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Abstract

Randomization techniques are a central tool in quantum information processing and
in near-term applications of quantum computers. Rather than tailoring the measurement
setting to a specific property of a quantum system, one can perform suitable randomized
measurements and reconstruct a variety of quantum features in post-processing. This
strategy is particularly effective in the current noisy intermediate-scale quantum (NISQ)
era, where the characterization of quantum devices and tackling the readout problem are
crucial to guarantee reliable performance. In principle, randomized protocols are most
naturally formulated in terms of Haar-random unitaries followed by measurements in a
fixed basis. However, their implementation quickly becomes impractical as the system size
grows. In practice, one draws samples from unitary k-designs, i.e., structured ensembles of
unitaries that mimic the behaviour of the Haar measure. In this case, the performance of
randomized experiments —in particular, shadow estimation and randomized benchmarking—
can often be analyzed by characterizing the associated measurement quantum channel using
tools from representation theory. By inverting the channel in post-processing, estimators
can be computed, and their variance determines the sampling complexity of the protocol.
In discrete systems, the Clifford group is the de facto standard ensemble, as it forms a
unitary 3-design, and it admits a simple description and efficient classical post-processing.
However, in many situation, e.g., when protocols must respect the physical symmetries of
the system, the behaviour of randomized measurements cannot be captured by standard
design theory.

In this thesis, we study twirling channels arising from structured ensembles beyond
group designs, focusing on applications to shadow estimation and randomized benchmarking.
Shadow estimation is an attractive primitive for predicting many features of quantum states
from the same experimental data. While protocols based on random Clifford unitaries yield
strong practical performance, they are often restricted in practice to local random gates
due to the high cost of implementing multi-qubit Cliffords. This motivates extensions to
ensembles without group structure, namely, random quantum circuits. Here, we provide an
analytical characterization of shadow estimation based on short random quantum circuits.

Randomized benchmarking (RB) is the most widely used protocol for the characterization
of quantum gates due to its modest experimental demands and intrinsic robustness to
state-preparation and measurement errors. In this thesis, we extend the protocol to photonic
platforms to characterize passive Gaussian unitaries on any given particle subspace. The
main technical difficulty is the symmetric nature of bosonic Hilbert spaces, which leads
to nontrivial representation-theoretic features in the associated twirling channel. We
derive analytical descriptions of the resulting measurement channel, highlighting inversion
formulae underlying post-processing and sampling complexity guarantees. We focus on
experimental settings involving Fock states and particle number resolving measurements
and analyze particle loss and distinguishability as the dominant sources of noise, but also
discuss Gaussian settings with either Gaussian input states or measurements and derive
first results.






Acknowledgements

First and foremost, I would like to thank my supervisor, Martin Kliesch, for introducing me
to the topics of quantum system characterization and shadow estimation, and for always
being supportive and a source of inspiration throughout my PhD.

I thank Markus Heinrich, who acted as an unofficial co-supervisor and mentored me
during this time, and taught me about random quantum circuits and the Clifford group.

Special thanks go to my wonderful collaborators. In particular, I would like to thank
Ingo Roth for the valuable insights on shadow estimation and randomized benchmarking,
Dmitry Grinko for the inspiring conversations on representation theory, and Francesco Di
Colandrea for introducing me to quantum simulation and for his friendship.

I would also like to thank all my colleagues, in particular Nikolai Miklin, Christopher
Czedzich, Bruno Murta, Alexander Gresch, Matthias Zipper, Ozgiin Kum, Salwa Shaglel,
Daniel Heineken, Juan Henning, and Michel Krispin, for many stimulating discussions.

Last but not least, I would like to thank my family, especially my brother Matteo and
my parents, Emilia and Gennaro, as well as my friends Stefano and Vincenzo, for their
unconditional support throughout my PhD.






Contents

Introduction to this thesis

11

Representation theory and group twirling
Introduction

Representation theory

2.1 Notation . . . . . . . . . e
2.2 Invariant subspaces, Schur’s lemma . . . . . . ... ... . oL
2.3 Compact groups . . . . . . ..o
2.4 Fourier analysis on compact groups . . . . . . . . . ... e

Unitary group twirlings

3.1 Representations of U(d) . . . . . ... ... ... ... .
3.1.1 Trrepsof SU(d) . . . . . . . .o
3.1.2 Tensor product representation . . . . . . ... ... L.
3.1.3 The diagonal representation . . . . . . . .. ... .. ...

3.2 Moment operators . . . . . ... Lo L e

3.3 Unitary designs . . . . . . . . ...

3.4 Frames . . . . . ... e

3.5 The Pauli and Clifford groups . . . . . . . . . . . ... ... ...

Shadow estimation beyond group designs
Introduction to this Part

Shadow estimation

5.1 Classical shadows formalism . . . . . ... ... ... ... ... .......
5.1.1 Classical post-processing . . . . . . . . . . .. ...
5.1.2 Pauli-invariant ensembles . . . . . . . . ... ... ... ..

5.2  Shadow estimation with global Clifford unitaries . . . ... ... ... ...

5.3 Shadow estimation with local Clifford unitaries . . . . ... ... ... ...

vil

12
15

20
20
20
26
29
30
32
34
35

39



CONTENTS

6 Shadow estimation with shallow brickwork circuits
6.1 The brickwork circuit: analytical results . . . . . .. . ... ... ... ...
6.2 Discussion and comparison with local Clifford circuits . . . . ... ... ..
6.3 Numerical experiments . . . . . . . . . . ... Lo oo
6.4 Extension to deeper circuits . . . . . . . . ..o

7 Fermionic shadows

Gaussian transformations of fermionic systems . . . . . . ... ... ... ..
7.2 Matchgate shadows . . . . . . . . . . ... ..
7.3 Classical shadows with fermionic passive transformations . . . . . . . . . ..
7.4 Spin-adapted shadows . . . . . . . .. ...

7.1

IIT Characterization of bosonic systems

8 Introduction to this part

9 Randomized benchmarking
Standard RB . . . . . . ...

9.1

9.2

9.1.1
9.1.2
9.1.3

The gate-independent noise case . . . . . . . . . .. ... ... ...
The gate-dependent noise model . . . . .. ... ... ... .....
Fitting procedure . . . . . . . .. ..o

Filtered RB . . . . . . . .

9.2.1
9.2.2

Description of the protocol . . . . . . . ... .. ... .. ......
Signal form of filtered randomized benchmarking . . . . . . .. . ..

10 Bosonic randomized benchmarking
10.1 Bosonic quantum systems . . . . . .. ... Lo

10.2

10.3

10.4
10.5

10.1.1
10.1.2

Gaussian transformations . . . . . . . ... .o

Observables . . . . . . . . . o

The passive randomized benchmarking protocol . . . . . . . . ... ... ..

10.2.1
10.2.2
10.2.3

Description of the protocol . . . . . . . .. ... .. ... ......
Details of the protocol . . . . . .. ... ...
Estimation of particle lossrates . . . . . . . . .. ... ... .....

Analysis and guarantees . . . . . . ... ..

