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Abstract

Since the introduction of the quantum Turing machine almost half a century ago, quan-
tum computing has emerged as a promising technology and an active interdisciplinary field
of research. The quantum circuit model, which is polynomially equivalent to a quantum
Turing machine, arose as the dominant formalism in quantum computation. Interestingly,
such a gate-based model proved useful not only in describing quantum information process-
ing in quantum computing hardware but also in applications such as many-body quantum
systems, quantum complexity, and black hole physics. One of the reasons for such a di-
verse set of applications is that quantum circuits can be used to model the complexity of
quantum states supported on discrete quantum physical systems. The question about the
complexity of a specific unitary operation, which prepares the quantum state of interest
up to a given precision, is known to be hard. However, the question about the joint up-
per bounds on such complexities is tangible and can be understood as a question about
the computational efficiency of elementary quantum operations used to prepare the states.
Indeed, the seminal Solovay-Kitaev (SK) theorem provides such bounds for any discrete
universal gate set. However, it is known that certain gate sets enjoy the optimal scaling,

which is better than the SK bound.

In this thesis, we explore the bounds on the efficiency of universal gate sets based on the
spectral gap of the corresponding t-moment (or averaging) operators. We primarily focus

on the finite-scale spectral gaps, which can, in principle, be computed.

Such an approach allows one to derive the non-constructive Solovay-Kitaev-like (SKL)
theorems. We demonstrate how to obtain the SKL theorem using a construction based
on the correspondence between d-approximate t-designs and e-nets, which are ubiquitous
constructs, widely used in quantum information theory. We achieve such a correspondence
by constructing polynomial approximations of the Dirac delta based on heat kernels, which
are well-known and natural objects that find many applications in mathematical physics.
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Using such an approach, we were able to improve the scaling of § compared to the state of

the art, while essentially retaining the scaling of t.

Aside from deriving the mentioned SKL theorem, we provide a relatively simple proof for
the poly-logarithmic decay of the spectral gap with calculable constants and an alternative

proof for the (global) spectral gap SKL theorem.

Finally, we introduce the notion of the Quantum Circuit Overhead (QCO) and the related
notion of T-Quantum Circuit Overhead (T-QCO), which we believe are suitable measures
to compare the efficiency of various gate sets and can be upper-bounded via simple formulas
and numerical simulations. Aside from its direct relation to computational efficiency, the
notion of the overhead can be used as a reasonable proxy for the actual cost-effectiveness
of gate sets in certain NISQ and fault-tolerant architectures. We use this approach to gain
insight into the efficiency of various random ensembles of single-qubit gate sets. Moreover,
we numerically analyse several specific choices, such as Clifford+T and Super-Golden gate

sets, obtaining interesting results concerning the efficiency of the famous T gate.

Crucially, we put a great emphasis on obtaining formulas where all constants are known
or can be calculated in principle via numerical simulations on supercomputing clusters.
Such an approach differs from some of the more mathematical works, in which the values

of specific constants are not provided.



Streszczenie

Od czasu przedstawienia kwantowej maszyny Turinga prawie pot wieku temu, obliczenia
kwantowe wytonilty sie jako obiecujaca technologia i aktywny interdyscyplinarny obszar
badari. Model obwodu kwantowego, ktory jest wielomianowo réwnowazny z kwantowa
maszyng Turinga, stal sie dominujgcym formalizmem w obliczeniach kwantowych. Co in-
teresujace, taki bramkowy model okazal sie uzyteczny nie tylko do opisu przetwarzania
informacji kwantowej w sprzecie do obliczenn kwantowych, lecz réwniez znalazt zastosowa-
nia w obszarach takich jak wielocialowe uktady kwantowe, zlozono$é kwantowa i fizyka
czarnych dziur. Jednym z powoddéw tak réznorodnego wachlarza zastosowan jest fakt, ze
obwody kwantowe moga zosta¢ uzyte do modelowania ztozonosci stanéw kwantowych real-
izowanych przez dyskretne uktady kwantowe. Wiadomo, ze pytanie o ztozonosé konkretne;j
operacji unitarnej, ktéra przygotowuje zadany stan kwantowy z zadana doktadnoscia, jest
trudne. Jednakze pytanie o wspolne ograniczenia gérne na takie ztozonosci jest namacalne
i moze by¢ rozumiane jako pytanie o efektywno$é¢ obliczeniowa elementarnych operacji
kwantowych uzywanych do przygotowania stanéw. W rzeczy samej, stynne twierdzenie
Solovaya-Kitaeva (SK) wyznacza takie ograniczenia dla dowolnego dyskretnego zestawu
bramek uniwersalnych. Jednakze wiadomo, ze istnieja pewne zestawy bramek cechujace
sic optymalnym skalowaniem, ktore jest lepsze od ograniczenia wynikajacego z twierdzenia

SK.

W tej rozprawie badamy ograniczenia na efektywnosé uniwersalnych zestawéw bramek
opierajac sie na przerwie spektralnej odpowiadajacych im operatoréw t-momentéw (badz
usredniania). Skupiamy sie przede wszystkim na przerwach spektralnych na skonczonej

skali, ktére moga by¢, co do zasady, wyliczone.

Takie podejécie pozwala na wyprowadzenie niekonstruktywnych twierdzen podobnych do
twierdzenia Solovaya-Kitaeva (ang. Solovay-Kitaev-like; SKL). Demonstrujemy w jaki
sposOb mozna uzyskaé¢ twierdzenie SKL uzywajac konstrukeji opartej na odpowiedniosci

iii



v

miedzy J-przyblizonymi t-designami oraz e-netami, ktére sa wszechobecnymi konstruk-
tami, stosowanymi szeroko w teorii informacji kwantowej. Uzyskujemy taka odpowied-
nio$¢ poprzez konstrukcje wielomianowych przyblizen delty Diraca opartych na jadrach
ciepta, ktore sg dobrze znanymi i naturalnymi obiektami, znajdujacymi wiele zastosowan w
fizyce matematycznej. Uzywajac takiego podejscia, byliSmy w stanie poprawi¢ skalowanie
6 wzgledem najlepszego istniejacego wyniku, zasadniczo zachowujac przy tym skalowanie

t.

Poza wyprowadzeniem wspomnianego twierdzenia SKL, prezentujemy wzglednie prosty
dowo6d na wielologarytmiczny zanik przerwy spektralnej ze stalymi, ktore sa obliczalne

oraz alternatywny dowdd twierdzenia SKL z (globalna) przerwa spektralna.

Ostatecznie, wprowadzamy pojecie Quantum Circuit Overhead (QCO) i powiazane z nim
pojecie T-Quantum Circuit Overhead, ktory naszym zdaniem moga by¢ odpowiednia miara
do poréwnywania efektywnosci réznych zestawoéw bramek kwantowych i moze by¢ ogranic-
zony od gbry za pomocg prostych wzordéw i symulacji numerycznych. Poza bezposrednim
zwiazkiem z efektywnodcia obliczeniowa, pojecie overheadu moze by¢ uzyte jako rozsadna
miara posrednia (proxy) efektywnosci kosztowej w niektoérych architekturach NISQ oraz z
petna korekcja btedéw. Uzywamy tego podejscia, aby uzyskaé wglad w efektywnosé réznych
losowych zespotow zestawdéw bramek jednokubitowych. Ponadto analizujemy numerycznie
kilka konkretnych wyborow, takich jak zestaw bramek Clifford+T i Super-Golden, uzysku-

jac interesujace wyniki dotyczace efektywnosci stynnej bramki T.

Co warte podkreslenia, ktadziemy duzy nacisk na to, aby wszystkie state w uzyskanych
wzorach byly znane badz, co do zasady, obliczalne za pomoca symulacji numerycznych na
klastrach superkomputerowych. Takie podejscie r6zni sie od niektoérych bardziej matem-

atycznych prac, w ktorych wartosci okreslonych statych nie sa podane.
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Chapter 1

Introduction

The 20th century was rich in scientific breakthroughs. One of the most important ad-
vances in physics at that time was the birth of quantum mechanics. While Max Planck
is often considered the “father” of quantum theory, the first mathematical framework of
quantum mechanics was formulated in the mid-1920s by Werner Heisenberg and later by
Erwin Schrédinger !, marking the beginning of a new era in theoretical physics. Around
ten years later, in 1936, Alan Turing laid the foundations of modern computer science
by publishing a paper introducing a theoretical model of computation that can be made
universal, later known as the Turing machine. Initially, quantum theory and computer
science were seemingly unrelated branches of science, developing independently. However,
at some point, physicists started to consider computational problems in the language of
quantum theory. A key early step in this direction was made by Paul Benioff in 1980,
with the introduction of the quantum Turing machine [1]. With the arrival of more ad-
vanced digital computers, scientists attempted to model quantum systems using computer
simulations. However, physicists started to notice that such simulations may be inefficient
due to the potential exponential scaling of required resources. This was articulated by
Richard Feynman and Yuri Manin, who proposed using machines based on quantum phe-
nomena to run potentially more efficient simulations [2, 3|, thereby essentially establishing
the concept of a quantum computer. The notion of a quantum computer was formalized by
David Deutsch in 1985, who was also considering the applications of quantum computers
to problems beyond quantum physics. Since then, numerous quantum algorithms [4] have
been proposed. The first notable examples are the oracular algorithms of Deutsch (1985)
and Simon (1994) [5, 6], which did not turn out to be particularly useful, but illustrated

!Heisenberg’s “matrix mechanics” and Schrédinger’s “wave mechanics” turned out to be mathematically
equivalent.
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query-complexity separations for some abstract problems. However, soon after that and
inspired by Simon’s work, Shor’s algorithm (1994) was introduced, demonstrating an expo-
nential quantum speed-up for the factoring and discrete logarithm problem. This sparked
a surge in interest in quantum computing. Two years later, Grover’s algorithm (1996)
was introduced, demonstrating a generic quadratic quantum speed-up for the unstructured
search problem [7, 8]. The more recent algorithms with potential applications include HHL

(2008) [9] and more hardware-ready VQE and QAOA (2014) [10, 11].

Nowadays, quantum computing is an emerging technology and a multidisciplinary area
of science, at the intersection of theoretical and experimental physics, computer science,
mathematics, and engineering. Quantum computers are a type of computers that utilize
quantum mechanical phenomena to solve computational problems and, as such, work in a

different paradigm of computation than classical computers.

The quantum circuit model [4, 12|, which is polynomially equivalent to the quantum Turing
machine, is the universal and most widely used model of quantum computation. In this
model, the quantum information stored in the quantum bit (qubit) register is processed
through a series of elementary quantum operations, known as quantum gates. This is
analogous to the classical circuit model, which can be used to describe the classical infor-
mation processing occurring inside classical computers. Similarly to the classical circuits,
which can be implemented using a finite set of elementary logic gates 2, a finite universal
quantum gate set S is sufficient to realize an arbitrary n-qubit global unitary operation
by a quantum circuit made out of the quantum gates from such a gate set. However,
since there is a continuum of possible quantum operations, contrary to the classical case,
the generic global quantum operation can be implemented only up to some finite error €
3. Although the gate-based quantum computers offer a potential advantage over classical
computers, their current level of development makes such improvements debatable at best.
This is mainly due to the moderate number of qubits, which, together with the quantum
gates, state preparation, and measurement, are noisy enough to render the fault-tolerant
quantum error correction schemes impossible. Executing potentially powerful quantum
algorithms that require fault-tolerance, such as Shor’s algorithm, is practically impossible

in this scenario. Such devices are called noisy intermediate-scale quantum (NISQ) devices.

In the case of NISQ quantum hardware, reducing circuit length (i.e. the number of quantum

gates used) and depth, especially the number of costly gates, such as the noisy entangling

2In fact, a single logical gate is needed - e.g. both NAND and NOR gates are universal.
3If the gate set is universal, then the error e can be made arbitrarily small, for any target operation, by
allowing long enough circuits.



Chapter 1. Introduction 3

gates, is necessary to keep the fidelities at an acceptable range and make the computations
feasible |13, 14, 15]. Such circuit optimization is performed by the quantum compiler
[16, 17, 4], which additionally decomposes quantum logical gates into the native gates
used in a target quantum computer. Moreover, implementing quantum error correction
schemes is associated with a significant overhead, which may cancel out potential speed-
ups. Thus, even fault-tolerant quantum machines require a certain level of optimization,
e.g., due to the high cost of the fault-tolerant implementation of specific gates used, e.g.,
the non-Clifford T gates in the case of Clifford+T quantum gates [18, 19, 20, 21, 22, 23, 24].

Such considerations naturally lead to questions like: What is the shortest circuit length
¢, constructed from gates in S, needed to implement an arbitrary global unitary quantum
operation on an n-qubit register, up to some finite precision €?; How does ¢ depend on
the universal gate set S used? Such questions can be understood as questions about the
efficiency of various gate sets S or, in the language of the complexities of unitary operations,
about the joint upper bounds on the complexity of all global unitary operations with respect

to § and for a certain precision e.

Importantly, the questions about the efficiency of quantum gate sets are not only crucial to
impose bounds on the compilation of quantum circuits executable on quantum computers,
which are artificial, human-made machines. Although the statement that we all live inside
a quantum computer is highly debatable [25], the dynamics of various naturally occurring
objects can be described, or at least approximated, as a unitary dynamics of discrete
quantum systems. Consequently, such dynamics naturally involve quantum information
processing, which can be expressed in the universal language of quantum circuits. Such an
approach has been recently used to study the dynamics of quantum many-body systems
and, due to the dualities between physical theories and conjectures such as those of Brown

and Susskind [26], to gain insight into the properties of black holes [27, 28, 29, 30, 31].

Although the seminal Solovay-Kitaev theorem [32, 12, 4] states that all universal gate
sets are essentially efficient, namely ¢ = O(log®(1/€)), where ¢ is a constant larger than
one 4, examples of gate sets with the optimal asymptotic scaling £ = O(log(1/¢)) are
known [34, 35, 36, 37]. In particular, the gate sets S with a so-called spectral gap enjoy
such scaling. Nowadays, it is believed that every universal gate set has a spectral gap.
Although the proof of such a conjecture (dating back to Sarnak) eluded mathematicians

for years, the proof without additional assumptions on the gates ° is still not known. In

4The value of the constant ¢ depends on the proof and varies between 3 + «, for any o > 0 and = 3.97.
Recently, the cubic barrier has been broken with ¢ s 1.44 [33].
5Such as the algebraicity of matrix entries, which is a property not satisfied generically.
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fact, the history of the spectral gap results is longer and can be traced back to Kazhdan’s
property (T) [38].

However, the knowledge of the (global) spectral gap is not necessary to obtain poly-
logarithmic bounds on ¢. Indeed, there exist certain non-constructive theorems, similar
to the Solovay-Kitaev theorem, that are based on the knowledge of the spectral gap at
finite e-dependent scales [39, 40, 41]. We refer to all constructive and non-constructive
bounds on ¢, which are poly-logarithmic in 1/¢, as Solovay-Kitaev-like (SKL) theorems.
Contrary to the (global) spectral gap, the finite-scale spectral gap is, in principle, com-
putable. Moreover, there exist poly-logarithmic bounds on the decay of the finite-scale
spectral gap, which can be used to obtain SKL theorems using only the knowledge of the
spectral gap at some group-dependent constant scale [40]. Unfortunately, such bounds

often contain unknown constants, limiting their practical applications.

The main objective of this thesis is to study the calculable bounds on the

efficiency of universal quantum gate sets.

In this thesis, we focus on the derivation of the bounds on the efficiency of quantum gate
sets using the SKL theorems based on the finite-scale spectral gap. Crucially, we are
interested not in the asymptotic scaling but in explicit bounds with all constants known
or computable. Since such bounds already exist, our goal was to improve them, use more
natural objects, or provide alternative, preferably simplified, proofs. Our strategy is mainly
based on the establishment of the unitary d-approximate ¢-design and e-net correspondence
using polynomial approximate identities stemming from the heat kernels, which are well-
known and natural mathematical objects. This allows us to derive the SKL theorems based
on the finite-scale spectral gap. Moreover, we introduce a new notion of the computational
efficiency of the quantum gate sets - the Quantum Circuit Overhead (QCO), which we
believe to be a good way for comparing the efficiency of different gate sets. Additionally,
we introduce the related notion of the T-Quantum Circuit Overhead, which is more suitable
for practical quantum hardware considerations. We also show how to upper-bound such
overheads using the finite-scale spectral gap. Additionally, we supplement our theoretical
considerations with numerical simulations on supercomputing clusters, demonstrating how
our bounds can be used in practice. Such numerical simulations allow us to analyse various
quantum gate sets, including the single-qubit Clifford+T, and shed light on the efficiency
of the famous T gate and so-called Super-Golden Gates.

The thesis is organised as follows: Chapter 2 contains a common theoretical background
needed to understand the results presented in the papers. It briefly covers the topics such as:

basic notions, elements of group theory and analysis (including heat kernels), probability
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theory, quantum computation and information (including e-nets, d-approximate ¢-designs
and spectral gaps), and the formulation of the relevant state-of-the-art (SOTA) results, such
as the SKL theorems and spectral gaps. Chapters 3, 4, and 5 are related to the papers
I, II, and III, respectively. Each chapter includes information such as a short overview
of the paper, the authors’ contributions, and the full text of the paper. In Chapter 6,
we summarize the thesis conclusions and discuss the future research directions, including
the open problems. Finally, a complete list of authors’ publications is given in List of

Publications.



Chapter 1. Introduction




Chapter 2

Preliminaries

In this Chapter, we introduce the theoretical preliminaries underpinning the research work
presented in the papers. In particular, we define the objects referred to in the thesis title
- e-nets, t-designs, and explain their relation to quantum computing. Finally, we present
the chosen state-of-the-art (SOTA) results related to the thesis topic and formulate the

research problems, indicating the ones addressed in the thesis.

2.1 Basic notions

For the matrix A we denote by A the matrix with complex conjugated entries, by A” its
transpose and by A its Hermitian conjugate, i.e. AT = AT. We say A is Hermitian if
A = A'. For the square matrix A, we denote its trace as Tr(A) and its determinant as
det(A). We denote the square identity matrix of dimension n as I;. Similarly, for the

matrix of zeros, we write 0g.

By M,(C), we denote the set of n x n complex matrices. By MJ(C), we denote the subset

of M4(C) with matrices having trace zero.

The normalizer of a subset S in a group G is the set Ng(S) = {g € G| ¢Sg~! = S}.
The centralizer of S'in G is Cq(S) = {g € G| Vsesgs = sg} C Ng(S). The center of the
group G is Z(G) = Cq(G).
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2.1.1 Relevant groups

The three most widely used continuous groups in quantum information and computation
theory are: the unitary group U(d), the special unitary group SU(d), and the projective
group PU(d). We recall the definitions of such groups together with other relevant groups.

The general linear group,

GL(d,C) = {A € My(C)| det(A) # 0}. (2.1)

The special linear group,

SL(d,C) = {A € My(C)| det(A) = 1}. (2.2)

The unitary group,
U(d) = {U € My(C)| U'U = I,}. (2.3)

The special unitary group,
SU(d) :==U(d) N SL(d,C). (2.4)

We have the following inclusions as closed subgroups, SU(d) C SL(d,C) C GL(d,C), and
additionally SU(d) C U(d) € GL(d,C).

To define the projective groups, we use the notion of a group center. We have,

Z(U(d) = {ela| el =1} = U(1), (2.5)

and

Z(SU(d)) = {cly| =1} =17, (2.6)

We define the projective unitary group PU(d) as the quotient of U(d) by the (right mul-
tiplication) of its center. Similarly, by taking the quotient of the SU(d) by its center, we
obtain the projective special unitary group PSU(d), which is isomorphic to PU(d), i.e.

PU(d) = U(d)/U(1) = SU(d)/Zq = PSU(d). (2.7)
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The groups GL(d, C), GL(d, C), U(d), SU(d) and PU(d) are connected matrix Lie groups.
Out of them, U(d), SU(d) and PU(d) are compact real Lie groups and the others are
non-compact complex Lie groups. Moreover, the groups SL(d,C) and SU(d) are simply

connected .

Since the group PU(d) is defined as the quotient of either U(d) or SU(d), it is the image
of the corresponding canonical projections. Since SU(d) is easier to work with for our

purposes, we can define various structures on SU(d) and use the canonical projection
7 : SU(d) — PU(d) (2.8)

to transport them to PU(d) or lift the objects of interest from PU(d) to SU(d). For
example, every function f on PU(d) can be pulled back to the (unique) function f = for
on SU(d) which is constant on the fibres of 7.

2.1.2 Measures and functions

For a compact group G, we denote its unique (normalised) Haar measure by p. For compact
groups 2, left and right Haar measure coincide so that y is bi-invariant, i.e., for any Borel

subset A C G and element g € G, we have

1(gA) = u(Ag) = u(A). (2.9)

Such translation invariance of p is a property very useful in calculations.

The Haar measure p1g on SU(d) can be pushed forward to the Haar measure pp on PU(d),
i.e. up(A) = ps(m=1(A)), whenever m~1(A) is pg-measurable. This way, the integration
on PU(d) can be obtained by means of integration on SU(d) (a variant of the change of

variable formula)

/deMP = /deﬂs, (2.10)

where X C PU(d) is some Haar-measurable set and X = 7~ 1(X).

!Excluding the degenerate case of SL(1,C) = PU(1) = {1}, which is compact and complex and simply-
connected. In fact, any connected, compact and complex Lie group is abelian.
Zor more generally - unimodular groups
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The Haar measure on G is an example of a finite, regular Borel measure. We denote general

finite Borel measures on compact groups as v.

For a chosen subset A C G, by 14 : X — {0,1} we denote the indicator function of the
set A, i.e. 14 has value 1 at points of A and 0 at points of its compliment G \ A.

We say v is a probability measure if it is real, non-negative, and normalized to 1.

A prominent example of v, which is important in applications, is a discrete probability
measure supported on a finite subset S C G, especially its uniform version, which we

denote as vg

1
Vs = EZ%, (2.11)

geS

where 0, is a Dirac measure of g, i.e. d4(A) = 14(g) for any measurable set A C G. In

general, we denote the support of v as supp(v).

We say a probability measure v is symmetric if v(A4) = v(A~!), for every measurable

set A. In particular, this corresponds to vs with symmetric (inverse-closed) set S =

{91)925” . agkagflvggl""7g];1}'

For two finite Borel measures v and v5 on G and the measurable set A, their convolution

measure vy * Vg,

(11 % v2)(A) = //G  Lalgh)n (g)da(h). (2.12)

is also a finite measure.

Example 2.1. The calculation of the € self-convolution of vs is particularly simple. We

have

o) _ 1
Vs =I5 > b, (2.13)

weS?t

where S = {g1g2... 90| g; € S} is the set of all words of length £ over the alphabet S.

In practice, one may prefer to work with the corresponding functions on G instead of
the measures. For “sufficiently regular” measures, this can be made precise through the
Radon-Nikodym derivative. Indeed, if v is absolutely continuous with respect to p (denoted
v < p), ie. for every p-measurable set A, u(A) = 0 implies v(A) = 0, then there
exist a measurable function Z—Z 3 called the Radon-Nikodym derivative, such that for any

measurable set 4

3Unique up to a p-null set.
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dv
o) = [ (o) (2.14)
A op
In such a case, we say v has a density k = dv/du € L'(G) with respect to u, and ||k||; <

|V[(G) (see (2.15)), where |v|(G) is the total variation of v on G.

Moreover, the derivative of the convolution is the convolution of derivatives (as functions;
see (2.18)). The measure vs does not have the corresponding probability density as it is not
absolutely continuous with respect to u. However, by taking its convolution with appro-
priate approximations of identity (aka the mollifiers), we can consider the corresponding

approximate densities.

By LP(G), 1 < p < o0, we denote the space of LP-integrable complex functions on G, which

is a Banach space under the norm *

Ioth=( [ If(g)\pdu(g)>1/p- (215)

In particular, for p = 2, the space L?(G) is a Hilbert space with a scalar product

)= [ f@adno). (216)
where g denotes the complex conjugate of a function g.

By C(G) we denote the set of continuous complex functions on G, which is a Banach space
under the supremum norm ||f|[oc = supgei|f(g)|- The space C(G) C LP(G) is dense in
any LP(G) with 1 <p < 0.

The following inequality turns out to be very useful for the study of LP(G)-spaces °.

Fact 2.1 (Holder’s inequality - specialised). Let p,q € [1,00] with 1/p +1/q=195. Then

for f,g being the pu-measurable functions on G

Fglle < {1F1Ipllgllq- (2.17)

4Formally, one should consider the equivalence classes of functions, where functions which agree y-almost
everywhere (i.e. up to a set of y-measure zero) are identified.

5This inequality is valid for any measure space and any measurable real or complex functions.

5The oo case corresponds to the space L>(G) of essentially bounded functions on G. On a compact
group we have C'(G) C L*=(Q).
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Moreover if additionally p,q € (1,00) and f € LP(G) and g € LY(G), then one obtains an
equality if and only if o|f|P = Blg|? p-almost everywhere for some real numbers a, B > 0,

not both of them zero.

A simple consequence of (2.1) and the finiteness of the Haar measure (u(G) < o0) is
that we have the inclusions LY(G) C LP(G), for p < ¢ with the norms satisfying || f||, <
u(G)%féHqu. In particular, for the normalized Haar measure and f € L?(G) being
the probability density, we have ||f||a > 1 with equality if and only if f = 1 p-almost
everywhere 7. Thus, the discrepancy between the L?-norm of a probability density on G

and one can be understood as a measure of its non-uniformity.

We define the convolution of functions f,g € L'(G) as

/ FW)g(y™ ) du(y), (2.18)

and the convolution of a finite Borel measure v and f € L'(Q)

(v« f)(x /fy La)duv(y). (2.19)

If v has density k = dv/du, then v« f=Fk * f.

2.1.3 Norms, balls and volumes

In this subsection, we introduce the relevant norms and metrics. By G we mean any of
the groups U(d), SU(d) and PU(d). Since we are restricted to the matrix case, we refrain

from providing the more general versions of stated facts.

The default norm we use for the operators is the operator norm, denoted || - ||oo &. In
particular, for the matrix A, ||A||s is the square root of the largest eigenvalue of the

matrix ATA.

We denote the Hilbert-Schmidt norm of the operator as || - ||gs. In particular, for the
matrix A = (aij), [|Allgs = [> > ]aij|? = /Tr (ATA) and the corresponding scalar
— &

product is (A, B) gs == Tr(AB).

"Probability density is the non-negative real function normalized/integrating to one
8In some of our papers, we use || - ||op instead.
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For matrices A and B with defined product, we have ||AB||gs < ||Alle - ||B|lgs and
1BAllis < |1Bllss - 1Allse. In particular ||l < [|A]lss.

A more unified way to look at || - || and || - || s is provided by the Schatten norm. For a

m X n matrix A, we define

|A| = VATA, (2.20)
and the Schatten p-norm
min{m,n}
Allp = (Te(JAPYYP = | > of(A)] (2.21)
j=1

where 0j(A) denotes the j-th singular value, i.e. the j-th eigenvalue of |A|.

This agrees with the definition of the operator norm and the Schatten 2-norm corresponds
to the Hilbert-Schmidt/Frobenius norm. For p = 1 we obtain the trace/nuclear norm
||All1 = Tr(JA|). By combining von Neumann’s trace inequality with Holder’s inequality

for Euclidean spaces, we obtain Holder’s inequality for Schatten norms

(A, B)s| < ||Allp]|Bllg- (2.22)

All Schatten norms are sub-multiplicative, meaning that ||AB||, < ||A]|,-||B||,. Moreover,
they are unitarily invariant, which means ||[UAV]|, = ||A]||p, for all matrices A and all

unitary matrices U and V.

Finally, we note that the Schatten norm can be defined in the same way for bounded
linear operators on Hilbert spaces, possibly by specifying the p = co case separately as the

operator norm (e.g for non-compact operators), and the same properties hold.

Using the operator norm, we equip U(d) with the induced metric doo(+, *)

doo (U, V) == |U = V||. (2.23)

By restricting doo (-, -) we define the metric on SU(d), denoting it using the same symbol.

To obtain the corresponding metric on PU(d), we minimize over the relative global phase:
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dp(U,V) = min ||U — V||, (2.24)
%2}

where U,V € PU(d) and U,V € U(d) are the unitary representatives of the elements U

and V respectively. The metric dp can be also defined using the metric on SU(d):

dp(U, V) = in  de(U,~V), 2.25
p(U,V) LAnin (U,vV) (2.25)

where U = 7(U) and V = (V).

Due to the unitary invariance of the operator norm, the metrics d(-,-) and dp(-,-) are

translation-invariant.

By B. we denote the closed e-ball in G centered at the group identity, with respect to
the appropriate metric. The closed e-ball centered at g € G is then a translation B.(g) =
9Be = Beg.

The Haar volume of B, C G ? can be bounded as
(ave)® 1 < u(B:) < (Ape)® (2.26)

These constants can be obtained using methods from [42]|, where the balls in homogeneous

spaces of U(d) are studied (see also [41])

TABLE 2.1: Common groups G used in quantum computing together with the constants
providing the bounds of the volumes of balls in respective metrics.

G ay A, | dimG metric
Ud) | 325 | 2 | d® | dw (223)
SUW) | 525 | 2 | d®—1 | do (2.23)
PUW) | 575 | 87 | d?—1| dp (2.24)

9Due to translational invariance of Haar measure and the metric, the volume of a ball does not depend
on its origin.
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2.2 Elements of group theory and analysis

In this thesis, we consider representations over the field of complex numbers. We always
assume the groups and Lie algebras are finite-dimensional. We assume the reader is familiar
with the basic facts from representation theory; we redirect readers without any exposition
to standard books, e.g., [43, 44, 45, 46].

2.2.1 Elements of representation theory

We are interested in representations (reps) of compact groups. Due to the standard Haar-
averaging “unitary trick”, every finite-dimensional rep of a compact group is equivalent to
a unitary rep. Moreover, every finite-dimensional rep of a compact group is completely
reducible, i.e., decomposes into a direct sum of irreducible representations (irreps). As
outlined in Subsection 2.2.2, due to the Peter-Weyl theorem, this is also the case for the
regular representations of compact groups, which are infinite-dimensional unitary reps. In
fact, every unitary irrep of a compact group is finite-dimensional, and every unitary rep of

a compact group is completely reducible [47].
For completeness, we recall some basic definitions for unitary representations.

A unitary representation of a group G, as a continuous homomorphism 7 : G — U(Vy),
where U(V;) denotes the unitary group on a complex Hilbert space V;, equipped with the
strong operator topology. The continuity means then that ¢ — 7(g)v is continuous as a
mapping from G to V;, for every fixed v € V; (strong continuity). We call V. the rep

space, and in case of finite-dimensional V. refer to d, := dim(V}) as the dimension of .

Two unitary reps m; and 72 are said to be equivalent (isomorphic) if there is a unitary
operator U : Vi, — Vi,, such that for all g € G, m1(9) = Uma(g)UT. We then write
m1 = my (or Vi 2V, unless it may lead to confusion). In other words, they are the same

up to the unitary change of basis.
For a rep m, a subspace W C V. is called invariant if 7(¢g)W C W for all g € G.

A rep is called irreducible (irrep) if it is non-zero and V; has no non-trivial closed in-
variant subspaces. By 1, we denote the irreducible trivial representation (which is one-

dimensional).

Finite-dimensional (continuous) reps of Lie groups are automatically smooth.
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A function f on G is central (or a class function), if f(g) = f(hgh™'), for any g,h € G.

A character of a finite-dimensional rep 7 : G — GL(V') is a central function defined as

xr(g) = Tr(m(g)). (2.27)

The finite-dimensional rep 7 : G — GL(V;) of a Lie group G with Lie algebra g gives rise
to arep of g, dm: g — gl(V), called the derived rep

dr(X) = % ) (2.28)

Moreover, if GG is connected, then 7 is an irrep if and only if dr is an irrep.

To cover the infinite-dimensional unitary reps, notice that ¢ — m(e!X) is a strongly con-
tinuous one-parameter subgroup, so dr can be defined using Stone’s theorem with (2.28)
replaced by strong derivative. The operator dr is then skew-adjoint on its natural dense

domain. Additionally, we obtain

m(eX) = et X) t e R, (2.29)

which for ¢ = 0 reproduces a well-known formula for finite-dimensional reps.

Example 2.2. The derived rep of the adjoint representation of a group Ad : G — gl(g),
Ad(g) : X +— gXg~! is called the adjoint representation of its Lie algebra ad : g — gl(g),
ad(X):Y — [X,Y].

The adjoint representation of g gives rise to asymmetric bilinear form on g, called the

Killing form,

B(X,Y) :=Tr(ad(X)ocad(Y)), (2.30)

which is ad-invariant, i.e. B([X,Y],Z) = B(X,[Y,Z]). By changing ad to any finite-
dimensional rep of g, we define the so-called trace form of 7, which has the same properties

as specified.

We say a Lie algebra g is simple if it is non-abelian and has no non-zero proper ideals.

A Lie algebra g is semisimple if it is a direct sum of simple Lie algebras. Equivalently, g
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has no non-zero abelian ideals. Moreover, this is equivalent to the Killing form being non-
degenerate and also implies g = [g, g]. We say a Lie algebra g is reductive if it decomposes
(as Lie algebras) as g = a @ [g, g], where a is abelian and [g, g] is semisimple. Lie algebras
of compact Lie groups are reductive, with the semisimple part having a negative-definite

Killing form (for real Lie groups).

The complex representation theory of a real Lie algebra g is equivalent to the complex

representation theory of its complexification g¢ = g ®gr C.

The complex (finite-dimensional) representation theory of (finite-dimensional) complex
semisimple Lie algebras is particularly simple and elegant e.g. due to the results such
as the complete reducibility, weight and root space decomposition, highest weight theorem
and Weyl character formula. Finally, such algebras themselves are classified, up to isomor-
phism, by the (finite disjoint sums of) Dynkin diagrams. However, many of these good
properties also apply in the reductive case, with simple modifications stemming from the
abelian component. Finally, the semisimple theory is closely related to the representation

theory of compact Lie groups.

We now specialize to the representation theory of compact connected (real) Lie groups U(d)
and SU(d), hence by G we denote one of such groups. We denote the (real) Lie algebra of
G by g and use gc = g + ig for its complexification.

The Cartan subalgebra (CSA) of gc is an abelian and diagonalisable subalgebra of g¢ which
is maximal under set inclusion. Choose the maximal torus in T C G with Lie algebra t.
Then the corresponding Cartan subalgebra of gc is b := t+it. The maximal torus is unique

up to conjugacy.

Consider a finite-dimensional rep (7, V') of gc. From the definition of the CSA, the family
of operators {m(H)| H € b} is simultaneously diagonalizable. Hence, we can organize the
eigenvalues of their common eigenvectors using linear functionals on b, i.e. the elements

from the dual space bh*.

We define a weight of V' as an element A € h*, such that the corresponding weight space
W={veV| n(H)v=XH)v,VH € h} (2.31)

is not zero. The vector space V decomposes into weight spaces,

V=P W, (2.32)

A€w(m)
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where by w(m) we denote the set of weights of 7.

By considering the specific case of the adjoint representation ad : gc — gl(gc), we arrive
at the notion of a root. The root of gc is the non-zero element o € h*, such that the

corresponding root space
go = {Xa €9c| [H,Xo]=a(H)X,,VH € b} (2.33)

is not zero. We denote the set of roots of g as ®. We have the following root space

decomposition,

gc=ha P oo (2.34)

acd

The weight spaces (2.32) are not invariant. Indeed, the root vectors act on weight vectors

by changing their weight spaces m(X,) : Vi = Viia, i.e. for vy € V)

m(H)m(Xo)va = (A + a)(H)7(Xq)va. (2.35)

We note that for the compact (real) Lie groups, the weights and roots take purely imaginary
values in t. Hence, it is customary to use the notion of real weights Ag and real roots ag,
which are the elements of t*. The definitions are analogous to (2.31) and (2.33) with A\(H)
and a(H) replaced with iA\g(H) and iag (H) respectively and H € t.

By picking a nondegenerate symmetric bilinear form B on b, we can identify h ~ h* via
Riesz isomorphism, i.e. for h — h* we put H — H® = B(H,-) and for h* — h we put
a + af, where B(af, H) = o(H) for any H € h. This defines the corresponding form on
b*, which we denote by the same symbol, given by B(w, 3) = B(af, 8%), for any a, 8 € b*.

