R = O(1).

We shall now prove the upper bound Eq. (10). Let X be
the operator that applies Pauli X to every second qubit, and
let W = XU. Note that W is a Z,-symmetric circuit with
range R. Since X(Z,Z;,1)X = —Z,Z;,, for any qubit j, the
MaxCut Hamiltonian Eq. (2) satisfies C 4+ XCX = nl.
Taking the expected value of this identity on the state
U|+"), one infers that Eq. (10) holds whenever

2R+1/2 1
- = .1
2R+1  202R+1)

1 _
—(+"|WiCW|+") > 1
n

Thus, it suffices to prove that Eq. (11) holds for any
Z,-symmetric range-R circuit W. For each j, k € Z,, define

("W = Z,Z ) W|+").

N =

ej,k -
We claim that
ey =1/2 if dist(j, k) > 2R. (12)

Indeed, (+"|W'Z;W|+") =0 for any qubit j, since the
states W|+") and Z;W|+") are eigenvectors of X®" with
eigenvalues 1 and —1. Such eigenvectors have to be
orthogonal. From dist(j,k)>2R, one infers that W'Z;W
and W'Z, W have disjoint support. Thus,
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(a) Approximation ratios achieved by the level-1 RQAOA (blue) and the Goemans-Williamson (GW) algorithm [9] (red) for 15

instances of the Ising cost function with random 41 couplings defined on the 2D toric grid of size 16 x 16. In case (b), the Ising
Hamiltonian also includes random +1 external fields. The RQAOA threshold value is n, = 20. We found that the standard level-1
QAOA achieves approximation ratios below 1/2 for all considered instances (not shown). The GW algorithm was implemented with
n = 256 rounding attempts, and the best found solution was selected. The exact maximum energy was computed using integer linear

programming.

(HWIZ,Z W) = (+"|(WTZ,W) (W Z W) [+)

(+
(+"|WIZ W+ - ("W Z W |+m)
0.

This proves Eq. (12).

Suppose one prepares the state W|+") and measures a
pair of qubits j < k in the standard basis. Then €;  is the
probability that the measured values on qubits j and k
disagree. If qubits j and k disagree, at least one pair of
qubits (i, i + 1) located in the interval [, k] must disagree.
The probability of the latter event is €; ;, ;. Thus, the union
bound gives

k=1

€k = Z €iit1- (13)
i=j

Setk = j+2R + 1. Then ¢;; = 1/2 by Eq. (12). Take the

expected value of Eq. (13) with respect to random uniform
Jj € Z,. This gives

1 2R+1 2R+ 1
2 < > ciir = (W W),

iez, n

proving Eq. (11). As argued above, Eq. (11) is equivalent to
Eq. (10). In Appendix B in Supplemental Material [20],
we show that the bound Eq. (10) is tight by constructing a
Z,-symmetric range-R circuit U such that U|+") is a tensor
product of GHZ-like states on consecutive segments of
2R + 1 qubits. This circuit is shown to saturate the upper
bound Eq. (10).

Motivated by the limitations established above, we
propose a nonlocal modification of QAOA which we call
the recursive quantum approximate optimization algorithm

(RQAOA). This is a VQO-type algorithm based on the
variational ansatz Eq. (1) with a constant level p. The key
new feature of the RQAOA is a variable elimination step.
The latter transforms a cost function with n variables to one
with n — 1 variables by examining correlations present in
the optimal variational state and identifying strongly
correlated clusters of variables. To describe this formally,
suppose the cost function C(x) describes the Ising model
on a graph G = (V, E) with n vertices. The corresponding
n-qubit Hamiltonian is

C= > JuZiZ. (14)

(j.k)EE

Here, J ; are arbitrary real coefficients. As before, our goal
is to maximize C(x) = (x|C|x). The RQAOA consists of
the following steps.

First, maximize the expected value (w(f,7)|Cly(B.7))
over f,y € RP. For every edge (j,k) € E, compute the
mean value M = (y(B. |2, Ziw(.7)).

Next, find an edge (i, j) € E with the largest magnitude
of M;; (breaking ties arbitrarily). The corresponding
variables Z; and Z; are correlated if M;; > 0 and anti-
correlated if M, ; < 0. Impose a parity constraint

Z; =sgn(M,;;)Z; (15)
and substitute it into the cost function C to eliminate the
variable j. For example, a term J;,Z;Z; with k & {i, j}
gets mapped to J; sgn(M; ;)Z;Z;. The term J; ;Z,Z; gets
mapped to a constant energy shift J; ;sgn(M; ;). All other
terms remain unchanged. This yields a new Ising cost
function C’ that depends on n — 1 variables. The underlying
interaction graph G’ with n — 1 vertices is obtained from G
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by contracting the edge (i, j) [22]. The maximum energy of
C’ coincides with the maximum energy of C over the subset
of assignments satisfying the constraint Eq. (15).