10.3.1
10.3.2
10.3.3
10.3.4

The RB signal . . . .. .. ... ... o
Choice of input state . . . . . . . ... ...
Evaluation of the filter function . . . . . . . . . ... ... ... ...
Sampling complexity . . . . . .. ... Lo

Extensions of the protocol . . . . . . . . ... ... .. ... .. .. ... .
Technical details and proofs . . . . . . . . ... ... .. ... ... ... ..

10.5.1
10.5.2
10.5.3
10.5.4
10.5.5
10.5.6

Further notations . . . . . . . . . . .. ...
Symmetric irreps in SU(m). . . . . .. ..o L
Clebsch-Gordan decomposition of the reference representation . . . .
The passive frame operator . . . . . . ... ... .. ... ......
Filter function for passive RB with PNR measurements . . .. . ..
Moments of the filter function for PNR measurement settings . . .

viii

49
50
o7
61
63

71
72
73
74
79

86
87

89
90
91
93
94
96
96
98

102
103
104
105
106
106
107
108
108
109
110
112
114
116
117
117
118
119
123
123

. 127



CONTENTS

10.5.7 A worked out example . . . . . ... L

11 Open problems in bosonic RB
11.1 Interpretation of decay rates . . . . . . . . . . .. . . ... ... ... .. ..
11.2 Distinguishable particles in bosonic RB. . . . . . ... .. .. ... ... ..
11.3 Passive RB with heterodyne measurement . . . . . . . ... ... ... ...
11.4 Passive RB with coherent states . . . . . . . . . ... ... ... .. ... ..

Conclusions

IV  Appendices

A Additional calculations for shadow estimation with brickwork circuits

Al
A2

A3

Another take on the variance bound . . . . . ... ..o 0000
Tensor networks for Lemma 28 and 29 . . . . . .. .. ... ... ...
A.2.1 Proof of relations (6.23) and (6.24) . . . . .. .. ... ... ... ..
A.2.2 Proof of relations (6.27) and (6.28) . . . . ... ... ... ... ..

Numeric bounds on the variance . . . . . . . . . . . . ... ... ... ...

B Additional calculations for bosonic RB

B.1
B.2
B.3
B.4
B.5
B.6
B.7

Proof of Proposition 39 . . . . . . . ...
Proof of Lemma 40 . . . . . . . . . . ..
Proof of Lemma 47 . . . . . . . . . .. e
Additional details on numerical experiments . . . . . . .. .. ... ... ..
Proof of Lemma 49 . . . . . . . . . ...
SPAM constants with distinguishable input states . . . . . . .. ... .. ..
Technical results for passive RB with heterodyne measurements . . . . . . .

X

134
134
136
139
141

144

146

147
147
150
151
153
155



Introduction to this thesis

Understanding atomic and molecular interactions is a cornerstone of modern science and
engineering. Yet, the accurate simulation of microscopic systems is often beyond the
possibilities of classical computers due to the unfavourable scaling in the system size. In his
seminal talk, Feynman [1] introduced the idea of simulating quantum systems using another
programmable quantum system. Over the past four decades, this intuition has led to the
blossoming of quantum information processing and quantum computing. Foundational
results in information processing, such as quantum teleportation [2]|, and new algorithmic
techniques, such as Shor’s factorization algorithm [3] and Grover’s unstructured search
algorithm [4], crystallized the idea that quantum information processing can deliver a
genuine advantage over classical methods. However, building a quantum computer of
practical value remains puzzling. Despite recent major experimental milestones [5-13], the
transition from proof-of-principle demonstrations to practical applications is still elusive.
The main challenges lie in the fragility of quantum devices, as interactions with the
environment and imperfect control introduce noise that degrades coherence and can corrupt
the information encoded in quantum states. In principle, these effects can be suppressed
by encoding the quantum information into larger spaces with quantum error correcting
schemes. In practice, however, this approach comes with substantial overhead beyond the
capabilities of near-term quantum computers [14]. This has motivated the development
of methods to assess the performance of quantum devices. In particular, by collecting
sufficiently many measurement outcomes (e.g., in the form of bitstrings) on multiple copies
of the system, one can reconstruct a complete mathematical description of the underlying
state. However, achieving such a description requires exponential resources in the number of
qubits, restricting this strategy to systems with a very moderate number of qubits [15-17].
Nevertheless, one can design more scalable strategies that infer specific properties from
(fewer) measurement data. We refer to such task-specific schemes as estimation protocols,
and view them within the broad framework of quantum system characterization [18-20],
which comprises a landscape of protocols that benchmark properties of quantum devices
depending on the initial ansatz. Similarly, the practical demands of characterization have
spurred the development of techniques that mitigate the impact of noise while respecting
current architectural constraints [21].

A particularly versatile approach to designing scalable protocols is based on randomized
experiments [22]. Beyond mitigation and characterization, this approach enables further
experimental primitives, for instance, randomized compiling [23-25], the analysis of topo-
logical invariants [26], the computation of out-of-time order correlators (OTOCs) [27], or
applications in machine learning [28]. In particular, in the current noisy and intermediate
scale quantum (NISQ) era, a particularly successful primitive avoids tailoring the measure-
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ment setting to the properties of interest. Instead, one draws samples from a carefully
chosen ensemble, whose outcomes are then post-processed through a procedure tailored to
the task at hand [29], for instance, estimating overlaps between quantum states [30, 31|
or purity of quantum states |32, 33|, measures of entanglement [33|, or probing chaotic
quantum dynamics [27]. More precisely, we consider protocols that can be described in two
distinct phases: First, we consider a quantum experiment that can be repeatedly performed
in a lab. Each run consists of a randomized measurement where the input state is evolved
under a randomly chosen unitary, and followed by a measurement in a given basis (e.g., the
computational basis). The choice of input states, unitaries, and measurement is central
to the design of scalable protocols, and shall match experimental capabilities. Next, the
measurement outcomes are classically post-processed to infer properties of the system. In
the cases of our interest, this requires the classical simulation of a quantum circuit, so it
is highly desirable to consider experiments where this can be realized efficiently. In qubit
systems, for instance, this often corresponds to the implementation of stabilizer circuits,
which can be simulated efficiently using the Gottesman-Knill’ theorem [34, 35].