To form (an abstract) root system ® C V', which lives in a real span of roots V' = spang®,
we require B to induce an inner product on V. Additionally, the inner product needs to be
invariant under a specific group of reflections, called the Weyl group, which can be ensured

by picking ad-invariant B. We then denote B(-,-) and its restrictions as (-, -).

Vo 2c b*

For a € h* we define « )

The Weyl group is then generated as W = (s,| « € ®), where s, is a reflection about a

hyperplane perpendicular to «
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sa(N) =A— (N, aV)a, A €b, (2.36)

which leaves ® invariant.

From the properties of a root system, by choosing any hyperplane in V' that does not
intersect ®, we obtain two sets of roots with equal cardinality. Each set is closed under
addition and contains either « or -a, for all & € ®. The set of positive roots ®T is then
the set of roots lying at the chosen side of the hyperplane we decided. Additionally, we
distinguish a set of simple roots A, which are the elements of ®* that cannot be decomposed
as a sum « + 3, for a, 8 € ®T. Then, every a € ® is a linear combination of simple roots

with all the coefficients being either positive or negative integers.

For o, B € b*, we say that « is higher than 3, denoted a > 3, if a—f is a linear combination
of simple roots with non-negative coefficients. Analogously we define @ < 8. We say a

weight A € h* is the highest, if there is no weight higher than A.

We define the integral lattice in t

tz = {X et =T} (2.37)

We say A\ € b* is integral, if (\,a) € Z for all « € ®. We say ) is analytically integral if
AMX) € Z for all X € tz. Finally, we say A is dominant if (A\,«a") > 0 for all « € A.

The analytic integrality condition is needed to identify the irreps of the Lie algebra that

integrate to the irreps of its Lie group.

We are now ready to characterize the irreps of G using the Theorem of the highest weights.
The Theorem states that every finite-dimensional complex rep of G has a unique highest
weight A and such ) is a dominant element. Moreover, A is the same for isomorphic reps.
Finally, if the highest weight A is dominant and analytically integral, there exists a finite-
dimensional complex irrep with such a highest weight. It follows that the equivalence
classes of finite-dimensional complex representations of G are bijectively labelled by the

corresponding dominant and analytically integral highest weights.

From now on, by highest weights we will understand such highest weights bijectively la-

belling the equivalence classes of irreps.
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Finally, we define the Weyl vector as

5 ;:% Y a (2.38)

acdt

and we proceed to the group-specific computations. For U(d) we have the following real
Lie algebra
u(d) = {X € My(C)| X'=-X}. (2.39)

The complexification reads u(d)c = gl(d, C) = My(C). We pick the maximal torus

T = {diag(e'?, '?2,...,e"%)| ¢ € R}, (2.40)

so that the toral algebra reads

t:= {diag(i¢1,ida, ..., ida)| ¢ € R}, (2.41)
and the CSA is
b = {diag(z1, 22,...,24)] 2 €C}. (2.42)
For SU(d), we have su(d) = u(d)N M2?(C) and su(d)c 2 sl(d, C) = MJ(C). The Lie algebra
sl(d,C) is semisimple.

The corresponding maximal torus in SU(d) is Tg := T N SU(d), with the toral algebra
to == tN MJ(C) and the CSA ho := h N MI(C).

The Lie algebra u(d)c is not semisimple, but it is reductive, with u(d)c = CI; @ sl(d, C).

We introduce the linear functionals on b,

21

z2
I@ : ) = Zj. (2.43)
Zd
so that {L;| 1< j < d} is the basis of h*. Restricting to b, we can use {L;| 1< j <d}

to span b, keeping in mind that (i.e. quotienting by) L1 + Ly + ...+ Ly = 0.

The set of roots, ® = {a; ;| 1 <4,j <d}, where a; j = L; — Lj, is the same for u(d)c

and su(d)c. This is not a coincidence, as it is easy to see that the roots need to vanish
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on the abelian part of the reductive algebra and can be defined as the functionals on the

semisimple part.

We choose the positive roots as &1 := {a; ;| 1 <1 < j < d} and the set of simple roots
A= {Oéi,i—i-l’ 1 S ) S d— 1}.

The inner product on h* can be chosen to be (L;, Lj) = d;;, so that the (long) roots have
squared length 2, which is a standard normalisation. The restriction to bhj preserves the
standard normalisation and yields (L;, Lj) = d;; — é. Such a restriction is proportional to
the inner product on hjy induced by the (unnormalised) negative Killing form on sl(d, C),
(Li, L;j) = 55 (6;; — %), with squared root length (« j, o ;) = 1/d, and restricts to an inner

product on the root system V.

The root system ® C V is of type Ag_1 in Dynkin classification. The Weyl group isomorphic

to the group of permutations Sy, acting as o - Lj = L,(;), where 0 € Sg = W.

Expressing the weights as A = Zle AiL;, the highest weights of U(d) form a set

A={1, A2, ) €29 N> N1, 1 <5 <d—1}, (2.44)

which is 1-1 with the irreps of U(d).

One can check that any irrep of U(d) restricts to an irrep of SU(d), while any irrep of
SU(d) extends to the irreps of U(d) (see e.g. [48]).

However, this mapping is not one-to-one. Since on sl(d,C), 2?21 Lj = 0, any irrep of
U(d) labelled by vectors which differ by a constant vector (n,n,...,n) € Z¢ corresponds
to the same irrep of SU(d). This Z-gauge can be fixed by subtracting a constant vector

with n = Ag. Defining A7 := Aj — Ag, the set of highest weights for SU(d) reads

Ao = {(AL, A8 . A € 245N A5 > M3, 1 <5 <d—2}, (2.45)
which can be interpreted as a description using Young diagrams A* = (A{, A3,...,A_;).

In terms of the irreps of PU(d), which consists of equivalence classes of members of U(d)
under the equivalence relation U ~ €U, any irrep of PU(d) extends to an irrep of U(d)
by choosing it to be constant on equivalence classes. An irrep of U(d) corresponds to an

irrep of PU(d) exactly when it is constant on equivalence classes. By checking the action
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of the center U(1), this happens when the highest weight vector satisfies Ej Aj = 0. Thus,
the irreps of PU(d) are 1-1 with the highest weights

Ap={(A,de, .. M) €2 XNy = M, 1< <d—1}, > A =0} (2.46)
J
Theorem 2.2 (Weyl Character Formula). Let g be a complex semisimple Lie algebra and

let w be an irrep of g with highest weight X, then

o e det(w)ew A HO)H)
)= Moo (72 — =atiz)’

Xw(e

for all H € b for which the denominator is non-zero. By det(w) we denote the determinant

of a linear map w:V — V corresponding to w € W.

For root systems of type Ag_1, det(w) is just the sign of the permutation w € Sy. The
denominator in Theorem 2.2 is called the Weyl denominator. Using Theorem 2.2 and

calculating the limit limg_,oxx(ef), we obtain the following Corollary.

Corollary 2.3 (Weyl dimension formula). Let g be a complex semisimple Lie algebra and

let m be an irrep of g with highest weight . Then,

oo+ (@A +9)

dr =
Ila€¢+(a75)

Theorem 2.2 holds verbatim for compact connected groups G and characters x(t), where
t=efl with H € t.

Theorem 2.4 (Weyl Integration formula). Let G be a compact connected Lie group with

a mazimal torus T C G. For any class function f

1
/G Flo)inta) = /T FOIA®D) Pdp(t), (2.47)

where dut is the Haar measure on T and writing t = exp(H) for H € t,

A(t) = H (e@H)/2 _ g=ali)/2y

acdt

with a being roots relative to T.
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Example 2.3 (Volume of a ball in SU(2)). Due to the invariance of the Haar measure,
the volume of the ball is independent of the origin. For SU(2) and H = diag(i¢, —i¢) we
have a(H) = 2i¢, so A(t) = 2sin(¢). Since |W|=|S2| =2 and dur(t) = d¢/2m,

| r@iuta) =~ [ posinepao. (2.48)
In particular,
uB) = [ 1.t =2 [* (a0 (2.49)
where ¢, =2 - arcsin(r/2), since |le — glloo = ||€ — t]|co = 2 [sin(¢/2)].
Thus,
w(By) = % (@ - bm(é(b)> : (2.50)
Note that the diameter of SU(d) is 2 and p(Bg2) = 1. Taylor series expansion at r = 0
yields
L 5. 1 5 7 9 L s
u(By) = e + e + T790m" +0(r7) > el (2.51)

2.2.2 Peter-Weyl theorem and Fourier transform

In this subsection, we discuss chosen parts of the Peter-Weyl theorem [49, 47|, a funda-
mental result in harmonic analysis, and introduce the concept of the Fourier transform on
a compact group GG. All the representations considered in this subsection are unitary. We

start with introducing the necessary definitions.

By G we denote the set of equivalence classes of finite-dimensional unitary irreps of G. By

a slight abuse of notation, we will use 7 to represent the elements of G.

For an finite-dimensional rep 7 of G, we define its matrix coefficients as m;;(g) = (e;, m(g)e;, ),
where {ej,ea,...,eq, } is the orthonormal basis of the rep space V;. Matrix coefficients

7i;(g) are smooth functions.

The left-regular rep of G, denoted \, is the unitary rep on the Hilbert space L?(G) given
by
Ah)f(g) = f(h™1g). (2.52)
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The Peter-Weyl theorem states that A decomposes into an orthogonal direct sum of all

unitary irreps of G as follows

L*(G) = P v, (2.53)
weé

where hat symbol denotes the closure.

The direct sum of all the copies of Vj in L?(G), V.47 is also called the m-isotypic compo-
nent. Moreover, the theorem asserts that the set of elements 7;;(g) is dense in the space
of continuous complex functions C(G), equipped with the supremum norm (hence also in
LP(G) for 1 < p < o0). The theorem also specifies the following orthonormal basis of
L*(@),

{\/dwmj\w ceG1<ij< dw} . (2.54)
In particular, the space of smooth functions is dense in L?(G). It is informative to see how
the irreps V; are realized inside the function space L?(G).

We define Sfrj) = span{m;;|1 < i < dr} as the span of the j-th column and span of all
the matrix coefficients &; = span{m;;|1 < 4,5 < dr}. Such spans depend only on the

isomorphism classes 7 € G. Any fr € & can be expressed as

f=(g) = Tr(An(g)), (2.55)

where A is any complex d, x d, matrix. The spaces &Ej ) are invariant under \ so that the

restriction of A to them form subrepresentations.

One can check that the mappings v, : Vi — 57(rj )

dn dn
’l/)j : Zciei —> Zcmij(g), (2.56)
=1 =1

where 1 < j < d, are the intertwiners providing the isomorphisms of V with the corre-

sponding subspaces of L?(G). We have

™

&=Pev. (2.57)

J=1
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and for each 1 < j < dr, we can write \| ey =T and the whole m-isotypic component

corresponds to the restriction to £;. We can then write alternatively

L*(G) = @ar. (2.58)

TI'Eé

Finally, we note that an analogous result can be obtained for the right-regular rep (p(h) f)(g) :

f(gh), when the spans of the rows are considered instead of 57(Tj ) and the matrix coefficients

are replaced with their complex conjugates.
We now move to the definition of the Fourier coefficients of functions on G.
The Fourier coefficient of a function f € L'(G) at a rep 7, denoted J?(7r), is the operator

in End(V;) defined via

~

fimy = [ wa™) s @)auta). (259)
where by Vi we denote the representation space of irrep 7. We turn End(Vz,) into a
Hilbert space HS(V;) with inner product d.(-,-)gs. Such a defined Fourier transform

~

behaves under convolution as expected (ﬁ\g)(ﬂ) = f(m)g(m).

Then one can show that the Fourier transform is an isomorphism of such Hilbert spaces
L*(G) = @ HS(Vx). (2.60)

In light of (2.60), one can think of G as the “spectrum” of G with “frequencies” 7 appearing

with multiplicities d.

Using the Peter-Weyl theorem, we obtain the Fourier inversion formula for the functions

feL*G),

f(9) =Y dar (Flm)m(9)) (2.61)
WG@
where the convergence is in L?-norm. If f is additionally continuous and

> dPNf)llas < oo (2.62)

me@
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then the Fourier series converges absolutely and uniformly. If G is additionally connected,
the condition (2.62) follows from f being k-differentiable with k > idim(G). More-
over, in this case, the Fourier coefficients of smooth functions are rapidly decreasing with

lim‘,\|_>oo||)\||kf(7r)\) =0, for every k € Z4 (see [50] for details).

As a consequence, we have the Plancherel identity

Hf!%z/alf(g)\zdu(g): Y dllF)lls- (2.63)

e

The m-isotypic components fr(g) = dTr (f(w)w(g)) can be found via the orthogonal
projection Py : L?(G) — &, given by the convolution with dxx:

f7r = Pﬂf = f * <d7rX7r)- (264)
This can be seen from the fact that

67r7r’

dr

which follows e.g. from the orthogonality of the matrix elements (Peter-Weyl theorem).

Xa (') = Iq, (2.65)

By applying the Peter-Weyl theorem to (a Hilbert space of) square-integrable central func-
tions L?(G)“, we obtain a well-known fact that the characters of irreps of G form an
orthonormal Hilbert basis for L2(G)“. The formula (2.61) then simplifies to

h="> {fs X)X (2.66)

TeG

with h(r) = %ﬂdﬂ, and (2.61) becomes

L*(G) = @ C. (2.67)
TeG
Example 2.4 (Abelian group; Fourier series). Consider a 1-dimensional torus T = U(1).
The irreps are one-dimensional with x,(e'?) = €"?, n € Z. Then each f € L*(T) has a
form

k
f@) =Y f(n)e™? (2.68)

n=—=k
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with f(n) = £ [T f(¢)e "?dg.

Example (2.4) justifies naming (2.59) as Fourier coefficients and the interpretation of the
approach presented in this Subsection as nonabelian Fourier analysis. Moreover, by ex-
pressing e® = cos(ng) + isin(ng), one can understand why the functions m;; are often

referred to as trigonometric polynomials (even in the nonabelian case).

Writing the central function as h = zweé myd.Xxx, the convolution with h acts as a

“frequency filter”, i.e. for a function f € L?*(Q)

uniquely characterized by its frequency response function/multipliers: my, : G — C,

mp(m) = m.

2.2.3 Averaging operators and spectral gap

In this subsection, we introduce the notion of the averaging operator on the compact group

G, also known as the mixing operators.

For a rep 7 and the finite Borel measure v, we define the operator-valued integral

(v) = /Gw(g)dy(g) € End(V;) (2.70)

by means of Bochner integration '°. Similarly, we can define 7(f) for functions.

The averaging operator given by v, is the operator T, : L?(G) — L*(G),

(T, 1) (k) = A(v) = /G f(g~ h)dv(g). (2.71)

We have T, f = v * f and Ty,4, = T}, 1,,. The operator T, is bounded. For v being the
probability measure, ||T,||cc = 1 since the norm is attained on constant functions. In such
a case, T, is also called the Markov/mixing operator (see also 2.4.4). If additionally v is

symmetric, then T, is self-adjoint with the spectrum o(7,) C [—1,1].

107f 7 is finite-dimensional, one can use entry-wise integration.
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From now on, we assume v is a probability measure.

Due to Peter-Weyl, the operator 7;, can be made block-diagonal with finite blocks.
T,25L o @ r)*™, (2.72)
WEG’O
where by Go we denote the set G without the trivial rep.

The operator T}, is the orthogonal projector onto the space of constant functions on G.

Hence, in the same basis as (2.72), it reads
T,=hLo @ oj*™ (2.73)
7r€é0

By L%(G) we denote the orthogonal complement of this space (i.e. the space of functions

with average 0). We define the (uniform) spectral gap of T, as

gap(v) =1 —[|T,]12(c)lle0 € [0,1]. (2.74)
We have
Tl L2(6)lloe = Ty — Tplloo = sup, g, 1T (V)] (2.75)
0 0
We say v has spectral gap if gap(v) > 0.
Since T}, = T, T,, = T,,7},, one can show that
1Ty = Tplloo < (1 — gap(v))’ < e8P, (2.76)

which essentially says that the existence of a gap implies exponential convergence T,,.c — T},
in operator norm with growing ¢. Since the Haar measure y is our model uniform density,

this corresponds to a measure v* becoming equidistributed.

The spectral gap at a finite scale is defined by restricting 7, to a finite number of subspaces

with “frequencies” bounded by a certain parameter r. For example,

gap,(v) = 1 — maxoq|z|<r|[7a(¥)]] oo, (2.77)
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where [|A|| is the chosen norm. Intuitively, such finite-scale information should be sufficient

to characterize the equidistribution at scales ~ 1/r.

By excluding the space of constant functions, the question about the existence of a (uni-
form) gap becomes potentially non-trivial. To make it truly non-trivial we need to assume
that v is finitely-supported, i.e. |supp(r)| < oo (or at least it is discrete or does not have
the density; see below) and that v is universal, i.e. (supp(v)) = G. Indeed, v is not uni-
versal iff there exists an invariant vector (fixed point) in LZ(G), so that ||T,||sc = 1 and
there is no gap. In fact, Fix(T},) = L?(G/H), where H = (supp(v)) and G/H is the set of
left cosets of H in G ([51]; see also [52]).

However, even if v is universal, so for each non-trivial irrep block ||7(v)||s < 1 for any
7 € G, the gap may be zero. Indeed, what is needed is the uniform bound ||7(v)||ee < 1—¢
for some universal constant ¢. Using the notion of almost invariant vectors, the question
about the (uniform) gap can be related to Kazhdan’s property (T), hence also to the

notions such as expander graphs and strong ergodicity [38, 53].

Example 2.5 (No gap on circle). Consider a one-dimensional Torus T = U(1). We pick
any q € Q and choose S = {4 e~} as the symmetric universal set with the corre-
sponding symmetric probability measure vs = 3 (Sgiar + Op—iar), so that o(T,s) € [—1,1].
Evaluating on characters x, : €' — e™? n € 7, we have
A 1/ . , .

(Tyysxn)(€?) = 3 (em(‘HQ) + em(‘z’_Q)) = cos(nqm)xn(e'®). (2.78)
We have |cos(ng)| < 1, but sup,,|cos(ng)| = 1 so HT,,S‘Lg(T)HOO =1. Ifqge€ Q then S is
not universal (a finite set) and the norm is attained on all non-trivial characters x, with

ng € 7.

However, if v has a density k = dv/du, then T, f = kx f, so T, is a block-diagonal compact
operator with finite blocks. Thus, if additionally v is universal, then it has a spectral gap.
Moreover, if the density k € L?(G), then T}, is the Hilbert-Schmidt operator and one can
use (2.63) to bound

||kl

N (2.79)

7 ()lloo < [lm(W)[|ms <

This simple observation suggests studying the behaviour of finite-scale spectral gaps of

finitely-supported measures, such as vs and its convolutions, using tools from harmonic
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analysis by transforming them into measures with L2-densities via convolution with ap-

propriately chosen approximate identities/mollifiers.

Focusing now on the case of a finite universal set S, it is interesting to ask what can be said

about the upper bounds on gap(vs), or equivalently on lower bounds on ||T)| L2(G) [ oo

Following [54], one can obtain a bound for continuous groups from the, so-called, almost

covering property by the balls of Haar volume ﬁ,

1
1 —gap(vs) > . 2.80
gp(s)_2 5 (2.80)

A tighter bound (Kesten bound) can be obtained from random walk considerations (see

Section 2.4.4).

2.2.4 Balanced polynomials, --moment operators and finite-scale spec-

tral gap

In this subsection, we introduce the concept of balanced polynomials and the related notion
of t-moment operators. We explain the close relation between t-moment and averaging
operators, introduced in subsection (2.2.3). Finally, we present a more natural approach

to defining finite-scale spectral gaps.

Thinking of a matrix U € U(d) as its image under the defining representation U +— U of
U(d), we denote the matrix elements of the defining representations as u; ; = (U);; (and
their complex conjugates as @; j). With a slight abuse of notation, we denote the defining
representation as U. A balanced polynomial of degree ¢ is a homogeneous polynomial with
degree t in u;; and ¢ in u; ;. We denote the space of all such polynomials of degree ¢ as
‘H:. Such polynomials are linear combinations of the matrix elements of the representation
U (UU)® and as such, due to (U®U)®! =2 ULTQU®, every f; € H; can be expressed
as

fi(U) =Tr (A (U @ U®)), (2.81)

for some d* x d?* complex matrix A. Due to the global phase invariance, such balanced
polynomials are well-defined on SU(d) and PU(d).

Since U ® U = Ad @ 1, where Ad is the adjoint representation of U(d), for s < t the irreps
of U®$ ® U®* appear in U®' @ U®" and Hs C H;. By A4, we denote the set of highest
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weights enumerating all (equivalence classes of ) non-trivial irreps appearing in U®? @ U®?,

Then we can decompose the tensor product in two ways

t

m mx ~v 7 ~ t

19m0 @ Py =2 U U = P <N> Ad®YN, (2.82)
AEA: N=0

and mp, my are some natural numbers. On the right-hand side of (2.82), the binomial
coefficient indicates taking the direct sum of that many copies of Ad®". The left-hand

side of (2.82) is the decomposition into irreps.

Then (see [55]),

A= {1, A2, M) € ZHVi<ica—1 i > Nit1, [N = 0, [\ <t} (2.83)

where by |A| we denote the sum of elements of A and by AL we denote a subsequence of

positive elements of .

We now specialize to the case of PU(d). For a fixed faithful (i.e. the homomorphism is
injective) rep V of a compact group G, every irrep of G is contained in a tensor product
VO @1 @ [46]. The Ad descends to a well-defined and faithful irrep of PU(d) and Ad = Ad.
Hence, every irrep of PU(d) appears in some power Ad®Y and in consequence in (2.82)
for ¢ larger than a certain constant. This observation is consistent with (2.83), since the

condition |A| = 0 simply restricts the weights of U(d) to the ones of PU(d).

For a probability measure v on PU(d), we define its t-moment operator , T, ¢ : Hy — H; as

T, = / dv(U)U, (2.84)
G
where
Ubt == U® @ U®', (2.85)
and we introduce a quantity
S(v,t) =Ty — Tpusll, € [0,1]. (2.86)

Using the decomposition into irreps (2.82), we can express T, ; as a block-diagonal matrix
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I, 0
0 m\ V&I
T, | n ). ™ _ , (2.87)
L 0 0 7‘—)\M(V)®ImAM_

for some M, with \; going through the set A; in some fixed order. Comparing with the

matrix for 7}, in the same basis, the trivial block cancels out and we can write

d(v,t) = maxyen, |[ma(1)]]oo, (2.88)

since the multiplicities are irrelevant. We define §(v) := sup,0(v, t).

The irreps A are only of real or complex types, i.e. there are no quaternionic representa-
tions. Moreover, in practical calculations of (2.88), the set of complex type representations

can be restricted due to unnecessary reflections of weights (see e.g. [48]).

On the other hand, using the averaging operator (2.71), we can define the gap at a scale ¢

as

gap(v,t) ==1— HTV!Ht — TM\HtHOO (2.89)

However, one can check that the two notions coincide, i.e.

gap(v,t) =1 —4d(v,t). (2.90)

Indeed, since H; is spanned by the matrix entries of U — U®* @ U®!, it is also spanned by
the matrix entries of the irreps from the decomposition (2.82). Thus, H; as a subrepresen-

tation of the left-regular representation A, decomposes (reducibly) into

He=10 P &n,, (2.91)

AEA

and T, En, = m\(v) ® dn, .
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Hence, we can express T}, 2", in the same block-diagonal form as (2.87) with multiplicities

mo =1 and my, = dr, for 1 <i < M (see also [41]).

As a consequence,

gap(v) =1 —4(v). (2.92)

2.2.5 Casimir elements and Laplacian

In this subsection, we briefly explain the relationship between the Casimir element of a Lie

algebra g and the Laplacian on a compact connected group G (see also [49]).

We pick an ad-invariant nondegenerate positive-definite symmetric bilinear form (-,-) on

g ~ T.G. This gives rise to a Riemannian bi-invariant metric on G (by translations).

For example, in the case of compact semisimple Lie groups, one may obtain a Riemannian

metric by setting (X,Y) = —B(X,Y), where B is the Killing form on g.

Let {X;}?_; be a basis of g. Then the Casimir operator (2 of g is an element of the universal

enveloping algebra U(g) [44] defined as

Q= zn: X; X' = Zn: 9V X X, (2.93)
i,j=1 i,j=1

where g;; = (X;,X;) and (g¥) = (g;;)~! and by X; we denote the generators of Ul(g)

corresponding to the basis elements of g and we skip the tensor product symbols.

The operator €2 does not depend on the choice of the basis and belongs to the center
of U(g), i.e. the set of the elements of U(g) that commute with every element of U(g).
Representations of g give rise to the reps of the algebra U(g), which we will denote by the

same symbol.

The elements X € g ~ T.G correspond to the left (right)-invariant vector fields, X% (X %),
which are left (right) first order differential operators on G. The action of such fields on

smooth functions f € C>°(G) can be expressed using derived left (right) representations as
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(@EXN6) = (X0 = 5| 10, @oX)N)0) = (XN = G| Flee)

(2.94)

Similarly, the elements of U(g) correspond to left (right) invariant differential operators on

G, which can be expressed as polynomials in X (XF).

Since  is central, one may check that dA(2) = dp(Q2), and we call such an operator the
Laplacian on G, denoted A = dA(Q2) = dp(Q2).

The Laplacian is then a second-order differential operator,
ij v L yvL i.j v Ry R
i, i,
which is symmetric and non-positive on C*(G).

The presented construction involving the Casimir element € can also be used when (-, )
is indefinite (pseudo-Riemannian manifolds). One may also verify that A corresponds to
the usual (pseudo-)Laplace-Beltrami operator (2.106) on a manifold G with a bi-invariant
(pseudo-)Riemannian metric. For Riemannian manifolds, (-, -) is positive definite and A is
elliptic, which corresponds to heat diffusion. On the other hand, for Lorentzian manifolds,
which are examples of pseudo-Riemannian manifolds with indefinite (-,-), A is hyperbolic

and corresponds to "wave-like" solutions.
We use the inner product (-,-) on g to identify h = h*.

For a rep m of GG, we define

Q= dr(Q) = Zn: g dn(X;)dr(X;). (2.96)
i,j=1

Then, one may show (see e.g. [50, 49]) that for an irrep m) of G, corresponding to the
highest weight A,

Qp = —(\A+20) - Iy (2.97)

and regarding A as a differential operator on G,
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A(m)i = —(A A+ 26)(ma)is. (2.98)

Indeed, by Schur’s lemma and from the fact €2 is central, 2, = c- I3, . The value of the
scalar ¢ can be found by expressing € in the Weyl basis {Eq, H;| a € ®,1 <i <dim(T)}
of gc, chosen so that (Ey, E_o) =1, (H;, Hj) = 0;; and Eq + E_,,i(Ey — E_), H; € g.
The evaluation on the highest weight vector v € V; yields Qv = —(\, A\ 4+ 20)v, which
proves (2.97).

To prove (2.98), for X € g we compute

R d tX & d
(XH(m)ii)(9) = | (ma)i(ge’™) = Z(ﬂ)z’k(g)%
k

dt|,_, > (2 )kj (€%). (2.99)

t=0

Then, thinking of 7)(g) as matrix of functions, we can express (2.99) compactly as

(X)) (9) = ma(g)dma(X). (2.100)

Extending this observation to U(g), we apply it to A and use (2.97) to obtain

(ATA)(g9) = TA(9)Q2ry, = —(A, A +20)mA(9)- (2.101)
Thus, the 7y-isotypic components &, are the eigenspaces of A with eigenvalues —ky, where

kx = (A A + 26). (2.102)

In particular,

Axx = —kaxa- (2.103)

Finally, we note that for simplicity, we defined the Laplacian acting on C*°(G). However,
such a Laplacian is essentially self-adjoint and it can be extended to a (unique) self-adjoint
Laplacian on L?(G) with the domain H?(G), i.e. the L? Sobolev space of order 2.
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2.2.6 Approximate identities, heat and Fejér kernels

In this subsection, we introduce the notion of approximate identity on a compact (metriz-

able) group G with normalized Haar measure p and provide some canonical examples.
Specializing to metric spaces, we define an approximate identity as follows [56].
Definition 2.5. An approximate identity on G with respect to a chosen metric is a net
{Patas>0 C LY(G) so that

1. (normalization) [, @adp =1, for any o > 0.

2. (bounded L'-norm) sup,-l|¢al| < o0

3. (vanishing outside e-balls) lim,_0 [, G\B. |pa|du = 0, for any & > 0.
Such conditions guarantee that the convolution f * ¢, reconstructs the function f in the

limit @« — 0, in terms of LP convergence (with 1 < p < oo0) and uniform or pointwise

convergence (for continuous f) - see [56| for a precise statement.

The basic example of an approximate identity on G is the family {F,},~o of normalized

characteristic functions of a ball

P(g) =220,

The vanishing support is often a valuable property; however, P, is discontinuous across dF;

(2.104)

and has an unbounded spectrum with frequency response mp,_ (7) = m I B, Xx(9)du(g).

We now introduce the notion of the heat kernel. Recall that the heat kernel on RY is
an integral kernel, which is the fundamental solution to the heat equation. Thinking of

convolutions, we may express the heat kernel as

1 e
Ht(ﬂj) = W@ l ||2/4t, (2105)
where || - ||2 is the Euclidean norm on RY and ¢ > 0,

The heat equation on R can be generalized to other spaces, such as Riemannian manifolds
(M, g), by replacing the standard Laplacian with the Laplace-Beltrami operator, which is

given in local coordinates by
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Af =—=0; ( \g\g"jajf) : (2.106)

L
Vgl

The initial value problem for the heat diffusion on G reads

du(g,t) = Au(g,t), t>0,g€G (2.107)
with some initial datum u(g,0) = f(g), where e.g. f € C*(G).

Equipping a compact group G with the bi-invariant Riemannian structure, stemming from
the negative Killing form, we can use the results from Section 2.2.5. Similarly to the case
of a flat N-dimensional torus R /Z" by fixing ¢ and calculating the Fourier coefficients,
we have 4(\, t) = e F f()), where ky is the eigenvalue of A on the m-isotypic component

&r. Fourier inversion can be expressed as

u(g,t) = (e f)(g dee BT (f ()2 (9)), (2.108)

where e'® forms so-called heat semigroup, which can be defined by means of the spectral

theorem, and for ¢ > 0 the series converges uniformly for any f € L?(G).

Recalling that convolution with d;x, is the projector on the mw-isotypic component, we
have

e f = fxH,, (2.109)

where the fundamental solution reads

=) de ™), (2.110)

Ae@

and the (negative) eigenvalues are ky = (A + 25,\). We call a function H;(g) the heat
kernel. The solution given by convolution (2.109) is smooth for all ¢ > 0. The Heat kernel
family { H; };+~0 is a non-negative approximate identity on G. This can be proven, e.g., using
the properties of a heat semigroup. Alternatively, quantitative bounds on the vanishing
outside e-balls can be obtained using the Gaussian bounds valid for compact Riemannian
manifolds with non-negative Ricci curvature. Namely, for all § > 0 there exists ag > 0

such that
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d2
Hi(g) e 3 (—M) ,t>0,g€G, (2.111)
RVt

< 9
= Volg(B (1+96)

where dp is the bi-invariant Riemannian metric and Volr(Bp, | ) is the Riemannian volume
of the geodesic ball with radius v/# [57].

Additionally, note that the solution via the convolution (2.109) can have meaning for f

being a finite measure or even a distribution.
Note that the eigenvalues k) depend on the choice/normalization of (-, -).

Example 2.6. For SU(d) with (X,Y) = —2dTr(XY), i.e. the negative Killing form, we

have

1 (&, v A
ha =g ZAj+Z(d—2]+1)Aj—7 . (2.112)
7j=1 7j=1
and the roots have squared length 1/d.
In particular, for d =2,
2t o
Hy(¢) =Y (m+ e smH2miy, (¢), (2.113)
m=0

For the normalized Killing form, (X,Y) = —=Tr(XY), so that the roots have squared length
2 and the right-hand side of (2.112) is rescaled by 2d factor.

The heat kernel on compact, semi-simple, simply-connected Lie groups can also be ex-

pressed using the Poisson summation form, which resembles (2.105)

Hy(exp(X)) ~ j(exp(X)) el (4mt) N2 3" 2(XP 4 y)em I HIF - (2114)
vyer

where j is the Weyl denominator, ¢ is a certain group constant and m(X) =[] co+ a(X)

- see [58] for a precise statement and missing definitions.

The heat kernel is a low-pass filter with an unbounded spectrum but an exponentially

kx

decaying frequency response my, (7)) = e "' with a tunable effective window in [|A]| <

1/t
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Finally, we note that (shifted) heat kernels on compact Lie groups can be obtained by
transporting the Euclidean heat kernel using the Dooley-Wildberger wrapping construction
[59].

We now provide another example of a “nice” approximate identity on G. Denoting the
norm induced by the Weyl-invariant inner product as ||\||, wee define the Dirichlet kernel

with cutoff N as a sum of projectors (in the sense of convolution)

Dr(g)= D> do, (2.115)
AT

We can then define the Fejér kernel with cutoff T" as an average of Dirichlet kernels

T
Prlg) =7 [ Dilgyit= 3

AW <T

(-13) doe@. e

where ()4 = max{x,0}.

The Fejér kernel family {Fr},,7 is a non-negative approximate identity on G' with net
parameter 1/7 [60].

The Fejér kernel is a low-pass filter with a bounded spectrum and a decreasing ramp

frequency response mp, (7)) = (1 — @)Jr The window has a cutoff at ||| =T

The norm [|A|| can be replaced with other functions of A defining the scale. For example,

the natural scale can come from the (absolute values) of the eigenvalue of the Laplacian,
kx, or the 1-norm [[A|[1 =3, [A;].

Finally, we note that the function Y,

2

1
Xr = -dim(T) Z XA (2.117)
[IAll<r

introduced in [61] is an example of a non-negative approximate identity {x; }1 /r normalized

between some group constants ¢, C

_#0 Is7)
o< [ xrlopnta) = AR = <o (2115)
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It is a low-pass filter with a cutoff ||A|| ~ r < 2r, and its frequency response depends on the

tensor product decomposition rules (Richardson-Littlewood/Clebsch-Gordan coefficients

cﬁ,l/)

1 A
M (M) = G Y. G (2.119)
lall Il <r

_ A
where XXy = D \ed Cuw X

2.3 Elements of quantum computation and information

2.3.1 Unitary channels and c-nets

The pure quantum state of a d-dimensional quantum system is a ray in the d-dimensional
complex Hilbert space ' H = C?, i.e. the equivalence class of unit vectors from H mod-
ulo the global phase. Although formally the pure quantum states are the elements of
the projectivisation P(H) = CP4 !, pure quantum states are typically represented as the
normalized vectors from the vector space H, at the cost of introducing a global phase am-
biguity. The most general quantum state of such a system is given by a density operator

p: H — H, which is a positive semi-definite (hence Hermitian) operator with trace 1.

The transformations of quantum states are described as mappings of density matrices,
known as quantum channels. An important class of quantum processes on H consists of
those represented by the unitary quantum channels. Such channels act as unitary op-
erations when restricted to pure quantum states. Mathematically, the unitary quantum
channel is the completely positive trace-preserving map U(p) = UpU T where p: H — H is
any quantum state and U € U(d) is some fixed unitary representative. Since two unitaries
U,V which differ by a phase U = €!*V define the same unitary channel, the group of all uni-
tary channels U(d) can be identified with the projective unitary group PU(d) = U(d)/U(1),
where the canonical projection U(d) — U(d) is mapping the unitary representatives to the

corresponding unitary channels U +— U.

Unitary quantum channels can be used to describe the action of ideal (loss-less) quantum
gates or communication channels. In this thesis, we consider only the unitary channels, so

from now on, by a channel we will understand an element from PU(d).

HPpeople with a mathematical background may protest to name such a finite-dimensional space a Hilbert
space; however, in the physics community, such nomenclature is standard.
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In practice, one is often interested in the closeness of different channels. Various norms
(and induced metrics) can be used to quantify it. A prominent example is the diamond
norm || - ||¢ [62]. We denote the induced metric as do, (U, V) = ||U — V||o.