Next, call the RQAOA recursively to maximize the cost
function C’. Each recursion step eliminates one variable
from the cost function. The recursion stops when the
number of variables reaches some specified threshold value
n. < n. The remaining instance of the problem with n,
variables is then solved by a purely classical algorithm (for
example, by a brute force method). Thus, the value of n,
controls how the workload is distributed between quantum
and classical computers.

Finally, assign a value to all eliminated variables Z; by
backtracking the steps of the algorithm and applying the
parity constraints Eq. (15) imposed at each step. This
results in a tentative solution x € {0, 1}" of the original
problem with n variables.

Importantly, the limitations established above for the
QAOA with a constant level p on bounded degree graphs do
not apply to its recursive version. Indeed, each variable
elimination step performed by the RQAOA results in a
contraction of some edge in the graph. The latter tends to
increase the maximum vertex degree, thereby increasing the
circuit depth of level- p variational states. In other words, the
RQAOA overcomes the locality restriction of the standard
QAOA without increasing the number of variational param-
eters that have to be optimized at each step.

We report a numerical comparison between the level-1
RQAOA and the Goemans-Williamson algorithm [9] for
the Ising cost function Eq. (14) with random coefficients
Jjx = 1. Two graphs are considered: (a) the 2D grid and
(b) the 2D grid with one extra vertex connected to all grid
points. The latter is equivalent to the 2D Ising model with
random =+1 external fields. As shown in Ref. [23], the
problem of maximizing the energy C(x) admits an efficient
algorithm in case (a), while case (b) is NP hard. To
compute the mean values (y(8.7)|Z;Zclw(f.7)), we used
a version of the algorithm by Wang et al. [24], as detailed in
Appendix C in Supplemental Material [20]. Figure 1 shows
approximation ratios achieved by each algorithm for 15
problem instances with the grid size 16 x 16. It can be seen
that the RQAOA outperforms the Goemans-Williamson
algorithm for all except for one instance. We found that the
standard level-1 QAOA achieves an approximation ratio
below 1/2 for all considered instances. Finally, we show
analytically that the RQAOA with the level p = 1 finds the
optimal solution for the ring of disagrees model; see
Appendix D in Supplemental Material [20]. Meanwhile,
the standard level-p QAOA achieves an approximation
ratio of at most (2p + 1)/(2p + 2) for this model [21].
This proves that in certain cases the RQAOA is strictly
more powerful than the QAOA.
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Note added.—Recently, analogous limitations were estab-
lished for random regular graphs by exploiting the locality
and spatial uniformity of the QAOA [25,26]. We focus on
Z, symmetry and locality, and our statements also apply to
nonuniform local algorithms.
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A QAOA state preparation circuit

In this section we construct a quantum circuit that prepares the level-p QAOA state for any Ising-
type Hamiltonian
C= > JnZiZ
(4,k)eE
defined on a graph G = (V, E) with n vertices and maximum vertex degree D. This includes the
MaxCut Hamiltonian as a special case. Let

p
U= H ei,BaBei'yaC
a=1

be the requisite circuit. For simplicity, we ignore the initial layer of Hadamard gates that prepares
the |+") state.

Lemma A.1. The unitary U can be realized by a circuit of depth d < p(D +2) composed of 1-qubit
and 2-qubit gates. If the graph G is D-reqular and bipartite then d < p(D + 1).

Proof. By Vizing’s theorem [24] there is an edge coloring of G with at most D + 1 colors. Let
E =F,U---UFEp,; be such a coloring. For each color ¢ € {1,---, D + 1} define a unitary

‘/c — H eiWJj,ijZk
(Gk)EE:

Note that V, is a depth-1 circuit since all edges in E, are disjoint. Then each entangling layer e?«¢

can be realized by a depth D + 1 circuit ViV5 - - - Vpy1. Each layer e’% is a product of single-qubit
gates, which has depth one. Thus U has depth at most p(D + 2).

If G is D-regular and bipartite, we may reduce the number of edge colors from D + 1 to D
since all bipartite graphs are D-edge-colorable by Konig’s line coloring theorem. We illustrate the
construction of the circuit on Figure 1 for the case D = 3 and p = 1. ]
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Figure 1: Example for the construction of the circuit given in Lemma A.1: a 4-colorable graph with
maximum degree 3 alongside its associated depth-5 quantum circuit for the level-1 QAOA unitary.