While this strategy is particularly compelling for a wide variety of applications, efficient
protocols with provable guarantees often rely on strong technical assumptions. More
precisely, it is often convenient to draw unitaries from the uniform distribution over the
unitary group, in particular, the Haar measure. In principle, this is not scalable, as
approximating arbitrary unitaries requires circuits of exponential size [36]. However, in
most cases, it is enough to draw samples from unitary designs, i.e., ensembles that mimic the
behaviour of the Haar measure up to a certain degree, which can be implemented efficiently.
Importantly, the Clifford group is the best-understood unitary design [37—41] due to its
relevance across quantum information processing. However, for many tasks, implementing
multi-qubit Clifford unitaries remains a major practical bottleneck: The required circuit
depth typically introduces too much noise for meaningful estimation on near-term devices.
Instead, short random quantum circuits can still capture non-local quantum features [42, 43|
and are central, for instance, in quantum advantage proposals [5]. Beyond random quantum
circuits, systems described by their physical degrees of freedom (either fermionic or bosonic)
may not admit a similar randomization scheme. For instance, this is the case of continuous
variable settings, where the non-existence of such designs has been proved recently [44], or
particle-preserving dynamics in both fermionic and bosonic systems. The extension of a
randomized protocol to such platforms is complicated by the intricacies of the associated
Hilbert spaces. In particular, the unitary action describing the symmetries of such systems
is often described by special classes of representations of the unitary group (i.e., symmetric
or antisymmetric representations for particle-preserving dynamics of bosons and fermions,
respectively), or by different groups (for instance, fermionic and bosonic Gaussian unitaries
are generated by orthogonal and symplectic transformations, respectively).

In this thesis, we explore randomization techniques beyond group designs. We focus
on applications in shadow estimation [45, 46] and randomized benchmarking (RB) [47, 48]
that naturally fit in the randomized measurement toolbox introduced above. In particular,
the data collection from quantum experiments is formally the same: We consider simple
experiments where an input state (unknown for shadow estimation, fixed for RB) is subjected
to random unitary evolution (for RB, using sequences of varying lengths) before measuring
the circuit outcome. The outcome of this procedure is a sample pair of a random unitary (or
a sequence of unitaries, for RB) and the corresponding measurement outcome. In shadow
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estimation, the samples are used to compute estimators of expectation values of a given set
of observables. In RB, the samples are post-processed to estimate the average quality of the
implementation of the unitaries in a state preparation and measurement (SPAM) robust
way: By fitting the data for different sequence lengths, decay rates can be extracted from
the measurement outcomes. More precisely, in the recently proposed filtered RB framework
[49, 50], the measurement outcomes are suitably postprocessed to ensure this procedure can
be applied to a wide variety of gate sets. In both protocols, the experiment can be described
in terms of a measurement channel that represents the map from the input state to the
observed outcomes under the randomized procedure. Suitable estimators can be constructed
by the classical inversion of the measurement channel, ideally reverting the system back
to its original state. Our contributions are summarized as follows: Standard proposals for
shadow estimation consider either global or local random unitaries, manifesting different
regimes in which the choice of the unitary ensemble leads to efficient estimators for different
features of quantum states. We interpolate between these two scenarios and characterize
the measurement channel associated with short random quantum circuits. This provides a
more direct construction of the classical shadows, and allows us to compare explicitly the
sampling complexity of this circuit construction with the one with local Clifford unitaries.
On the RB side, we bridge the gap between RB and bosonic systems, introducing the
first SPAM robust protocol for the characterization of bosonic passive transformations.
By extending recent advances in the RB literature [49-51], we propose a protocol that
successfully benchmarks the average quality of passive Gaussian transformations on fixed
number of particles using Fock states and particle number-resolving measurements. By
representation-theoretic means, we derive concise formulae for post-processing and for the
sampling complexity, and show that the total number of samples scales very mildly with
the number of modes.

In this thesis, we focus on the mathematical characterization of such protocols. We
extensively use representation theory to characterize the measurement channel (and, there-
fore, its inverse), as this requires the analysis of the invariant subspaces (hence, the relevant
irreducible representations). The thesis is divided into three parts:

e In Part [ we give a self-contained overview of representation theory and related tools
that are essential for the understanding of our proofs. In Chapter 2, we discuss the
basics of representation theory of compact groups. Noncommutative Fourier analysis
is introduced as a tool for the analysis of the RB signal under mild noise assumptions.
In Chapter 3, we analyze the structure of the irreducible representations of the unitary
group and compute group twirlings for uniform distributions which will form the
baseline for later generalizations. We also formally introduce group designs and review
the relevant design properties of the Clifford group.

e In Part II, we focus on recent results in shadow estimation. In Chapter 5, we introduce
the shadow estimation framework from the point of view of frame theory and review
standard results with local and global random unitaries. These results are extended
in Chapter 6, where we present the characterization of the measurement channel
associated with short random quantum circuits and discuss potential extensions
to deeper circuits. This chapter is largely adapted from [52|. In Chapter 7, we
discuss shadow estimation for fermionic systems. We review the extension of classical
shadows to the matchgate and particle-preserving passive transformation ensembles,
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and discuss open problems in further extensions to randomized ensembles that respect
the spin symmetry.

e Part III aims at extending randomized benchmarking to bosonic systems. In Chapter 9,
we review the standard theory of RB and its extension to arbitrary compact groups by
discussing the filtered RB framework [49-51]. This forms the baseline for the extension
to bosonic systems discussed in Chapter 10, which is largely adapted from [53].
There, we introduce passive RB, a RB protocol to characterize the implementation
of energy-preserving Gaussian unitaries using Fock states and measurements. We
provide explicit post-processing procedure and workout the sampling complexity of
the protocol. Lastly, in Chapter 11, we discuss how partial distinguishability of bosons
affects the outcome data of passive RB, and we discuss Gaussian settings, deriving
first results for RB with either input coherent states or heterodyne measurements.



Part 1

Representation theory and group
twirling



Chapter 1

Introduction

Representation theory of groups has long served as a unified language in theoretical physics,
providing the tools to rigorously describe symmetries and their actions on vector spaces
[54-56]. Group-theoretical techniques underpin a wide range of modern developments
in quantum information processing, from the description of the stabilizer states [34, 35]
and codes |57, 58|, to the characterization of quantum devices [18, 19, 29| —for instance,
tomographic protocols and benchmarking techniques— to machine learning applications
[59], and analog quantum simulations [60]. Such progresses have sharpened the interest in
representations of groups without a differentiable structure, namely, finite and compact
groups.

In the current NISQ era, randomization techniques over unitaries have emerged as
a crucial tool to enable robust characterization of quantum devices [29]. While this is
well understood via the representation theory of U(d), for instance, via highest-weight
theory or Schur-Weyl’ duality, sampling Haar-random unitaries is not practical for large
systems. This has motivated the theory of quantum state and unitary designs, which
replicates (or approximates) averages over Haar-random unitaries up to some order. While
a unitary design exists for any order and dimension [61], it is crucial that it admits efficient
descriptions and implementations. This is often the case for finitely generated groups,
for which each element can be written in terms of a small number of generators, and, in
particular, it is the case of the Clifford group [38, 39].

Here, we provide a self-contained introduction to representation theory tailored to
randomized protocols in quantum information processing. We will introduce those concept
that are routinely applied to randomized techniques, while keeping the mathematical
development concise and accessible.