The diamond metric has a clear operational meaning in terms of the statistical distinguisha-
bility of two channels (e.g. determines the maximal probability of success in a single-shot

channel discrimination task).

Example 2.7. Suppose an agent is given the unknown quantum channel - either U (with
probability p) or V (with probability 1-p). The task is for the agent to determine which
channel was given. The agent can prepare the quantum state p, pass it through the channel

and measure the output. The mazimal probability of agent’s guess being correct is

1 1
Psuce = 5 + ido (pU, (1 - p) V) . (2120)

The relation between the diamond norm and the norm on PU(d) introduced in (2.24) is

given by (see [41])

dp(U, V) < dy(U, V) < 2dp(U, V). (2.121)

We say that a finite subset of channels A C U(d) is an e-net if for every channel U € U(d),
there exists a channel V € A, such that dp(U, V) < e. In other words, A represents all
the possible channels, up to the error . Of course, the definition of e-net can be applied

in any metric space.

2.3.2 Quantum circuit model

A quantum circuit |4, 12] is a universal model for quantum computation, in which quantum
information is processed through the application of a finite series of unitary operations,
known as quantum logic gates (or simply gates), to a register of qubits, culminating in
measurement. The model is used to describe the perfect unitary evolution of pure quantum

states of the register, also referred to as state vectors.

The state vectors of an n-qubit quantum register belong to Hilbert space ‘H =2 (C2)®n

with computational orthonormal basis {|z)| x € {0,1}"}. The register is initialized in
some fiducial quantum state |¢), typically [0)®™. The gates in the circuit can then be

represented as a sequence C = (Uy,Us,...,Uy) of operations realizing the global unitary
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operation Ug = Uy...UsU; applied to the initial state. After the evolution, the projec-
tive measurement (possibly on a subset of qubits) is performed, resulting in the classical

bitstring with probability governed by the Born rule.

Although we focus on the case of qubits, the quantum circuit model can also be applied to
higher-dimensional building blocks, called qudits, for which H 2 (ccd)®”.

The state [1)) is called separable if it can be written as a tensor product of single-qubit

states

[¥) = [¥1) ® [2) ® -~ @ [n),  |9h;) € C2. (2.122)

The states that are not separable are called entangled. We say a gate is entangling if it

can map separable states to entangled states. Prominent examples of such gates include

CNOT, CZ and iSWAP.

Typically, each of the gates acts non-trivially only on a proper subset of an n-qubit register,
say k < m qubits, where usually £ = 1 or 2. It is well known that an arbitrary global
operation on an m-qubit register can be realized using single-qubit gates and two-qubit
entangling gates (whose type can be fixed). The action of a k-local gate can be described
as the matrix from SU(2"“)7 with the global action given by the appropriate tensor product

with identity matrices on the remaining qubits (possibly with qubit swaps).

Similarly to a classical computer, whose computation can be described using the classical
circuit model, every global quantum operation on a qubit-register can be realized using
a universal set of elementary operations. A set of such quantum logic gates is called the
universal gate-set S or, in the context of quantum hardware, the native gate-set. Typically,

such a universal gate set consists of single-qubit gates and two-qubit entangling gates 2.

The action of the circuit C is represented pictorially using “wires” for each qubit and k-
local gates as rectangles, circles or crosses through which the wires on which they act
pass through. Vertical lines may be used to connect parts of the gate acting on different
qubits. The wires represent the worldlines of an individual qubit, with the time passing
from left to right as the computation progresses. This is an analogous description to the
classical circuits describing the classical logical operations on classical bit registers. The
current pictorial description of quantum circuits can be traced back to Penrose diagrams,
which are used to describe tensor networks as a special case, adapted to represent the

time-ordered unitary evolution. Indeed, quantum circuits can be equivalently defined as

12Certain architectures, such as ion-trap-based quantum computers, naturally admit physical gates with
larger localities, including global entangling gates.
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tensor networks on d-qubits, with k-local gates being the rank 2k tensors of type (k, k) and
the wire connections between them, which correspond to tensor indices, determine tensor
contractions. The topology of the circuit (i.e. the connectivity pattern of the constituent
gates and wires) defines constraints on the temporal order of the execution of gates needed
to obtain a target global operation. This leads to the concept of a circuit layer, which is
a collection of gates, acting on disjoint subsets of qubits, that can be executed in parallel.
The circuit can be represented as a sequence of layers, with the number of layers referred
to as the circuit depth. The topology of the circuit can be captured, e.g., using the directed

acyclic graphs (DAGs), frequently used in quantum compilers.

g4
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0—O §
O—O0—0 &

FIGURE 2.1: A 4-qubit quantum register with four gates g; with increasing locality i,
ranging from one-qubit to four-qubit gates. Red circles indicate the qubits on which a
given gate acts.
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FIGURE 2.2: An example of a quantum circuit on 6 qubits of depth 5.

Importantly, the quantum circuits can be used not only to describe engineered quantum
computing processes occurring inside quantum computers, but also to model the unitary
dynamics of complex quantum systems [27, 28, 29|. In one direction, quantum circuits can
be used to realize an approximate digitized version of continuous Hamiltonian dynamics
through the product-formula decompositions (Trotterization). This is the subject of digital

quantum simulation, in which a finite sequence of local gates approximates continuous-time
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evolution [63, 64|. In another direction, quantum circuits can also be studied as discrete dy-
namical systems in their own right, without an underlying continuous Hamiltonian, serving
as toy models for complex many-body dynamics. Such an approach enables the controlled
analysis of key phenomena, including operator spreading, entanglement growth, and corre-
lation functions. Specific settings, such as brickwork architecture circuits with generic (e.g.
Haar-random) local gates and dual-unitary circuits, can capture many essential features of
chaotic and thermalizing dynamics [29, 65]. On the other hand, random quantum circuits
have found applications in describing entanglement growth and hydrodynamic universality
classes |28, 66|, as well as serving as toy models in high-energy physics. In that context,
quantum circuits have been used to model information scrambling [30] and evaporation
[27], as well as growth, saturation, and recurrence of quantum complexity in black hole

interiors [67, 26, 68].

Finally, in the context of quantum computation and information, the group SU(d) is typi-
cally used as the group of all unitary quantum operations (noiseless quantum gates) acting
on n qubits, where d = 2". However, the group elements are not in 1-1 correspondence
with such operations due to the partial ambiguity of the global phase. To lift such ambigu-
ity, the PU(d) can be used instead, which corresponds to the description via the quantum

unitary channels.

2.3.3 Words, complexity and universality

In this subsection, we use the group U(d); however, all definitions can be adjusted to SU(d)
and U(d).

In the setting of quantum computing, by & we denote a chosen set of elementary quantum
gates from U(d), which are the basic unitary channels used to construct more complicated
operations. It is convenient to think of circuits built out of S as the words over the alphabet
S. For § € U(d), we denote the set of all words over an alphabet S as §*, the set of all
words of length ¢ as

Sy = {UilUig .- 'Uzj’ Uz'j €§5,1<5< ﬁ}, (2.123)

and the set of all words with length at most ¢ by

Sao=|J S, (2.124)

1<0'<¢
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By circuit length ¢, we understand the length of the corresponding word.

The smallest number of elements from S needed to implement a target unitary operation

U with precision ¢ is called the quantum complexity C.(U,S)

C.(U,S) = ming{¢| dp(U,S) < e} (2.125)

Although the group of all unitary quantum channels on a smallest quantum register, i.e.
a single-qubit one, corresponds to a group PU(2), it is informative to consider an even

simpler example.

Example 2.8. Consider a unitary group U(1). By R(¢) = €'® we denote the rotation about
the fized angle ¢. Then a set S = {R(p), 1} is universal for any irrational ¢ /7. Consider
a target operation U = R(¢)¢, which corresponds to the circuits Sp. It is clear that for
any accuracy € > 0, the complexity of U can be upper bounded C.(U,S) < ¢, however
C.(R(¢)",8) = 0 for some large enough £*.

This trivial example shows that the operations U realized by very long circuits (made of
non-trivial operations) can have minimal complexity due to some complexity shortcuts.
In fact, the computation of C.(U,S) is known to be a very challenging problem, possibly
residing at higher levels of the so-called polynomial hierarchy - specifically, above the NP
complexity class. Checking whether a quantum circuit is almost equivalent to identity is

known to be QMA-complete [69].

We introduce the uniform bound on the complexity ¢(S,¢)
(S, e) = supyC:(U,S), (2.126)

which is the minimal circuit length for which every operation U can be e-approximated.

The quantity ¢(S,¢) can be also reframed as the diameter of U(d) at scale ¢ [61].

Although the computation of C.(U,S) is very hard, the pessimistic case ¢(S,e) can be
upper-bounded (see Section 2.4.3).

We say that S is universal (in U(d)) if for any precision € > 0, there exists a depth £, such
that every quantum operation from U(d) can be realized by a quantum circuit composed

from the gates in § of depth at most /..
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Using the language of e-nets, the set S is universal if for any € > 0 there exists /., such
that S<y, is an e-net in U(d) 2. Alternatively, using the language of topological groups,
the set S is universal if it topologically generates U(d), i.e. (S) = U(d).

For a universal gate-sets S and any € > 0, the complexity C.(U,S) is finite, for any target

operation U on n-qubits. Hence, we can say S is universal if (S, ¢) < oo for any € > 0.
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(a) The set Sy (red dots) does not re- (b) The set Sy (red dots) realizes the
alize the target operation (black dot) target operation (black dot) up to pre-
up to precision €. cision €.

FIGURE 2.3: The set Sy filling the group as ¢ increases.

In contrast to classical logical circuits, quantum circuits built from a finite set S can
implement arbitrary n-qubit unitary operations only approximately, up to some precision

¢ (in a suitable metric).

We define a n-qubit Clifford C,, group as the normalizer of the n-qubit Pauli group
Poi={c"%0;, ®0j, ®...@0j5,| ¢ jr€{0,1,2,3}}, (2.127)

up to the global phase
Cp = NU(QR)(PH)/U(l), (2.128)

Bife e S, then Sy, C Sy, for ¢1 < ¢3 so that S<¢ = S
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where o denotes the Pauli matrices (including identity og). The Pauli matrices form a
basis for density matrices as well as the unitary operations for a single-qubit. The group

Cy, is finite with 2n°+2n [T}, (4 — 1) clements.

g L (11 1 0
-5l ) T = o ) (2.129)

the set {H, S}, where S = T2, generates a single-qubit Clifford group C; = (H, S). The C,

group can be generated by the C; generators for each qubit and entangling gates, such as

Introducing the gates

CNOT or CZ, acting on pairs of qubits (nearest neighbours are sufficient).

The Clifford circuits (i.e. circuits made of Clifford gates) are known to be efficiently sim-
ulable on classical computers. However, the Clifford gates are not universal. Surprisingly,
expanding the Clifford-generating gate set with any non-Clifford gate yields a universal
gate set. Gate sets that are constructed this way by adding a T gate are called Clifford+T.

Example 2.9. The set S = {H,T} is universal for a single qubit. Notice that T & C;.
It can be extended to a universal n-qubit gate set by applying it for each qubit and adding
entangling operations (as for the Clifford group).

It is known that the necessary condition for the universality of a finite S is the equality of
the centralizers of the sets obtained by evaluating (2.85) on the whole group and on the
set S for ¢ = 1. The set S is then universal if (S) is infinite, which can be checked by
verifying it forms an ﬁ—net in Hilbert-Schmidt metric (for SU(d)) (70, 71|. In [52], the
authors show that the infinite (S) condition can be replaced with a statement about S
forming d-approximate ¢-designs (see 2.3.5) with ¢ = 6 (for d = 2) and ¢t = 4 (for d > 3).
They also provide an alternative universality condition, which reduces to calculating the
dimensions of centralizers for t = 2 or t = 3 and can be verified using a computationally

efficient algorithm.

Finally, we note that universality is a generic property, i.e. for the fixed cardinality k of
gate-sets S, the set of universal gate-sets is a Zariski-open set in SU(d)**. Essentially,
this means that almost all finite gate-sets are universal, and the ones that are not can be
expressed as a system of polynomial equations in the matrix entries and their conjugates
[72].
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2.3.4 Efficiency and cost

The circuit length ¢(S, ) can be understood as an absolute measure of the computational
efficiency of the chosen set of operations S at the scale of e-approximations. Since, in prac-
tice, the required e can be lower-bounded, ¢(S,¢) fully characterizes the efficiency of S.
So far, we treated the efficiency rather abstractly, understanding it as the computational
efficiency of some chosen generators, where each generator is counted with the same weight
of 1, according to the definition of the quantum complexity (2.125). The quantum com-
plexity may be a relevant measure in some models, e.g., random quantum circuit models

of quantum scrambling.

However, to obtain measures that are of practical importance to quantum hardware, we

need to take into account the implementation details. This leads us to the notion of a cost.

Quantum compilation [16, 73, 4] is a process that has two main objectives. The first
objective is to approximate the target quantum circuit specified by a high-level, hardware-
agnostic representation used by quantum programmers to the form expressible by the native
physical gate set available for a specific quantum computer. The second objective of the
compiler is circuit optimization, which, loosely speaking, boils down to the reduction of
the cost of execution of quantum circuits, such as the depth of the circuit or the number

of costly quantum gates used.

The cost of a quantum circuit is a rather general concept that can have both spatial
and temporal components, depending on the specific context and architecture. The most
basic distinction is between the current hardware, which is almost exclusively the noisy
intermediate-scale quantum (NISQ) devices, and the fault-tolerant quantum computers,

which are slowly emerging.

The NISQ devices are characterized by a modest number of noisy qubits. The number of
qubits in current machines rarely exceeds 102, and the fidelity of the entangling operations,
which are the noisiest, is usually below 99.9%. The NISQ machines do not support fault-
tolerant quantum error correction schemes, so the depth of circuits that can be run on
such computers is severely limited due to the accumulation of errors. Indeed, it is easy to
calculate that the number of entangling gates is limited to hundreds or a few thousand.
Hence, in the NISQ setting, the reduction of the lengths of circuits, their depth, and
the number of noisy entangling gates is of utmost practical importance [13, 14, 15]. For
example, if the CNOT gates are used as entangling gates, the number of CNOT gates
(CNOT-count) is a widely used proxy for the overall cost of a circuit. The NISQ devices
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often use parametrized quantum gates (at least for single qubits), so that the universal
set S has infinitely many elements that can vary continuously. In such a case, an exact
synthesis is possible through decomposition using Euler angles (for single qubits) and the

Cartan/KAK decomposition (for 2 qubits) [4].

On the other hand, in the fault-tolerant regime, quantum error correction schemes enable
reducing the errors of logical operations to arbitrarily small values, at the cost of certain
spatial and temporal overheads in physical operations/qubits. In the fault-tolerant archi-
tectures, due to Eastin-Knill theorem, the cost mainly comes from the implementation of
so-called non-transversal gates |74, 75, 76, 77, 78, 79]. For example, in the Clifford+T
setting, the quantum error correction based on 2D color and surface codes, the T-count/T-
depth is a commonly used proxy for the overall cost of the circuit. This is because the
T-gate is then non-transversal and requires resource-heavy operations, such as magic state
distillation and injection, to be implemented fault-tolerantly. On the other hand, the Clif-
ford operations are relatively cheap. In such a scenario, reducing the T-count/T-depth
leads to improvements in time and number of qubits required for fault-tolerant execution
[18, 19, 20, 21, 22, 23, 24].

2.3.5 Approximate unitary t-designs

In this section, we introduce the notion of the (approximate) unitary t-design. Unitary t-
designs are constructions ubiquitous in quantum information and computation. They found
applications in quantum information protocols [80, 81|, randomised benchmarking [82, 83|,
process tomography [84], shadow estimation [85], derandomisation of probabilistic con-
structions [86], decoupling [87|, entanglement detection 88|, quantum state discrimination
[89], efficient quantum measurements [90], unitary codes [91] and the estimation of the prop-
erties of quantum systems [92]. Their connection with pseudo-random quantum circuits
[93] makes them applicable to equilibration of quantum systems [94, 93], quantum metrol-
ogy with random bosonic states [95], quantum complexity and information scrambling in
black holes [31, 96, 97, 98, 99, 100|. Additionally, due to their anti-concentration property
[101, 102], they have also been applied to the study of quantum speed-ups [103, 104, 105].

A (unitary) t-design is a probability measure v on U(d) which mimics the Haar measure

when applied to averaging the balanced polynomials f;(U) € Hy,

/ dv(U) (1) = / dp(U) 1(0). (2.130)
U(d)

U(d)
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Similarly, one can define the related notion of t-designs for quantum states, called the
spherical t-designs. Unitary t-designs in U(d) are known to exist for any ¢ and d, and many
explicit constructions are known [106]. Finally, the construction of certain special cases,

such as group designs and their generalizations, is an active area of research [107].

If the measure v is supported on a finite number of points {v;, U;}, left-hand side integral

of (2.130) becomes a sum

> whdU) = [ duO)A), .131)

U,eS U(d)

where S denotes a finite set supporting the measure v. Representing f; as in (2.81), we

can bound the difference between both sides of (2.130) using (2.22)

[ avs@)) [ 0150 = AT = o) < Al - 605,0), (2132)

where ||A||; is the trace norm (Schatten 1-norm).

Hence, using the notion of t~-moment operators (2.84), we can relax the condition (2.130)
and say that v is a d-approximate t-design if o(v,t) < 1 (2.86). If 6(v,t) = 0, we call v
an (exact) t-design. We say S is a (d-approximate) t-design, if it supports a probability

measure which is a (d-approximate) ¢t-design.

Although intuitively, d-approximate t-designs and e-nets are related, the quantitative re-
lations between them were rigorously studied only recently. In [41], the authors show for

the group U(d) that S is an e-net if S is a d-approximate t-design with

d2
5/2 3/2
t d?, 5 =~ <5d> (2.133)

(see [41] for precise formulas with explicit constants). The authors of [41] additionally
prove that ¢ has to grow at least as fast as d?/e. Such relations can be used to obtain SKL

theorems discussed in Section 2.4.3.

Finally, in the opposite way, (discrete) e-nets in U(d) are d-approximate t-designs with
0 = 2et. The authors of [41] prove this by constructing the discrete measure {v;, U;} which
is, in general, non-uniform. In general, it is interesting to ask what can be said solely about

the uniform d-approximate t-designs.
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The proof from [41] relies on the construction of the polynomial approximate identity on
U(d) via the periodisation and spectral truncation of Gaussians. However, the argument
can be repeated for other polynomial or approximate identities. Below, we provide the

sketch of the proof.

Let {¢¢}1/¢ be an approximate identity with net parameter 1/, so that ¢; € H;, and fix
any V € U(d). If we assume v is an exact t-design, then T, acts as the projector onto

constant functions, so

/}WWRME%WD=M&WM- (2.134)

Intuitively, T, = v+, is a density obtained by smearing ¢, using v. If the support of v is
not an e-net, then we can pick a point Vy, such that dp(Vg,supp(r)) > €. Then applying
(2.134) to a ball B,/5(Vg) we have that the density mass in that ball is u(B./2(Vo))).
However, since ¢; is an approximate identity, as ¢ — oo, the density will concentrate
around the support of v, e.g., for finitely-supported v we have the Dirac delta-like picture.
Thus,

/ dp(U)(Tyi00) (U) = 0, (2.135)
B./2(Vo)

as t — oco. This contradiction proves that the support of v forms an e-net. To make this
statement quantitative, we need to be able to bound the rate at which (2.135) vanishes and
relate it to p(B./2(Vo)). This can be achieved using the bounds on ¢; for the vanishing
outside e-balls (see Property 3 from Definition 2.5).

Finally, if v is a J-approximate t-design, the difference between both sides of (2.134) can
be bounded using the Cauchy-Schwartz inequality

{1~ Tupr, L. vyl < 111 = Toullov/u(B(V))), (2.136)

and since

11 = Toeulle = (T — T)eell2 < (T = To) gy, ool lotll2 < 0l l2, (2.137)

we obtain
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/B o, O~ W(B(V)| <0V B il (2135)

1(Be(V))

Hence, assuming that ¢ ~
llee]l2

, the situation is analogous to ¢-designs.

2.4 State of the art and research problems

2.4.1 Spectral gap, efficient and optimal gate sets

As already mentioned, the spectral gap problem has a historical connection to Kazhdan’s
Property (T) [38, 53].

The study of gap(vs) = 1 — d(vs) for finite universal S is a hard problem, as such a gap
cannot be directly calculated. However, the existence of gap has been proven for specific
types of gates; it is known that finite universal sets S C SU(d) with gates consisting of
algebraic entries have the gap [108, 109]. This result was later generalized to any compact
simple Lie group [110]. However, the question of whether the algebraic condition can be

lifted is an open problem. Even the following question remains unanswered.

Example 2.10 (Open problem). Consider S = {U,V,U~1, V=1} in SU(d), d > 2. Does

vs have a spectral gap for almost every pair (U, V) ?

There are many known gate sets in SU(d) that exhibit a gap. Such gates are called (com-

putationally) efficient as the existence of a gap implies the optimal asymptotic efficiency

0(S,e) = 0O (log(1/e)) [111].

Moreover, there are known examples of universal gate sets that are not only efficient but

also optimal in the sense that d(vs) is as small as possible. The optimal value is given by

the Kesten bound
2./|S|—1
5(vs) > V,S'| (2.139)

(c.f. with the weaker bound (2.80) and see Section (2.4.4) for explanation). A prominent
example is the optimal family of single-qubit gates constructed using quaternion alge-
bras/Hecke constructions with |S| = p+ 1 for p = 1mod 4 [112, 113]|. For p = 5, they are

known as V-gates [111]. Finally, some commonly used one-qubit gate sets are known to be
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optimal 34, 114, 115, 116, 117], due to the number-theoretic arguments. More recently, so-
called Golden and Super-Golden single-qubit gates have been proposed together with their
multi-qubit generalizations |54, 118|. In principle, Super-golden gate sets can approximate
generic two-qubit unitaries with asymptotically fewer costly T-type operations, compared

to the standard Clifford+7 gate sets.

Despite the lack of proof, nowadays it is widely believed that the generic n-qubit gate-sets
S are efficient. This conjecture can be traced back to Sarnak’s conjecture for the existence
of a gap for universal discrete sets S C SU(2) [119]. However, the quantitative methods to

bound and compare the efficiency of various gate-sets S were not well-developed.

2.4.2 Decay of the spectral gap

An important property of a finite-scale spectral gap (2.77) is its poly-logarithmic decay as

r increases. Theorem 2.6 provides such a state-of-the-art result (Theorem 6 from [40]).

Theorem 2.6. For every semi-simple compact connected Lie group G, there are numbers
¢, 7o and A such that the following holds. Let v be an arbitrary probability measure on G.
Then

gap,(v) > c- gap,,(v) -log . (2.140)

For simple groups, the value of A can be found in Table 2.2. For semi-simple groups A
s the maximum of the corresponding values over all simple quotients of G. In particular,

A <2 for all groups.

TABLE 2.2: The value of A(G) in terms of the Dynkin diagram.

A, B, | C. D, |Es|E;|Es|F |Gy
2 1 1 1 7 10 16 7 4
W [I+el+alltasg|s |9 | B]6 |3

However, note that Theorem 2.6 does not specify the constant ¢ and (especially) 7, which

limits its practical applications.

2.4.3 Solovay-Kitaev-like theorems

In this section, we introduce the notion of the Solovay-Kitaev-like (SKL) theorem as a
theorem that provides a poly-logarithmic upper bound on the efficiency ¢(S,e). We start

with recalling the definition of the seminal Solovay-Kitaev (SK) theorem.
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Theorem 2.7 (Solovay-Kitaev). Assume S is a finite universal and symmetric set in

SU(d). For every U € SU(d), € > 0 and

0> A(S) - log® <1>

e

there is Uy € S<g such that ||U —Up||oc < € (i.e. S<¢ is an e-net in SU(d) ), where c = 3+«
for any o > 0.

Using the notion of efficiency, the SK theorem implies £(S,¢) = O(log®>T®(1/¢)), for any
a > 0. In other words, all universal gate sets are rather efficient. Moreover, the proof of
the SK theorem is constructive, so that an (efficient) 4 algorithm exists that can find Uj.
The SK algorithm became the cornerstone of modern quantum compilation. and many
similar upper bounds on #(S,e) were provided since its introduction. We refer to all such
poly-logarithmic bounds ¢(S,e) = O(Poly(log(1/e)) (constructive and non-constructive)
as Solovay-Kitaev-like (SKL) theorems.

In terms of constructive/algorithmic SKL theorems, the cubic scaling in the SK algorithm
was broken recently in [33], with the exponent of log(1/e) lowered to log,(2) ~ 1.44042,

where ¢ = HT\/E

is the golden ratio. Similarly as in the SK theorem, the construction
assumes that S is finite and inverse-closed. On the other hand, in [120] the authors provided
the version of the SK algorithm without the symmetricity condition on S, with ¢(S,¢) =

) 2
Olog™(1/¢)) and vy = PEELED — ©(1og(d)).

Ultimately, all poly-logarithmic upper bounds on ¢(S, €) with log (1/¢) dependence on € are
asymptotically tight. Indeed, this is a consequence of a simple volume counting argument

[111] which provides the lower bound ¢(S,e) = Q(log (1/¢)).

In fact, the existence of a gap for & implies such optimal computational efficiency. For

SU(d) we can formulate the following SKL theorem [111]

(% —1) oo [ 2
“45,e) < log(1/0(vs)) <ava> ’ (2141)

where a, is a constant (2.26).

Crucially, the existence of a gap is not necessary to obtain useful bounds on ¢(S, ¢). Indeed,
one can formulate the SKL theorems using the knowledge of a finite-scale spectral gap,

which is sufficient in practice as it corresponds to studying the efficiency at a certain finite

14 At least for efficiently calculable gates from S.
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precision €. Moreover, for small values of ¢ and d, the finite-scale spectral gap can be
computed numerically. Such a finite-scale approach was studied in [61], where, aside from
the spectral gap decay results from Section (2.4.2), the first part of Lemma 5 provides a

SKL theorem for a compact connected semisimple Lie group G, of the following form

0S,e) < C(Vs)log <1> , (2.142)

o gapr(e) €

with r(e) = sti"‘% and C' and D are positive group constants. Notice that the denom-

inator of (2.142) is some function of ¢ with a priori unknown growth in 1/e.
Additionally, the second part of Lemma 5 from [61] provides the estimation of the finite-

scale spectral gap from the diameter based on the argument of Jean Bourgain

1

gap, (vs) < W, (2.143)

with e(r) = 1/(Cr)°.

An improved SKL theorem akin to (2.142) was proved for U(d) in [41] and states that 1°
d?—1

1
U89 2 fog (1o lus 1@ 5 () ’ (2.144)

a2
spondence (see Section 2.3.5 and formula (2.133)). Note that for SU(d), dim(G) = d? — 1,
so that r(e) from (2.142) is In fact, (2.144) holds for an arbitrary probability

measure v, whose support generates U(d).

where t(g) ~ is the bound stemming from the J-approximate ¢t-design and e-net corre-

_ D
2(d2+1)+2

Thus, we can say that d(vs,t(c)) determines the upper bounds on the efficiency of S in
U(d) at the level of £ approximations, where the necessary scale t(¢) is at least ~ d?/e and

~ /2 /e is sufficient.

The proofs of both SLK theorems rely on the application of averaging operators to appro-
priate approximate identities with spectra bounded by the spectral gap scale [41, 61].

By combining the poly-logarithmic decay results with the SKL theorems based on finite-
scale spectral gap (such as (2.142) and (2.144)), one can obtain an SKL theorem with

15QOriginal Proposition 2 in [41] has 1 — §(vs,t) = gap,(vs) in the denominator instead of log (1/5(vs,t))
due to unnecessary bounding.
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clear e-dependence. In particular, the decay (2.140) gives £(S, ¢) o log*1(1/¢), which for

SU(d) yields the exponent 2+ %, that is better than the one from the SK theorem for d > 3
16

Of course, one can apply the SKL theorems with explicit e-dependence to obtain the bound
on the finite-scale spectral gap of vs via (2.143). However, it is clear that (2.140) cannot

be improved this way.

2.4.4 Random walks, circuits and t-designs

We start by briefly explaining the connection between the averaging operators and random
walks. Let GG be a group and let X1, X, ..., be a sequence of i.i.d. random elements of G
with law provided by the probability measure v. For simplicity, we assume v is symmetric.

The random walk in G is the sequence of random elements

Vi=X1, Yo=XoX1,..., Yi=XXs1...X1,... (2.145)

We may study how fast the distribution of Yy, which has the law v*¢, converges to Haar

measure by considering the averaging operator T,

(Tuf)(9) = (v * f)(9) = Ex;~u (f(X19)), (2.146)

so that (TLf)(1) = Ey,,+¢(f(Ye)). Then, the existence of a gap for v guarantees an

exponential weak convergence of the law of Y, to the Haar measure.

We now move our attention to the properties of random quantum circuits. It is known
that various architectures of random quantum circuits on m-qubits form J-approximate
t-designs in depth at most polynomial in n and ¢. Such results were obtained for random
quantum circuits with fixed architecture (e.g., 1D brickwork) as well as nondeterministic
architectures (see [121] for a good summary). Recently, a generic bound was obtained for
all random quantum circuits with a fixed architecture of Haar-random two-site gates with

tighter bounds for architectures satisfying certain conditions [121].

Finally, we briefly discuss the Haar-random gate sets. By a random gate set, we mean a

gate set whose elements are Haar-randomly chosen elements.

5 However worse that the striking recent improvement from [33].
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It is known that the random gate sets S C U(d) form decent t-designs with t = O(d'/% /log(d))
[122, 123|. Recently, the distribution of §(vs,t) for random gate sets was studied in [124],
where the authors provide the bounds on the probabilities of S forming d-approximate
t-designs and the number of random gates needed to create such t-designs with given

probability.

In [48], the authors propose a random matrix model based on Gaussian or Ginibre random
matrix ensembles that aims to describe the probability distribution of §(vs,t) for random
S. They prove that as |S| — oo, the block-diagonal operator determining the gap at scale
t (similar to (2.87) but without repetitions), converges in distribution to the corresponding
block-diagonal operator 7T; with i.i.d. random matrix blocks, after rescaling by m . They
provide numerical evidence that their model is almost exact for all |S|, with tail bounds
of 0(vs,t) upper bounded by the corresponding tail bounds of their random matrix model.
Since their random matrix model satisfies the spectral gap conjecture with probability 1,

they conjecture the same is true for d(vs,t) for all |S|.

Following [48|, we now comment on the limiting behaviour of the spectrum of the t-moment
operator and the resulting optimal bound on the spectral gap for U(d). We recall that a
spectral measure o, of a self-adjoint matrix n x n, H,, on a closed interval in R is the

number of eigenvalues of H,, in this interval divided by n.

For a symmetric gate-set S, the t-moment operator (2.84) is a bounded self-adjoint operator
so that it has a well-defined spectrum. Its spectral measure os; is compactly supported
so it determined by its moments

Te(T]" )

o8y = —5 (2.147)

The asymptotic behavior of aé"? moments, i.e., the limit lim;_,o ag)? is determined by

the number of length m spellings of the central elements

L my 1
tlig‘loa&t R E 1 (2.148)
U1,Us,....Un€S
U Us..UpoxI

For § consisting of free generators, this boils down to the number of spellings of identity
and was provided in [125]. Moreover in [125] it was shown that in this case there exists a
measure og, such that Uém) = lims 0 ogrz). Such a measure is known as the Kesten-McKay

measure [113, 126|
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[S14 /055t (S) — 2

dO’S(x) = 27‘(‘(1 — $2) ﬂ[,gopt(s>750pt<s)]dx, (2.149)
where d,,¢(s) s given by
2/[S|—1
dopt (|S]) = sl (2.150)

It follows that that os; converges weakly to os in the limit ¢ — oo.

Analogous results can be obtained for any (i.e. not necessarily inverse-closed) finite S,
for which S U S™! generates a free group [48]. Note that in the general case, the t-
moment operator does not need to be self-adjoint, hence by the Kesten-McKay measure

we understand the measure describing the singular values of 7,4, i.e. the spectral measure
of \/T,sT;,. Such a measure is given by

[S11/0551(S) — 22
(1 — 22) 110,804 (2.151)

Crucially, although the moments converge to the Kesten-McKay measure only for the free
generators, the introduction of the relations can only increase the number of spellings of
the central elements, increasing the moments. Thus, the support remains contained in the
support of the Kesten-McKay measure and we obtain a universal bound on the spectral

gap for any universal discrete set S

1 - gap(vs) > dopt (S])- (2.152)

Finally, the Kesten bound (2.152) is tighter than (2.80) starting from |S| > 2.

2.4.5 Research problems
In this subsection, we formulate three main research problems related to the Thesis. Each

problem is divided into subproblems, or rather stages, and we indicate which subproblems

were addressed in the research part of the thesis (Chapters 3 to 5).

I. Decay of the spectral gap
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a. Obtain poly-logarithmic bounds on gap,(S) for U(d) with explicit or essentially

calculable constants (addressed in Chapter 3).

b. Recreate Varju’s result with exponent A or better for U(d) using more natural
and simplified construction in the ¢-design language. Provide a way to calculate tg

(not addressed in the thesis).

c. Show that #y can be as small as possible, e.g. at the level of universality detection
to =6 (for d = 2) and to = 4 (for d > 3) - see Section 2.3.3 (not addressed in the
thesis).

II. The t-design = e-net correspondence
a. Obtain the t-design = e-net correspondence for U(d) using more natural and
simplified construction (addressed in Chapter 4).
b. Improve the scaling of ¢ and § in d and € (partly addressed in Chapter 4).

c. Saturate the optimal scaling of ¢ ~ d?/e or prove a tighter lower bound. Provide
an upper bound on the scaling of § and show it saturates (not addressed in the

thesis).
III. Efficiency of quantum gates
a. Find a good and essentially calculable measure of the relative efficiency of quantum

gate sets (addressed in Chapter 5).

b. Relate this measure to practically relevant proxies for physical efficiency/cost (ad-

dressed in Chapter 5).

c. Use this measure to analyse the physical efficiency of relevant gate sets (partly

addressed in Chapter 5).
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Chapter 3

Paper I: Calculable lower bounds on
the efficiency of universal sets of

quantum gates

3.1 Overview

In this first paper, we aimed to derive the poly-logarithmic lower bound on the finite-scale
spectral gap, gap,(S), which is given by an explicit formula with known or (in principle)

calculable constants.

By § = {Uy,..., Uy, Ul_l, .. Uk_l} we denote a universal symmetric set of d-dimensional

quantum gates. The proof can be divided into three main steps:

1. We consider sets of gates, which can be derived from S by squaring its elements
and removing a certain number of elements with their inverses {U?, U; 2}. Using
the reasoning based on Bourgain’s argument (see [40]), we obtain a lower bound on
gap,(S) which depends on the diameters of such derived gate sets, at specific scales
proportional to 1/t (c.f. (2.143)).

2. We then use the Solovay-Kitaev theorem (a version with calculable constants; c.f.
Theorem 2.7), to bound such diameters. The constant A in the theorem we use
depends on the circuit lengths needed to obtain the initial approximation for the

Solovay-Kitaev theorem.
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3. Finally, we use the SKL theorem based on the finite-scale spectral gap from [41] to
bound such initial circuit lengths (see also (2.144)).

The final bound is given in Theorem 1 (c.f. Theorem 2.6):

gap;(S) > - gy, (S) - log(Bt) ¢ (3.1)

where t > ty and the constants a and 8 are given by explicit formulas depending on d
and additional construction parameter £9. The value of tg is given by the t-design e-net
correspondence and depends on d and €. The parameter €y can be understood as the
parameter used to set the value of ¢y, with the largest possible value of ¢ being 1/(d + 2).
This corresponds to the smallest possible value of tg being 509 for d = 2. We provide
numerical values for g, @ and 8 with varying gq for d = 2, 3, 4 in Tables 1 and 2. The value
of ¢ depends on the Solovay-Kitaev theorem used, namely, it is the exponent of log(1/¢).
Finally, g¢,(S) is the quantity which can be found numerically by the calculations of the
spectral gap of roughly 2% gate sets, with a varying number of elements, derived from S
at scale ty. We supplement our results with the numerical simulations of such bounds for

Haar-random single-qubit gate sets.