B Optimal variational circuit for the ring of disagrees

In this section we consider the MaxCut Hamiltonian C on the cycle graph Z,,. It is shown that the
upper bound

1 2p+1/2
Z(an|t nN < =
n<+ |[UTCU|+™) < T

established in the main text for any Zy-symmetric range-p unitary U with p < n/4 is tight whenever
n is an even multiple of 2p + 1. Let

GHZ,,) = 271/%(0") + [1™))
be the GHZ state of n qubits.

Lemma B.1. Suppose n = 2p+1 for some integer p. There exists a Zs-symmetric range-p quantum
circuit V' such that
|IGHZ,,) = V|+"). (1)

Proof. We shall write CX.; for the CNOT gate with a control qubit ¢ and a target qubit ¢. Let H;
be the Hadamard gate acting on the j-th qubit and ¢ = p + 1 be the central qubit. One can easily
check that

p
IGHZ,)) = (H cxc,c_jcxc,cﬂ-) H,|0™).

j=1
All CX gates in the product pairwise commute, so the order does not matter. Inserting a pair of

Hadamards on every qubit j € [n]\ {c} before and after the respective CX gate and using the
identity (I ® H)CX(I ® H) = CZ one gets

GHz,) = | ] & (ﬁczc,c_jczc,c+j> +7). 2)

j€ln\{c} J=1
Let S = exp [i(m/4)Z] be the phase-shift gate. Define the two-qubit Clifford gate

RZ = (S® S)'CZ = exp(—in/4) exp [—i(n/4)(Z @ Z)].



Expressing CZ in terms of RZ and S in Eq. (2) one gets

p
IGHZ,) = s> | [ H;S (HRZC,C_ijC,C+j> ™). (3)

j€n\{c} j=1

Multiply both sides of Eq. (3) on the left by a product of S gates over qubits j € [n] \ {c}. Noting
that
SHS =iexp[—i(r/4)X]

one gets (ignoring an overall phase factor)

IT sicHz,)=s>( I expl-i(r/4)X]] (HRZC,CJ-RZW:H) |+™). (4)

j€ln\{c} j€ln\{c}

j=1

Using the identity
I[ SilGHZ.) = S2|GHZ,).
j€m\{c}
one can cancel S? that appears in both sides of Eq. (4). We arrive at Eq. (1) with

ve| Tl ewli/X, (H RZc,chZacﬂ)

j€ln\{c} J=1

The circuit diagram of V' in the case n = 7 is shown in Figure 2. Obviously, V is Zs-symmetric
since any individual gate commutes with X®". Let us check that V' has range-p. Consider any
single-qubit observable O, acting on the g-th qubit. Consider three cases. Case 1: ¢ = c¢. Then
V10,V may be supported on all n qubits. However, [c — p,c+ p] = [1,n], so the p-range condition
is satisfied trivially. Case 2: 1 < ¢ < c¢. Then all gates RZ..; in V' cancel the corresponding gates
in V1, so that V1O,V has support in the interval [1,¢] C [¢ — p,q + p]. Thus the p-range condition
is satisfied. Case 3: ¢ < ¢ < n. This case is equivalent to Case 2 by symmetry. O

Recall that the ring of disagrees Hamiltonian has the form

1
¢=3 Y U —=2Z).

J€Ln

Lemma B.2. Consider any integers n,p such that n is even and n is a multiple of 2p + 1. Then
there exists a Zy-symmetric range-p circuit U such that

1 2p+1/2

—(+"UTCU|4+™) = —L=.

n< | +") 2p+1
Proof. Let W be the Zs-symmetric range-p unitary operator preparing the GHZ state on 2p + 1
qubits starting from |+%71), see Lemma B.1. Suppose n = m(2p + 1) for some even integer m.
Define

U=XWwem

where o
X =(X®I)*

3
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Figure 2: The Zy-symmetric range-3 quantum circuit to prepare the GHZ state |GHZy,11) of 2p+1 =
7 qubits (p = 3). Here, Rp(0) = exp (—i0O).