This part is structured as follows:

e In Chapter 2, we introduce the mathematical techniques that are essential for under-
standing our proofs. Section 2.1 is dedicated to the notation we will use for the rest of
this thesis. In Section 2.2, we discuss irreducibility and decomposition into irreducible
representations. In Sections 2.3 and 2.4, we specialize to compact groups and discuss
complete reducibility, orthogonality relations, and non-commutative Fourier analysis.

e Chapter 3 is dedicated to the unitary group and group twirlings. In Section 3.1, we
review the representations of U(d). Here, the purpose is two-fold: In Section 3.1.1, we
discuss the highest weights of SU(n) and tensor product of representations, introducing



the Clebsch-Gordan decomposition, setting the stage for Part III. Then, the remaining
is dedicated to a brief review of Schur-Weyl’ duality for the computation of moment
operators discussed in Section 3.2. Here, we also introduce the notion of unitary
design. In Section 3.4, we shortly review frame theory, a framework that encompass
many randomized protocols and, in particular, shadow estimation and randomized
benchmarking. Lastly, in Section 3.5, we introduce the most relevant facts about the
Pauli and Clifford groups, and prove that the latter forms a unitary 2-design.



Chapter 2

Representation theory

Representation theory is a cornerstone in modern theoretical physics. Symmetries of a
physical system are naturally encoded by a group, and the way states and observables
transform under these symmetries is described by unitary representations of that group. In
practice, analyzing these symmetries is crucial, as they provide a natural way to reduce the
effective complexity of a problem. The Hilbert space underlying a quantum system can be
decomposed into smaller irreducible subspaces, and the relevant dynamics is then restricted
to these components.

In quantum information processing, group methods are ubiquitous, and randomization
techniques for finding theoretical guarantees for randomized benchmarking [49, 50] and
shadow estimation [45] heavily rely on the calculation of moments over the unitary group.

In this chapter, we discuss the aspects of representation theory that will be relevant
throughout this thesis. We provide an overview of the notation used in the following
chapters and give a short introduction to representation theory and Fourier analysis, with
a particular focus on compact groups. This chapter serves as a self-contained introduction,
and the well-versed reader in the topic may safely proceed to Chapter 3. We assume
knowledge of linear algebra and some aspects of topology, measure theory and functional
analysis.

2.1 Notation

In this section, we collect the most common notations used across this thesis. Some of
them will be formally introduced in the upcoming sections and in the next chapter.
If a € C, we may denote with & and o* its complex conjugate.

Definition 1. Let f: G — C be an integrable function on a compact group G. A Haar
measure pg of G is an invariant (Radon) measure on G, i.e.,

/H dyusa(g) > 0, /G F(gh)dpus(g) = /G £ (hg)dpus(g) = /G f@dun(e) (1)

for all subsets H C G and h € G.

We also assume the Haar measure to be normalized, i.e., [, dur(g) =1 and use the
notation dug(g) = dg interchangeably.
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We use the standard notation for the classical Lie groups. For instance, U(d), SU(n)
denote the complex unitary and special unitary groups and O(n),SO(n) denote the real
orthogonal and special orthogonal groups, respectively. We use the notation P, Cl,, to
denote the Pauli and Clifford groups over n qubits, respectively. Representations of groups
will be mostly denoted by greek letters, e.g. m, A, p. We denote by C(7) = {A € L(H) |
An(g) = m(g9)AVg € G} the commutant of the representation 7. When G = U(d), we may
write U: U(d) — U(d) to denote the defining (fundamental) representation. For general
groups, we will also use U to denote a general (possibly reducible) representation.

Let H be a Hilbert space. The dual space of H is denoted by H*. We denote vectors and
dual vectors using the braket notation as usual, i.e. |[¢)) € H and (| € H*. We will denote
with L(H) the set of linear operators on H and with B(#) the set of bounded operators on
H. For a given linear operator A € L(H), we write AT for its adjoint. The identity operator
is denoted by 1. In finite systems, we have H = C¢ for some d € N, and L(H) = C4*4,

We denote the Hilbert-Schmidt inner product by a braket-like notation, namely

Tr(A'B) = (A|B) A,BeL(H). (2.2)

Likewise, the outer product |A)(B| denotes the superoperator C' — (B|C)A. In this context,
we write id for the identity superoperator. Finally, for any k& € N, we set [k] .= {1,..., k}.

2.2 Invariant subspaces, Schur’s lemma

In the following, H will denote any non-trivial separable, complex Hilbert space. Recall
that a group G is locally compact if every every open set has a compact neighbourhood
and it is Hausdorff, i.e., distinct points have disjoint neighbourhoods. We also recall that,
for any directed set A, a net in {T,}aca C B(H) converges in the strong sense to T' € B(H)
if ||[(T, —T)|¥)|| — 0 for any [¢p) € H, while we say that {T,}sca converges to T' in the
operator norm if |7, — T'|| = 0, where [|T, — T'|| := supyey||(Ta — T)[¥)|].

Definition 2. Let G be a locally compact group. A (strongly) continuous homomorphism
m: G — GL(H) is a (group) representation. A unitary representation is a (strongly)
continuous homomorphism from G to U(H).

We will mostly focus on unitary representations due to their prominent role in quantum
theory. Moreover, in Section 2.3, we will see that for any (finite dimensional, non-unitary)
representation of a compact group G one can find an inner product with respect to which
the representation is unitary. H is referred as the carrier space of the representation 7 and
dim H is defined to be the dimension of w. We will also use the notation dim 7 to denote its
dimension, if it is clear from the context. We remark that the strong continuity requirement
is necessary, as continuity in the norm topology would be too stringent. This follows from
Stone’s theorem: As unitary dynamics of a quantum mechanical system is a one-parameter
subgroup generated by a Hamiltonian H, continuity in the norm topology of a unitary
representations would imply H is bounded. However, physically relevant operators like
—i% are necessarily unbounded, as a consequence of Stone-Von Neumann’s theorem [56].
The norm-continuity prescription also poses challenges from a more abstract point of view.
For instance, let L2(G) be the Hilbert space of square integrable complex functions on G,
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i.e., the space of functions f: G — C, f € L*(G) such that || f||3 = [ dg|f(g)|> < co. The
left-reqular representation 7 : G — U(L?(G)) defined as

(mL9).f) (h) = f(g™"h), (2.3)

for any function f € H = L%(G), is never continuous in the topology induced by the norm
if G is not discrete [62, Exercise 9.3.3].

For a given representation 7 of GG, we will also consider the representations constructed
as follows:

e Let J be a complex conjugation, i.e., a bijective, antilinear and inner product-
preserving bounded operator. The map 7: G 3 g — Jn(g)J € U(H) is the complex
conjugate representation of .

e For any linear operator A, let A7 denote its transpose. The map 7f(g) == w(¢g~ 17 is

the dual (or contragredient) representation of .

Let 71 : G — U(Hnr,), m2 : G — U(Hy,) be two unitary representations. The repre-
sentations 7y, are said to be intertwined if there exists a bounded linear operator
T: Hyr, — Hnr, —called the intertwining operator— such that Tmi(g) = ma(g)T for any g € G.
Let C(my,m2) be the set of all the intertwining operators between 71 and me. Note that, if
T € C(my,m2), then Tt € C(ma, 1), because

T'my(g) = (ma(g™HT)' = (Tmi(g™ ") = m(9)T".