Although Theorem 1 requires a rather unusual condition, namely that for each 1 < i #
j < k, the set {UZ~2,U]~2,Ui_2,U]f2} is universal, this condition is met for generic S, e.g.

Haar-random gates, with probability 1.

Another result provided in the paper is an alternative to [111] proof of the SKL theorem
based on the (global) spectral gap, gap(S) (Theorem 3).

We note that the Solovay-Kitaev theorem in our construction can be replaced with other
constructive SKL theorems with explicit e-dependence and constants that are determined

by some initial circuit lengths.

One should clarify that the results presented in this paper are not directly applicable to
the efficiency bounds. Indeed, since our procedure involves Bourgain’s argument to bound
the spectral gap by the diameter, the resulting poly-logarithmic decay will have exponent
2¢, where c is the exponent of the Solovay-Kitaev theorem used. Thus, the resulting SKL
theorem with explicit e-dependence will have exponent 2¢ + 1. Therefore, although the
efficiency bounds are the motivation for studying the finite-scale spectral gap, the paper
actually focuses on the bounds on the spectral gap itself. This is motivated by the lack of

scale-defining constants in known poly-logarithmic bounds, such as (2.140).
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3.2

Contribution statement

My contribution to this article was:

3.3

. Co-formulation of the idea of the proof of Theorem 1 and preparation of the proof.

. Preparation of the proof of Theorem 3.

Conduction of numerical experiments for Haar-random gates on the supercomputing

cluster (based on the code to compute spectral gaps, shared with me by Piotr Dulian).

Writing the whole article.

Errata

Below (12), the regular representation restricted to space V) corresponds to 7T§’\, not

just my.

Above (22), the Lie group su(d) should be replaced with suc(d) = sl(d, C).

In (71), the lower bound on volume should be used instead, which means C,, should

be replaced with a,,.
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CrossMark
Abstract

Currently available quantum computers, so called Noisy Intermediate-Scale
Quantum devices, are characterized by relatively low number of qubits and
moderate gate fidelities. In such scenario, the implementation of quantum error
correction is impossible and the performance of those devices is quite modest.
In particular, the depth of circuits implementable with reasonably high fidelity
is limited, and the minimization of circuit depth is required. Such depths depend
on the efficiency of the universal set of gates S used in computation, and can be
bounded using the Solovay—Kitaev theorem. However, it is known that much
better, asymptotically tight bounds of the form O(log(e~!)), can be obtained
for specific S. Those bounds are controlled by so called spectral gap, denoted
gap(S). Yet, the computation of gap(S) is not possible for general S and in
practice one considers spectral gap at a certain scale r(e), denoted gap,(S).
This turns out to be sufficient to bound the efficiency of S provided that one
is interested in a physically feasible case, in which an error ¢ is bounded from
below. In this paper we derive lower bounds on gap,(S) and, as a consequence,
on the efficiency of universal sets of d-dimensional quantum gates S satisfying
an additional condition. The condition is naturally met for generic quantum
gates, such as e.g. Haar random gates. Our bounds are explicit in the sense
that all parameters can be determined by numerical calculations on existing
computers, at least for small 4. This is in contrast with known lower bounds on
gap,(S) which involve parameters with ambiguous values.
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(Some figures may appear in colour only in the online journal)
1. Introduction and main results

Universal, scalable and fault-tolerant quantum computers are the holy grail of quantum com-
puting. Such devices require quantum error correction that, due to quantum threshold the-
orem, can be implemented if the levels of gate errors are small enough [1-3]. However, recent
quantum hardware, so called Noisy Intermediate-Scale Quantum (NISQ) devices, does not
offer gate fidelities required for quantum error correction and their performance is heavily
affected by gate imperfections [4—6]. Because of error accumulation effects, the depth of cir-
cuits feasible for NISQ devices is very modest. Hence it is imperative to find ways to minimize
such depths. One of the ways to address this issue is to focus on the efficiency of universal sets
[7, 8] of gates S used for the computations.

Spectral gap is a useful measure of efficiency of universal sets of quantum gates S C SU(d).
The value of gap for chosen S, denoted gap(S), lies between 0 (no gap) and some optimal value
gap,, < 1, depending only on the number of gates |S| [9]. The higher the value of gap(S), the
better is the upper bound on the minimal length (circuit depth) ¢ of a sequence of gates from S
required to e-approximate any unitary operation from SU(d). Recall that the Solovay—Kitaev
theorem [10] provides such a bound for depth /,

(=A(S)-log™(1/¢)), §>0. (1)
However, the existence of gap, i.e. gap(S) > 0, implies that
£ =A(S)-log(1/€)) + B(S) @)

is enough, with the constants A and B proportional to log™'(1/(1 — gap(S))) [11]. In fact,
¢=(0(log(1/¢))) is optimal, which can be seen from a simple volumetric argument.

One should note that some properties of S with optimal spectral gap are known. For
instance, if the gates from the universal set S have algebraic entries then the gap exists [12,
13]. Moreover, it has been conjectured that any universal S has the gap and there are expli-
cit constructions of examples of S with the optimal spectral gap for SU(2) with |S|=p—1
for p = 1mod4 [14, 15]. Finally, some commonly used one-qubit universal sets turned out to
have the optimal spectral gap [16-19]. However, the construction of many-qubit gates with
the optimal spectral gap remains an open problem.

The calculation of gap(S) is challenging and in practice one often considers the gap up
to the certain scale r, denoted gap,(S), such that gap(S) is the infimum of gap,(S) over all
scales r!. Since it is impossible to implement gates without any error, in practice € can be
bounded from below. In such a case, in order to bound / it is sufficient to have the knowledge
of gap,(S) at some scale r(e) instead of gap(S). This is due to the existence of the Solovay—
Kitaev-like theorems involving gap,.(S). Specifically, it is known that for any universal S one
can bound /£ o gap; ' (S) - log(1/¢) at some scale r(e) (see the first part of lemma 5 in [20] and
the improved version with r(e) ~ O(1/e-log(1/€))—proposition 2 in [21]). Thus, bounding
gap,(S) is imperative. From the seminal paper [20] it is known, in more general setting of

! The exact definition of a scale depends on the approach.

2

65



J. Phys. A: Math. Theor. 56 (2023) 115304 O Stowik and A Sawicki

semisimple compact connected Lie groups, that there exist group constants ¢,A and rg such
that

gap,(S) = ¢~ gap, (S) -log™(r), 3)

for any r > ry. Thus, the knowledge of gap at the certain scale ry enables to bound the rate at
which gap,(S) vanishes with growing r > ry. However it is unclear what is the magnitude of
the minimal scale ry from which the bound (3) holds, even for SU(2). Our preliminary analysis
of this bound suggests that the value of ry for SU(2) resulting from the proof is enormous—
orders of magnitude larger than the scale for which the numerical calculation of gap, (S) is
remotely possible.

In this paper we exploit Bourgain’s argument for bounding gap,(S) by the diameter of S,
which was communicated in the proof of the second part of lemma 5 from [20]. By introducing
an additional assumption on S we obtain calculable bounds on gap,(S) for universal sets of
quantum gates. Our additional assumption on S is satisfied e.g. for generic quantum gates,
such as Haar random gates (with probability 1). The main result of the paper is the following.

Theorem 1. LetS = {U,..., Uy, Ufl, e U,:l} be a universal symmetric set of d-dimensional
quantum gates, such that for any U;,U; € S, i#], the set {Uiz, U;, Ui_z, Uj_z} is universal.
Then

gap,(S) = a - g,,(S) - log (1), 4)

where ¢ =1o0g(5)/log(3/2) ~ 4, a and 3 are known constants and g,,(S) can be determined
by the numerical calculations of gaps at a known scale ty of certain universal sets that can be
derived from S.

The quantity g, (S) is defined in equation (137), see also equations (138) and (96). Cru-
cially, we provide explicit formulas (136) and (139), (78) for a = «(d, ), 5 = 5(d) and
to = to(d, €0), where €y is the parameter in the construction leading to different bounds. The
value of 7 is small enough to enable numerical calculations of g, (S), at least for d = 2,3 and
4. Hence, our bounds can be made explicit by numerical experiments for fixed S. We provide
examples of specific values of ¢y, o and 3, for d = 2,3 and 4 in tables 1 and 2. The minimal
possible values of # are indicated by bold font and given by

Imin ‘= [Sds/z/eo,max : T(eo,mamdﬂa €0,max -— 1/(d+ 2)7 (5)

where 7(¢,d) is defined in equation (78). We present the values of 7y up to the ones giving «
around 1.

The value of o grows quickly with 7y as can be seen in figure 1. Values of 5 and ¢ do not
depend on 7. On the other hand, the value of g, (S) can decrease with increasing 7.

In order to check the behavior of our bound (4) and demonstrate that it can be calculated on
existing hardware, we performed a numerical simulation on a supercomputer. For the sake of
this simulation, we chose 1000 Haar random sets S for d = 2, each consisting of three gates and
their inverses. The computations took approximately two weeks and utilized 1008 CPU cores.
We calculated the values of the lower bound for ¢y ranging from 550 to 900 (with increment
10) and plotted the bounds for ¢ from #y to 1000. We also calculated the ratio of our bound
and the true value of the gap at given . We present those results averaged over all sets S in
figure 2.
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Table 1. Examples of values of #y, o and g for d =2 (left) and d = 3 (right). The para-
meter €p is an element of the construction determining #y (along with d). Bold font
indicates the choice of the smallest possible 7.

€0 to [e% B £0 to o ﬁ

0.04 4599  9.68x10~"  0.393 0.02 29199  7.25x107"  0.251
0.05 3544 3.67x107"  0.393 0.03 18353  1.73x107"  0.251
0.06 2860  1.49x107'  0.393 0.04 13170 5.07x107%  0.251
0.07 2384  6.29x1072  0.393 0.05 10166 1.65x107%  0.251
0.08 2035 2.72x107%  0.393 0.06 8219  5.69x107%  0.251
0.09 1769  1.18x1072  0.393 0.07 6861  2.01x107°  0.251

0.1 1559  5.15x107°  0.393 0.08 5864  7.10x107*  0.251
0.11 1391  2.22x107°  0.393 0.09 5103  247x107*  0.251
0.12 1252 9.38x107*  0.393 0.1 4504  831x107°  0.251

0.13 1137  3.85x10™*  0.393 0.11 4022 2.65x107°  0.251
0.14 1039 2.62x107*  0.393 0.12 3625  7.81x107%  0.251

0.15 955  5.68x107°  0.393 0.13 3205 2.07x107%  0.251
0.16 883  1.99x107°  0.393 0.14 3014 4.75x1077  0.251
0.17 820  6.36x107°  0.393 0.15 2775  8.82x107%  0.251
<0.25 509 zZ0 0.393 | <0.20 1958 zZ0 0.251

Table 2. Examples of values of 7y, o and 8 for d =4. The parameter ¢ is an element
of the construction determining #y (along with d). Bold font indicates the choice of the
smallest possible .

€0 to o ﬁ

0.01 134232 8.46x10~" 0.175
0.02 61313 1.06x107! 0.175
0.03 38602 2.18x1072 0.175
0.04 27738 5.49x1073 0.175
0.05 21435 1.52x1073 0.175
0.06 17347 434x1074 0.175
0.07 14494 1.24x10~* 0.175
0.08 12398 3.43x107° 0.175
0.09 10797 8.86x107° 0.175
0.1 9537 2.07x107° 0.175
0.11 8522 4.14x1077 0.175
0.12 7687 6.59x107% 0.175
0.13 6990 7.37x107° 0.175
0.14 6400 4.54%x10710 0.175
$0.1(6) 5195 20 0.175

The value of the lower bound looks qualitatively the same as the ratio in figure 2 rescaled
by a constant. This is because the true value of the gap is practically constant for any chosen
S in the inspected range of ¢. From figure 2 it is clear that our bound is far from being tight, at
least in a tested range. However, obtained results are not far from our expectations taking into
account the generality of our bounds. Moreover, evidently, the lower bounds improve quickly
with #9, due to the rising value of constant « that dominates possible deterioration of g, (S). In
fact, the value of g, (S) is also constant for any S in the inspected range. Needless to say, such

4
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Figure 1. The value of « as a function of ¢y for d =2.
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Figure 2. Ratio of lower bound (4) to true value of gap as a function of ¢ € [y, 1000].
The ratio was averaged over 1000 Haar random sets S with d =2 and 3 gates on each set
together with inverses. Each line corresponds to a lower bound calculated for different
value of o € [550,900] with increment 10.

improvement cannot continue indefinitely, since the ratio must be at most 1. Unfortunately, we
did not have enough resources to push our simulations further.

The structure of this paper is as follows. In section 2 we introduce the mathematics used
in the paper, such as the averaging operators and their relevant spectral gaps. In section 3 we
provide an alternative proof of the efficiency bound (2) from [11] with A and B proportional
to gap~!(S). In section 4 we present the proof of our main result, theorem 1.
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2. Averaging operators and their spectral gaps

By G, we denote the projective unitary group PU(d), which is the quotient of the unitary group
U(d) by its center

U(1) = {6 €[0,27)}. (6)

Consider the space L?(G,) of square integrable complex functions on G, with respect to i,
equipped with the standard scalar product (-,-) (linear on the second slot). Since G, is com-
pact we consider only unitary representations. A group G, acts on L*(G,) via (left) regular
representation Reg. Given a function f € L*(G) and element g € G4

(Reg(g)f)(x) =A(g %), (7)

so the regular representation acts on functions by shifts. Regular representation is not irredu-
cible. In fact, due to Peter—Weyl theorem, it decomposes into an orthogonal direct sum of all
the irreducible unitary representations (irreps) with multiplicities equal to their dimensions

—

L*(Gy) = P Vvi*, ®)
AEA
where A is the set of highest weights of G, (enumerating all irreps up to isomorphism), V', is
the representation space of irrep w with highest weight A and dimension d» and hat denotes
the closure of an infinite direct sum. Moreover for each A € A

(Vi <ij<a, ©)
is an orthonormal basis of V where matrix elements (7 ); are functions in L*(G,) given by
(7r>\)lj(g) = <ei77r)\(g)ej>7 (10)

for some fixed orthonormal basis of V), {ex|l1 < k < d)}. Clearly, sum of all such basis form
an orthonormal basis of L*(G,)

{Vax(msre A1<ij<di}. (11)
Hence any function f € V, as a linear combination of matrix elements, is given by
flg) =Tr[Am\(g)], g€ Ga (12)

for some complex d) x d, matrix A. The regular representation restricted to functions in V
is isomorphic to representation 7. If 7 is any (possibly reducible) representation of G, then
7 is isomorphic to the direct sum of irreps which can be identified with function spaces from
Peter—Weyl decomposition V3™ & ... & Vi’”k, for some k > 1 and multiplicities m; > 1. If
m; < dy, for all 1 <i < k, then representation 7 will appear as a subrepresentation of L*(G).
The corresponding space of functions consists of all functions obtained via

flg) =Tr[An(g)], g€ Gy 13)

for all matrices A.

We now comment on how one may naturally choose a scale up to which one would like to
consider irreps of G.

The Lie algebra of G, is isomorphic to su(d) since

G, =PU(d) = PSU(d) = SU(d)/Z(SU(d)), (14)
where Z(SU(d)) ~ Zj, the center of SU(d), is discrete.

6
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The adjoint representation Ad of U(d) descents into the quotient group G, forming the
adjoint representation Ad of a group G, acting on its representation space su(d) via

Ady(X)=UXU™", UeGyXesu(d), 15)

where U € U(d) is any representative of U € G,. Importantly Ad is faithful hence every rep-
resentation of Gy is realized inside Ad®" for n large enough. The defining representation U of
U(d) does not descend into a well-defined representation U of G, but U ® U does, where U is
the adjoint of U. In fact,

UU==AdDI, (16)

where by I we denote the one-dimensional trivial representation. Thus each irrep of G, appears
in rep (U ® U)®" for some ¢. Moreover this rep contains only projective irreps of U(d) hence
reps of G.

Consider t > 2. Then

UeD)®=2UeD)® 'aAde) 2[(UxU)® 'oAd e (UxU)®! a7

and applying this reasoning inductively we see that all irreps of (U @ U)®* appearin (U ® U)®'
for s < 1. Thus we see that with ¢ increasing the rep (U ® U)®' contains more and more irreps
of G, and each irrep of G, is contained in this rep for ¢ large enough. In the language of
Peter—Weyl theorem the corresponding functions in L?(G) are

AU) =TAA(U2 T)],g € G (18)

so they are balanced polynomials in U and U of degree t. Thus increasing ¢ corresponds to con-
sidering polynomials with higher degrees. This motivates us to consider the following function
spaces in L?(G,),

L} (Gy) = @ Vs (19)

AEA,

where A, is the set of unique (i.e. without repetitions and up to isomorphism) highest weights
of irreps of G, appearing in (U ® U)®". In the case t =0, we set

Li(Gy) =1 (20)

Additionally we define the following related symbols. The set A, which equals A; without
the weight of the trivial representation and the set of all unique highest weights

Ao i= UA,. (21)
=0

Fortunately the weights A; have a nice description in terms of the sequences of integers.

Lemma 2. The set A, consists precisely of weights indexed by nonincreasing length d integer
sequences \ such that |\| = 0 and |\ | < t, where |\| denotes the sum of entries and ) is the
subsequence of positive entries.

Each sequence A\ = (A,...,\s) € A, corresponds to a weight (the linear functional on the
Cartan subalgebra h C su(d))

A= MLy +... MLy, (22)
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where L; are the standard basis elements®. Since L; + ...+ Ly =0 in h*, adding a constant
sequence, (c,...,c) for some ¢ € Z, to X does not change the weight.

Example 1. Consider the system of two qutrits C* ® C* and ¢t =2. Then, from lemma 2, we
have

AI = {(2’07 _2)7 (27 _1’ _1)’ (17 1’ _2)a (1>07 _1)7 (0’070)} (23)
which is equivalent to
A ={(4,2,0),(3,0,0),(3,3,0),(2,1,0),(0,0,0)}, (24)

and for example A = (2,1,0) corresponds to the highest weight 2L, + L, i.e. to the adjoint
representation. Similarly we can represent A, as

A, ={(4,2,0),(3,0,0),(3,3,0),(2,1,0)}. (25)
We introduce the following norm on the space of weights of G,
d
AL = Il (26)
i=1
It is clear that for each A\ € A,
[l <2t 27)
From now on we represent each irrep A by the sequence with smallest ||\||;. In particular, the
trivial representation is given by A = (0,0,...,0).
By choosing the orthonormal basis of function spaces (11) we have the isomorphisms
V>~ Ha, (28)
where 7 := C% . We define
Moo= EP Ha ~ L} (Ga), (29)
AEA,

and analogously we define H..>. By H we denote the vector space isomorphic to L?(Gy).
Clearly,

LX(Gy)=H:= @ HZ™. (30)
AEA

For any representation of G, and any finite Borel measure v on G; we define the operator

r(v) = /G m(8)dv(g), 31)

acting on the representation space of . We use can use equation (31) to define various aver-
aging operators. By S we denote a finite set of generators of G, and v is the counting measure
of Son G,.

The r-averaging operator wrtto S, Tg ;1 H, — H, is

Tys.:= D malvs), (32)

AEA,

2 The linear functional L; returns the ith diagonal entry of a matrix in b.
3 Here we use the closure of the direct sum.
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and can be represented as a block-diagonal matrix. Analogously we define the co-averaging
operator wrtto S, Tg o0 : Hoo = Hoo,

Tusoo = @D malvs). (33)

AEA

Finally, the (global) averaging operator wrtto S, T, : H — H is
Tus = D m(s) ™. (34)

AE€As
In the language of functions, introduced averaging operators correspond to restrictions of
Reg(vs) to corresponding function subspaces. We denote such isomorphic averaging oper-
ators using the same symbols. For example, the global averaging operator is

T,s =Reg(vs), (35)
so the action on f € L*(Gy) is
S|

(T h) = [ (Rea(eldvs(e) = g DA 36)

The justification for the name averaging operator is clear from equation (36). Indeed, T, ¢
replaces the function f with the averaged function, whose value at % is the average of the values
of f over all translates of / by the elements of S.

Similarly, the #-averaging operator is

Tyon=Reg(vs)] 26, (37)

so it acts just like 7,5 but on a restricted domain of functions.

Since T, is a sum of |S| left shift operators, normalized by 1/|S|, and due to left-
invariance of Haar measure, each such operator is unitary on L?(Gy), we see that || T, ¢||op <
1, where by || - ||op We denote the operator norm. On the other hand 7', ; acts trivially on H y,,
where \g = (0,0,...,0) so ||Tyg s||op = 1 and hence ||T 5 ¢||op = 1.

The subspace H , corresponds to the subspace of constant functions L3(G,) = Vy,, with
orthogonal compliment being the space of functions with Haar-average zero. Let T, denote
the projector onto H ,. At the level of function spaces, T, is the projector onto L3(G4) which
assigns to each function f the constant function with value being the Haar average* of f,

(T.N)(h) = | Aeg)du(e)- (38)

Gy
In order to assess how quick the words in S fill the group G,, we compare the averaging

operator 7', with T, by checking the operator of their difference. Since T, ¢ =T, ’ Ty’
the norm ||T',; — T}, ||op equals the norm of the operator
Tos = @ ma(vs)®™. (39)
AEAs
Similarly, we define 7",,5’, and Tl,s,oo. Clearly,
0(Tvs) =0(Tus,00) (40)

4 From now on the symbol z denotes the Haar measure on G,.

9
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so we have

||Tl/s_TuHoP:HTusHOPZHTus,OOHOP- (41)
This motivates us to define the spectral gap of S as

gap(8) == 1= [T lop- 42)

The spectral gap is an useful numerical value describing the set S via the properties of the
corresponding averaging operator.
Similarly, we define spectral gap of S at scale ¢ as

gap(S) == 1= [|Tus illop- 3)
In general we can define analogous gaps for any finite Borel measure v on G,. For example,

gap(v) 1= 1= ||Tu,lop, (44)
where T,,J is defined as in equation (32) with vs substituted by v. It is clear that

gap(S) = infgap(S), (45)

and the gaps (42)—(44) belong to [0, 1].
We argue that we can assume that S is symmetric without the loss of generality. For a
measure v on G; we define its conjugate  via the property

fle)din(g) = | flg~")dv(g) (46)

Gd Gd

for all continuous functions f on G,;. We say a measure v is symmetric if v = v. For two
measures v and v, on Gy, their convolution v * 1, i1s a measure on G, defined via

vy % 1,(82) —/G 1a(gh)vi(g)va(h). (47)

Going back to the definition (31) we have
(v x1a) = 7(vy)m(1y). (48)

It is easy to see that w(2) = 7(v)*. In particular if v is symmetric then 7 (v) is self-adjoint and
hence o(m(v)) is real. Note also that v x I is automatically symmetric. We can write

m(o*xv)=n(0) -w(v)=7n(v)" -7(v), (49)
which means that

7@ 5 ) lop = [l7()][5,- (50)
Finally, because /1 —x<1—% forany 0 <x < 1,

. 1 .
gap, (Vs * vs) > gap,(S) = > 8ap,(Vs * vs). (51

Since S is symmetric, T, , is Hermitian and so its spectrum o (T, ) is contained in
[—1,1]. The same is true for T, » and T',,. Note that since the subspace H , is excluded, the
question if gap(S) > 0 is non-trivial. The gap exists, i.e. gap(S) > 0, if and only if 1 belongs
to the spectrum o (7', ) i.e. it is the accumulation point of (7, ). In such a case we say that
T, has a spectral gap.

Let’s denote by Sy a set of words in G, of length £ built from elements of S

Se:=1{g182--80/81.82,-..8¢ € S}. (52)

10
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The corresponding averaging operator is T, - Indeed,

T,{S = Ty;(w, (53)

and since 1/;([) is the law for Sy, T? - 1s the averaging operator with respect to Sy. At the level
of functions we have

(T /) (k) = |Sl|@ S fwlg). (54)
weSe

Importantly, gap(S) can be interpreted as the exponential rate of convergence of the (global)
averaging operator T',s to T, in the operator norm with ¢ increasing. Indeed, due to left-
invariance of Haar measure

T,,T,=T,=T,T,, (55)
so we have

1755 = Tullop = [1(Tws = T) llop < 1(Tws = Ti)llop = [1Toslops (56)
and using the notion of a spectral gap (42) we have

||T£5 - Tu||0p <(1- gap(S))Z < e ten(S), (57)

Thus, if the gap exists then 7%, s converges to 7', as £ — oo exponentially fast in the operator
norm. Moreover, the rate of convergence improves exponentially with gap(S) increasing. This
motivates us to study gap(S).

3. Bound on gates efficiency from spectral gap

In [11] it has been shown in case of group SU(d) that if S is universal and 7', has a spectral
gap then words of length £ = O (log (é)) form an e-net.

In this section we present an alternative proof of this fact for G,;. By D(+,-) we denote a G-
invariant metric on G, defined as follows. For g,h € G, let 8,h € U(d) be the corresponding
representatives. Then

D(g.h) := infoefo.2m) 1€ — hllop. (58)
Equivalently, we can take the infimum over representatives
D(g,h) = inf, ;|(g — 7l |op. (59)

We introduce B(x,r) as the closed ball in G, with radius r centered at x with respect to D
and B(r) is such ball centered at I.
By Vol(2) we mean the Haar volume of a subset 2 C Gy,

Vol(22) = / Lo(g)du(e), (60)
Gd
where 1, denotes the indicator function of €.

We start with the following simple observation. Letf € L?(G,), |, 6, /(8)du(g) = 1, and pick
some region 2 C G,. Since

Vol(Q) = /Q 1dys(e) 61)

1
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we have that

/ 1du(s / (T N(@)du(g) = (1T fl1g) < [[1—TE flla- VYol (62)

and
1L =T Al = [(Thg = TNl S T g o = T)llop - [1f1l2 < e &) - 1], (63)
where T, is a projector onto L§(Gy) on L} (G,). Thus,
[ (Theaf) () Vol() — 1 Vol(@), (64
Q

Clearly, analogous results are true for other averaging operators, in particular for 7.

Theorem 3. Assume S is such that Ts has a spectral gap. Then Sy is an e-net for every ¢
dim G, ( 1 )
> log| - ) +B.
gap(S) 7\ €
Proof. Pick anelement Uy € G, and aball (2 = B(Uj, €/2) centered at it. Pick ¢ such that there

is no wy € Sy which e-approximates Uy, i.e. such that D(wy, Uy) < €. Let f be a normalized
indicator function of B(I,¢/2), i.e.

1
flx) = W]lza(n,e/z) (x). (65)

We have
1
( PR
/Q(Tusf)( | g / w€ g dM(g) (66)

but for each g in {2

D(wy '8, 1) =D(g,we) > €/2, (67)
hence

/Q (T7sf) (8)du(g) = 0. (68)
Using equation (64) we get

e~ te(S) > vol(), (69)
since ||f||2 = 1/4/Vol(Q). Hence, if

e~!eP(S) < vol(Q), (70)

we get a contradiction, which means that Sy is an e-net. On the other hand
Vol(Q) < Cy(e/2)4mY, (71)

where Cy is some group constant. Thus,

dimG, (1)
> log | — | +B, (72)
gap(S) S\ e
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with
1 —di -log(2
B _ 0g(Cy) —dim Gy - log(2) . 7
gap(S)
O
We have dim G; = d*> — 1 and in the case of G, can put Cy = (9.5)‘12*1, SO
-1
B=————1log(4.75). (74)
gap(S)

The values of constant Cy bounding the volume of a ball in various groups can be obtained by
techniques from [22].

Note that theorem 3 cannot be stated in analogous form for the 7-averaging operators 7', ;,
since the normalized indicator function (65) does not belong to L?(G,) for any  so we cannot
write equation (68) for T’ ; instead of T, ;. However, by considering appropriate approxim-
ations of Dirac delta by polynomials from L?(G,), we can show that

/Q (Ths.f) (8)dn(g) (75)
is sufficiently small and hence obtain analogous results. In particular, it is known that
C-log (!
> Cloaly) 76)
gap,(S)

where r =D/ & =1)+2 and C ,D are some constants [20]. This result has been improved in
case of U(d) in [21], where

(d® — 1)(2log (1) +log(4C,/%d)) +log(32)
gap,(S) ’

for some absolute constant C;, and ¢ > 5d°/% /¢ - 7(e,d), where 7(e,d) is

> (77)

(e,d) = log} (6C, Je) - \/ 3i21og% (6C, /) + log (‘: log* (6C, /e)>. (78)

4. Calculable lower bound on spectral gap

In this section, we derive lower bounds on the spectral gap at scale ¢ for S C Gy, such that any
two pairs in S (of gate with its inverse) form an universal set themselves. This condition can
be verified numerically by known universality criteria, see e.g. [23].

Our bound for any ¢ can be calculated from the knowledge of certain gaps up to some fixed
to = to(d) and is of the form

gap,(S) = - g, (S) - log(Br) %, (79)

where «, 3,¢ > 0 are some specific calculable constants and g;, (S) can be determined numer-
ically by calculating gaps of certain sets derived from S up to some calculable scale .
We study the action of the r-averaging operator wrt to S,

Tyosi=EP malws), (80)

AEA;
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acting on the Hilbert space
= P o @81)
AEA,

By S(#) we denote the unit sphere in H,

S(Hx) ={w e Hal|[wl|| = 1}. (82)
We choose the orthonormal basis
{wil1<ij<dy, A€} (83)

of H;, induced by the basis (11). Clearly, ||T s ,||op < 1 and our goal is to improve this bound.
The irreps A, of G, can be divided into three disjoint sets, based on the type of the represent-
ation of U(d) they come from:

At = At,]HI N At,lR N At,(Ca (84)

where H, R and C stands for quaternionic, real and complex representations. In fact, A, i = ()
since quaternionic representations of U(d) do not contribute to projective representations.
Since

HTl/s,t|

o = maxy [l () o, ®

we fix any A € A, and consider ||7x(vs)||op-
Additionally we assume S=A{U,..., Uy, Ufl Yoo U,:l} is generic so that for each 1 < i #
J <k, the set {U?, U7, U? -_2} is a universal symmetric set.

4.1. Strategy of the proof

Our strategy is to show that for any A € A, any w € S(H ) and any generator U, € S, except
for at most one, say Uy,

1(ma(Us) + ma (U7 )wll < 2= (8:/2)? (86)
for some coefficients b? = b?(\) > 0 which can be bounded by gaps of certain subsets of the
set 82 ={U3,...,U2,Uy?%,... U *} at some known scale #y. Hence,

IS|/2—1
Ima(vs)wll < = Z 1(ma(U) +ma (U Dwll+2| <1 2S| Z b;(N), (8
1<i<k i=1
which implies
1 |S]/2—-1
gap,(S) > miny 5 o S| Z b?(\) > 0. (88)

i=1
This means that we can obtain a non-trivial lower bound on gap,(S) for any ¢ > f. Crucially,

the value of #y can be easily determined and is not large, so the numerical calculations of the
bound are feasible.

4.2. The main reasoning

Since 7 (g;) is unitary we have
[1(ma () +malgr )l =4 = [[(ma(gi) — malgr )wl? (89)

14
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for any w € S(#,). Let 1) denote the Frobenius—Schur indicator of 7,

1, ifAe A,
0 = / W (@)dn(e) =0, itrehe, 90)
G 1, ifAe A
Note that
2 2
/ A (&)dp(g) = Ty 1)
Gd )\

since the LHS is a self-intertwiner.
Observe that since ||A||; > 0, for any i,j and p,q we have

?
[ @) = 2 iy ©2)
Hence, for any w € S(H,)
?
/ (mA(g*)w. w)du(g) = f, (93)
G A

so for any \ € A,, there exists & = h(w) € G, such that Re(my (h*)w,w) < 4 and

(a(h) — mx (B~ Y)wl] > ,/2(1 —2). ©4)

Note that if A is quaternionic the bound is even better.
We want to connect 4> with a square of some generator g7, so that the large value of the
norm (94) will propagate to the large value of ||(7(g7) — mx(e))w]|. Let

S*={U},...,U, U ?,... U} (95)
and by SJZl j» we denote the set S? without elements UJ2l ey U]2 (and their inverses),
2 Q2 2 y-2 2 =2
S =S\ U UL U (96)
By the assumption, each set 8121/”, is universal for 1 < m < k— 2. Consider any szljm (we
allow S? as the special case with m=0). We find an ¢, _;, -approximation of h? in terms
of squ?res generators, namely we write h = g3g3 ... g%jlmjm , where each g7 € SJZIJ, so that
D(h*,h) < € and we specify 1 > ¢, > 0 later. We have
5\ ~
2 (1= 2) < 1ma ) = ma(ewl] < o) = v
+|(ma(R) — ma (H))w]] 97
o)
~ )\ ~
I(ma(e) = @l > 42 (1= ) = ma (i) = ma ()l
/l)\ ~ 2
> [2 (1 2) = o) = a0 o 8
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From the unitary invariance of operator norm
||7T>\(il) _7T>\(h2)||0p =||mx(e) _WA(E)HOW 99)

where h = h~'h? and D(_e,ﬁ) < €j,..j- Let us fix a maximal torus 7 C G, with Lie algebra
t C su(d). We can write h = gtg~!, where ¢ € T and g € G. Clearly,

Spec(ma(h)) = Spec(ma (1)) (100)
Let {e,...,e" } be the spectrum of 7y (¢) and {wy,...,wy, } be an orthonormal basis of
H in which

7T)\(Z)Wj :CiWin (101)

for 1 <j < d,. By the definition of a real weight we have
il = [, H) | = [(Hy, H)| < [|Al]1 - max;| 6] (102)

for some weight y; of irrep 7y and H = log(t) = diag(if,...,i0,) € . We assume 6; €
(—m, ] for each i. Since D(e, ) < €, ;, we have

6| /7 < [sin(0;/2)| < €., /2 (103)
for each i, so
il < Il /2- (104)
Finally,
[Imx(e) = ma(B)llop = [[mr(e) — mA(D)llop < 2max; [sin(yi/2)| < max;[y|  (105)
hence
[Imx(e) = ma(M)llop < ClIAII1 - €. (106)

where C = 7 /2. Thus,
~ 1
Ima(e) = ma(il] > /2 (1= 2) = €Il .. 07
We use triangle inequality to propagate the result into some generator
5\ ~
2(1-2) = g < (o) - maGiw]

— Jl(ma(e) = mA(&B - &Il < Il (male) — ma(d))wl
+|(ma(g]) — ma(grg)))wl| + - ..

+1[(mx(g183---81-1) — ma(gig3 .. gD))wl| + ...+ ||(mx(g183 - - - &7—1)
—ma(g1g3---87)wll (108)
so there exists i such that
(mx(8183---81-1) — Ta(g1g3--- & ))wll = bj,..j, (V) (109)

3 Note that D(e, k) = D(e,?) < ¢;,...j, < 1 so log(t) exists.
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where
2(1- %) = AN
bj,..j,(A) = 7 (110)
jl---jm

and from the unitary invariance of operator norm

|(ma(gig3- - &io1) —malgigs---g))wl = |[(mae) —ma(e])))wll.  (111)
Since g7 is an element from szljm and

[|(ma(e) = ma(g))wll = I(mae) — male; 2w, (112)
there exists i,, where 1 < g < m, such that

[|(ma(e) = ma (U)W = bj_ji, (A) = bu(N), (113)
where

bm(>\) = mini},...,imbi]...i,n(A) (1 14)
is the bound for the worst choice of iy, ...,i,, which we denote S,%f. The set S,%l has the cor-

responding €, and ¢, via equation (110).
We proceed as follows. First, we consider above procedure for S? and obtain

1(ma(e) = ma(U2))wl| = bo(N), (115)
for some U,»21 € S%. Next, we repeat the argument for Sizl and get

[1(ma(e) = ma(UL))Wl| = biy (X) = bi (N, (116)
for some U%z IS S,-zl. We proceed in this manner until m = k — 2, which gives

H(ﬂ-A<e) - WA(U%I(,I))WH > bili2---ik—2 ()‘) > bk*2<)‘)v (117)

2 2
for some U, € S,.lmikiz.