Since each copy of W acts on a consecutive interval of qubits and has range p, one infers that U
has range p. We have

e 1
X'0X = Z Gy, where Gp=—=(I+ ZpZy1).
kEZLy, 2

The state W®™|+™) is a tensor product of GHZ states supported on consecutive tuples of 2p + 1
qubits. The expected value of G}, on the state W™|+") equals 1 if G}, is supported on one of the
GHZ states. Otherwise, if Gy, crosses the boundary between two GHZ states, the expected value of
G on the state W®™|+") equals 1/2. Thus

2p+1/2
(FIICUL) = S G4 = mizp -+ 1/2) = n (222,
k€L 2p+1

C Numerical simulation of level-1 QAOA and RQAOA

In this section we provide details of the simulation reported on Figure 1 in the main text. Let J be
a real symmetric matrix of size n. Consider an Ising-type Hamiltonian

C= Y JLixZiZ .

1<j<k<n

Here J;, are arbitrary real coefficients. Below we show how to compute the mean value of a Pauli
operator Z;Zj, on the level-1 QAOA state

[%(8,7)) = e +7)

in time O(n) using an an explicit analytic formula. Such a formula was derived for the MaxCut
cost function by Wang et al. [27, Theorem 1]. Here we provide a generalization to arbitrary Ising

4



Hamiltonians. Since the total number of terms in the cost function is O(n?), simulating each step
of RQAOA takes time at most O(n?). Assuming that n. = O(1), the number of steps is roughly
n so that the full simulation cost is O(n*). Crucially, the simulation cost of this method does not
depend on the depth of the variational circuit. This is important because RQAOA may potentially
increase the depth from O(1) to O(n) since it adds many new terms to the cost function.

Lemma C.1. Fiz a pair of qubits 1 < j <k <n. Let c = cos(28) and s = sin (2/3). Then

(W(B, V1 Z;Ze|p(8,1)) = (5/2) T] cos 275 = 2Jkp] = (s°/2) ] cos (25 + 2Jk,)

p#jk pF#jk
+cs - sin (2 %) H cos (2J;,) + H cos (2Jkp)| - (5)
p7#J,k p#5k

Here we only consider the case v = 1 since 7 can be absorbed into the definition of J.

Proof. Given a 2-qubit observable O define the mean value

p(0) = (B, |O;kl(5,1)).

We are interested in the observable O = ZZ = Z ® Z.
We note that all terms in B and C that act trivially on {j, k} do not contribute to p(O). Such
terms can be set to zero. Given a 2-qubit observable O, define a mean value

p(0) = (+"eC 0™ [+"), where  C'=Y " (J;pZ; + JepZi) Zy. (6)
pF#Ik
Using the identities
€i6(Xj+Xk)ZjZke_iﬁ(Xj+Xk) = CQZjZk + SQY}‘}/k + CS(Zij + Y;Zk),

eiJj’ijZk ZjZke_iJj’ijZk — Z]Zk,

ikZiy Yy e ik kil =YY,

e likZiZe 7Y e ik diZe = cos (2J;1) Z; Yy, + sin (2J;.) X,

e ikZiZk Y, Zye ik ZiZ = cos (2J;4)Y; 2y + sin (2J;4) X

and noting that p/(ZZ) = 0 one easily gets
WZZ) =5 /(YY) +es - cos (2J5) [ (ZY) + (/ (Y Z)] + es - sin (25) [ (XT) + p/(IX)] . (8)
Using the explicit form of C” one gets
|
") = 3 D lab)k @ [(a,b))ases (9)
a,b=0,1
where |®(a, b)) is a tensor product state of n — 2 qubits defined by
[@(a,0)) = @) 11p(=1) + Jip(=1)), where [0) = e 7|4).
pF#Jk

Combining Eqs. (6),(9) one gets
W(O)=(1/4) Y (d,V[Ola,b) - (d(a',b)|®(a,b)). (10)

a,b,a’ ,b'=0,1



Using the tensor product form of the states |®(a,b)) and the identity (6'|0) = cos(0 — ') gives

(@(a',0)|B(a,b)) = [ cos[Jjn(=1)" = Tip(=1)* + Jip(=1)" = Jep(=1)"]. (11)
p#£ik
From Egs. (10),(11) one can easily compute the mean value p/(O) for any 2-qubit observable.