Definition 3. Two representations m,my are unitarily equivalent if C(m1,m2) contains a
unitary operator U, i.e., there exists a unitary operator U such that mo = UmU*. The set
C(m) = C(m, ) is called the commutant or centralizer of the representation .

It is easy to see that the latter defines an equivalence relation of representations, denoted
with “2”. Notice that 7* 2 7 on any fixed orthonormal basis as a consequence of Riesz’s
theorem.

Definition 4. Let J be a closed subspace of H. J is invariant with respect to a represen-
tation m: G — U(H) if 1(9)T C J for any g € G. A representation 7 is irreducible if the
only invariant subspaces are the trivial ones. Otherwise, w is said to be reducible.

We will also say that an irreducible representation is an irrep. In the following, we
denote with G the set of inequivalent irreps of G, i.e.,

G = {[r] | 7 is an irrep of G} . (2.4)

For a non-trivial invariant subspace J of H, the map 77(g)u := 7(g)u for all u € J is
called a subrepresentation of 7. Notice that if 7 is an invariant subspace, then J= is also
invariant, and the decomposition m = 77 @ w71 holds. In fact, for vectors u € J and
v € J+, one has (v,7(g)u) = (n(g)Tv,u) = 0, which implies 7(g)v € J+. We remark
that this is not true for non-unitary representations, as shown by the following canonical
counter-example: The representation

R>a— <(1) ‘i‘) : (2.5)



2.2. INVARIANT SUBSPACES, SCHUR’S LEMMA 11

is not unitary, and the only non-trivial invariant subspace is spanned by (1,0)7.

For a given group G, representation theory aims at classifying all the irreps of G
(up to equivalence) and, for reducible representations, finding how it can be decomposed
into irreducible subrepresentations. General tools have been developed to answer such
questions. For instance the theory of induced representations and the Mackey machine
are very powerful techniques to lift irreps of a base group to a semi-direct product group
having the base group as a normal factor |63, 64].

Lastly, we recall the following fundamental result that will be routinely mentioned in
the following chapters:

Lemma 5 (Schur). Let 71,79, 7 be unitary representations of a locally compact group G.
Then the following facts hold true:

(i) = is wrreducible iff C(m) = {cl}cec.

(11) Suppose w1, 7o are irreducible. If they are also unitarily equivalent, then C(my,ma) is
one-dimensional. Otherwise, C(m1,m2) is empty.

Proof. (1): First, note that 7 is reducible iff the orthogonal projection onto any invariant
subspace is an element of C(7r): Given an invariant subspace Hy of H, let Py be the
orthogonal projection on Hy. We have w(g)v = w(g)P\v = Pym(g)v for any v € H,.
Similarly, Pym(h)v = 7(h)Pyv = 0 for any h € H3-, which implies Py € C(r). Conversely, if
Py € C(m), we have that A is invariant since 7(g)v = w(g)Pxv = Pyxm(g)v € H,. This prove
the implication from left to right, as C(7) contains nontrivial projections if 7 is reducible.
Conversely, if T € C(r) and T # cl, then A= L(T+T*), B:== (T —T*) € C(n). A, B
are self-adjoint by construction, and at least one of them is not a multiple of the identity
operator. Without loss of generality, suppose A # ¢l. Thus, C(7) contains a non-trivial
projection due to the spectral decomposition of A [63].
(ii): Suppose T € C(m1,m2). Hence, T* € C(ma, 1) as well. Then, T*T € C(ms) since

TT*’]TQ == T’]T1T>‘< == 7T2TT*.

Likewise, T*T € C(m1), so we have T*T = ¢l and TT* = 1. Hence, it must be
either T = 0 or ¢~ /2T is unitary. Thus, if m; and 7 are inequivalent, C(m1,m3) = {0}
and it consists of scalar multiples of unitary operators. Therefore, if Th, Ty € C(my,m2),
Ty Ty = T3 Ty € C(my). Hence, Ty 'Ty = ¢1, and dim C(my, m2) = 1. O

Applications of Schur’s lemma are ubiquitous in representation theory and we will
discuss some of them in later sections. For now, we observe the following elementary, but
useful, fact:

Corollary 6. The irreps of an Abelian group G are one-dimensional.

Proof. In fact, suppose 7 is an irreducible representation (irrep) of an Abelian group G.
Then, 7(g1)7(g2) = 7(g92)7(91) Y91, g2 € G, which implies 7(G) C C(w). This implies that
7 is proportional to the trivial irrep of G. OJ
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2.3 Compact groups

Analyzing unitary representations of locally compact groups is often a hard task, requiring
sophisticated techniques to deal with the intricacies of infinite-dimensional Hilbert spaces.
For instance, reducible representations of some classes of “pathological” groups (e.g., type
IT groups) may not admit a unique decomposition into irreps [63]. For more structured
groups such as compact groups, however, the picture is far better: Representations are
well-behaved, and decompositions are essentially unique. In what follows, we collect the
key properties of compact groups that will be used throughout this thesis.

Let G be a compact group with Haar measure dg normalized in such a way that
fG dg = 1. Note that, in this case, it is enough to consider unitary representations only. In
fact, let U: G — GL(#) be a representation and let (-,-) be an inner product on H. Then,
one can define the inner product (u,v) = [, dg (U(g)u,U(g)v) such that U is a unitary
representation with respect to H equipped with (-, ) since

(U (h)u, U (o) = /G dg (U (hg)u, U(hg)v) = /G dg (U(g)u U(g)v) = (wv)  (26)

by the left-invariance of the Haar measure. Moreover, U is continuous with respect to
the topology induced by Eq. (2.6) [55]. We summarize the fundamental properties of
representations of compact groups:

Theorem 7. Let G be a compact group. The following are true:
o The irreps of G are finite dimensional.

o The representations of G are completely reducible. That is, every representation of
G can be decomposed in a direct sum of irreps.

In particular, the first statement follows from the observation that, for any representation
U of G and |¢)) € H, the operator

T, = /G dg U(g) 1) ([T (g)* @7)

is compact, see e.g. (63, Lemma 5.1| for a proof. In fact, by Haar invariance, Ty, € C(U)
and, by Schur’s lemma, Ty, = cll3; for some scalar ¢ > 0 if the representation is irreducible.
Then, we observe that 14 is compact iff dim H < oo, which proves the first statement. The
second statement, restricted to finite dimensional representations, can be proved by picking
an invariant subspace A of H and considering the orthogonal decomposition A & A\-. By
induction on dim H, one obtains a decomposition of #H into irreducible representations. The
generalization to infinite dimensional representations follows from Zorn’s lemma, see [63,
Sec. 5.1| for more details.

Theorem 7 does not imply uniqueness in the irrep decomposition. In general, for a
representation U, we have the decomposition U = @ _ c¢ Var, where Vi denotes the m-isotype
defined as

Vi=H D ©Hx, (2.8)

M
with m, denoting the multiplicity of m in U. By Schur’s Lemma 5, if m and 7 are inequivalent,
Vr L Vi. Hence, we have the canonical decomposition H = @, V. In other terms, the
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decomposition of U into isotypes is unique. However, there is no canonical decomposition
of isotypes into irreducible components, as, typically, this is realized by a suitable choice of
an orthonormal basis inside each multiplicity subspace.