This way we obtain bounds for each pair generators except for one pair {U?k, U, 2}, where

1 < i < kis the remaining index. Thus, using equation (89), for all i, withm € {1,... . k— 1}
we have

(mA(U;,) + 7 (U, )Wl < /4= b2, (N) (118)

Um

2(1-2)
Em S — =
ClIAl

For ¢,,_1 > 1, the good approximation is

VA—bE_ (N <2- <b’”‘21(k))2. (120)

Hence,

provided that

y€m < 1. (119)

k—2
. 1
gap,(8) > miny 5 o > bh(A) >0. (121)
m=0

6 Note that b,,(\) = b, () for m < n.

80



J. Phys. A: Math. Theor. 56 (2023) 115304 O Stowik and A Sawicki

Using similar argument by considering only 8121 we have the following, weaker bound

k=2

k—1
gapt(S) mln)\GA 8k bk Z(A) >0 (122)

Indeed, comparing equations (121) and (122) we have the inequality
SkZ > bk 2 (M) (123)

Moreover, the ratio between LHS and RHS of equation (123) is

D Dy ALY
bi_,(n)

(124)

i.e. it is ratio between the average of a nonincreasing sequence b3, b7, . ..,b? , and its smallest
element b7 ,. Since we expect this sequence to (generically) quickly decrease, we suppose
that the bound (121) is (relatively) much better than (122), at least generically.

It remains to somehow simultaneously bound the coefficients b,,(\) for all A € A,. Since
{ < diam (G, S2), from (121), (110) we obtain the bound for the gap from the diameter

2

k=2
1 5\ 1
gapt(s) mlnAEA ' 8k Z : < 2 <1 - d)\) - CH)\HIGM()\)) diame o (G,Sr%)z (125)

m=0

valid for

2(1-2)
ClIAlLh

which can be weakened to the following simplified bound

0<en(N) < em(A) < 1, (126)

k—2
1
S)>— —2Ctey,) ——m——— 127
gapt( ) 8kmz:;)( € ) em(G 82) ( )
valid for
0<em<L,em<l. (128)

2Ct

We have a trade-off between the contribution of ¢,, to the numerator of multiplicative term
(the smaller the £, the better) and to the diameter (the larger the ¢, the better).

Because we do not know how diam,, (G,S2) depends on &,, in order to proceed we can
use Solovay—Kitaev theorem for S to bound

. 1 1
diamem (GaSr%z) gAm . 10g° <2> y Am = —c€O7m (129)
cZep [Zlog (C L )}

where ¢ = log(5)/log(3/2) ~ 4, ¢, is some constant (c; = d + 2 + O(€)), €, is the € of initial
approximation in Solovay—Kitaev algorithm and ¢ ,, is the word length of this approximation.
Thus,

—2Cte,, _ o _
gap,(S) > 8kZ< Cte > log™*(c; %€, ) (130)

18
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for any

1
0 m < —, 6, < 1. 131
<€ 2Ct€ < ( )

We can bound ¢ ,, by equation (77),

(@ — 1)(2log (L) +1log(4CY%d)) + log(32)

fom = . (53) | 1
for C, = 97 and ty = 58/ /g - T(€0.m,d).
For simplicity, we set the common ¢, = € and put €,, = 1/(4Ct), which yields
1 <21
gap(S) > 357 mzo A—rznlog‘zc(4c;20z)
RSl —1_ =112 —2c( g .2
= 32""120 . [2log(c; 'eg ")) log ™ (4c;2Cr), (133)

and by setting the common scale t , =ty := 5d°/% /o - (e, d) and using equation (132) to
set the value of ¢, ,, we obtain

1 <2 gap? (S2)

32k (&= D)2og(e; ) +log(4Cy/d)) + log(32))2

" 2log(c; ey )
log(4c¢; 2 Ct)

gap,(S) >

2c

, (134)

which can be rewritten as

gap,(S) = a - g,,(S) -log ™ (B1), (135)

where « and (8 are

—1 —1 2c
o= [2log(c; e )] 5, Bi= 4—5, (136)
16 ((aa — 1)(2log(eg ") +log(4C)2d)) + 10g(32)) &
and
| I
80(S) = g7 > gap; (Sh). (137)
m=0

Finally, we can redefine gap,, (S2) to be the smallest value of a gap at scale #, over all sets

312] . ~im 4
gap,,(S;,) = argmin; __; gap, (S ;) (138)
and this way g, (S) can be determined numerically by the calculations at scale
to:=5d""? /ey - (€0, d). (139)
19
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Chapter 4

Paper 1I: Fundamental solutions of
the heat equation on unitary groups
establish an improved relation
between e-nets and approximate

unitary t-designs

4.1 Overview

In this second paper, our goal was to establish the quantitative correspondence between
unitary (d-approximate) t-designs and e-nets using heat kernels on the space of unitary
channels U(d).

Our point of reference was the work [41], in which authors prove that d-approximate ¢-
designs form e-nets for t ~ d®/?/e and § ~ (63/ 2 /d)d2 (see [41] for precise statement
and formulas). The authors construct polynomial approximations to the Dirac delta by
periodising Gaussians on the torus. Our approach is, in our opinion, more natural as it is

based on trimming the heat kernels.

The main idea of our proof is the same as in [41], and is based on the following observation
(see also Section 2.3.5). Let v be a discrete probability measure on U(d) which does

not form an e-net. Then, we can pick an element Vg, so that every element from the
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support of v is at least e-separated from V. We choose some polynomial approximate
identity ¢, € H; on U(d), apply the averaging operator (2.71) and integrate the resulting
smeared density, over €/2-ball around V. Then, from (2.134), the value of the integral is
p(Be/2(Vo)), but since ¢y is an approximate identity, the value of this integral must vanish
as ¢ goes towards the Dirac-delta distribution, i.e. ¢ — oco. A similar argument can be
applied to the d-approximate case, using (2.138) instead. Such a proof by contradiction
can be used to extract the scaling of ¢t and § in d and e. Clearly, the resulting scaling

depends on the polynomial approximate identity used.

We obtain the heat kernel on PU(d) by applying the averaging map to the heat kernel
on SU(d) written in two forms: the character decomposition (c.f. 2.110) and the Poisson
form [58]. Each form is applied to a different part of the proof. Intuitively, the Poisson
summation formula moves the parameter o to the denominator of the exponent, which
helps bound the behaviour of the heat kernel for small ¢ and obtain the bounds on the
vanishing of integrals outside e-balls. On the other hand, the character form is used to

determine the L? trimming error.

The proof can be divided into 5 main steps.

1. We “trim” the heat kernel on PU(d) to obtain a balanced polynomial approximation
of order t. Moreover, we prove an L?-norm error bound for this approximation and

argue that the trimming procedure is optimal.

2. We show that the heat kernel on PU(d) is an approximation to the Dirac delta. In
particular, its integral vanishes outside any e-ball as ¢ — 0. We provide bounds on

the rate at which such an integral vanishes.

3. We combine bounds from 1. and 2. to obtain a bound for the integral of the absolute
value of the trimmed heat kernel outside an e-ball. We use such bounds to show that

the trimmed heat kernel is a polynomial approximation to the Dirac delta.
4. We provide the upper bounds on the L?-norm of the heat kernel on PU(d).

5. Using the bounds from 3. and 4., we obtain the scaling of ¢t and ¢ sufficient for a
unitary §-approximate t-design to form an e-net. This step essentially uses the main

idea of the proof outlined above.

The resulting bounds on ¢ and ¢ are provided as explicit formulas in the main theorem of

2
the paper - Theorem 2, and enjoy the scaling of t ~ d°/2 /e and § ~ (63/2/d)d . Essentially,
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compared to [41], we were able to significantly improve the scaling of § while retaining the
same scaling of t. We also provide the proof for the (ideal) t-design case, with the same
scaling of t. Additionally, we summarise the properties of the polynomial approximations
to the Dirac delta on PU(d) we constructed, as approximate identities. Such character-
isation is provided in Theorem 3 and includes the bounds on the vanishing of integrals
outside e-balls, blow-up of the L?-norm, and approximate non-negativity (via the L'-norm

estimates). All the formulas are provided with explicit constants for PU(d).

In Section III, we comment on the possible applications of our results in areas such as the
efficiency of quantum gates (in particular, Quantum Circuit Overhead, which is a subject
of Paper III), inverse-free SKL theorems, and quantum complexity and black hole physics.
Finally, we suspect that our construction of polynomial approximations of the Dirac delta
based on heat kernels can find applications in other domains of science. In particular, due
to tunable filtering properties (see Section (2.2.6)) and good analytic control, we suspect
that trimmed heat kernels can be used to obtain an alternative and appealing proof to the

poly-logarithmic spectral gap decay results for PU(d), analogous to (2.140).

4.2 Contribution statement

My contribution to this article was:
1. Writing the bulk of Sections I-III and VII and a significant portion of Section IV in
the main text. In particular: Remark 1, Applications 1-3, Examples 1 and 2.

2. Co-writing of Sections V, VI, and VIII. In particular: Remarks 2-5, proof of Lemma

1, joint proof of Theorem 1 and Theorem 2, proof of Theorem 3.

3. Preparation of Appendix C, D, and E. In particular: the proofs of Lemmas 9-16 and
Corollary 1.
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Abstract

The concepts of e-nets and unitary (J-approximate) z-designs are important
and ubiquitous across quantum computation and information. Both notions are
closely related and the quantitative relations between ¢, § and € find applic-
ations in areas such as (non-constructive) inverse-free Solovay—Kitaev like
theorems and random quantum circuits. In recent work, quantitative relations
have revealed the close connection between the two constructions, with e-nets
functioning as unitary J-approximate #-designs and vice-versa, for appropri-
ate choice of parameters. In this work we improve these results, significantly
increasing the bound on the § required for a J-approximate z-design to form an

2 2
e-net from § ~ (63/2/d)d to 0 ~ (e/dl/z)d . We achieve this by constructing
polynomial approximations to the Dirac delta using heat kernels on the pro-
jective unitary group PU(d) = U(d), whose properties we studied and which
may be applicable more broadly. We also outline the possible applications of
our results in quantum circuit overheads, quantum complexity and black hole
physics.
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1. Introduction

Unitary #-designs are a fundamental construction, finding widespread applications across
quantum information and computation. They have been employed in areas such as randomised
benchmarking [1, 2], process tomography [3], quantum information protocols [4, 5], unitary
codes [6], derandomisation of probabilistic constructions [7], decoupling [8], entanglement
detection [9], quantum state discrimination [10], shadow estimation [11], efficient quantum
measurements [12] and estimation of the properties of quantum systems [13]. Moreover, their
link to pseudo-random quantum circuits [14] makes them applicable in areas such as the equi-
libration of quantum systems [14, 15], quantum metrology with random bosonic states [16],
quantum complexity and information scrambling in black holes [17-20]. They have also been
applied to the study of quantum speed-ups [21-23], due to their anti-concentration property
[24, 25].

Epsilon-nets are of similar importance, finding broad application and, in particular, serving
as the natural language for quantum compilation. Solovay—Kitaev like (SKL) theorems [26,
27] provide joint bounds on the complexity of quantum operations U, for a given error € and
gateset S. In other words, they bound how many operations are required for circuits of gates
from a given gateset to form an e-net. Moreover, constructive SKL theorems say how to find
the approximating circuits, which makes them the cornerstone of quantum compilation. The
original SK theorem, which is constructive, bounds the length of the sequence of gates as
¢ =0(log* (%) ), where ¢ ~3.97. In fact, it is well-known that any ¢ > 3 works and recently a
constructive SKL theorem with ¢ /= 1.44 was provided in [26], which is significantly closer to
the optimal value c = 1.

The parameter ¢ of the (unitary) d-approximate ¢-design generated by S can be studied
on finite scales, say given by the highest considered degree #, denoted J(vs, ). Such a finite-
scale approach was explored in [28, 29]. For fixed € and S, the knowledge of d(vs,t) at
a suitably chosen scale #(e), is sufficient to bound ¢ via a non-constructive SKL theorem

_ 1 l . o .
= O<—1og(1/5(u3,,(6>)) log (E)) with explicit form (see e.g. [28]). Such SKL theorems can be

used to bound the efficiency of various gate sets S, e.g. their (7-)Quantum Circuit Overhead
[27]. In particular, if the supremum of d(vs,t) over all ¢ is smaller than 1, then we obtain
an asymptotically optimal scaling ¢ = 6(10g(%)) [30, 31]. However, the analysis of such a
supremum is a hard problem and is computationally intractable. Hence, the SKL theorems
based on a finite-scale (vs,#(¢)) are of significant practical interest. The tightness of such
theorems depends on the tightness of the #(¢) scaling, which can be understood as the ¢ suffi-
cient for a (6-approximate) t-design to form an e-net.

In light of the importance of both e-nets and ¢-designs, it is interesting that there is a strong
link between the two constructions. Indeed a (possibly approximate) #-design of sufficiently
large ¢ forms an e-net, while an e-net of sufficiently small € forms an approximate ¢-design.
To our knowledge, the first systematic study of the quantitative relations between them was
surprisingly recent, in [28], where the authors show that an e-net is formed by J-approximate

2
t-designs on the space of unitary channels U(d) for ¢ ~ %/2 and 0 ~ (%2) , where ~ can be

understood as ‘ignoring logarithmic factors’ and ‘infinitesimal corrections to the exponents’.
The authors of [28] were able to prove that ¢ has to grow at least as 1/¢ (for fixed d) and as
d? (for fixed €). Thus they were able to show that this scaling of 7 with € is essentially optimal,
while the scaling of # with d is (at worst) not very far from optimal, with a ‘gap’ of v/d between
the known lower and upper bounds. They conjectured that a scaling of ¢ ~ d*> was possible but
were not able to prove this.
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In this work we build on these results, obtaining (up to logarithmic factors) the same scaling
of t as the authors of [28], but dramatically improving the scaling of § with € and d in the -
approximate case. We are able to show that a J-approximate ¢-design forms an e-net if delta

d2
obeys an inequality which scales like § ~ (%) .

d?2
Our method involves the construction of a polynomial approximation to a Dirac delta on

the space of quantum unitary channels PU(d). Our construction of the approximate Dirac delta
is a natural one, based on the properties of the heat kernel on SU(d). As running the evolution
of the heat equation ‘forwards’ leads to ‘heat’ spreading out over time, naturally running it
backward and considering very small times leads to a sharp delta-like peak at times close to
0. As has been known since the work of Fourier himself, the heat equation has a close link
to Fourier analysis on the appropriate space. Indeed, our key bounds are based on the results
from [32], which may be viewed as a generalization of the well-known Poisson formula [33]
to compact semi-simple simply-connected Lie groups. The heat kernel is at the heart of many
important methods across mathematical physics and beyond. As a tool to study the eigenvalues
and eigenfunctions of the Laplacian, it has been used as far back as Kac’s seminal 1966 paper
‘Can One Hear the Shape of a Drum’ [34] and has been of prime importance in the study
of the Laplacian on Riemannian manifolds throughout the subject’s history [35]. It has been
applied extensively in the context of quantum field theory [36], mathematical finance [37] and
quantum gravity [38] and used to prove a diverse range of important theorems, including the
Atiyah—Singer index theorem [39, 40] and the Poincaré conjecture [41, 42]. For a thorough
review, we invite the reader to the textbooks [37, 43].

Our core results—the bounds on ¢ and J are the subjects of theorem 1 (for ¢-designs) and
theorem 2 (for §-approximate z-designs). We also provide a technical result about the properties
of our approximate Dirac delta (theorem 3), which may be useful for other applications.

Outline of the proof—the proof of the main theorem (theorem 2) can be divided into five
steps:

1. We ‘trim’ the full heat kernel on PU(d) to obtain an approximation of it by a balanced
polynomial of order #, and prove an error bound for this approximation.

2. We prove that the heat kernel on PU(d) is an approximation to the Dirac delta. In particular,
its integral vanishes outside any e-ball as o — 0 at a rate we can bound.

3. By combining the above two bounds, we obtain a bound for the integral of the absolute
value of the trimmed heat kernel outside an e-ball, thereby showing the trimmed heat kernel
is also an approximation to the Dirac delta.

4. We derive the bounds on the L2-norm of the heat kernel on PU(d).

. We combine the bounds to obtain a bound for the ¢ and § sufficient for a projective unitary

d-approximate 7-design to be an e-net. Essentially, this argument follows from applying the
t-design property to the order ¢ balanced polynomial we obtained in step 1.

9,1

Structure of the paper—the paper is organised as follows:

e In section 2, we briefly explain the main ideas behind the paper, such as e-nets, t-designs
and heat kernels.

e In section 3 we summarise the main results and their applications.

o In section 4 we address step 1 of the proof.

e In section 5, we address steps 2 and 3 of the proof and combine them to prove a bound for
the ¢ sufficient for a projective unitary 7-design to be an e-net (theorem 1).

3
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o In section 6 address step 4 of the proof and combine the bounds from steps 2—4 to derive the
bounds on ¢ and § sufficient for a projective unitary d-approximate z-design to be an e-net,
realising step 5 of the proof (theorem 2).

e In section 7, we summarize the technical properties of trimmed heat kernels as approxima-
tions to the Dirac delta (theorem 3).

o Finally, in section 8, we provide a summary and outline the future research directions.

o The appendix contains the proofs of various technical lemmas.

2. Main ideas

Central in quantum information theory is the concept of unitary channels. Such channels act
via unitary operations (lossless quantum gates) when restricted to pure quantum states.

The unitary channel U acting on a Hilbert space H = C? is the CPTP map defined via
U(p) = UpU", for any quantum state p:H — H and some fixed unitary U € U(d). Since
two unitaries U and V which differ by a phase U = Ve'? define the same unitary channel,
the set of all unitary channels can be identified with the projective unitary group PU(d) =
U(d)/Z(PU(d)), where Z(PU(d)) = {e'?I, ¢ € (—m,n]} =2 U(1) is the centre of U(d).

Since we prefer to work with the SU(d) group, in our considerations we assume U € SU(d)
and use PU(d) = SU(d)/Z(SU(d)), where Z(SU(d)) = {e! 71, k € Z} = Z4 is the centre of
SU(d) (group of dth roots of unity). From now on we denote I" := Z(SU(d)) and use square
brackets to denote the elements of the projective group as equivalence classes of elements of
SU(d), i.e. U is mapped to the unitary channel U under the quotient map 7 : SU(d) — PU(d).

In practice, one is often interested in the closeness of different unitary channels. Various
norms (and induced metrics) can be used to quantify this. A prominent example is the diamond
norm || - ||¢, which has a clear operational meaning in terms of the statistical distinguishability
of two channels (e.g. determines the maximal probability of success in a single-shot channel
discrimination task). We denote the induced metric as do, (U, V) = |[U— V]|o.

We define d(-,-) to be a metric on SU(d) induced by the operator norm

d(U,V) = U~ V.. (1)

Since we want to work with the group SU(d), we define the metric on PU(d) in terms of the
former

dp (U, V) :=mind (U,7V). 2)
yel’

Clearly, due to the unitary invariance of the operator norm, the metrics d(-,-) and dp(-,-) are
translation-invariant.
One may show [28] that dy (-, -) and dp(-,-) are related as

dp (U,V) < do (U,V) < 2dp (U, V). 3)

We say that a finite subset of channels .4 C PU(d) is an e-net if for every channel U € PU(d),
there exists a channel V € A, such that dp(U,V) < e. In other words, A represents all the
possible channels, up to the error €.

To consider unitary designs, we need to define integration of functions on PU(d). The Haar
measure pp on PU(d) is the pushforward of the Haar measure pg on SU(d), i.e. up(A) =
ps(mt~1(A)), whenever 7! (A) is pg-measurable.

4
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Every function f on PU(d) can be lifted to a unique function fon SU(d), so that {(U) = f(U).
Clearly, such a function is constant on the equivalence classes (fibres of ), i.e. all the elements
U that define the same unitary channel. Conversely, every function fon SU(d) which is constant
on the equivalence classes, descends to a unique function f on PU(d), so that f{U) = f(U).
Hence, we can write

/ fdup= | Fdps. )
PU(d) SU(d)

If X C PU(d) is some Haar-measurable set then inserting indicator functions into (4) we obtain

/fdMP = /fdﬂs, )
X X

where X = 7~ (X). This allows us to move freely between the PU(d) and SU(d) settings.
The (unitary) 7-design on PU(d) is the probability measure v on PU(d) which mimics the
averaging properties of the Haar-measure with respect to the polynomials of degree at most
t. Specifically, let H, denote the space of homogeneous polynomials of degree ¢ in the matrix
elements of U and in U.
A probability measure v on G is a unitary ¢-design if for any f € ‘H; we have

[ awwsw = [ wwsw. ®)
G

G
From the practical point of view, one is often interested in the case of v being a discrete
finitely supported measure, so that the averaging takes place over a finite set of elements

{l/ivUi}

> uf(U) = [ ViAW), ™
For example, v can be the probability measure supported on a finite universal set of quantum
gates S = {U,,U,, ..., Ui}, which we denote as vs. In this work, we assume all #-designs have
finite support since we directly apply lemma 2 of [28]. However, this lemma can be generalised
to infinitely supported or even continuous measures, so that our results hold for such cases as
well, if the definition of the e-net is relaxed by removing the finiteness condition.
Moreover, it is useful to consider the cases in which (6) is satisfied only approximately. To
do so, it is useful to define so-called ~-moment operators

T,L,,::/d,u(U) U, T, ::/dV(U) Ui ®)
G G

One may check that the space H, is spanned by the entries of U"' := U®' @ U®". Indeed for
every f € H, there exists a matrix A such that f{U) = Tr(AU"").
This way, the deviation from v being a ¢-design (6) can be measured as (see [28])

(v t) =Ty — Tpul o, €10,1], ©))
where || - | is an operator norm, leading to the notion of §-approximate 7-designs, for which
d(v,t) < 1 and exact t-designs, for which §(v,7) = 0.

Finally, we recall that for s <t we have ‘H; C H,, hence t-designs are also s-designs.
The techniques used in this paper are similar to the ones from [28] and include the usage of

the approximations to the Dirac delta on compact groups. However, in this paper, we employ
approximations based on the heat kernel—a natural and well-known object, contrary to the

5
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periodised Gaussian construction from [28]. We will first introduce the heat kernel with an
elementary classical example.

Example 1 (heat equation on a circle and the Poisson summation formula). Consider a
circle S' 2 R/Z as an example of a 1-dimensional flat torus. Denoting the coordinate as ¢,
the metric tensor induced from the Euclidean metric on R is g = d¢*. Hence A = 6% and the
heat equation * on such a manifold reads u,(t, §) = uy (1, ¢) with the initial condition u(0, ¢) =
f(¢). We assume that f(¢) is square integrable, i.e. f(¢) € L*(S!). Such a problem is typically
solved by considering the corresponding equation on R with the periodic boundary conditions,
separation of variables and the expansion of the initial data f{¢) to the Fourier series. Here, we
take a different approach—we find the fundamental solution to the corresponding problem on
R and periodise it. We use the definition of the Fourier transform of a (complex) function in
L?(R) as the unique unitary extension of the map g — g, g € L'(R) N L*(R), where

g(&)= / e g (x)dy, VY ER. (10)
From now on, we fix ¢ and consider the corresponding single-variable functions on R. We
unwrap the initial datum f into an interval [0, 1) C R. We denote the corresponding functions
on R using the same symbols as for S'. Applying the Fourier transform, we obtain

i (&,1) +4m°€%i (€,1) =0 (n
with the initial condition ii(¢,0) = f(¢), where 472¢? is the eigenvalue of —A. Multiplying (11)
by €*™ €’ we obtain 2 (64”252112(5 , t)) = 0. Hence ¢*™ € 1ii(¢, 1) is some function of ¢ and from
the initial condition we see that (&, ¢) = 6_4”252’f(§ ). Denoting the inverse Fourier transform
of e=4™°€" a5 Hy (¢, 1) we obtain

Hi (61) = ——e~ % (12)

y = (] t o,
* VATt

Thus, the solution on R is the convolution (with respect to the ¢ variable)

u(6,1) = (He (1) #f) () = / " Ke (6,0",0/(8")do, (13)

— o0

where
1 (¢=9')*
e & (14)
VAt

and u(¢, ) is smooth for all # > 0. To find the fundamental solution on S' we periodise Hg (¢,1)
obtaining a 1-periodic function on R and an equivalent function on R/Z

1 _ (¢+n)?
Hg (¢,1) = mZe “, ¢ €R/L. (15)
nez

To rewrite (15) we can use the Poisson summation formula, which states that for a complex-
valued function s(x) on R whose all derivatives decay at infinity (i.e. a Schwartz function)

Y sm= > §k). (16)

Kr (¢,¢",t) =Hr (¢ —¢',1) =

3 Physically we consider heat equations with unit conductivity.

6
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Treating (15) as a one-periodic function on R we apply the Poisson summation formula with

_ (9402 .
s(x) =e~ % and obtain

Hg (p,1) =Y e /2mkoe=Cri o e R/Z, (17
kEZ
which is the complex Fourier series expansion. Rewriting it into the sine-cosine form yields

Hg (¢,1) =142 cos(2mkd)e ™" ¢ € R/Z, (18)
k=1
which is a linear combination of eigenfunctions 2cos(27 k¢) with eigenvalues —472k? and is
of the same form as the fundamental solution obtained via the typical Fourier series expansion
approach.

Generalizing the heat kernel on R shown in equation (12), the heat kernel on R? has the
form
1

2
K(t7-x7y) = 76—”)5—)7” /4t7 (19)
(4 )
where || - || is the Euclidean norm, defined for any x,y € R? and > 0. This is the fundamental
solution to the heat equation
u; (1,x) = Au(t,x), (20)

where A is the Laplacian on R¢. One can consider the generalisation of the heat equation (20)
to other spaces, e.g. Riemannian manifolds (M, g), by replacing A with the Laplace-Beltrami
operator (in local coordinates)

1 )
Af = —=0; (V/|glg"0f ), 21
T (Visiea)

acting on differentiable functions f on M.

Following the method demonstrated in example 1, we can derive the heat kernel for the
flat d-dimensional torus RY/A by taking the heat kernel on R¢ shown in equation (19) and
periodising the solution over the lattice A =% Z. The Poisson formula also generalises to higher
dimensions. A thorough introduction to this topic may be found in [44].

However, in our work, we are interested in heat kernels on Lie groups. To make sense of
the heat equation on a Lie group, the proper Riemannian structure needs to be chosen. For
compact semi-simple Lie group G, the Riemannian structure (G, g) can be defined via Ad-
invariant positive definite inner product (-, -) stemming from the Killing form*.

Notice that although the group U(d) is compact, it is not semi-simple. Hence, the metric
tensor stemming from the Killing form is only positive semi-definite. Indeed, one can check
that such a metric tensor for U(1) = §! is identically zero, so it does not equip S' with the
Riemannian structure. This is in contrast with the construction from example 1.

Of course, general Lie groups are not commutative. Hence, in order to study the heat
equation on a compact Lie group G, non-commutative Fourier/harmonic analysis is needed.
Fourier coefficients on a compact Lie group are calculated with respect to the irreducible rep-
resentations (irreps) of the group. Generally, the object being transformed is the regular Borel

4 Taking the negative of the negative-definite Killing form leads to the positive-definite scalar product.
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measure on G. However, we focus on the related case of integrable functions f. In this case
(see e.g. [45]), the Fourier coefficient f(\) is the operator in End(V, ) defined via

FO) = / m (g)f(g)du (). 22)

where by V., we denote the representation space of irrep 7 with highest weight A. Equipping
the space End(V,,) with the norm +/dy||-||us, where d) :=dim(V,,) and the Hilbert—
Schmidt norm ||u/|%s = Tr(uu*), one can show that such the Fourier transform is an isomorph-
ism of Hilbert spaces

L*(G) = @ End(Vy, ), (23)

neb

where G is the set of equivalence classes of irreps of G. Namely, we obtain a generalisation of
the Plancherel’s theorem

1B = / () Pdi(e) = 3 dalIFON) | (24)

G
This is a consequence of the Peter—Weyl theorem.

Remark 1. The transform (22) is a generalization of the Fourier series. Indeed, suppose a
compact group G is additionally abelian and connected (so is a torus). Take one-dimensional
torus U(1) =2 S! for example. The unitary irreps 7y of U(1) are the homomorphisms U(1) —
U(1) so they are of the form e'? +— e'*? for some integer \. All irreps are one-dimensional

and S' = Z. The Fourier coefficients of a function f: U(1) — C are

=50 / ™ () dg, (25)
27 J_ .

which coincides with the Fourier coefficients of the corresponding 27-periodic complex-

valued function f: R — C, f(x) = f(e'*). Similarly, other results such as the completeness,

orthogonality relations and Plancherel’s theorem generalise to the non-abelian case via the

Peter—Weyl theorems and representation theory.

Heat kernels on simply-connected compact semi-simple Lie groups were studied in [32],
together with a useful Poisson form. In section 4 we show how to apply those results for PU(d),
which is not simply-connected.

3. Main results and applications

Below we summarise the main results of this paper and outline some of their applications.

Result 1. The main technical result of the paper is the construction of the polynomial approx-
imation to the Dirac delta function Hg) (-,0) on PU(d), together with some of its properties.
This allows us to summarise the key properties of the family of polynomial approximations of
Dirac delta based on the trimmed heat kernels (see theorem 3 for a precise statement).

ol

a2
€

Result 2. The supports of exact t-designs in PU(d) with d > 2 are e-nets for 7 ~
orem 1 for a precise statement).

(see the-
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Dl

d

Result 3. The supports of approximate #-designs in PU(d) with d > 2 are e-nets for  ~ <= and

d . . . . .
0~ (ﬁ) . (see theorem 2 and its proof for a precise statement). This provides an ‘essentially

yes” answer to the conjecture about the optimal scaling of 7(e,d) from section IV in [28].
Application 1 (efficiency of quantum gates). This result is analogous to proposition 2 from
[28] and is a simple consequence of result 3. For example, using the bound (129) from the
proof of theorem 2, one may prove that if v is a discrete probability measure on PU(d) with
d > 2, which is a J-approximate ¢-design with 6 = §(v, 1) for

d 4
t> 32—210g (d)log () , (26)
€

a,e
where C = 97, then the support of v*¢ forms an e-net in PU(d) for

N log (1/k(d)) + (d2 — 1) (%log (é) + %log (Dd))

¢ log (1/6 (v,1)) ’

27)

where
D =8C*3log'/? (20), (28)

and log(1/k(d)) < 5. Moreover log(1/x(d)) < 0 for d > 9. Hence, in the case of the measure
Vs, the support of v/ are the length ¢ words built out of the elements of S and this result is
the SKL theorem with log(1) term but also the multiplicative factor log~'(1/6(v,1)), which
depends on ¢ (or € e.g. by taking (26) as equality). Such SKL theorems can be used to bound
the overhead of quantum circuits [27].

Application 2 (inverse-free SK theorem). Similarly as in [28], application 1 can be turned
into the inverse-free non-constructive SKL theorem without the e-dependent multiplicative
factor log ™' (1/8(v,1)), by bounding the decay of 1 — §(v, ) with growing 7, using the results
from [29]. Namely, let vs be a uniform probability measure on S C PU(d). Then the support
of V% is an e-net in PU(d) for

log* (1) +B
log(1/6 (v,10))’

where A, B and ty are some positive group constants. However, the constants are unknown due
to the ambiguity of constants presented in [29].

(29)

Application 3 (quantum complexity and black hole physics). This application comes from
the [20] in which the authors use the approximation of Dirac delta construction from [28]
to prove the results about the approximate equidistribution of J-approximate #-designs in the
space U(d). This is then used to obtain results about the saturation and recurrence of the com-
plexity of random local quantum circuits with gate set S without the assumptions on the spec-
tral gap or inverse-closeness of S. Such circuits can be used to model the chaotic dynamics of
quantum many-body systems, which may be applicable in areas such as the physics of black
hole interiors.

We believe that after some work, using our construction, one may obtain the approximate
equidistribution of §-approximate ¢-designs (theorem 16 from [20]) with better scaling in €
and d, which translates to the saturation and recurrence results.

9
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4. The heat kernel on the projective unitary group

In the sequel, we employ formulae which are known for the heat kernel on SU(d), but which
do not appear to be readily available for that on PU(d). Using standard techniques, we are able
to write the latter in terms of the former in order to generalise the formulae we need.

Before we do so, we recall some facts from the representation theory of Lie groups (see
e.g. [46—48]) and fix some notation and relevant conventions.

We work over the field of complex numbers. Let K be a (real) compact simply-connected
Lie group (e.g. SU(d)). Due to compactness, we can restrict ourselves to unitary complex
representations. The complex representation theory of K is equivalent to the complex repres-
entation theory of its Lie algebra €, which is equivalent to the complex representation theory
of its complexification g = € + it.

The Cartan subalgebra of Lie algebra g is an abelian and diagonalisable subalgebra of g,
which is maximal under set inclusion. In general, there are many ways to choose the Cartan
subalgebra. In our case, we can fix it by choosing the maximal torus in the Lie group. Let T
be the maximal torus in K with Lie algebra t. Then the corresponding Cartan subalgebra b of
gish=t+41it

For K = SU(d), we have g = sl(d, C), which is a finite-dimensional complex semi-simple
Lie algebra. The theory of finite-dimensional complex representations of such algebras is well-
known and particularly nice. For example, such algebras are classified by their root system-
s/Dynkin diagrams and such representations are characterised by the theorem of the highest
weight. Here, to match the notation of [32], we take a slightly different approach than usual,
which is more suitable for compact groups K. In particular, we consider real weights and roots.

Let (II, V) be a (finite-dimensional) representation of K and 7 be the associated represent-
ation of g. The (real) weight of V with respect to tis an element A from the dual space t*, such
that the corresponding weight space

Va:={veV| w(H)v=i\(H)v,YHE€E t} (30)

is not zero. Hence, the (real) root of g with respect to t is the non-zero element «« from the dual
space t*, such that the corresponding root space

go:={Ecg| [H.E|=ia(H)EVHEt} (31)

is not zero. We denote the root system of g as @, the set of all positive roots as @+ and the set
of simple roots as A.

Additionally, we assume that K is simply-connected. The algebra € is equipped with Ad(K)-
invariant positive-definite inner product (-, -) defined as the negative of its Killing form (which
is non-degenerate and negative-definite)

(X,Y) := —Tr(ad (X) oad (Y)). (32)

The restriction of (-,-) to t is non-degenerate (hence, it defines the inner product on t). Thus,
can use (+,-) to identify t = t* via X — Ax for X € t, where A\x(Y) = (X,Y) for any Y € t and
A+ X, for A € t*, where A(Y) = (X,, Y) for any Y € t. This way we also define (-,-) on t* as
(A, k) = (Xx,Xx) for A,k € t* and the induced norm || - ||. The inner product (32) defines the
Riemannian metric on K, hence also the Laplace-Beltrami operator A. Thus, we can study the
corresponding heat kernels.

Additionally for A € t*, )\ # 0 we define

A (33)
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and the Weyl vector
1
di=5 Y a (34)
aedt

We aim to describe the heat kernel on PU(d) in terms of the heat kernel on SU(d).
Specialising to the case K = SU(d), we introduce

2k
r= {exp (;)erz} ~7,, (35)
so that K/I" 2 PU(d). Our approach is based on the averaging map
1
FO) = > ). (36)
’ | yel

Every irrep of PU(d) extends to an irrep of SU(d) by making it constant on I'-cosets. It follows
from lemmas 3 in appendix A that every irrep of PU(d) is obtained by applying the averaging
map to a corresponding irrep of SU(d). Let’s consider an elementary example.

Example 2 (irreps of SU(2) and SO(3)). In this example we consider the irreps of SU(2) and
aim to find the corresponding representations of PU(2) = PSU(2) = SO(3).

The irreps of SU(2) can be enumerated by the corresponding particle spin j = 0, %, 1,...
and have dimensions 2j+ 1 (i.e. single irrep in each dimension). The centre I" = Z, acts by
m-shifts. We want to find the irrep obtained via the averaging map applied to the irrep with
spin j. We start with the spin j character of SU(2)

oy sin((2j+1)0)
X (0) = sin()

Averaging (37) yields

(37

1 (sin ((2j+1)0)—sin((2/+1)0+ (2j+ 1)71')) _ Jx;(0), forj being full-integer,
2 sin () o, for j being half-integer.
(38)

Hence, we obtain a well-known fact that the full-integer spin irreps of SU(2) are projective.