Consider first the case O = YY. Then the only terms contributing to Eq. (10) are those with
ad=a®1and t/ =b@ 1. The identity (a ® 1|Y]a) = —i(—1)* gives

pYY)==1/4) > (=D)" ] cos[2J;p(—=1)* + 2Jkp(=1)",
a,b=0,1 p#jk
that is,
!/
p (YY) = (1/2) T] cos(2;p — 27k, = (1/2) ] cos 2 + 27k, (12)
p#j.k p#j.k

Next consider the case O = Y Z. Note that the matrix elements (a’,V'|Ola, b) have zero real part.
From Egs. (10),(11) one infers that p/(Y Z) has zero real part. This implies

WY Z) = 1(ZY) =0, (13)
Finally, consider the case O = X I. Then the only terms that contribute to Eq. (10) are those with

a=a®1and b =b We get

p(XT) = ] cos (27;,)- (14)
p#jk

Here we noted that the inner product Eq. (11) with @’ = a® 1 and ¥ = b does not depend on a, b.
By the same argument,

p(IX) =[] cos(2Jip). (15)
pFIk
Combining Eq. (8) and Eqgs. (12),(13),(14),(15) one arrives at Eq. (5). O

Clearly, the ability to simulate level-1 RQAOA with Ising-type cost functions on a classical
computer in polynomial time precludes exponential quantum speedups. However, as far as we
know, higher-level RQAOA with p > 2 lacks efficient classical simulation leaving room for a quantum
advantage.

D RQAOA optimally solves the ring of disagrees

In this section we prove that the level-1 RQAOA optimally solves the ring of disagrees model. This is
in sharp contrast to the standard QAOA which achieves approximation ratio at most (2p+1)/(2p+2)
for any level p, as was shown in Ref. [22]. More generally, we show that the level-1 RQAOA optimally
solves any 1D Ising model where the coupling coefficients are either +1 or —1.

Lemma D.1. Consider a cost function

Cla) = 3 Je(=1)roes
kEZn
with n variables x € {0,1}" located at vertices of the cycle graph Z,,. Assume that Jy, € {1,—1} for
all k € Zy,. Then the level-1 RQAOA outputs x* € {0,1}" such that C(z*) = max, C(x).
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Proof. Let

C=> NZiZi (16)

k€Zn

be the corresponding Hamiltonian. First, we observe that (¢(8,7)|Z:Z;|¥(8,v)) = 0 if dist(z, 7) > 2
since in this case the operators U1 Z;U and U~'Z;U have disjoint support. Lemma C.1 shows that

5 J;sin(43) sin(4~) ifj=i+1
(W(BANNZ:Zi | (B, 7)) = i1 8in®(28) sin?(4y)  if j =i+ 2 (17)
0 otherwise

when J; € {1, —1} for every k € Z,,. Here we assumed ¢ < j. Thus

(B, NN ZiZiga| (B, 7)) < 1/4 (18)

for all 3,v. Let 5*,7* be the optimal angles maximizing the variational energy (¢(3,7)|Cl¥(8,7)).
Then we can infer from Eq. (17) that

(B ANZ2iZia (87 77)) = Ji/2 . (19)

Combined with Eq. (17) and Eq. (18) we conclude that the maximally correlated pair of variables
are nearest neighbors, that is,

arg (ngl)ax (OB, YN Z:Zi | (B, 7)) = (7,8 + 1) (20)

for some i* € Z,,. Without loss of generality, assume that i* = n—2. Then, according to Eq. (20), the
RQAOA algorithm eliminates the variable Z,_;. By Eq. (19), the corresponding parity constraint
is

Zn—l = Zn—2Jn—2‘ (21)

The resulting reduced graph obtained from Z,, by contracting the edge (n — 1,n — 2) is isomorphic
t0 Zp_1. It is easy to check that the new cost function Hamiltonian C” acting on n — 1 qubits is

C'=14 > JiZkZp (22)
kEZn—l
with
Ji if i#n—2
s = oA (23)
Jpodp_1 if i=n-—2

We note that the transformation Eq. (23) preserves the parity of the couplings in the sense that

=11 % (24)

keZn k€ELp—1



Proceeding inductively, one eliminates variables Z,, 1, Z,,_a, ..., Z,, while imposing parity con-
straints (cf. Eq. (21))

Zn—l = Zn—QJn—Q
Zn72 = Zn73J7/1_3

arriving at the cost function Hamiltonian C” for an Ising chain of length n. having couplings +1.
Because of Eq. (24) and because the Hamiltonian Eq. (16) is frustrated if and only if [], ., Jr = —1
we conclude that any maximum z* € {0,1}" of C”(x) satisfies

C”<Z’*) — Te 1f HkGZnC Jk =1
Ne — 2 if [Tiez, Je=—1.

Y

Because the cost function acquires a constant energy shift in every variable elimination, see Eq. (22),
the final output = of the RQAOA algorithm satisfies

if Jp=1
Cw) =n—net+ ") = {" i ez, 2
n—2 if [Tpez, Je=—1.

This implies the claim. ]
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