Representations of compact groups can also be understood in terms of their characters.
For a representation m of G, the associated character is the function x,(g) = Tr(7(g)). By
construction, characters are class functions, i.e., they only depend on the equivalence class
of the corresponding representations. Moreover, linear operations translate naturally, e.g.,
Xra7(9) = Xx(9)x7(9)-

Lastly, we comment on matrix elements of representations of compact groups. Let
U:G — U(H) be a (unitary) representation. The functions

o= (0lU@). 19).1v) e H (2.9)

are called matriz elements or coefficient functions of U. We recall the following standard
result about such coefficients that will be used in Chapter 10:

Theorem 8 (Schur’s orthogonality relations). If m, 7 are irreps of G and |¢),[v) €
Hr, |0), |10) € Hz, the following orthogonality relations hold:

. ;' (¢ ~ f T,
Jancssggtor = {OA0 R

Proof. For any linear map M : H, — Hz, define
M = / dh 7 (h)TMn(h). (2.11)
G

By Haar invariance, M e C(m, ) since

Mn(g) = /Gdhﬁ'(h)TMw(h)ﬂ'(g) = /Gdhfr(g)ﬁ'(h)TMﬂ'(h) =7(g)M . (2.12)

Hence, by Schur’s Lemma 5, M =0 if 7 and 7 are inequivalent, and M = ¢l otherwise.
Moreover, by taking the trace of M we get

1 ~ 1
c=- Tr(M) = T Tr(M). (2.13)

™ e

Now, let us consider M := |1))(¢| for ¢ € Hr and ¢ € Hz. Then, for ¢ € H, and ¢ € Hx,

we have

—/@@WWWWM@W) (2.14)
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Then, for any orthonormal basis {|e;)} of Hy, the coefficients ¢] ; = /dx(e; |7 (g)]e;)

form an orthonormal basis for span{cgrj}. Moreover, one can prove that

L*(G) = ) span{c];}, (2.15)

™

hence, an orthonormal basis for L?(G) is given by UrdVdncl; | 4,5 € [dr]}. This is
one incarnation of Peter-Weyl’s theorem [63, Thm. 5.12]. Note that this also implies
orthogonality of irreducible characters, as they form an orthonormal basis for the space of
square-integrable class functions.

Lastly, let us briefly review the basic facts concerning (compact) Lie groups. If a group
G is also a smooth manifold —namely, it is locally diffeomorphic to R™— and the product
and inverse operations on G are differentiable maps, G is a (compact) Lie group. The
classical matrix groups GL(d, C), GL(nd,R), SL(d, C), SL(d,R), O(d), SO(d), U(d), SU(d),
Sp(2d, R) are all examples of Lie groups, with O(d), SO(d), U(d), SU(d) also being compact.
The interest in Lie groups stems from the fact that their behaviour is at least partially
captured by algebraic relations. Formally, each Lie group G is associated with a Lie algebra,
namely, a finite-dimensional vector space g endowed with a skew-symmetric, bilinear map
[, -] satisfying the Jacobi identity [ X, [Y, Z]| +[Y, [Z, X]|+[Z,[X,Y]] =0 for all XY, Z € g.

While every (finite-dimensional, real) Lie group determines a Lie algebra (unique up
to isomorphisms), the converse fails in general, as a single Lie algebra can be associated
with non-isomorphic Lie groups. A canonical example is provided by SO(3) and SU(2),
which are non-isomorphic Lie groups (e.g., only SU(2) is simply connected) sharing the Lie
algebra s0(3) = su(2). In fact, the correspondence is bijective upon restricting to simply
connected Lie groups: By Cartan-Lie theorem, for each Lie algebra g there exists a unique
(up to isomorphism) simply connected Lie group whose Lie algebra is isomorphic to g, and
any connected Lie group with Lie algebra g is a quotient of this universal cover by a discrete
central subgroup [65].

For compact connected Lie groups, irreducible representations can be classified elegantly
via the highest-weight theorem; we briefly sketch the result here for later use and to keep
the exposition self-contained. Let G be a compact Lie group. A mazimal torus is an
Abelian subgroup (called torus) 7' of G such that T2 S! x ... x St for some k € N, where

k
St 2 U(1) is the unit circle group, and T is not properly contained in any other torus
T' < G. The rank of G is r .= dim T (as a Lie group). By construction, a (maximal) torus
is a compact Lie subgroup of G. Hence, we can consider the corresponding Lie algebra t.
If p is an irrep of G, the restriction p|, to the torus T' decomposes into one-dimensional
irreps as

P|T = @ Xw ® L, , (2'16>

wEL"

with m,, being the multiplicity of x,, and x.: G — U(1) being irreducible characters of T.
The quantities w are the so-called weights of the representation. For each w, the multiplicity
my, of xu equals the dimension of the corresponding weight space of w, defined as the
isotypic component x,, ® 1,,, in p. The set of weights is a poset when equipped with the
following relation: First, let {a;}]_; be the roots of g with respect to t (i.e., the weights of
the adjoint representation). We say that a weight wy is higher than a weight ws, and write



2.4. FOURIER ANALYSIS ON COMPACT GROUPS 15

wy > we, if
Wy — Wy = c1aq + -+ Cray, (2.17)

where ¢; > 0. Finally, the theorem of the highest weight [66, Thms. 9.4 and 9.5] states that
every finite dimensional irrep of a compact, connected Lie group G is identified by a unique
highest weight, up to isomorphisms. Conversely, for any highest weight wyy, there exists

a finite dimensional irrep of G. In Section 3.1.1, we discuss the weights and the irreps of
SU(d).

2.4 Fourier analysis on compact groups

Fourier analysis plays a central role in representation theory and the decomposition of the
space L?(G) (which carries the regular representations) into its irreducible components.
The standard Fourier series and transform, defined respectively as

F@) = 3 £, (€)= [ dogla)ene

ne’l R

for suitable integrable functions, can also be understood as the concrete application of an
abstract Fourier transform for general locally compact, Abelian groups. For locally compact,
Abelian groups, the construction can be understood in terms of duality theory [63]: If G is
Abelian, the set of characters G = {[n] | 7 is a character of G} forms a group with respect
to the point-wise multiplication. By Pontrjagin’s duality theorem, the elements of G can
also be seen as characters of G, establishing an isomorphism between L?(G) and L*(G),
which is given by the Fourier transform and its inverse

f(6) = /G dg€(9) f(g). flg) = /G dé 9(€)F () (2.18)

(this is another incarnation of Plancherel’s theorem). By specifying G and its dual G, one
can retrieve all the elementary transforms, such as the Fourier series (G = Z and G 2 U(1)),
the Fourier transform (G'= R and G = R) and the discrete Fourier transform (G = Z,, and
G Zy), the latter being closely related to the quantum Fourier transform [57].