Thus, we can focus on the description of the heat kernel on SU(d). The first formula we
employ is the standard expression for the heat kernel as the combination of characters, valid
for compact semi-simple simply-connected Lie groups

Hs(g,0) :deeXp(_kAU)X/\ (&) (39
y

where A is the highest weight vector and the sum is over complex irreps, d), is the dimension
of the irrep, x is the character and k) := (\ 4 29, \)—see [32, 45, 49]. The parameter o > 0
plays the role of time and the subscript S indicates that this is the heat kernel on SU(d); later
we will use Hp to denote the equivalent object on PU(d). The formula (39) is, in fact, the
decomposition in terms of the eigenfunctions of the Laplace-Beltrami operator A, which are
the characters x», where

Axx = —kxxx. (40)

1
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In order to describe the highest weights A for SU(d) using vectors, we introduce the linear
functionals on t (see (57)) acting as

i1
¢
Lj : . F—)QS]', “4n

[Pa

so that A = Zle AiL;. Then the highest weights of U(d) can be labelled by integer-valued
vectors (A1, A2, .., \g) with non-increasing entries, i.e. \; > \;j for 1 <i <d— 1. One can
show that any irreducible representation of U(d) restricts to an irreducible representation of
SU(d), while any irreducible representation of SU(d) extends to one of U(d). However, this
mapping is not one-to-one. Since Z;j: Li (x) = 0 for any x € sl(d,C) any irreducible repres-
entations of U(d) labelled by vectors which differ by a constant vector (n,n,...,n) for some
n € Z correspond to the same irreducible representation of SU(d).

We will also need to consider the irreducible representations of PU(d), which consists of
equivalence classes of members of U(d) under the equivalence relation U ~ e'?U. Any irrep
of PU(d) extends to an irrep of U(d) by choosing it to be constant on equivalence classes so
we can again label irreps of PU(d) with the same labels as those of U(d). An irrep of U(d)
corresponds to an irrep of PU(d) exactly when it is constant on equivalence classes, which
happens when the highest weight vector satisfies ;A =0. We denote’

d
A= - 42)
i=1
By restricting to ||A||; < 2z, we obtain the set of vectors labelling the projective irreps cor-
responding to the 7-design, i.e. appearing in the decomposition of the representation U’ [50].
For SU(d) the dimension of the representation d) and the eigenvalue k) may be expressed as
(see [45])

[N =X+1-))

dy = = , < (14N, @D/, (43)
A X,\(@) Hj<1(l_]) ( H Hl)
2
1 _ 1
k,\:ﬁZ(Af+(d—2j+l))\j)—ﬁ ZA,» . (44)
J J

If we have 3, \; = 0, so the SU(d) irrep is also a PU(d) irrep then we have the bound

AT 1
. 4

ky >

> b+ 20l 45)

Since SU(d) and PU(d) share a Lie algebra and d, with k) can be computed in terms of prop-
erties of the Lie algebra, these are identical for special and projective unitary representations.
Therefore, the averaging map may be applied term-wise to the formula for the heat kernel on

3 Not to be confused with the norm || - || stemming from the Killing form.
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SU(d) to obtain the corresponding one for PU(d)

1 1
m S Hs(vg.0) = y D) drexp(—kno) xa (18) (46)
vyer yel' A
1
:Zd)\exp(—k)\c')gZX)\ ('Yg) 47
by yel
= Zd,\ exp (—kxo) op (A) xa (8) (48)
)
= Hp (g,0), (49)

where Hs and Hp are the special and projective unitary heat kernels, respectively, and from
equation (35), we have |I'| = d. Here dp is a Kronecker-delta like function, taking value 1 for
irreps of SU(d) which are also irreps of PU(d) (i.e. projective representations) and value O
otherwise. In fact,

6p(>\)—{1’ 2% =0 (50)

0, otherwise.

Notice that the heat kernel (39) is a class function, hence it can be defined instead on the
maximal torus of SU(d). With a mild abuse of notation, we will not distinguish between the
two descriptions.

Let us formulate a second formula for the heat kernel on compact, semi-simple, simply-
connected Lie groups from [32]

jlexp (X)) = (2i)" ] sin <a(2x)) (51)

acdt
1
K(ta) = SOt e (el ). 652
~eTl
Hlexp(X),) =~ (2m)" " (exp (X)) exp (0170 (4r) 2K (o), (53)
where
TN =[] Q). ret, (54)
acdt

m = |®T|, N is the group dimension, ¢ is a (known) dimension-dependent group constant and
I is a lattice generated by / = dim(t) elements a;j (see (33)) corresponding to the simple roots
A::{ah.“,a&

I
I'=2n ZZ@?. (55)
j=1

Formally, the heat kernel given by (53) is only defined for the regular elements X from ¢,
i.e. the ones with distinct eigenvalues. However, the corresponding set of group elements
for which formula (53) is not well defined is of Haar-measure zero. The function defined by
the formula (53) extends to a unique continuous function, that defined by (39) on the whole
group. Hence, with a slight abuse of notation, we treat (53) as defined on the whole group,

13
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e.g. when integrating. More explicitly, one can see that the non-definedness of (53) at non-
regular elements arises exactly from the factor of j(exp(X)) ™! giving factors of sin(c(X)/2)~!
as a(X) — 0. However, these apparently singular terms are balanced by terms linear in a(X)
arising from the term 7 (\x + ). We will sketch this in more detail in appendix F.

The formula (53) is equivalent to (39) via the Poisson summation formula and we refer to it
as the Poisson form (of the heat kernel). The Poisson form is relevant to us exactly because of
the factor of 0 ~! appearing in the exponent in (52). Roughly speaking, this formula is useful
for bounding the behaviour of the heat kernel when the ¢ is small, while equation (39) is useful
when o is large.

The maximal torus 7 of SU(d) may be identified with the group of determinant 1 diagonal
matrices parametrised by a vector ¢ € R?~! as

el
cit
T(¢):= . (56)
elbd—1
—iX b

€

The Lie algebra t of T consists of traceless diagonal purely imaginary matrices parametrised
by ¢ € R !as

b1
b2

X(¢p):=1i . (57)
Gda—1
- Z]tll b

Clearly, one can restrict the parameters e.g. ¢; € (—m, 7] for 1 <i <d— 1.

The complexified Lie algebra of K is g =sl(d,C) and consists of traceless complex
matrices. Let Ej; € sl(d,C) where i #j denote the matrix with 1 in the (i, ) position and 0
elsewhere. The root system of g with respect to tis ® = {a;;| 1 <i #j < d} where the lin-
ear functionals «; act as

Qjj X(qb) — QS,‘ — ¢j (58)

and the corresponding one-dimensional root spaces are g, = CE;;. Noting that oj; = —ay;
we choose positive roots &+ = {a;| 1<i <j <d} and a set of simple roots to be A =
{aiir1| 1<i <d—1}. Weidentify the Lie algebra t with its dual t* under the inner product
obtained from the Killing form

(X,Y) = —2dtr (XY). (59)

Under this identification «;; is mapped to a diagonal matrix X,,; from t with +i/2d appearing
as the only two non-zero entries of the ith and jth positions on the diagonal, respectively. Let
Xs be the element of t which is identified with the Weyl vector d, defined in equation (34).
Then

1
X5 =5 X, (60)

i<j
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(d+1 k
(Xg)kk—l<4d —2d>, 61)
16]* = |1X5> (62)

d 2
d+1 k
_ 2de:: <4d _ Zd) 63)
-1

=~ (64)

The duals of elements of I' may be indexed by length d — 1 integer vectors k

ki
ko
X (k) :=2mi . (65)
ka—1 )
—1
T Zij=1 ki
To simplify the notation we rename X(¢) and X(k) as X and Xj. Specialising the Poisson
form of the heat kernel (53) to this parametrisation of the maximal torus of SU(d), one obtains

_ 1
fﬁ@m@dﬁ%—cwﬁﬁ®m@w)IEZW@#+&RW(1MM%+&W>
kezd—1
(66)

where

c
7 (0)
and for convenience we have written everything in terms of elements of the Lie algebra, con-
verting elements of the dual where necessary, e.g. m(X) = [ [, cq+ (2, Ax) = [[ocar a(X).

In order to obtain the corresponding heat kernel on PU(d) we proceed as above, and again

we average this expression over the normal subgroup I given by dth roots of unity. We obtain
an expression for the heat kernel on PU(d) in the Poisson form

Cd,0) = —S— (2m)*" M exp (Héu%) (4ro) N2 (67)

1
Hp (exp (X5),0) = [y > " Hg(yexp(Xy),0) (68)
vel’
Cc(d, . _
— S e ) X (Ko + X+ g (1)
yerl kezd—1
1
cexp (o o+ Xc e ()] ). (69)

where we have used that j(yeX) = j(eX) and to match how we parametrised the torus in (57)
we choose the logarithm to be

e\ 2 S
log (elzd 1) =i - : (70)

—r(d—1)
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We stress that formally Hp(exp(Xy),0), is a function on SU(d) that is a lift of the heat
kernel on PU(d).

5. Bounds for exact t-designs

In this section, we prove an error bound for a polynomial approximation to the heat kernel. In
order to connect to projective ¢-designs, it is necessary for this approximation to be in terms
of balanced polynomials. We call a function on PU(d) a balanced polynomial of order ¢ if

£(U) :tr((U® U*)®[A>, 1)

holds for all U € 7=!(U), where A is some fixed matrix and recalling that in our present nota-
tion each U € PU(d) is an equivalence class of elements 7~ (U) C SU(d).
The approximation we seek follows directly from the formula

Hp(g,0) = _drexp(—cky) xx(g), (72)
A

where ) . \; = 0, given by (49), upon noticing that each character x 5, of the projective unitary
group is a balanced polynomial of order @ This follows since they may be written in terms

of Schur functions, see e.g. [45] for details. Let us denote by Hl(f) (g,0) the restriction of the
sum in (72) to balanced polynomials of order at most ¢, that is

HY (g.0)= > dyexp(—akx)xa(g), (73)
A AL <2

where > . \; = 0. We refer to the polynomial approximations Hg) of the heat kernel Hp as
trimmed heat kernels.

We seek to bound the 2-norm of the difference between the trimmed heat kernel Hg) and
the full heat kernel Hp, where the 2-norm here is the one induced by the Haar measure

1A = / P dp. (74)
SU(d)

Using expressions (72) and (73) one may bound the trimming error HHP(-,O') — Hg) (-,cr)H2
for ¢ large enough (for fixed o and d). For a precise statement and proof, see lemma 4 from
appendix B. This allows us to focus on the properties of the full heat kernel Hp.

Remark 2. (optimality of the trimming procedure). The trimming procedure given by (73) is
optimal in the following sense. The trimmed heat kernel Hg) (+,0) is the unique function in H,

closest to the heat kernel Hp(-,0) in L?>-norm. Indeed, Hg) (,0) is the orthogonal projection
of Hp(+,0) onto a finite-dimensional subspace H, of the Hilbert space L?(PU(d)). Hence, the
result follows from Hilbert’s projection theorem.

The next step is to bound the complement of the integral of an absolute value of a heat
kernel on PU(d) over the complement of a small ball Bp .. As explained in section 4, we
reduce this problem to considerations on SU(d). Recall that an element of PU(d) consists of

16
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an equivalence class of elements of SU(d) where two matrices are equivalent if they differ by
an element of I". By B.(V) we denote the closed operator-norm e-ball in SU(d) centred at V

B.(V):={UeSU(d)|d(U,V)<e}. (75)
By Bp.(V) be denote a closed e-ball centred at V in metric dp(-, -)
Bp.(V):={U€ePU(d) |dp(U,V)<e}. (76)

By Bp (V) C SU(d), where V€ 7! (V), we denote the inverse image of Bp (V) under the
quotient map 7 : SU(d) — PU(d)

Bpc(V):=n""(Bpc (V)= J¥Bc(V a7
yel’

If the centre V is not specified, the ball is centred at the group identity. By H¢ we denote an
oo-norm closed ball/hypercube in R? of radius r

HE = {v e RY|| V]| <1} (78)

and by Z9~! we denote the hyperplane in R consisting of vectors y with Zf: 1y =0.

Every element U € SU(d) can be written as U = VDV~! for some V € SU(d) and D € T.
Since the operator norm is unitary invariant, a ball B, corresponds to a unique ball Br C 7,
via Be = Uyesy(a) VBr,cV~', where By, = {D € T|d(D.I) < ¢}.

Hence, a ball B, C SU(d) corresponds to a ball in 7 C SU(d) which is an image of H% ™!
(identified with a subset of t), under the exponential map exp : t — T, where

€ =2-arcsin(¢/2) € [0,7], (79)

SO € < €.
We first prove a lemma allowing us to remove the summation over I' obtained when we
express the PU(d) heat kernel in terms of that of SU(d).

Lemma 1. ] Let ¢ be a non-negative function on SU(d) Haar-normalised to 1. Fix ¢ > 0 and
consider a set Bp  defined by (77), let its complement be By, .. Then

/ [i§l > v (rg)d / K (8)du(g). (80)

~€eT
Proof.

1
/l§ ﬁZsO(vg me) F’Z/U ¢ (vg)dpu(g) (81)

~ET ~er reT KBe

1
= 7\F| E / N ¢ (g)du(v7'g) (82)
UkeqTk

= Z/U v (2)du(g) (83)

~yel rerkBe

= / ¢ (g)du(g) (84)
UkerkBe

17
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> / o (2)du(g) (85)
hence
- [ ;,Zso(vg)du(msl—/so(g)du(gy (86)
P.e ~er B,

The bound in lemma 1 may seem crude, however, the more of a mass of ¢ is concentrated
in a ball B, the tighter it becomes. This corresponds e.g. to the heat kernel Hs(g,o0) with
decreasing o (see also figure 1). O

Applying lemma 1 with ¢ = Hy and the Weyl integration formula (see e.g. [45]) we can
bound the integral of Hp(g,0) over B,  as follows

Fexp (X)) 7 (X -+ X0)exp (1 X1 ) au(0),

(88)

kGZd ) Hd ]\Hd 1

where du(¢) = % stems from the Haar measure on 7, W is the Weyl group and we

have cancelled the j~! with part of the []\2 term in the Weyl integration formula.

Using the triangle inequality, we obtain

d 0
/ Hp (8,0) |dy (g) < 3 / J (exp (X)) 7 (Xg + X0)|
BPF P Hd I\Hd 1
<exp (—Mnxd) X0 du(9). 59)

We seek to express the right-hand side of (89) in terms of the dominant term Zy (k = 0) and
some smaller correction R which we will bound in terms of Z;

[ e(e.0) () < To+ R 90)
where
_ Cd,0) . _i 2
Tyt ST [ U0 700 exp (I ), o1)
and
R Sl S e ) m (Ko 0] fexp (o 47 ) e,
kezd—n\{o} 7 Hr \He
92)

We provide the bounds on Z; and R via lemma 8 proved in appendix C and lemma 13 in
appendix D respectively. Our bounds apply for ¢ small enough (for fixed € and d).

18
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Figure 1. Illustration of the distribution of the components of a heat kernel Hp on PU(3),
obtained via the averaging map applied to a heat kernel Hs in Poisson form. Actual
shapes and relative sizes are not depicted. The averaging takes place over I', which
consists of three roots of unity, denoted by red, green and blue points in the central
square region. The elements of I' act by shifting by the roots of unity along the dotted
grey lines, corresponding to a torus. The heat kernel Hs corresponds to the red peaks.
Each repeated square region corresponds to the contribution from a different k-vector in
the Poisson form, which lies on the grey dashed grid. Notice that only the central square
region (k= 0) corresponds to points in a group. However, the tails of the peaks from
non-central square regions (k # 0) overlap with the central square region, contributing
to the heat kernel. A ball Bp . corresponds to a sum of three balls in a central region,
denoted by dotted lines. A ball B, corresponds to the red ball at the origin, and the grey
region corresponds to its complement. lemma 1 states that the integral of Hp over Bp .
can be upper bounded by the integral of Hs (proportional to the red component) over
the grey region. This is outlined by the opacity of the blue and green peaks. Lemma 13
shows that this integral can be bounded by bounding the contribution from the central
(k= 0) red peak, which is obtained in lemma 8.

By combining the trimming error bound with the vanishing properties of the full heat kernel
Hp (lemmas 4, 8 and 13) we obtain a bound for the vanishing of the absolute value of the

trimmed heat kernel H,(f), stated in lemma 2.

Lemma 2. Provided that

2 4
2t > \% 2log (i) 93)

and

€2

7 S2dog ) o
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for any
> ! 95)
Nz —g——
Hk:lk!
we have
2
(1 ‘ g 1
H d <22 —0— — =0t
/BP‘ p (g,0)|dp(g) eXP( o5 20>
1+n d , d—1
+ > exp( 160_6+ 7 o. (96)
Proof.

J

B o) < [ 15D (00) = Hoteo) ne) + [ e (g.)ldnte) o7

C
P,e P,e BPA,e

:/SU(d) 5 (¢,0) — Hp (8,0) Xz, . (g)dﬂ(g)+/_ \Hp (3,0) |du(g), ©98)

%
BP,E

where yy denotes the indicator function of the set X. Applying Holder’s inequality to the first
term of (98) gives

/gc ‘Hg) (g,a)‘du(g) < HHJ(;) (gaU)HP(g,U)Her/EC |Hp(g,0)|du(g). 99)

Finally, substituting the bounds from lemmas 4, 8 and 13 with 4 = 1/2 and applying € < €
gives the result. The condition (94) is the result of multiplying the bounds on o we require for
each lemma; one could obtain a slightly improved, but more complicated, bound by taking the
minimum rather than the product. Ul

We are now able to prove our first theorem
Theorem 1. Let v be an exact t-design in PU(d), d > 2, then supp(v) is an e-net provided
d 4
t>32—1log(d)log <> ) (100)
€ a,€
where C = 9.

Proof. We proceed via a proof by contradiction. Assume supp(v) is not an e-net, then accord-
ing to [28], lemmas 1 and 2, we know there exists a Vg € PU(d) such that for any x < €

Vol (B (Vo)) < max [ ) (5.0)d (o) (101
ves;  J B . (v)
Note that Bp,.(V) C BS . _,., hence also Bp .(V) C BS ... s0
max [ ) (go)du(e) < max [ [HD @olante) a0
veB; . JB.(v) veB; . JBp . (v)
</, ‘Hz(f) (g,a)ldn(g)- (103)
P,e—n
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The Haar (up) volume of x-ball (described in metric dp(-,-) ) in PU(d) can be bounded
from below as follows:

Vol (Bp.,.) = (ayk)” ", (104)

where a, = % (see [28]). Such a volume does not depend on the centre of the ball, due to the
translation-invariance of the Haar measure and the metric dp(-,-). We take x = 5 and therefore
have a contradiction if

2
1 d—1
/ ]H<’)(g,o)\du(g)<<2ave> . (105)
B(I;,E/Z

Hence, under the assumptions of lemmas 2 (with ¢/2 instead of €), with the choice of n =1,
in order to get a contradiction, we can demand for example

2
d , d—1 1/1 \“!
_ —( =a, , 106
exp( 640_€+ o 0><2(2ae> (106)
2
2ol 1/1 \*!
22 exp <—ad2 — 20t> < 7 <2ave> . (107)

The inequality (106) constrains o as a function of € and d and is satisfied whenever

62

128dlog (d)log (ﬁ) ’

(108)

o< 0=

which may be seen by taking logarithms of both sides of (106) and bounding the term contain-

ing (d* — 1)5; using assumption (94). We can now bound the sufficient ¢, assuming o = o*,

using (107). Simply taking logarithms of (107) and substituting in ¢ = ¢* we obtain

t2>128d51 d)log? 4 109
> gog()og — |, (109)

a,e

however we additionally need ¢ to satisfy the assumption of lemma 2, so we obtain a final
scaling

> 1024— log® (d)log® | — |, (110)
€ a,€e

6. Bounds for j-approximate t-designs

In order to derive the version of theorem 1 for §-approximate ¢-designs, we bound the L2-norm
of the heat kernel.

Since we want to apply the results from the previous sections, we use the Poisson form of
the heat kernel, which allows us to group the terms as follows

21
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2
IHs(-, )13 = "(Xo +Xi)
kEZd lleZd 1
e 40(\|X¢+Xk)” +|IX¢+XI)H2)dM( ) (111)
C(d o)
< / S Y (X + X (X +X)|
keZd ]leZd 1
w o~ 35 (IIXe +X)P+[1Xs +X0) | )d,u(qb) (112)
:IO’O'FR*’()"*'R(Z),* +Ri,*7 (1]3)

where 77 is the k=0 and /=0 term, R  is the sum of the terms with k# 0 and [ =0, R ,
is the sum of the terms with k=0 and [+ 0 and Ri* is the sum of the terms with k # 0 and
[ # 0. We bound the contributions from IS’O, Ri,o and Ri* separately in appendix E. The joint
bound for HHE,I) (+,0)||, is provided in lemma 16 from appendix E.

We now have all the prerequisites to prove our main theorem, which is a generalisation of
theorem 1 to ¢ approximate 7-designs.

Theorem 2. Let v be a d-approximate t-design in PU(d), d > 2, with

d —1
1 €
6 < <4C10g1/4(f)10g1/4(d) d1/2> (114)

where
C=09r, (115)

then supp(v) is an e-net provided

d 4
t>32% 1og (d) log <) . (116)
€ a,e

Proof. We proceed as in the proof of theorem 1. Assume supp(v) is not an e-net, then accord-
ing to [28], lemma 2 and 3, we know there exists a Vo € PU(d) such that for any x < €

Vol (Bp,. (Vo)) < / 1 (8,0)|dp(g) + 84/ Vol (Bre (Vo)) IHE (o) [l (117)

P,e—kK
) 1+ (1+5\/V01(BP€/2)2;1/‘7]> Hlk!
_|_

2

<2%ex —oﬁ - lm‘
D )
d , d2—1
— 11
X exp( 640_6 + a> (118)
—|—(S\/V01 Bpe/z dI()() (119)
exp| —o— — +ex —iz-i—dz_l
P Udz 27 P\T6a0" " 24 ©
+ 84/ Vol (Bp.c/2)dZo (120)

22
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1

- a Moreover, we assumed
k=1""

where we put k = ¢/2 and used lemmas 2 and 16 with n =

is not too large, so that

dvd! 1
(1 +64/Vol (BP76/2)2m_1> W <1, (121)
k=1""

c.g.
1 2m—1

< < . (122)
2V2 4/ Vol (Bp. )

We take x = 5 and therefore have a contradiction if, under the assumptions of lemmas 2 we
have three inequalities

2
d &P -1 1/1 \*!
exp <_M062+ 1 O') < 7 (zave> (123)
2
{ 21 1/1 \!
2% exp (—adz - 20t> <3 <2ave> (124)
1 1 P
(SdI()J) < Z <2ave> . (125)

Inequality (123) is the same as (106) from the proof of theorem 1, hence it is satisfied for the
same o = o*. Inequality (124) differs from (107) by the factor of 1/4 instead of 1/2, one may
check that this inequality is still satisfied as long as 7 satisfies the bound in equation (100).

It remains to ensure that (125) is satisfied. Using lemmas 14, 7 and 11, then taking the
logarithms of both sides of (125) and bounding the terms that do not depend on € or o by the
O(d*log(d)) term, we obtain

1 -1 1 d—1 3d? L1 P
log{5)=> log  — 2 +4)log(d log (= ).
og<5) ( 1 >og(a>+ o a+(16+)0g()+ 5 0g<av€>

(126)
Plugging o = o* leads to
P (1)
a, \ 5 € exp (‘Wﬂg()>
o< (297> 4 4 T (127)
tog!/* (& ) tog'”* (a) dis

One may check that (127) is stronger than (122). Moreover, since € < 2, we can lower bound
the exponential term as

2 2 -4
exp | — (d — 1)6 >exp | — d —d 76810g2(d)10g(a]T).

3072dlog (d)log (ﬁ) 768log (d) log (ai)

(128)
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Hence,
. &P—1
a, 2 €

< d), 129
(29/2> log!/* (l>log1/4(d)d1/2 k(d) (129)

where

A 4

:‘ﬂ?(d) = dlﬁ 4 76810g2(d)10g($) . (130)

O

1
We now observe that the function x(d)#-1 is increasing for d > 2, which may be demon-
strated by computing the derivative. We may, therefore, lower bound it by bounding the value
at d =2. For example,

1

K(d)P1 =277, (131)
Combining this bound with the above reasoning, we obtain

-1

5 < ! ¢ , (132)

16v/97log!/* (l) log!/* () 4'*

which may easily be seen to imply the bound shown in the Theorem statement.

Remark 3. The bound on § provided in theorem 2 is significantly looser than e.g. (127)
or (129). In the provided form theorem 2 is appropriate for comparison with the results of [28],
however in applications we expect one of the more precise bounds to be more appropriate.

7. Trimmed heat kernel as a polynomial approximation of Dirac delta

In this section, we summarise various properties of our construction of the polynomial approx-
imation of the Dirac delta. These properties are either obvious or were addressed in previous
sections. The only missing property was the behaviour of the L'-norm of the trimmed heat
kernel, which also bounds its negativity.

Theorem 3. The trimmed heat kernel Hg)(~,a) for U(d) with d >2 has the following
properties:

1. HY(-,0) € H,.

2. Hg) (+,0) is Haar-normalised to 1 and also approximately non-negative for t large enough
(see point 5).

3. Controllable vanishing outside the ball of radius € as 0 — 0

y £ 1 1+n d d>—1
/é;; ‘Hg)(g,a)‘du(g)<22exp<—adz—20t)+ 5 exp(—l6062+ o cr)
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for
d d*
t>ti=——4 /21 — 134
o og ( 0) (134)
and
¢ (135)
0 x
32dlog (d)
with 1 > ——. Hence, for any € > 0,
Hk:lk!
lim [ |HY (g,0) |du(g) = 0. (136)
o—0 B .
4. Controllable blow-up of the L*-norm
2_
d\ *
IIHS’(-,U)|2<c<U> (137)

foro < m and some positive group constant c. One can take c =8 ford > 2 and c =1
ford > 12.
5. Bounded L'-norm

o1
IHD (o) [l < 1+2¢ exp <_ad2 _ 20t> (138)
fort > t.. Hence, for fixed d
lim [|H") (-,0) || = 1. (139)

Proof. Point 1 follows from the construction detailed above. Point 2 is a consequence of the
orthogonality of characters and point 5. Point 3 is the lemma 2. Point 4 is corollary 1 from
appendix E. Point 5 can be proved using the triangle inequality and Holder’s inequality. Indeed,
since Hp(+,0) is normalised to 1 and non-negative, using lemma 4 we can write

1HS o) I < WP (o) 1+ 1L (HE (o0) = Hp (50) ) xsulli - (140)
<1+ ||H (o) = Hp (o) 2 (141)
|
<1+2%exp (—adz - 20t> (142)
for
d? d*

> [2log | — ). 14
> s (5) o
O
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Remark 4. One can also write down similar properties of the (full) heat kernel Hp(-, o), which
follow from the proofs of the same Lemmas as theorem 3. In this case, point 1 is not true for
any . The normalisation from point 2 is true, but Hp(-, o) is non-negative so ||Hp(-,0)||; = 1.
The bound from point 4 is valid. The bound from point 3 simplifies to

H d <— - 144
[, et ianto < 5 e (g Syt (144
for
2
<——— 145

7> 32dlog (d) (145)

and ) > —;—. Hence, for any € >0
[Tz &
tim | | (3.0) ldu (5) = . (146)
o—0 B(Ii’e

Remark 5. Formally, theorem 3 shows in particular that for fixed d > 2, the family of L'-

integrable functions {k } x>0, where ky(g) := H;)*(A)(g, 1/)A) and t. () := d—;\/Z/\log (d*N),
is an approximate identity on PU(d).

8. Summary and future work

We have improved on the state-of-the-art for constructing e-nets in the group of unitary chan-
nels from unitary #-designs, that of [28]. Our method involves the construction of a polynomial
approximation to a Dirac delta on the space of quantum unitary channels PU(d) stemming from
the natural object—a heat kernel on SU(d).

In the case of exact r-designs we obtain results very close to those of [28], but in the more
practically relevant approximate case, our results significantly improve on the state-of-the-
art, showing that d-approximate t-designs form e nets for much larger values of ¢ than was
previously known.

While our scaling of § with d and ¢ for approximate ¢ designs substantially improves on
prior work, it is not obvious that it is optimal. We leave for future work the task of either
improving this scaling even further or proving that no improvements are possible.

The construction of [28] is used in [20] to prove saturation and recurrence results for the
complexity of random quantum circuits without the assumptions on the gap of the universal
set S. In future work, it may be possible to apply our construction to improve the known
results in this setting. It would also be interesting to understand the unknown constants A and
B appearing in (29), obtaining an inverse-free non-constructive SKL theorem from our results.
This amounts to deriving explicit constants of the polylogarithmic spectral gap decay (see
Theorem 6 from [29]), especially ro. We expect that the trimmed heat kernel construction
may be applied to obtain explicit bounds on such decay.
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Appendix A. Connecting the heat kernels on the projective and special unitary
groups

In this appendix, we prove lemma 3, which can be used to show how one can obtain a heat
kernel on PU(d) using the heat kernel on SU(d) via averaging.

Lemma 3. Let K be a simply-connected compact Lie group and T a finite normal subgroup
so that K/T" is a compact Lie group. Let p be a finite-dimensional unitary irrep of K. Then the
function

prg mZp (vg), (AD)

~ell

is either

1. identical to p if p is constant on I'-cosets in K or
2. identically zero.

Proof. We observe

p(g)p(g') =plgg’), (A2)

so p is a group homomorphism exactly if it maps the identity in K to the identity operator.
Since p(e) is self-adjoint and is easily seen to be idempotent, it is an orthogonal projector.
Since p(e) commutes with every operator in the image of K under p and p is irreducible by
Schur’s lemma, p(e) o I and is therefore equal to either 7 or 0.

In the case that p(e) is the identity operator compute

p(e")plg) = IF! Zp Np(ve) (A3)
~ell
A4
=7 Zp g 'g) (A4)
~el
1 —1 1 —1
_ L AS
‘F’Zp(g gv'g”'g) (A5)
v'el
=p(e) =1, (A6)
so that for all g € K we have p(g) = p(g) implying that the p is constant on I'-cosets. O]
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Proof of (A2).
p(g)p(g = a7 H’ > plhg)p(h'g (A7)
h,h'€H
|H| > plhgh's") (A8)
h,h'€H
|H|2 > p(hegg'n"gs’) (A9)
heHh'eH
H2 SN plhh''gg) (A10)
H|” hcini e
|Zp hgg') = p(gg’) (A11)
heH

Appendix B. Bounding the polynomial approximation of the heat kernel

In this appendix, we prove lemma 4, which quantifies the L>-norm difference between the heat
kernel Hp and the trimmed heat kernel Hg).

Lemma 4 (‘Trimming’ the heat kernel). The trimmed heat kernel Hg) satisfies

HHP o) —HY (., H <2zexp( 20 (1 - )Z—im) (B1)

for any 0 <~y < 1, provided that

2
2> Vdf <2";_) (B2)

Proof. In terms of L>-norm, as a function of x the approximation error may be computed

2

2
HHP(.,U)—HQ(.,U)“Z: A 3 drexp(—oky) xa () (B3)
N, >21 )
2
— [aut| Y drew(-ab)n o) (B4)
G MIA] >28

- Y Y ddewolath) [ a0 mnw

v |lv|l, >2e X\ |\ |, >2t
(BS)

= Y diexp(—20ky), (B6)
)\||/\H >2t
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using the orthonormality of the characters. The weights A are integer-valued d dimensional
vectors with non-increasing entries, which satisfy the condition ) . \; = 0. We now need a
bound for «(j), the number of highest weights A satisfying ||A||, =j. Each highest weight
is uniquely determined by an integer-valued d — 1 dimensional vector with non-increasing
entries, since e.g. the last element of the vector is fixed by the constraint > y Aj = 0. In order to
simplify the reasoning we will ignore the non-increasing property and obtain a slightly looser
bound than we would by including it. Such d — 1 dimensional vector clearly has 1-norm less
than ||A|[;. Since the infinity-norm lower bounds the one-norm it follows that the number
of highest-weight vectors with 1-norm equal to j is upper bounded by the number of integer
vectors with infinity norm less than j, which is exactly the number of integer points in an d — 1
dimensional hypercube of side length 2j. We therefore obtain the very crude upper bound

a(j) < (1+2)" " (B7)

Substituting this, along with the bounds from (43) and (45) into (B6) we obtain

2
e (o) = H (0| =D a(diexp(-20k) (BS)
2 Jj>2
2 .
<Z(l+2j)(d1)(1+j)d(d1)exp<20(2sz+i>) (B9)
Jj>2
1\ ¢! 1\ 41 ., jz i
o) () el ()
2t 2t e 24 4
(B10)

Our approach is to bound the expression by a Gaussian integral, so we first bound the polyno-
mial term in the sum by a Gaussian. An easy bound follows from the bound on the Lambert
W function

Woi (e 1) > —1—V2u—u, (B11)

obtained in [51], namely that

a* d* _ 2
2> 5 log (M) — (1+2)TVED Cexp <’yoip> . (B12)
Assuming that
d2 d4 _ 2
J>2t> — log (2’Y<7> = (1 +2j)(d+1)(d D <exp (70}) , (B13)

where 0 < v < 1 is a constant we have introduced. We substitute this bound to obtain
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HHP(.,U) —HY (.,g)Hz < <2+ 21t>d_l (1 + ;)d(d_l) Zexp (—a ((1 —7) 52 + é)) .

Jj>2t
(B14)

The summand is decreasing in j, so we may bound the sum by an integral to obtain

" 5 1\ 1\ 4@
-t o< (2+5) (143

o 2 x
— 1—7v)—=+ = dx. B15
X/zt exP( 0<( Nz 2>> (B

We compute the integral and employ the standard bound

1
fo(x) < —= —x%), B16
erfc (x) xﬁexp( x%) (B16)
to obtain
d—1 d(d—1) A p
() H2 1 1 1
Hp (- —Hy (- < (2 1
H r(o) =Hy (o) 2 < T T o d&>+8t(1—7)
2

X exp (—40(1 - % - Jt) . (B17)

Recalling that we are still assuming that 2¢ > F log ( ) we can obtain the very simple

bound
2 1 1
2
<2%exp <—40(1 —9) fﬁ - m) . (B19)

O

Appendix C. Bounding the dominant term Z,
In this appendix, we provide a proof of lemma 8, which bounds the Z; term (91). To do that,
we use the following lemmas 5-7.

Lemma5. Let GUES denote a GUE ensemble of traceless d X d matrices. Then for any r > 0
(see e.g. [52])

d d
1 (12—1 ) 5
A I 2 dyexp | — ; I I F—yi) .
ANGUEO(H oo (11:[1]') /ZdlmH,rl Y p( ;y,) e (yt )’1)
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Lemma 6. Foranyr > 2Vd (see [53])

1 d ?
P Al =2r) < < — | —=-2 C2
e (Al =) zap< & )) @

Proof. From [53] we have

1 dx?
All =2 <= - C3
A~GUE0 <\/;1H H —|—x> 2exp< 2 ) ©
valid for x > 0. The result follows via x = ﬁ - 2. O
Lemma 7. For SU(d) we can evaluate (see (67))
C(d d(2d)\ = D/em 2 _
(d,o) _\[( ) (27r)d I ! "(47r0) (& 1)/2, (C4)

L Y Y
wherem =d(d—1)/2.

Proof. From [32] we know that ¢ = 2//2 H’\FI E where D is the determinant of the Cartan
11

matrix. It is known that for A;_; root system, D =d and |W| = d!. Moreover, we have that

N=d*—1,l=d—1,m=d(d—1)/2, |o;] = 1/+/d. The expression 7(J) can be calculated

from equation (61) as

d—1
@) =)™"" [ (g-p)=@a)™"i"[]*" (C5)

1<p<g<d k=1
O

Lemma 8. Assume o < 5. Then
— 1 d , d—1
<Tyi== - .