The Peter-Weyl theorem provides a natural framework to generalize standard Fourier
analysis to the non-Abelian setting. Intuitively, we can extend Eq. (2.18) to non-Abelian
compact groups by replacing the characters with matrix coefficients of irreps, as they form
an orthonormal basis in L?(G), c.f. Eq. (2.15). This is crucial for the construction of a
suitable isomorphism, because G does not have an obvious group structure, and there is no
clear intuition of a dual group. Hence, for any f € L?(G), we can write

dr
Flo) =Y w9, (2.19)

€@ L=l
with f7, = dx Jodyg f(g)ﬂ(g)zj. This suggest the following, coordinate-free, notion:

Definition 9. For a compact group G and an irrep w: G — U(H), the Fourier transform
of f € L2(G) at w is the operator

fl] = /G dg f(g)m(g)". (2.20)
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By Eq. (2.15), Eq. (2.20) induces the coordinate-free isomorphism L?(G) D.cc L(Hnr),
where L(#H,) is the space of linear operators on H,. Moreover, Eq. (2.20) admits the
inversion formula

1(9) =3 di T [flrlm(o)] (2.21)

WEG

Note that the pointwise convergence is not guaranteed for f € L2(G) if the series is not
truncated. In this thesis, we will only consider functions supported on a finite subset
of irreps. For further information, we refer the reader to the discussion in [63, Lemma
5.24]. The Fourier transform (2.20) satisfies the usual properties of the standard Fourier
transform:

Definition 10. For two functions fi, fa € L2(G) where G is a compact group, we define
the convolution of fi and fy as the map *: L*(G) x L*(G) — L*(G) such that

(1% f2)(g) = /G dh f1(gh™) fa(h) (2.22)

Due to non-commutativity of representations, the behaviour of the convolution under
the Fourier transform is slightly different from the Abelian case:

Proposition 11. The following equality holds true:
m = fofr. (2.23)
Proof. In fact, we have
Frv Rl = | dg (i )@l
G
— [ do [ dnpitah (o)
G G
— [ dosilo) [ an paliye(an) (224)
G G
— [ angatye )’ [ dg pigyn(o)
G G

= fo[n]fi[r],
where we mapped g — gh in the third step and used the invariance of the Haar measure
and Fubini-Tonelli’s theorem to change the order of integration. O

It is also useful to recall Parseval’s identity:

Proposition 12. Let G be a compact group and let f € L2(G). The following equality
holds true:

1113 =D dell fIm]I13 (2.25)

where the norm on the L.h.s. is the L? norm and the norm on the r.h.s. is the Hilbert-Schmidt
norm.
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Proof. The latter follows from the inversion formula (2.21) and orthogonality relations
(2.10):

1518 = [ dy 3 dea, v [ffrie(o)] T ploto)]
P
- Zdﬂdﬂ Z fz?:;flf,z/ dgm(9); jp(9)k.1
P WGkl G (2.26)

= e |I5P
m %,J

=3 d: T [ flxl flx|
where in the third step we used Aorthggonality relations and the last step follows from the
identification }, ; TJ = Tr(f[x]' f[x]). O

The previous discussion naturally generalizes to Fourier analysis of quantum channels.
This will be central in Part III, where we discuss the form of the RB signal and regard noisy
implementations of quantum gates as quantum channels. To this end, we view quantum
channels as matrices and their Fourier transform as the component-wise Fourier transform
defined in Eq. (2.20): Let f: G — L(#). As Eq. (2.20) is operator-valued, we shall consider
the element-wise Fourier transform

flalig = /G dgm(9)' f:5(9) (2.27)

(notice that the order is not relevant here, as f; j(g) € C). Then, f(r) ought to be considered
as a tensor, and the previous equation justifies the following definition:

fl] = /G dg7(g) ® /(). (2.28)

As before, we can define the convolution of matrix-valued functions as
fie o) = [ ahion ). (2:29)

so we have ‘]@ = fifs (note the we recover the standard ordering with this definition)
and Parseval’s identity becomes [67]

/G dg | F(@)IE = del I3, (2.30)

which follows from orthogonality of characters.
If 7 is not an irrep, we can still define f(7) by decomposing it into irreducible components.
Specifically, by considering the decomposition

=P Eé a9, (2.31)

AeG =1



2.4. FOURIER ANALYSIS ON COMPACT GROUPS 18

we have by linearity

finl = D P F1n\] = P flm] @ idm, - (2.32)
A i=1 A

This coordinate picture justifies the following definition, which can be interpreted as a
basis-free definition of Fourier transform of matrix-valued functions [50]:

Definition 13. Let G be compact, 7: G — U(Hy) an irrep and f: G — L(H) be square
integrable. The Fourier transform of f at 7 is the linear operator L(H,H,) — L(H, Hr)
such that

flm) = /G dg (@) ()1 (g). (2.33)

Note that Eq. (2.33) and Eq. (2.28) are equivalent up to the composition of a suitable
vectorization in a fixed orthonormal basis and a transposition [50]. The next proposition
summarizes the most relevant facts for our purposes:

Proposition 14. Let my: G — U(H) be an irrep and let w: G — U(H) be a representation.
Then, @[r| is the orthogonal projection of w onto the isotypic component of T in w.

In particular, if w is irreducible, then w[w| is a rank-1 orthogonal projector if w = 7 and
0 otherwise.

Proof. By Eq. (2.33) and the convolution theorem,
{2 = 5750 = [ dgw(o) (e s w)le) = [

dg(g)() / dhwo(hyw(h )
G G
_ / dgn(9)t (Jw(g) = @]

G

(2.34)

since [, dh = 1. Haar invariance also implies that &[] is self-adjoint with respect to the
Hilbert-Schmidt inner product. In fact, by cyclicity of the trace,

Tefo(ma)(A) B] = Tr [ as (mg)*Aw(g))*B] —Tr [ | dgw(g)mwgw}

1| [agatm@pet)| = | [ dgatmopetg)] )

=Ty :Am[m](B)} .

Then, suppose w = @n @?:’1 7T7(7i)~

Tt [ofm]] = /G dg e[ (g)1] Trlw(g)] = /G dg Trma(g)1] Tr

n =1
my _ My 2.36
=3 [ do Tl (@)) T [0 9)] = 30w, -
7 =1 G n i=1
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by (character) orthogonality relations (2.10). The latter implies w[my] is non-zero on the

isotype ;4 Wf\i) and zero otherwise. Hence,

sim] = D /G dgma(9) ()7 (g) . (2.37)

Moreover, if w is an irrep of G, the latter implies that 7)[mry] is a rank-1 orthogonal
projector. 0



Chapter 3
Unitary group twirlings

The unitary group is ubiquitous in quantum theory. The evolution of closed systems is
captured by (reversible) unitary transformations, as the dynamics described by a Hamilto-
nian H integrates to a one-parameter unitary group U(t) = e Ht At the same time, by
Wigner’s theorem, physical symmetries are essentially described by unitary operators [68].
Mathematically, U(d) is a compact Lie group, and its irreducible representations can be
elegantly described using the theorem of the highest weight. In this chapter, we provide a
short introduction to U(d), its representations, and the calculation of moment operators
over the unitary group. Next, we briefly review the notion of unitary designs, provide a brief
introduction to frame theory, and show that the Clifford group forms a unitary 2-design.