To <1y 26Xp< 1606 + 2 a) (Co)

Proof. The Z; can be bounded as

Cldo)2" o)) (1

1o SW /Hﬁ:‘\?-t;f“du((b) al;[()a(X@Sln( > ) exp (40HX¢|| > (C7)
C(d,o) ) 1 )

W] /(Hi.—')" dp(9) (};[004()(@5) ) exp (40_|X¢|| > ) (C8)

Recalling (59) and (57) we can write

d—1 d—1
IXsIP=2d | Y-+ [ Do | | (C9)
-

j=1

and it is convenient to introduce the variables y; := ¢;/ 5 and Vg = — Zf;ll y;. The expres-
sion in (C8) is then equal to
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CT:&F) <2;>m+£(27r)(dl)\};’/fi’d‘“(ﬂi\ﬁy \H\ 01— )

v 1<i<j<d
20
d
xexp [ =Y y7 | dpz () (C10)
j=l1
o (T 1
o Lid— 1_d 2
:eH&H (HH) 22(d ])dﬂ-z 2/ c H (yl _yj)
_1 Zd—lﬂ(HZ L) 1<i<j<d
20

xexp (=) v |duz (), (C11)

~.
Il M&

where pz is the Euclidean measure on the hyperplane Z¢~! and a factor of d—z appears
in (C10) from changing the measure from the Euclidean one on the d — 1 variables y;...y;_; to
the Euclidean measure intrinsic to the hyperplane. The transition from (C10) to (C11) comes
from the application of lemma 7.

Using the normalisation of the probability to 1, we can apply lemma 5 with r = %g

to (C11) to write

d
To<ello pr (Al >&/— . (C12)
A~GUE) 20

Applying lemma 6 with r = 4/ %6 to (C12) and assuming

é> 21{%, (C13)

for some 0 < 3 < 1 (which is stronger than the assumption in lemma 6) we obtain the following
bound

1 d 4d 5
Tp< = — =& —2d+|6 Cl4
0 2exp( 156 —|—2\/270-E + |4l cr) (C14)
1 dp?
< 5 exp (—£62—|—H5|20> (C15)
1 ag* , d*—1
=_ = . 1
2exp( > =+ Y (C16)

We set 5 =1/2 and for o < % (C13) we get

1 d d*—1
To < = exp ( &+ a> . (C17)

2 160 T 24
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Appendix D. Bounding the correction term R

In this appendix, we bound the remaining terms R, defined in (92). Our strategy is to bound
‘R by the volume of the complement of e-ball times the upper bound on the integrand outside
of the ball (lemma 12). We then show that R is indeed a correction to Zy (see (91)), which
relatively decays very fast with growing d (lemma 13). To do so, we employ the following

lemmas 9-11.

Lemma 9. The number of k-vectors in each || - ||~ norm shell of radius r > 0
Spai= {(n],...,nd) VA m?x]ni\ = r}

can be upper bounded as
1Sl <27 (2r)" "

Proof. Consider the corresponding balls

B, q:= {(nl,...,nd) €7 mlax]n,»\ < r}.
It is easy to see that |B, 4| = (2r + 1)?. Thus,

|Sral = (2r+1)? = 2r—1)".
Using the binomial expansion, we can write

o

d d—2k—1 d—1 d dmnd—1
=2 2 <2020 — 24 (7)1
[$r.a i (2k+1>( r) (2r) o \2%k+1 (2r)

Lemma 10. Let I'(s,x) denote the upper incomplete Gamma function

T (s,x) ::/ e dr.

Then, assuming s > 1 and x > s — 1
e x’

r <——.
(5,%) x—s+1

Proof.
[ (s,x) = ex/ (t+x) e tdr < exxvl/ eis=D—14;
0 0

This bound can be improved using continued fraction representation.

d\ 478 1
4 2
Hk:lk!

Proof. We first lower bound the value of log(k!) from below. It is clear that a sum

Lemma 11.

log (k!) =log (1) +1log(2)+...+log (k)
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can be lower bounded by (k —j+ 1)log(j) for any 1 <j < k. Picking j = | 4| and using the
monotonicity of xlog(x) we obtain

k k
=1 -] <1 . D11
Jiog (5 ) <loe 4 1)
Using this bound and repeating the argument for
d
log (Hk!) =log (1) +log (2!) + ... +log(d!) (D12)
k=1
we obtain
2 (d d
5 log <4> < log (Hk! . (D13)
k=1
The result follows via exponentiation. O
Lemma 12.
= d,o)2™ d\" )
RLR = &ﬁ—l em)" (14+2) 2mtdlem % (D14)
W] 2
foro < ity
Proof. Consider a summand for some fixed k # 0
C(d,o)2" . [ a(Xy) 1 2
|W|/Hfjr—l\7-[‘{—‘ du () (g)a(X¢ + X;) sin (2 exp —@qus + Xkl
(D15)
C(d,o)2™ -1 2
<——F~— d Xs+X — | Xy +X . D16
Ty WRRCIZCI) | EERE exp (s + X1 16)
We have
[Toxs+x)= T[] (¢ —-dj+2nki—k) [] (¢ —da+2m(ki—ks)) (DI7)
a>0 1<i<j<d 1<i<d—1

and on the domain of integration we can bound |¢; — ¢;| <27 and |k; — k;| < d||k||~ for
i <j<d. Thus,

[T oo +X0)| < @7 +2md|[k]|o)" (D18)

a>0

= (2m)" (1 +dl[k|]s0)" (D19)

Let us find lower bounds on the exponents. We have

d—1
|1Xp +Xi]|> = 2d (Z (¢i+27ki)* + (da + 27’de)2) : (D20)

i=1

The first term of (D20) is just the square of the Euclidean distance from the origin in coordin-
ate space. This way, figure 1 can be used to understand the summation and bounding process
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better. The second term is non-negative and is a square of the sum of all coordinates. As such,
it has a minimum of zero on the hyperplane crossing the origin. To simplify the reasoning, we
discard the second term altogether and obtain the isotropic bound

X+ Xi|[? > 2d (27 ||K]| oo — 7)° (D21)
= 247> (2| ||| — 1)°. (D22)

Denoting

voR= [,
He \HE

#)| [T o (X, +X0)sin <O‘<§¢)> exp (_410\x¢, +xk||2>

a>0
(D23)
and assuming o is small enough, namely
2md
"SErd-z (B2
we can use lemmas 9 and 10 to bound the correction term R as follows®
C d,o
(, Z‘I’ k) (D25)
k£0
C(d,o)2" dn? 2
< —r (1—Vol(B (2 (1+dk —— (2k—1
Wi k#zo o Z|Skd 1| 2m)" (1+dk)" exp( 2 ( )
(D26)
C(d,0)2" 54 N dn’ 2
< L2 A YN T A2 (] 4 k)" T (2k—1 D27
C(d,0)2" , , = 42 d " ar? ,
=" 2 2 1 1+ = 1 - D28
W (2m)" u:%:odd( +u) (145 1)) exp(——u (D28)
C(d,0)2" 4\ n m d\" & d—2 d \" ar? ,
= —< 2 2 1+ = 1 -
W (2m) + 5 M_lzb;oﬁd( +u) d+2u exp 55l
(D29)
C(d,0)2" ., , A\" o ids _ dr?
< ) 9 20 1 “ 2m+d 2 m—+d—2 _en 2 D30
7|W| (2m) + 5 u%(idu exp > u ( )

6 Below we slightly abused the notation by denoting the ||k|| oo as .
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C(d,o)2" _,_, d\" g e 1 /CO _ dr?
< 772 . 2 m 1 = 2m+ o - m-+d—2 o 2
W (2m) + 3 e + 2 ), u exp 55V du

(D31)
C(d,o)2" m d\" - — !
:&2”1‘1.(%) (1+> 2
W] 2 2 () T
m+d—1 dr?
F( 2 20)) o
c(d,o)2" d\" a- ! -4
= 2002 gd=t py (145) 2 (1 e % D33
i (@m)" (1+5 T rA@orn)° (B3
C(d,0)2" (1 @Y pract -
<(|7‘;|)2d—1.(2ﬂ_) <1+2> pmtd—le—% (D34)
where
dr®> m+d—1
Aldo) =9 ML (D35

Let us explain the bounding process in more detail. We applied the bound 1 — Vol(B,) < 1
and lemma 9 to bound (D26) by (D27). We substituted u =2k — 1 to (D27). We bounded
d/(d+?2) <17 and applied a very crude bound

(14 u)" 972 g omtd=2 ymtd=2 (D36)
to bound (D29) by (D30). The function
7(2
fu) = u" e T (D37)

is increasing from 0 at u = 0 to its local maximum and then is decreasing. The condition (D24)
guarantees that the local maximum of f(u) for u > 0 is smaller or equal to 1, since this requires
a weaker condition
< dr?
oL ——.
m+d—2
This requirement allows us to bound the sum over odd u (D30) in terms of its first term plus
an appropriate integral (D31). We applied a well-known formula
o (4L , aa
/ P i) (D39)

dr1
20072

(D38)

to (D31). Finally, due to (D24), we have that A(d,0) >0 which allows us to apply
lemma 10 3 to bound (D32) by (D33) and bound (D33) by (D34).
O

7 Otherwise, u = 1 needs to be considered separately when bounding binomial by the power of two, since du/(d +
2) < l.foru=1.
8 The application of lemma 10 requires A(d,o) > —1.
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We want to compare the upper bound on ‘R from lemma 12 with an upper bound on Z, from
lemma 8.

Lemma 13. Ler o < m. Then,

R< T (D40)

forn > ﬁ and d > 2. In particular, we can take 1 > 1/2 to obtain a uniform bound for
k=17
alld > 2.

Proof. Clearly, from lemma 8

= _1 dn?  d*—1
To> = - ) D41
0 2eXp< 60 24 U) (4D
so that using lemmas 7 and 12
R _ R x
=< d( )'e—%“’T, (D42)
o Jhie &
where
R(d) = 2% = =3 pd=tkam=4 ghom (g 4 oy (D43)

Demanding the ratio bound (D42) to be smaller than 7 yields

2
o< 76112 1d . (D44)
log () — log (TT{_, k') — log ()
Bounding log(R) < 3d?log(d) (for d > 2) we obtain
2 2 2
i < 7dm 1 < Tdm 1 . (D45)
48d10g (d) 16 IOg (R) 16 IOg (R) _ IOg (HZ:] k') _ IOg (77)
so (D44) is satisfied for
1
< D46
7S dog@ (P50
and n > ﬁ, with the right-hand side decaying very fast with d and upper bounded using
k=1""
lemma 11.
Note that (D46) is stronger than (D24).
O

Appendix E. Bounding the L2-norm

In this appendix, we prove lemma 16 and corollary 1, which bound the Z?-norm of the trimmed

heat kernel Hg). The L?>-norm is divided into two contributions (see (111)) which are bounded
separately in lemmas 14 and 15.
Lemma 14.

C(d,o)

2 _ I61Fe
To="uir e (E1)
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Proof. We have

) _C(d,O')2 2 1 2
Zo= <ot | (Ha<x¢>>exp(—2o_ux¢u)du<¢>>, (E2)

a>0

which is very similar to the integral analysed previously in lemma 8. We introduce the variables
Yi= ¢j\/§ andy; = — Zjd;ll y; and obtain

Ioz,ozcﬂdvﬁ)(Z)m+2(2ﬂ)_(d_l)\};l/g,duz(y) I 0i—)|exp =D 3

1<i<j<d J
(E3)
[
C(d,o) C(d,o) (2a>’"+z @ 1 >
= — (2m) / (vi =)
oty W d VdJz 1@11@ !
xexp | =y | duz () (E4)
j
C(d,o) 15 (" 1 ‘
_ Cla:9) Jispre H) 23 d=1)d ;—2/ I oi-»?
mrl © m i =)
2mts k:lk! Z \i<i<j<d
xexp | = v | duz (), (ES)
j
= C9) e pre ()l < o0) (E6)
2mts A~GUE!
_Cd,9) 520
= e (E7)
O
Lemma 15.
9 dl —
R0+ Ry, AR, <= R (E8)

*yk g 22m

2
for o < dlz-:diz and d > 2.

Proof. The proof goes along the same lines as in lemma 12, so we direct the reader there for
an explanation.

Denoting
wokd)i= [ [TLabt+x0 Lo’ (X +x)
M |a>0 a>0
1
cerp (g0 (1% + 0+ X6+ Jau() @
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we have
R2, = C(r;’;”)z SN W gk (E10)
K0 1£0
< Sty kili Sttt 1Sta1| 22 (1 -+ b (1 +a)”
X exp <—‘§: ((Zk— 1) + (21— 1)2)> (E11)

2
Cld,0) i om [ o= 4 dn’ 2
< 2 pHA=DR2 () K472 (14 dk)" ———(2k—1 E12
2
zic(d’“)zzﬂff*])(zw)z'" i (14u)"? 1+§(u+1) exp (9T
|W’ u=1,uodd 2 P 20
(E13)
C(d’o-)222(d71) (27‘[‘)2m (1 n d> 2m i (1 +u>d*2 <1 n d u>m
|W’ 2 u=1,uodd d+2
2
d 2
X exp (;u2> (E14)
2
o C(d,U)zzz(dq) (27)" 1+d zmzz(erdfz) i mtd=2 oy dn® ,
< —2 (27 - u ——1u
|W| 2 u=1,uo0dd b 20
(E15)
< C(dva)zzz(d—l) 2 )Zm 1+d 2mzz(erd—z) e_dzi—k 1 /oo m+d—2
X — . 7T —_— o — u
W] 2 2,
2
d 2
X exp (—”Lﬂ) du (E16)
20
2 2m
= 7C (d’ U) 22(d=1) (27T)2m 1+ g’ 22(m+d=2) e_% + ! mtd—1
|W| 2 2\ 2
22 ( dn?
20
2
m+d—1 dr?
T @ E17
. < = 20) E17)
C(d 0)2 2d— 2 d\>" _ 1 2 e
_ ; ) (d-1) | o) m 1 “ 22(m+d 2) 1 s =
W] o7 {145 T ia@o+n) ©
(E18)
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2m 2
< (ﬁ/VT-) 22(d 1), ( ﬂ') <1+(21> 22(m+d l) ——7 (E19)

where A(d, o) is defined by (D35). Similarly,

72y = SOl Sy 6 k0) (E20)
W] #0
2
< (Ii’V(IT Z|Skd 1 @) (1 + dk)™ eXp(—lea((Zk—l) 1)) (E21)

C(d» O) 2(d—2)+1 m > d—2 m dr? 2
< 7 . o — _
< Wi 2 2m)™e” 2 g k (14 dk)" exp 3 (2k—1) (E22)

k=1

_C(d0) a- s > _ d " dn?
W =0 a1 (o) me (Z (1—|—u)d2(1+2(u+1)> exp(—zgu2>>

=1,uo0dd
(E23)
_ C(d,0)’ a1 om g~ d\" = d—2 d \"
== 2771 2n) % <1+2> (Z (1 +u) (1+d+2u>
u=1,uodd
2
X exp (-iﬁﬂ) ) (E24)
g
C(d,0)* a1 2( d) mtd—2 o~ md—2 )
< 2471 2m)*m 1+ 2 Z exp| ————u
|W| u=1,uo0dd 2
(E25)
C(d,0)" sa—1 2 — 4 d\" a2 (- m+d—2
<CRT e (1) 2 (e g
2
X exp <d;fu2> du) (E26)
2
C(d,O') 2d 1 (27T) m 1+d 2m+d 2 e 20 _|_ 1 —
W] P
(%)
m+d—1 dr’
C(d,0)’ i1 2m d\" a2 1 _ar?
w2 e (143) 2 S OES Ik (E28)
2 m 2
< C(|”"4’/‘|’) 2971 2y (1+§> prtd=le— (E29)
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and R%* = Rg* Thus, for d > 2 we have

C(d d 2m
R2y+R3, +R2, < ST g2 gy <1+2) 220md-1)

W]
d7'r2 2
xe o |1+ ) (E30)
_ d\™ ~Amtd—
( 2d1(]+§)2+d1
d —2 ( 2 )
=—R |1+ (E31)
2m — d\" Aym+-d—
2 2d1(1+§)2+d1
9d —
<-—R. E32
8 72m (E32)
O
Lemma 16 (bound on the L?-norm of the (trimmed) heat kernel).
Vd —
1H} (-.0) |2 < dToo +d 5=y (E33)
1
foro < dlog(d), d>=2andanyn > Vg

Proof. Itis easy to see that ||Hp(-,0)||, <|T'| - ||Hs(-,0)]||2. Thus, from lemmas 14 and 15

9 d 32 \F
|Hp (-,0)l, <dy| T34+ + 25 &R <d100+7d7 . (E34)

Since the terms in (111) are non-negative, it is clear that (E34) can be applied to trimmed heat
kernels. The result follows from bounding 3‘f < 2 and the application of lemma 13. O

Corollary 1.

¢ d\ *
1HY (-,0) |2 <c<0) (E35)

for o < m and d = 2, where c is some positive group constant. For example, one can take
c=8ford>22andc=1ford > 12.

&2

Proof. Using the proof of lemma 16

1Hp (o), < dRE+ Va5 +in e o o= 4 i ! * (E36)

4 H

~d/8

a2V ‘f 7 (E37)

4 2m 4

7 -8, » B
zd@ d eSto 73ﬁ+d%d22d2/87d/47rd7g*"27' (E38)
o \ 4 4

< dnlH g%+ 41 it Tl e e (E39)

foro < m. The logarithm of the sigma-independent terms can be upper bounded by i (d* —
1)log(d) for d > 8. For d > 2, it can be upper bounded by 1(d? — 1)log(d) + log(19). O
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Appendix F. Well-definedness of the Poisson form of the heat kernel at
non-regular points

A complete proof of this is beyond the scope of this manuscript, and perhaps the easiest such
proof is that of Urakawa [32], showing that the two forms of the heat kernel are equivalent.
In this example, we will sketch the idea by demonstrating the phenomenon in the limit as two
elements of the vector ¢ become equal to each other.

Fix all elements of ¢ in equation (66) other than ¢, and ¢, set these to be a + b and a — b,
respectively. Assume all of the ¢; are not equal to each other, and none are in the interval
(a —b,a+ b). We will consider the limit as » — 0. The relevant part of (66) becomes

J(exp(Xy) ™! Z 7 (Xy + Xi) exp (_410HX¢ +Xk||2> Z H ;i (X + Xi)

;i (X,
kezd-11<i<j<d Sln( i ¢))

kezd=!
exp| ——
P do ¢ k
2b+2m (k] —kz) Q;j (X¢ +Xk) ( 1 2
- : ————~exp | ——1Xs + Xl |, (F2)
ke;l sin () ijrelrr;[ining sin (%) 40
where Hi Jjremaining denotes all of the terms in the product ngi <j<a €Xcept forthei=1,j=2

term which has now been written explicitly. We now split the sum over & into parts for the
cases k; # k, and k; = k, To streamline the notation the vector k is now parametrised by the
two elements k; and k, and the remaining d — 3 dimensional vector k’

> Y 1 Wem(—;ummﬂz)

k' €74—3 ki=ks i,jremaining S1
2b+ 27T (k] kz) Qi (X¢ +Xk) 1 2
—_— ——1|X X, . (F3
k' €74=3 ki F#ka i,jremaining S11 7

As can be seen, the singularity in the first term now has the expected form b/ sin(b) which
converges to 1 in the limit » — 0 and can easily be extended to a continuous function. For
ki # k, we need to match the term with k; = ¢, k, = d with the term with k; =d, k, =c in
order to obtain the cancellation that we need. Let k be the vector with elements c,d,k’, and
k be the vector with elements d,c,k’. With this notation, the second term in equation (F3)
becomes

2b+ 27 (c — d) o (X +Xp) 1 2
> > T 11 .(%(ZX@)‘?XP — 25 |Xe +Xi|

k’€Z4—3 c<d i,jremaining S

2b+2m(d—c) Qi (X¢ + X;E) < 1 2)
T win) — o~ exXp | —— || Xe +X; , (F4)
s (b> iJreln:;.Ii:ning sin (@) P 4o H ¢ k”
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and we can now take the limit » — O to observe that

i oy (X +X;) 1 )

o Mexp <_ Xy +X; )

bg}oid‘rell;l[ining sin (W) 4(7” o + Xl
= lim M

b—0 o[ 2i(Xg)
i jremaining S11 < . 5 ¢

1 2
—— Xy +X; . F5
exp< 40“ 6+ kH) (F5)
Denoting this limit L(k), we obtain

S Suopm (2D B 5 S,

k’€74-3 c<d k'ezd—3 c<d

where we have cancelled the (¢ — d) term with the (d — ¢) term and used the well-known fact
that limp_ % converges. An identical phenomenon appears when more than 2 eigenvalues
become equal to each other, but proving this directly is considerably more cumbersome.
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Chapter 5

Paper III: Quantum Circuit
Overhead

5.1 Overview

In the third paper, we aimed to introduce an informative and computable quantity to
evaluate the efficiency of universal gate sets & and use it to gain insight into the efficiency

of some commonly-used single-qubit gate sets.

Although the SKL theorems (e.g. based on the finite-scale spectral gap) can be used to
derive upper bounds on the efficiency of discrete S, such bounds depend on the number of
gates in S. This dependence is also reflected in the optimal value of §(vs), which scales as
O(1/v/S) (see Section 2.4.1). On the other hand, the volumetric bound on the efficiency
also depends on |S|. As it is intuitive that allowing more gates in S should result in better
efficiency, in practice, each gate requires specific experimental procedures to be reliably
executed. Thus, one can argue that the sets S shouldn’t contain too many elements, and it
is informative to compare the sets S within the gates of the same number of elements |S]|.
This is the primary rationale behind the measure of efficiency introduced in this paper,

called the Quantum Circuit Overhead (QCO).

In this paper, we introduce the notion of the QCO, which is the ratio of the lengths of
the shortest circuits built out of gates from S producing an e-net, i.e. the computational
efficiency £(S,¢), compared to the efficiency of the optimal gate set with |S| elements.
Although the QCO cannot be computed directly, we explain how it can be bounded from
above by the quantity @) given by a simple formula
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_ log(|s])
Q(S¢) = log (1/6(vs,t(e))’

where t(g) is the ¢ stemming from the ¢-design and e-net correspondence, so that Q(S,¢)

(5.1)

can be calculated by the numerical spectral gap computations at scale t(e) ~ d®/?/e. This
formula arises from upper-bounding the efficiency of S using the SKL theorem, based on
the finite-scale spectral gap and lower-bounding the corresponding efficiency for the best
gate set using a simple volumetric argument. The formula (5.1) can also be understood as

an upper bound on the so-called covering exponent in the case of uniform weights [114].

Moreover, we introduce the related notion of the T-Quantum Circuit Overhead (T-QCO),
where we focus on the occurrence of specific gates, denoted T;, which are assumed to be
considerably more costly than the remaining gates. This is the case for many fault-tolerant
implementations based on the Clifford+T gate set, where the fault-tolerant implementa-
tion of the T gate (also known as P(w/4) gate) typically dominates the overall cost. We
conveniently choose the remaining “free” gates to form a non-universal group C', which does
not intersect with the set {7;}. Similarly to QCO, the T-QCO can be upper bounded by
the quantity Qr, obtained by applying formula (5.1) to the gate set Sy derived from S by
conjugating the gates T; with the elements from C'. This simple conjugation trick directly
relates the computational complexity of the circuits over Sy with the T-complexity, i.e.,

the complexity in which we count only the occurrences of operations in {7;}.

We note that the notion of QCO and T-QCO can be applied in the NISQ setting too. In
particular, the gate set S does not need to be discrete; however, in this case, the notion of
overhead reduces to the numerator £(S, €). For example, one can use the T-QCO to analyse
the T-complexity of some fixed entangling operations while allowing the “free” group C' to
contain all the single-qubit unitary channels. Finally, the T-QCO is a good proxy for the
overall cost-effectiveness of gate sets for the architectures, with a clear separation into the
set of costly gates {T;} and the gates whose cost can be neglected, C. We provide examples
of architectures for which such an assumption is reasonable, including the fault-tolerant

architectures based on 2D surface and color codes.

We perform extensive numerical simulations of the upper bounds Q/Qr for the random
ensembles ! of single-qubit gates, focusing on ensembles obtained by complementing the
Clifford and Hurwitz groups with a Haar-random gate and purely Haar-random gates with
the corresponding number of gates |S|. We distinguish the case of generic Haar-random

gates (of infinite order) and Haar-random gates with fixed finite order (8 for the Clifford

"We use approx. 10* gates sets per ensemble.
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and 2 for the Hurwitz group). We compare the resulting histograms of Q/Qr with each
other as well as with certain specific values, corresponding to “special” completions of both
finite groups. Namely, the Super-Golden gates and the P(mw/4) gate (in the case of the
Clifford group). We argue that in each case, the value of Q/Q7 (which depends on ) can
be lower-bounded in the ¢ — 0 limit by the optimal value stemming from considerations

involving the Kesten-McKay measure.

Our numerical results show that the histograms of Q/Qr enjoy fast stabilization with
growing t (i.e. diminishing ¢), allowing the computations to be terminated at the scales ¢
below the theoretical value t(¢). Moreover, the Super-Golden gate for the Hurwitz group
saturates the optimal value within the inspected range of ¢. Interestingly, this is not the
case for the Clifford group. Our numerical Monte-Carlo search for the optimal completions
of those groups confirms that the optimal completion for the Hurwitz group is close to the
Super-Golden gate. Similar analysis for the Clifford group found the optimal completion
with Q7 ~ 3.7 by the gates of the form UP(37/4)U', where U is a Bloch sphere rotation
around any axis (z,y,0) with |z| # |y| by an angle in [r/8,7/2]. This is close to the
optimal value Q7 =~ 3.4. Somewhat intuitively, the worst completions were obtained for
U belonging to the Clifford group. In particular, the completion by the famous P(7/4)
resulted in a very poor value of Qp =~ 52, lying far away from the center of mass of the
Q7 histogram. In this sense, the famous P(7/4) is a very non-optimal completion of the

single-qubit Clifford group.

Finally, one should acknowledge that we are comparing what we can calculate, namely the
upper bounds Q/Qr on the (T')-QCO. This does not guarantee that the actual value of
the T-QCO for the P(7/4) completion is poor. However, we believe that the actual value
of the overhead is sufficiently correlated with the upper bound to make some conclusions.
The second delicate matter is whether a representative of the family of optimal completions
for the Clifford group we found can be implemented fault-tolerantly with a sufficiently low

cost compared to the P(n/4) gate.

5.2 Contribution statement

My contribution to this article was:

1. Writing the paper, except figure generation, Appendix E, and the description of the

optimal completions for the Clifford and Hurwitz group in Section V.
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2. Refinement of the notion of QCO, including the idea of T-QCO.

3. Co-planning of the numerical experiments to be performed.
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We introduce a measure for evaluating the efficiency of finite universal quantum gate sets S, called
the Quantum Circuit Overhead (QCO), and the related notion of T-Quantum Circuit Overhead (7-
QCO). The overhead is based on the comparison between the efficiency of S versus the optimal
efficiency among all gate sets with the same number of gates. We demonstrate the usefulness of
the (T-)QCO by extensive numerical calculations of its upper bounds, providing insight into the
efficiency of various choices of single-qubit S, including Haar-random gate sets and the gate sets
derived from finite subgroups, such as Clifford and Hurwitz groups. In particular, our results suggest
that, in terms of the upper bounds on the T-QCO, the famous T gate is a highly non-optimal choice
for the completion of the Clifford gate set, even among the gates of order 8. We identify the optimal
choices of such completions for both finite subgroups.

I. INTRODUCTION

Quantum circuit [1, 2] is a universal model for quantum
computation in which quantum information is processed
via the application of a series of unitary operations called
quantum logic gates. Similarly to a classical computer,
whose computation can be described using the classical
circuit model, every global quantum operation on a qubit
register can be realized using a universal finite set of el-
ementary operations. A set of such quantum logic gates
is referred to as the universal gate set or, in the context
of quantum hardware, the native gate set.

Contrary to the classical case, the finite length quan-
tum circuits built out of a finite discrete set S of quan-
tum gates can be used to implement arbitrary multi-
qubit (global) unitary operations only approximately, up
to some error € (in a suitable metric). The number of
elementary gates needed to implement a target unitary
operation U with precision € using gates from S is a mea-
sure of the complexity of U with respect to S [1-3]. For
a universal gate set S and any finite ¢, the complexity
of any U is finite and thus can be upper bounded by
the shortest circuit length, ¢(S,€), so that any U can be
e-approximated by a quantum circuit built out of S of
length at most ¢(S,¢€). This number can be understood

* oslowik@cft.edu.pl
T a.sawicki@cft.edu.pl

as an absolute measure of the efficiency of S at the scale
of e-approximations. Since the implementation of quan-
tum gates is always flawed, for reasonably small nonzero
€, this number fully characterizes the efficiency of S.
Quantum compilation [1, 4, 5] is a process whose
main objective is to approximate the target quantum
circuit from the high-level hardware-agnostic represen-
tation used by quantum programmers to the form ex-
pressible by the native gate set executable on a specific
quantum computer. Another task handled by the com-
piler is circuit optimization, which, loosely speaking, in-
volves reducing the resources of quantum circuits, such
as the depth of the circuit or the number of specific gates
used. In the case of the current noisy intermediate-scale
quantum (NISQ) machines, which do not enjoy quan-
tum error correction, the reduction of the circuit depth
and the number of costly gates (such as the noisy en-
tangling gates) is of utmost practical importance [6-8].
On the other hand, in the fault-tolerant regime, due to
the Eastin-Knill theorem [9-11], the number of resource-
costly non-traversal gates often determines the bottle-
neck [12-14]. For example, in the case of Clifford+T
gate sets realized using many topological codes, such as
2D surface or color codes, the focus is usually on the re-
duction of the T-count i.e. the number of non-transversal
T gates (also known as the P(m/4) or w/8 gates '), which

I To avoid confusion with the 7" symbol occurring in T-QCO, we
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leads to an improvement in error rates, runtime and the
number of qubits needed to perform the computations
[15-22]. However, the compilation process is fundamen-
tally limited by the efficiency of the used gate set S.

Aside from the applications in the description of in-
formation processing occurring in quantum computers,
quantum circuits can be used to describe the discrete
unitary dynamics of general discrete quantum systems
[23-25]. Such an approach has been recently proposed
to gain insight into the physics of black hole interiors,
and interesting results regarding the saturation and re-
currence of the complexity of such systems have been
obtained [26, 27]. Such behaviour also depends on the
efficiency of gate sets S used to model the system.

Although it is conjectured that the generic universal
gate sets S have, so called spectral gap, which implies
the optimal asymptotic efficiency 4(S,€) = © (log(1/€)),
the quantitative methods to bound and compare the ef-
ficiency of various gate sets S are not well-developed.

In this work, we introduce and study the relative mea-
sure of the efficiency of universal gate sets S that we
call the quantum circuit overhead (QCO) and the re-
lated notion of T-Quantum Circuit Overhead (T-QCO).
The notion of overhead is based on the comparison of
the efficiency ¢(S,€) among the gate sets S having the
same number of elements, where the optimal efficiency
is denoted fopt(|S|,€). Crucially, both overheads can
be upper-bounded by essentially calculable quantities,
namely @ and @7, respectively, which can be obtained
from numerical simulations.

To demonstrate the feasibility of our method and its
applications, we provide extensive numerical examples in
which we calculate Q/Qr, focusing on the comparison
between the two scenarios for single-qubit gate sets:

1. A Haar-random set S with a fixed number of ele-
ments (of infinite or fixed finite order ),

2. A set S composed of a finite group (such as Clifford
or Hurwitz group) completed with a single Haar-
random gate (of infinite or fixed finite order r),
making the set universal.

In the second scenario, we compare such random ensem-
bles with some “special” choices, e.g. the P(w/4) gate
in the case of the Clifford group, gaining insight into
their efficiency. The inclusion of the finite order cases is
motivated by the fault-tolerance considerations and the
analysis of the so-called Super-Golden Gates [28]. Sur-
prisingly, our results suggest that the P(w/4) gate is a
highly non-optimal choice among all gates of order r = 8
in terms of Q7. We also identified the best possible gates
of orders r = 8 and r = 2 in the Clifford and Hurwitz
group cases, respectively.

refer to the T gate as P(w/4) gate.

Although our numerical experiments focus on a single-
qubit case, our framework can be applied in any dimen-
sion, in particular to the multiqubit gates. Moreover,
it can be (in principle) applied to the setting in which
the universal gate set is not discrete, e.g. consists of
parametrized gates. We refrained from performing such
experiments due to their computational costs.

In order to upper bound the overhead, we need to be
able to upper bound (S, €) and lower bound £ (|S], €).

II. SOLOVAY-KITAEV LIKE THEOREMS

Lossless unitary quantum operations on n-qubit regis-
ter are described via the unitary channels U(p) = UpUT,
which form a group U(d), where d = 2". This group can
be naturally identified with the projective unitary group
PU(d). We use the following metric on U(d)

d(U,V) = min||U — V||, (1)
)

where by || - [|«c We denote the operator norm and U,V
are the unitary representatives of the channels U and V
respectively (see Appendix A for more details).

The famous Solovay-Kitaev (SK) theorem states that
if § C U(d) is a finite universal symmetric (i.e. inverse-
closed) set of quantum gates, then £(S, ¢) = O(log®(1/¢)),
where the constant ¢ depends on the proof and typically
¢~ 3970rc=3+4aq, for any a > 0 [1, 2, 29]. The
proofs are constructive, so that an (efficient) algorithm
exists that can find the desired decompositions. As a re-
sult, the SK algorithm serves as the foundation of modern
quantum compilation. Since its introduction, many simi-
lar (constructive and non-constructive) poly-logarithmic
upper bounds ¢(S, €) = O(Poly(log(1/¢)) have been pro-
vided [30-37]. Such theorems often work for groups other
than U(d), e.g., semi-simple compact Lie groups, and use
different assumptions on the gates in S; we refer to them
as Solovay-Kitaev-like (SKL) theorems.

For example, in terms of constructive/algorithmic SKL
theorems, the cubic £(S,€) scaling in the SK algorithm
was recently improved in [30] to log,(2) ~ 1.44, where
¢ is the golden ratio. The construction assumes that S
is finite and inverse-closed. On the other hand, in [31],
the authors provided the generalization of the SK algo-
rithm working for any finite universal (i.e., not necessar-
ily inverse-closed) sets S, with ¢(S,e) = O(log™(1/¢))
and 4 = O(log(d)).

However, it is known that for finite S, all poly-
logarithmic bounds with exponent 1 are asymptotically
tight. The Haar volume? of an e-ball B, C U(d) can be
bounded as

(a,6)" ™1 < Vol(B.) < (Aye)™ 1, (2)

2 Due to translational invariance of Haar measure and the metric,
the volume of a ball does not depend on its origin.
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with known constants a, = i and A, = 87. These
constants were provided in [36] using methods from [38].
Then, using the simple volume counting argument [1, 32],
one may express the lower bound on (S, €) as

d?—1 1
Lo ,€) = —an | VPR
(510~ o eiton () Q
where A, = 87, so £(S,¢€) = Q(log (1/¢)).
This lower bound depends only on the number of el-
ements in S. Hence, it can be used to lower bound

Lops (|S], €), which yields

U8, €) = Lopt(IS],€) = lvar(|S], €) (4)

It is known that such an optimal scaling ©(log(1/¢))
can be obtained for S, having a so-called spectral gap. It
is useful to reformulate this property to the language of
unitary d-approximate t-designs.

A unitary J-approximate ¢t-design is a probability mea-
sure v on U(d) which mimics the averaging properties
of Haar measure p when applied to balanced polynomi-
als with degree bounded by ¢, up to some discreptancy
(v t) :==|Tye — Tyl ., where

Ty = / du(U)U, Ty = / O, (5)
U(d) U(d)

are so called t-moment (averaging) operators, Ut :=
U®t @ U, and we require d(v,t) < 1 (see Appendix
B for more information). For any gate set S, by vs we
denote the uniform probability measure supported on its
elements.

Note that for symmetric S,

0o =0 (vs, t) (6)

quantifies the difference between the averaging over the
circuits of length ¢ and over the Haar measure 3. There-
fore, the smaller 6(vs, t) is, the shorter the circuits needed
to mimic the Haar averaging.

The spectral gap of S is then 1 — §(vs), where 6(vs)
is the supremum of §(vs,t) over all scales t, so that the
spectral gap property reads 6(vs) < 1. The quantitative
version of the statement about the efficiency of gate sets
S with a spectral gap is a non-constructive SKL theorem
[32, 33] and it states that if 6(vs) > 0, then for any preci-
sion € every operation U from U(d) can be approximated
by a sequence of gates from S of the length

I

vs,t

— Tyl

d? -1 2
log (1/5(vs)) ' <A) | @

Notice that although the scaling is optimal, the pre-factor
may be arbitrarily large. Moreover, in our examples, the

3 For non-symmetric S we have an inequality.

pre-factor is bounded from below via d(vs) > dopt(S),
where

bt (S) = 2VISIZ L (8)

S|

[39] (see Appendix C for more detailed explaination). We
say a finite gate set S is efficient if §(vs) = dopt(S) and
refer to dopt(S) as the optimal value. Note that the op-
timal value depends only on the number of gates |S].

The study of 0(vs) for generic S is a hard problem
as 0(vs) can not be directly calculated. However, some
properties of §(vs) are known. For example, it is known
that §(vs) < 1 for the finite universal sets S consisting of
algebraic elements [40, 41]. This result was later gener-
alized to any compact, simple Lie group [42]. Moreover,
it has been conjectured (and is now commonly believed)
that d(vs) < 1 for any finite universal S and there are
known examples of efficient finite single-qubit gate sets
S with |S| = p— 1 for p = 1mod4 [43, 44]. Finally,
some commonly used one-qubit gate sets are known to
be efficient [28, 45-47]. To the best of our knowledge,
the construction of efficient many-qubit gates remains an
open problem.

Fortunately, one can still obtain useful non-
constructive SKL theorems using the knowledge of
d(vs,t). Such a finite-scale approach was studied in [34—
37] and is sufficient in practice, as it corresponds to study-
ing efficiency at a certain finite precision €. The approach
from [36, 37] utilizes the relation between e-nets and -
approximate t-designs.

A subset of channels £ from U(d) is an e-net if for ev-
ery channel U from U(d), there exists a channel V from
&, such that d(U,V) < e. In other words, £ contains
all the possible channels up to the error e. It is intu-
itively clear that e-nets formed by quantum circuits built
from S and §-approximate t-designs supported on them
are related. However, the quantitative relations between
them were not known until recently. Such bounds for the
group U(d) were first rigorously studied in [36], where
the authors show 4 that a set is an e-net if it is a support
of a d-approximate ¢t-design with the parameters obeying
the following scalings

w0z ses (d/) )

€

(see [36] for precise formulas). A more recent study im-
proves the second scaling to &(e) < (e/d*/2)% [37].
From the point of view of nonabelian Fourier analysis
on groups, such reciprocal relation between ¢ and e can be
intuitively understood as the relation between distances
on the group and its corresponding “frequency” space,

4 The result is more general as it does not assume that the measure
is uniform.
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so that smaller e corresponds to faster varying functions.
The quantitative version of such SKL theorem was proved
in [36] and states ® that for a fixed precision ¢, every op-
eration U from U(d) can be e-approximated by sequences
of gates from S of the length /5(S, €)
d>—1 1

ey () (0
where t(e) is the bound of type (9) stemming from the
e-net t-design correspondence. Thus, we can say that
0(vs,t(e)) upper bounds the efficiency of S on the level
of e-approximations. Moreover, for not too large values
of t and d, the value of d(vs,t) can be calculated us-
ing supercomputing clusters. Conveniently, contrary to
the Solovay-Kitaev theorem, such SKL theorem can be
applied to arbitrary S, in particular to continuous S.

The distribution of d(vs, t) for (fully) Haar-random en-
sembles of finite S was studied in [48], with the extensive
numerical analysis suggesting fast stabilization of the dis-
tribution with growing ¢. Our numerical experiments fur-
ther validate this observation and extend it to all types
of ensembles of gate sets studied in this paper. Hence,
although the bounds (9) provide some theoretical guaran-
tees on the scales t needed to gain insight into the e-scale
efficiency (via (10)), our results suggest that in practice,
it suffices to compute d(vs, t) for ¢ much smaller than the
bounds t(e).

Although from (10) it seems like d(vs, t) is a good mea-
sure of the efficiency of finite S, the value of 0(vs,t) is
sensitive to the number of gates |S|. In particular, as the
number of gates |S| goes to infinity, the optimal value
(8), which lower bounds the supremum of d(vs,t) over
t, goes to 0. Since the implementation of gate sets S
with large |S| is costly in practice, e.g. due to the nec-
essary calibrations of quantum hardware, it makes sense
to compare the gate sets S of fixed |S|. This motivates
us to introduce the notion of the overhead of quantum
circuits.

0U(S,e) < Ls(S,€) ~

IIT. QUANTUM CIRCUIT OVERHEAD

We define the Quantum Circuit Overhead (QCO) of
a finite universal gate set S for e-approximations as the
ratio between the smallest length of circuits over S which
form an e-net, £(S, €), and the optimal length £op4(|S], €)
achievable using gate sets with the same number of gates
|S]. Such a quantity is very hard to calculate in general,
however we can bound it from above by bounding 4(S, €)
from above and £opt(|S|, €) from below using (3), (4) and
(10) as follows

0S8, e l5(S,€)
Lopt (IS],€) ™ Lval(IS], €)

S QS e), (11)

5 Original Proposition 2 in [36] has 1 — &(vs,t) instead of
log (1/6(vs,t)) due to unnecessary bounding.

4

where we define the computable upper bound on QCO
as

_ log(is)
U9 = o 1 5(ws, 7))

and t(e€) is the bound stemming from the e-net t-design
correspondence of type (9). Note that Q(S,€) is a non-
increasing function of e. It is interesting to study the
asymptotic behavior of (12) in the limit of € — 0 (i.e.
t — 00), namely we define

(12)

Q(S) = limsup Q(S,¢). (13)
e—0
For efficient gates, we can use (8) to obtain
— log(|S
Quun(8) = — BB os )

o)

where Q,,:(S) £ 2 for large |S|. We refer to Q,,(S)
as the optimal value, since it is a lower bound on Q(S)
attainable on the efficient gate sets S.

Notably, our definition of QCO still makes sense for
the infinite S, however then it simplifies to the efficiency
U(S, €) due to Lopt(|S], €)) = 1 being realized trivially.

The notion of QCO is suitable for scenarios in which
one is interested in the pure computational efficiency of
the gate sets or, in the context of quantum computers, the
total gate count of the circuits (see Example 1). Practical
architectures in which such a scenario may be relevant
include the homogeneous-cost models based on anyons
(see Table I).

Example 1 (single-qubit gate count) Consider a
single-qubit NISQ architecture with a gate set S, consist-
ing of gates with similar fidelities. Then the QCO of S,
which boils down to the analysis of the gate count/circuit
depth, is a sensible measure of the efficiency of S.

IV. T-QUANTUM CIRCUIT OVERHEAD

In many architectures, it is reasonable to count the
occurrence of the specific gates, which are considered to
be particularly costly, while discarding the occurrences
of remaining operations, regarded as relatively “free” (see
Examples 2 and 3). This motivates us to introduce the
following definition of the T-Quantum Circuit Overhead
(T-QCO).

Let C be a group of quantum operations in U(d) and
suppose our chosen set of gates is of the form

S=Cu{Ty,... T}, (15)
where T; ¢ C' are additional operations which make S
universal. We consider the operations in C as free re-
sources and want to focus on the occurrences of the costly
operations, denoted as T;. Thus, we are interested in the
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T-complexities of operations U in U(d), i.e. the small-
est number of T; gates needed to e-approximate U using
operations from S. Hence, in analogy to the definition
of QCO, we define the T-Quantum Circuit Overhead (T-
QCO) of a finite gate set S for e-approximations as the
ratio between the smallest T-count of the circuits over
S which form an e-net and the optimal T-count over all
gate sets of the form (15), with the same number of gates.

To bound the T-QCO of the set S, we consider the
following derived set of operations

St = U {cTicT,c €C}, (16)
i€[n]
which allows us to upper bound the T-QCO by
Qr(S,¢) = Q(Sr,€) (17)

(see Appendix D for a detailed explanation).

Of course, in practice, the physical gate set does not
need to include the entire group of free operations C', but
rather some chosen generators. In such a case, the group
C should be understood as the group generated by the
“free” gates. Such a procedure is justified as long as the
elements of C' can be considered sufficiently cheap.

Similarly to QCO, the definition of T-QCO is also ap-
plicable to infinite gate sets.

Finally, the T-QCO is well-defined for reasonably small
€, so that the denominator is non-zero.

Example 2 (CNOT-count flavour) Consider a
NISQ n-qubit architecture with the parametrized 2-qubit
entangling gates Ent; ;i 1(¢) with similar fidelities,
acting on qubits i andi+1 for 1 <i<n-—1. We pick S
as in (15) where C = U(2)®" 8 and T; = Ent; ;41(4) ,
for1 <i<mn-—1. Then the T-QCO of S is the sensible
measure of efficiency wrt to the choice of ¢.

Example 3 (T-count flavour) Consider a  fault-
tolerant architecture with n (logical) qubits, such that the
Clifford gates are low-cost compared to the parametrized
family of non-Clifford phase gates P(¢), which can be
implemented with similar cost. We pick S as in (15),
where C = C,, is the n-qubit Clifford group and T;, for
1 <4 < n, is the non-Clifford P(¢) gate acting on the
i-th qubit. Then the T-QCO of S is the sensible measure
of efficiency wrt to the choice of ¢.

Contrary to the QCO, the notion of T-QCO is most
suitable for scenarios in which the gate set can be strongly
separated into a group of gates with negligible cost and
a group with (similar) high cost. For example, in NISQ
architectures, the T-QCO can be applied with T; being
the chosen entangling gates (see Example 2). For fault-
tolerant architectures, see Table I and Example 3.

6 In this example we used U(2) as the set of single qubit operations
to integrate them out and focus on the impact of the entangling
gates. However, any single qubit gate set can be used.

V. NUMERICAL EXAMPLES

We provide the numerical examples focusing on the
calculation of the upper bounds on QCO and T-QCO,
given by @ (12) and Q7 (17), respectively (see Appendix
E for more details about the methods used in numeri-
cal experiments). The calculations were performed on a
supercomputing cluster.

We consider two types of one-qubit finite universal gate
sets:

1. Haar-random gate sets with n elements of (finite or
infinite) order r, denoted S, » r,

2. gate sets derived from a finite subgroup C C U(2):
(a) completed with a fixed gate T', denoted Cr,

(b) completed with a single Haar-random gate of
(infinite or fixed finite) order r, denoted C,, ,,

following the setting (15).

We analyze two choices of one-qubit C' - the Clifford
group C and the Hurwitz group H. For each C, we con-
struct a random ensemble of ~ 10* derived universal gate
sets of type C), -, where r is co or equal to either 8 or 2 for
C and H, respectively. This way, we obtain histograms
representing the probability density of Qr for a fixed t.
We increase the value of ¢ until the histograms stabilize
and mark the corresponding optimal values of Q7 (see
Fig. 1 and Fig. 2 for C,, , ensembles and Fig. 4 and Fig. 5
for H,, » ensembles). The optimal value does not depend
on the scale t and lower bounds the histograms in t — co
limit,.

Moreover, we compare such histograms with analogous
histograms of () for the same-size ensembles of type S, ,, »
containing the corresponding number of gates n = |C|
(see Fig. 3 for Clifford group and Fig. 6 for Hurwitz
group) and with the values of Qr for gate sets of type
C'r with “special” choices of T'.

The comparison with the purely random ensembles
Spun,r is relevant from the theoretical point of view, as
such gate sets are generic and the distribution of §(vs,t)
can be studied using Random Matrix models [58].

Finally, we identify the choices of T' giving the best
values of @7, among all gates of order r = 8 (for the
Clifford group) and r = 2 (for the Hurwitz group). We
achieve this by the Monte Carlo search over the relevant
random completions C, ;.

Additionally, we check the tightness of the bound (8)
in the case of ensembles of type C,, , with finite r by cal-
culating the distributions of singular values of the corre-
sponding ¢t-moment operator (see Appendix C and Fig. 7
and Fig. 8 for more details).

A. Clifford group

The one-qubit Clifford subgroup C C U(2) has 24 ele-
ments and is generated by
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TABLE I. Examples of fault-tolerant architectures to which (T-)QCO can be applied as a reasonable proxy for an overall

efficiency.
Category Architecture Cheap operations (C) |Costly operations ({I;})|Cost split Metric
NISQ NISQ devices (gen-|Local single-qubit group |Entangling gates (e.g.|High; 2-qubit gates| T-QCO
eral) [7] on each qubit (Eu-|CNOT/CZ/MS/Rydberg) |dominate time/error
ler/ZXZ primitives
treated as free)
2D surface code [49,|Clifford subgroup via|T via magic state distilla-| Very high; T-state
Fault-tolerant 50] lattice surgery / Pauli- | tion (factory limited) throughput bottleneck
(Code-based) based computa.tlon . . . i T-QCO
2D color code [51,|Transversal Clifford sub-|T via magic state distilla-| Very high; T prepara-
52| group (baseline codes) |tion or gauge-fixing / code-|tion dominates
switching
3D surface code [53]|Subgroup generated by|T via magic state| High; cheap CCZ
Cliffords and transver-|distillation leaves T as the main
sal CCZ (treat CCZ as costly gate
cheap)
3D  color code|Transversal Clifford +|T via injection/gauge-|High; clear
(baseline) [52, 54] |CCZ subgroup (cheap);|fixing (when not made|cheap/costly split
some  boundary/gauge|transversal) in baseline setting
variants enable transver-
sal T
Triorthogonal codes|Clifford subgroup inside|Production/consumption |Very high within fac-
/ CSS-T (factories)|distillation circuits of high-fidelity T/CCZ|tory; resource states
[55] resource states dominate
Fault-tolerant |Ising / Majorana|Clifford subgroup by|T via magic state injection|High; injections | T-QCO
(Anyonic) anyons [56, 57] braiding (or equivalent) dominate
Fibonacci anyons|No robust cheap sub-|All gates via braiding (cost| Homogeneous cost;|QCO
(braiding- group; all gates from |by compiled braid length) |no cheap/costly split
universal) [56] braids

10 1 1
(e () o
up to normalization. The special choices of T gates in-

clude the P(w/4) gate (of order r = 8) and the so-called
Super-Golden gate [59] (of order r = 2), denoted Tay4

P(n/4) = (é 1 L) v Ty = (2__1\_5\/_51 2;{\2/; Z)
(1

up to normalization.
The value for the gate set Cp(r/4) is way outside the
range of Fig. 1 and Fig. 2, with Q7 ~ 52 for ¢t = 500.
For the C,s ensemble, the additional Haar-random
gate of order r = 8 has two possible forms

9)

U'P(r/4)U and U'P(3r/4)U, (20)
where U is a Haar-random gate. These two cases cor-
respond to the rotation on the Bloch sphere by 7/4
and 37/4 around a random axis. The best T-QCO
upper bound found in our numerical computations is
Q1 ~ 3.7 for t = 500, which is close to the optimal value
@Opt ~ 3.4. It can be attained for the second form from
(20) with U being a Bloch sphere rotation around any

041 —_— supler—golden
——- optimal )
0.2 =
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G
c 1
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0.0 T T L
25 30 35 40 45 50 55 6.0
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FIG. 1.  The histograms of Qr probability density for an

ensemble of type C,,o with increasing ¢. The dashed line
denotes the corresponding optimal value. The solid line cor-
responds to a Super-Golden gate set Cr, .

axis (z,y,0) with |x| # |y| by an angle in [7/8,7/2]. In-
terestingly, the worst T-QCO upper bound with Qr ~ 52
for ¢ = 500 was achieved when U was an element of the
Clifford group.
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FIG. 2. The histograms of Q7 probability density for an en-
semble of type C,,s. The solid line denotes the corresponding
optimal value.
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FIG. 3. The histograms of Qr probability density for en-
sembles of type C.,» (bottom) vs the histogram of @ for the
corresponding ensembles of type S,.24,» (top) for t = 500.
The solid line denotes the corresponding optimal value. Note
that the scales on the Y-axis differ.

B. Hurwitz group

The one-qubit Hurwitz subgroup H C U(2) has 12
elements and is generated by

GO0 -

up to normalization. The special choice of T gate is the
Super-Golden gate (of order r = 2), denoted T2

3 1—4

up to normalization.
For the H, » ensemble, the additional Haar-random gate
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FIG. 4. The histograms of Q7 probability density for an
ensemble of type H, oo with increasing ¢. The dashed line
denotes the corresponding optimal value. The solid line cor-
responds to a Super-Golden gate set Hr,,.
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FIG. 5. The histograms of @1 probability density for an en-
semble of type H, 2 with increasing t. The dashed line denotes
the corresponding optimal value. The solid line corresponds
to a Super-Golden gate set Hr,,.

of order r = 2 is a Bloch sphere rotation by 7 around
a random axis. According to our numerical results, the
optimal T-QCO bound Qopt ~ 4 is attained for a Super-
Golden gate set Hrpy,, where T2 is a rotation around
(1,1,4/9)/v/11. Computations for random gates also
showed that the best Q7 =~ 4.1 for t = 500 is obtained
for gates close to Tis.
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FIG. 6. The histograms of Qr probability density for en-

sembles of type H,,» (bottom) vs the histogram of @ for the
corresponding ensembles of type Sy 12,» (top) for ¢ = 500.
The solid line denotes the corresponding optimal value. Note
that the scales on the Y-axis differ.

VI. CONCLUSIONS AND FUTURE
DIRECTIONS

In this paper, we introduce the new measure of ef-
ficiency of universal sets of quantum gates, called the
Quantum Circuit Overhead (QCO) and the related no-
tion of T-Quantum Circuit Overhead (T-QCO). Our
measure quantifies the overhead of a fixed gate set’s ef-
ficiency compared to the optimal gate set with the same
number of gates, at a given approximation scale. The
concept of overhead can be applied to various NISQ and
fault-tolerant architectures as a reasonable first approx-
imation of the real cost-effectiveness of gate sets. We
provide formulas for ) and @7, which are the upper
bounds on QCO and T-QCO, respectively, as well as
their asymptotically optimal values (lower bounds) for all
settings considered in the numerical examples. We per-
formed extensive numerical calculations on a supercom-
puting cluster to study various random ensembles of uni-
versal single-qubit gate sets, particularly those derived
as completions of a Clifford and Hurwitz group with a
Haar-random gate of infinite or finite order r. In our ex-
periments, we compare various gate sets using the Q/Qr
quantity.

Our numerical examples demonstrate that computing
upper bounds on (7-)QCO is tractable on existing super-
computing infrastructure, at least for single-qubit gate
sets, with the Q/Qr distributions stabilizing rapidly.
Generic gate sets S, consistently scored better in
Q/Qr than the structured ones. Interestingly, in the
case of the Clifford group, the gate sets completed with
the P(w/4) gate turned out to perform significantly worse

than the generic completions in terms of Q7. Moreover,
our analysis shows that the P(7/4) gate is a highly non-
optimal choice among the gates of order r = 8 in this
metric. In this case, we identified the best-performing
gates of the same order as the family of the conjugates
of P(3w/4) by the Bloch sphere rotation around any
axis (z,y,0) with |z| # |y| by an angle in [7/8,7/2].
Finally, our results suggest that so-called single-qubit
Super-Golden-Gates based on the Hurwitz group enjoy
the optimal asymptotic value of Q7. Interestingly, it
does not seem to be the case for the Clifford group con-
struction.

Clearly, one should be cautious about drawing con-
clusions about the overhead from the comparison of the
upper bounds @/Qr. Our preliminary numerical analy-
sis of £(S,€) for Haar-random gate sets with three gates
indicates that a small @ is related to small overhead. Al-
though we have not observed the opposite, i.e. it seems
like large @ does not imply significant overhead, we sus-
pect that such behaviour should be apparent as ¢ — 0.
Indeed, we have observed the separation of the values of
0(vs,€) from 1 for the gate sets with lowest ¢(S,€) and
the smallest value of € we were able to use, ¢ = 0.1.

Moreover, the optimisation of gates based on T-QCO is
relevant in the quantum computing context only if com-
pared gate sets can be implemented with similar cost.

In terms of future directions, it would be interesting to
perform numerical experiments for gate sets with larger
locality, particularly those containing entangling gates.
Such an approach may help identify good entangling
gates within some parametrized families. Additionally,
one would like to find and study fault-tolerant architec-
tures that admit efficient implementations of the conju-
gate of P(37w/4), as found in the paper, to enhance the
practical importance of this result. Finally, although the
explicit calculation of (T-)QCO is, in general, intractable,
it may be worthwhile to extend our preliminary analysis
further to study smaller values of e.
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Appendix A: Unitary channels and the projective
group

The unitary channel U acting on a Hilbert space
H = C? is the CPTP map defined via U(p) = UpUT,
for any quantum state p : H — H and some fixed
unitary representative U from U(d). Since two uni-
taries U,V which differ by a phase U = Ve'® define
the same unitary channel, the group of all unitary chan-
nels U(d) can be identified with the projective unitary
group PU(d) = U(d)/U(1), where the canonical projec-
tion 7 : U(d) — U(d) is mapping the unitaries to the
corresponding unitary channels U +— U.

In practice, one is often interested in the closeness
of different unitary channels. Various norms (and in-
duced metrics) can be used to quantify it. A promi-
nent example is the diamond norm || - || and the in-
duced metric d, (U, V) = ||[U — V||,. The diamond
metric has a clear operational meaning in terms of the
statistical distinguishability of two channels. The rela-
tionship between d, and our metric d (1) is given by

d(U,V) < d,(U, V) < 2d(U, V) [36].

Appendix B: Approximate t-designs and e-nets

The balanced polynomials of degree t are homogeneous
polynomials with degree ¢ in using matrix elements u; ;
and degree ¢ in %; ;. Notice that such polynomials are
well-defined on U(d) as they are not sensitive to the
global phase factors. We denote the space of all such
polynomials of degree ¢t by H,. The space H, is spanned
by the entries of U%! := U®! @ U®* thus in general, each
polynomial f;(U) € H; can be expressed as

JiU) = Tx (A (U® © T
for some matrix A. Let g be the normalized Haar mea-
sure on U(d), u(U(d)) = 1. The Haar measure provides
us with a notion of a uniform density on U(d).

A t-design is a probability measure v on U(d) which
yields the same averaging outcome as the Haar measure
average for all polynomials f;(U) € H;

/ dv(U) f,(U) = / U f(0).  (BY)
U(d) U(d)
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The case in which the measure v is supported on a
finite number of points {v;,U;} is of utmost practical
importance. In such a case, the left-hand side integral of
(B1) can be written as a sum

> k) = [ L HORD). B

U;,eS

where S denotes a finite set supporting the measure v.

We are mostly interested in a case of uniform ¢-designs,
i.e., the ones for which all »; = 1/|S|, and denote such
a measure as vs. Hence, by & C U(d) being a t-design,
we understand that the corresponding uniform discrete
probability measure vg is a t-design. Using the t-moment
operators, the deviation from v being a t-design (B1)
can be measured as the difference in the operator norm
0(v,t) (see (5) and the formula above). This way, we can
consider the cases where the condition (B1) is satisfied
only approximately, which leads to the definition of a J-
approximate t-design. We say that v is a d-approximate
t-design if 6(v,t) < 1. In particular, the value §(v,t) =0
corresponds to (an ideal) t-design.

Appendix C: Optimal spectral gap and
Kesten-McKay measure

Below, we discuss the applicability of the optimal value
(8) and the related measure in various settings considered
in this paper.

For a symmetric (i.e., inverse-closed) gate set S, the
t-moment operator (5) is a bounded self-adjoint operator
with a well-defined spectrum. Its spectral measure os,
is compactly supported and hence, determined by its mo-

(m)

ments og,’. The asymptotic behavior of such moments,

i.e., the limit lim;_, o ogz) is determined by the number
of length m spellings of identity and was provided in [39]
in the case of S generating a free group. Moreover, it
was shown in [39], that in this case there exists a mea-
sure og, such that ogn) = limy_, 00 agz), known as the
Kesten-McKay or Plancherel measure

|81/ 05p(S) — a2
27r(1 — z2)

dag(:v) = ]dft, (Cl)

[—00pt(s)» Sopt(s)

where dopt(S) is the optimal value (8). This implies that
os .+ converge weakly to o in the limit ¢ — oo (see [58] for
details). Furthermore, analogous results can be obtained
for any (i.e., not necessarily inverse-closed) finite S, for
which SUS™! generates a free group [58]. However, since
in this setting the t-moment operator does not need to
be self-adjoint, by the Kesten-McKay measure we under-
stand the spectral measure of /T, T}, ; as t — oo, or
equivalently the measure describing the singular values
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FIG. 7. The probability density of the singular values of the
t-moment operator for a derived ensemble of type C, s with ~
20 gate sets for t = 500. The dotted line denotes the Kesten-
McKay measure and the solid line denotes the corresponding
optimal value.

of T,,s + as t — o0, given by

S/ 050 (S) — a2
m(1l — a?)

1[07 6Opt(5)]dx' (C2)

Thus, such a Kesten-McKay measure can be applied
in the setting of Haar random gate sets S, since then
S UGS generates a free group with probability 1.

Crucially, the Kesten-McKay measure can also be ap-
plied in the setting of T-QCO (15), when the additional
gate T is of infinite order (e.g. Haar random). This
follows from the fact that in this case the derived gate
set construction (16), which is used to upper bound the
T-QCO (17), does not change the number of spellings
of identity, compared to the free group case. For a
Haar-random gate T of fixed finite order, the number of
spellings of identity is increased, which implies that the
(even) spectral measure moments are larger than the mo-
ments of the Kesten-McKay measure. As a consequence,
the support of the Kesten-McKay measure is contained in
the support of such a spectral measure and the bound (8)
can be applied. However, it was not clear how tight such
a bound is with respect to the actual cut-off of the bulk
spectrum. To verify it, we checked the distribution of the
singular values of t-moments for (derived) ensembles of
type C, with finite r. The resulting distributions are
close to the Kesten-McKay distribution, with the sup-
port of the latter contained in that of the former quite
tightly (see Fig. 7 and Fig. 8). Thus, the optimal value
(8) is relevant in all cases considered in this paper.

Appendix D: T-Quantum Circuit Overhead

The useful property of a derived set St (16) is that
the T-complexity of a fixed unitary with respect to
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St is equal to its complexity (for the same precision).
This allows us to lower bound the optimal T-complexity
by Lopt(|St|,€). Moreover, for every unitary U con-
structible using S with a non-zero T-complexity for pre-
cision €, there exists a unitary Ur constructible using
St with the same T-complexity for the same precision
(and vice-versa). Indeed, each such unitary U can be
e-approximated by the reduced word over S of the form

U ¢ ¢, w1Ci, w3 - .. i, Wyt (D1)
where each w; is a word in T1,..., T}, the elements c;,
belong to C and ¢;, and ¢;,,, may be missing. For sim-
plicity, let us assume we have only one costly gate T,
the element c;, is present and c; ,, is missing, so that
wj = T* for some integer k; and the total T-count
P | ki is equal to said T-complexity 7. Choosing the
elements of St as g; = dde;., where d; = ¢;, ¢, - .. iy,
we have

k1 ko

~ed1 927 .- g]’;pderl (D2)

and Up = Ud; 11 18 e-approximated by the word over St

of the form g’flgéc2 .. .g],fp. It is easy to see that such a
form needs to have the lowest possible T-count, so that U
and Up have the same T-complexity. Indeed, otherwise
U could be e-approximated by a word with the T-count
smaller than that of (D1). Similarly, for other cases and
vice versa. Hence, the supremum of T-complexities over
all operations U in U(d) is the same for S and Sy and
equals ¢(Sr,€). Thus, the T-QCO of a finite S can be

12

bounded as

g(ST,E)

To(571,9) ~ 95T (D3)
where
Q(Sr.0 = —o8CD (D1)

log (1/0(vs,,t(e)))’

and t(e) is the bound stemming from the e-net ¢-design
correspondence of type (9).

Appendix E: Numerical experiments - methods

In order to obtain the value of Q(S,€), one needs to

computate the norm 0(vs,t) = ||Tys,e — Tyl (see (5)
and equation above). In a naive approach, one could
compute Utt = U®t @ U®* for each U in S, but perform-
ing such calculation is exponentialy hard in ¢.
This problem can be avoided by noticing that the map-
ping U ~ U"! is a representation of the SU(d) group
onto C2%. Every representation of SU(d) can be ex-
pressed as a block diagonal matrix, where each block is
some irreducible representation (irrep) of SU(d) [61]. In
our case, it reads

m(U) 0 -0
0 m,U) -~ 0

Ut’t = . 2. ) . . ) (El)
0 0 . 7T>\k(U)

where 7 is an irrep with label A (more on that later). It
follows that the t-moment operators are block diagonal as
well, and their blocks are given by T), x = [ dv(U)ma(U).
Furthermore, by the orthogonality of irreps [61], the Haar
measure blocks T}, » are equal to zero for all irreps 7y,
except the trivial one 7o(U) = 1. In summary, the value
of §(vs,t) can be computed as

x| Tys p — Tl = max Tl (E2)

where maximization is performed over all unique irreps
appearing in the decomposition of U%t. In the simplest
case, d = 2, these are all SU(2) representations with
integer spin quantum number s < t. For d > 2, the irreps
are labeled by the d — 1-dimensional generalizations of a
spin number (e.g. the Young tableaus), and thus, more
complicated conditions are required [48, 58, 61, 62]. In
either case, the dimensions of my are O(t*4=1/2) and
thus the norms || 7,4 |lcc can be computed efficiently.

7 The general case can be proved analogously.
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Chapter 6

Summary and future directions

6.1 Summary

In this thesis, we focused on one of the most fundamental aspects in the quantum computing
theory - the efficiency of various discrete universal quantum gate sets. Our strategy focused
on the Solovay-Kitaev-like (SKL) theorems based on the spectral gap of averaging operators
on compact groups, especially the finite-scale spectral gaps related to unitary t-designs and
their relation with e-nets in the projective unitary group. Crucially, we were interested in
obtaining such SKL theorems using formulas with explicit or effective constants (i.e. with
all the constants known or at least computable in principle). We identified three related

aspects of such considerations, each addressed in a separate paper.

The first aspect was the derivation of the poly-logarithmic bound on the spectral gap
decay. Such a bound allows one to use the computed value of the gap at a given scale tg to
bound the gap for t > ty. As a consequence, it can be used in conjunction with the SKL
theorems based on the finite-scale spectral gap to obtain an SKL theorem with explicit
e-dependence at the cost of the worse constant ¢ in log®(1/¢). This aspect was addressed
in Paper I, where we provided a simple proof for the explicit and essentially calculable
poly-logarithmic lower bounds on the finite-scale spectral gap decay for gate sets satisfying
a specific condition (satisfied by generic gate sets). This result was supplemented by the
numerical simulations for a single qubit. Additionally, we formulated an alternative proof

for the upper bound on the efficiency of finite gate sets with the spectral gap.

The second aspect was the derivation of the SKL theorems based on the finite-scale spec-

tral gaps. This aspect was addressed in Paper II, where we introduced and characterized
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a new type of polynomial approximate identity on the projective unitary group via trim-
ming the fundamental solution to the natural and well-known object - a heat kernel. We
then proved that such a natural approximate identity can be used to improve the known
correspondence between unitary d-approximate t-designs and e-nets in the space of unitary
quantum channels. Namely, we achieved better scaling of § while maintaining the scaling
of t essentially unchanged. We then explained how such a correspondence can be used in
areas such as the inverse-free SKL theorems, quantum complexity, black hole physics, and
Quantum Circuit Overhead. We also suggested the use of the trimmed heat kernels in the

derivation of poly-logarithmic bounds on the spectral gap decay.

The third and final aspect was to find a proper way to compare the efficiency of various
gate sets. Although the SKL theorems based on the finite-scale spectral gap seem to be a
reasonable way to bound the efficiency of various gate sets, their dependence on the num-
ber of elementary gates used makes the comparison more complicated. This aspect was
addressed in Paper III, where we introduced a notion of Quantum Circuit Overhead (QCO)
and a related notion of T-Quantum Circuit Overhead (7-QCO). We demonstrated that the
(T-)QCO can be upper bounded via a quantity Q/Qr given by a simple formula involving
the spectral gap at a scale t(€) stemming from the d-approximate t-designs and e-nets cor-
respondence. We discussed the applicability of both overheads as reasonable proxies for the
overall cost-effectiveness of various gate sets in different quantum computing architectures,
including NISQ and fault-tolerant. To demonstrate that (7-)QCO can be calculated in
practice, we performed extensive numerical simulations for various ensembles of universal
finite gate-sets, including Haar-random ones and the random completions of single-qubit
Clifford and Hurwitz groups. The most interesting conclusion from such experiments is
that, regarding the upper bound Q7 on the T-QCO, the famous T gate (also known as
P(7/4) gate) is a fairly non-optimal choice for completing the Clifford group gate set. We
also found the optimal completions for the Clifford and Hurwitz groups, in terms of Q/Qr
bounds. Interestingly, such bounds are close to optimal for the Super Golden Gates in the
case of the Hurwitz group but not for the Clifford group. Our analysis shows that the
optimal completions for the Clifford group are given by the gates of the form UP (37 /4)UT,

where U is a Bloch sphere rotation around any axis (z,y,0) with |z| # |y| by an angle in
[7/8,7/2].
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Future directions

Below, we provide a list of future research problems, either a simple continuation of our

work or a (possibly challenging) open problem.

. (Paper II) Can our refined unitary J-approximate t-designs and e-nets correspondence
be used to improve the existing results concerning the saturation and recurrence of

the complexity of black holes? If yes, then to what extent?

. (Paper II) Are our scaling of ¢ and 0 optimal? If not, then what is the optimal

scaling? (see also II b. and II c. from Section 2.4.5)

. (Paper III) Perform the numerical experiments for (7-)QCO in slightly higher di-

mensions, e.g. for the entangling gates (see also III c. from Section 2.4.5).

. (Paper III) Assess the tightness of our Q)/Qr formula by finding the true value of
(T-)QCO numerically for specific gate sets. What is the correlation between the true
value and Q/Qr?

. (Paper III) Can a representative from the family of optimal (in Q7) completions of
the one-qubit Clifford group be realized fault-tolerantly with a cost comparable to
that of the P(m/4) gate?

. (Paper I and II) Derive the explicit poly-logarithmic bounds on the finite-scale spec-
tral gap decay with the logarithm exponent at least as good as Varju’s. Can the
trimmed heat kernel construction or the Fejér kernel be useful to obtain such bounds?

(see also I b. and I c. from Section 2.4.5)

. Prove that any universal discrete gate set is asymptotically optimally efficient, i.e.

¢ = 0O(log(1/e)). For example, one may prove that each such gate set has a spectral
gap.

. Assuming that a universal gate set is asymptotically optimally efficient £ = ©(log(1/¢)),

can we find the explicit formula?

In terms of the future outlook, the ultimate goal for the unitary e-nets and t-designs

correspondence would be to prove the best possible scaling of ¢ and J, e.g., in the best-case

scenario, the scaling of ¢ equal to the lower bound ~ d?/e. In terms of scaling §, any

reasonable upper bound would represent significant progress.
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In the case of the optimality of quantum gates, the (close to) ultimate goal would be
to prove what is already widely accepted in the community. However, the proof is still
lacking, namely that every universal discrete gate set has a spectral gap. Ideally, one should
provide an explicit bound on the complexity, i.e. the bound of the form ¢ = O(log(1/¢))
with computable constants, depending on S. A relaxed version of this problem would be to
prove the poly-logarithmic spectral gap decay, say at least as good as Varji’s (but desirably
better due to recent improvements in the SKL-like theorems breaking the cubic barrier [33])
with explicit constants ¢ and especially rg. Preferably, one would like to prove that rg can
be taken to be as small as possible, e.g. just small enough to test the universality of the

gate set, i.e. in the language of ¢-designs, t = 6 for d = 2 and t =4 for d > 3 [52].
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