3.1 Representations of U(d)

The group U(d) is the group of automorphisms of the complex vector space C? endowed
with the Hermitian inner product (¢|¢) = Z?Zl Vidj, Le, (UP|UY) = (i|¢) for all
U € U(d). This implies that UT = U~! and detU = +1. By the relation UUT = 1,
it follows that the rows (and the columns) of U are orthonormal and U is bounded, as
\Ujr| < 1,4,k =1,...,d. Since U(d) is a closed subgroup of GL(d,C), the latter also
implies U(d) is compact. The irreps of U(d) are easily understood in terms of the ones
of SU(d), the subgroup of unitary matrices such that det U = 1. In fact, SU(d) is simply
connected, and its irreps are identified by the highest weights, as depicted in the previous
section. Then, following the observation that U(d) = SU(d) x U(1), irreps of U(d) are
obtained from irreps of SU(d) extended to U(d) via non-trivial characters of U(1), e.g.,
the determinant representation U +— det U. Therefore, without loss of generality, we will
consider irreps of SU(d).

Sections 3.1.1 and 3.1.2 are based on [53, Sec. TI.A|. The content has been adapted
and broadened to provide a self-contained overview of Young diagrams, their interpretation
and role in the classifications of the irreps of SU(d).

3.1.1 Irreps of SU(d)

Definition 15. For a given k € N\ {0}, the symmetric group & is group formed by all
permutations of elements {1,..., k} = [k].

20
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Note that &; is non-Abelian for £ > 3. The importance of & stems from the close
connection with the irreps of U(d), as we show below.

A useful tool to represent permutations is the notion of Young diagrams: Let A =
(A1,. .., Am) be a partition of k, i.e. Ay > Ag > -+ > X\, > 0 with Y% ) A\ = k. We will
also write A 4 k. Any such partition is identified with a Young diagram, namely a collection
of boxes arranged in left-justified rows with a weakly decreasing number of boxes in each
row, where the i-th row contains \; boxes, e.g.,

| ] (3.1)

corresponds to A = (5,3,2). Young diagrams are a convenient tool for studying representa-
tions of &y: Its irreps are classified (up to equivalence) by partitions of k, or equivalently
by Young diagrams with k& boxes [69]. In this context, many useful quantities —such as
the dimension of an irrep— can be computed via combinatorial rules that can be expressed
directly in terms of Young diagrams. Notably, Young diagrams also label the irreps of
unitary groups (this statement will be made more precise using Schur-Weyl” duality). We
will briefly discuss this fact over the next sections.

An irrep A of &) admits a natural orthonormal basis described as follows: A (semi-
standard) Young tableau is a filling of Young diagram boxes, with entries in N\ {0}, such
that the entries are weakly increasing across each row and they are strictly increasing down
each columns. A standard Young tableau is a semistandard Young tableau in which the
entries are given exactly by numbers {1,...,k}. In other terms, the entries in a standard
Young tableau are strictly increasing across each row and down each columns. For instance,
for the partition (5,3,2,1) 4 11 the following are a semistandard Young tableau and a
standard Young tableau, respectively:

1 4|6" 1357|9\.
3 2

416 8 |10

7 11

The dimension of A is the number of standard Young tableaux of this shape, which is
determined as follows: Let (7, ) be the row-column indices of a box in A and let hy (7, j) be
the number of boxes (¢,r) with » > j and (I, ) with [ > ¢, with the (7, j)th box counted
only once. Then, dim \ is determined by the formula [69]

k!
H(i,j) h)\(i,j) .
This is often referred as the hook-length formula. For instance, for A = (5,3,2,1) 411 we
have the Hook lengths

dy = (3.2)

4 2|1\
: ,

(3.3)

’l—‘OJU(OO
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where the filling of the (4, j)th box is in this case given by hy; ;). It follows that dim A = 2310.
Going back to the case of SU(d), by the theorem of the highest weight, its irreps are
identified by highest weight vectors. In this case, rank SU(d) = d — 1 since

. . . d
diag(e®t, ... -1 e 125

=) (3.4)
is a maximal torus isomorphic to U(1)*(?=1and the highest weights of SU(d) are (d — 1)-
ples. Young diagrams uniquely determine irreps of SU(d) up to constant shifts, namely,
(AM,...,Aqg) and (A1 + ¢, ..., A\g + ¢) identify the same irrep for any integer c. Therefore,
we assume by convention Ay = 0 without loss of generality. In the following we will
not distinguish between Young diagrams and the corresponding irreps, unless otherwise
specified.

For a fixed irrep A of SU(d), the semi-standard Young tableaux of shape A label an
orthonormal basis of A, sometimes referred as the Weyl basis. For instance, the Young
tableaux

L 1 2] 2]

) ) ) )

(3.5)

3] 2]

i 9 I

1

3]
2[3]

3]

|w)—l|oo>~
|OJ[Q|[\DH

1

2
1[3]
2
identify an orthonormal basis for the SU(3) adjoint irrep A = (2, 1,0).

We can compute the dimension of any irrep of SU(d) from the shape of the corresponding
Young diagram in the form of a suitable ratio of products of integers: Let A be a Young
diagram and set dim A = N/D. We compute N by constructing an irregular tableau of
shape A as follows: The top left box is filled with d. Moving across the row, the entries
increase by 1 at each step. Moving across the column, the entries decrease by 1 at each

step. Then, N is the product of the entries of the constructed tableau. D is determined by
the Hook length formula applied to A. In the latter example, we have

dim| | |=38. (3.6)

Lastly, we remark that, for a given irrep A, the dual representation \* defined as
M (g) == Xg™HT acting on the dual carrier space is also irreducible. Having fixed a basis
for A, we also have \* = X\, where \(g) := A(g) is the complex conjugate representation of
A. Hence, for any irrep A = (A1,...,\g), this implies \* is identified by the dual Young
diagram A = (A — Ag, A\1 — Ag_1,...,A1 — A2,0). More practically, A is constructed by
completing A to a d X A1 rectangular Young diagram, and rotating the diagram formed by
the newly added boxes by 180°. For instance,

[ ] |

are dual Young diagrams in SU(5).
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Gelfand-Tsetlin patterns.

A more convenient way of labeling basis vectors for any irrep A = (A1, ..., Aq) of SU(d) is
by Gelfand-Tsetlin (GT) patterns.

A GT pattern M of shape A\ and length d is represented by a triangular table with d
rows, the j-th row containing j integers (counting from the bottom to the top)

My 4 M3 4 Mg—1,q Ma,q
M1 Myg—1 . Ma—24-1 Ma—1,d—1
M = - : - ) (3.8)
- My 2 ' Ma 2 '
My 1

and M; 4 = \; for every i € [d] (and, in particular, My 4 = 0 by convention). The entries
satisfy the following interlacing or inbetweenness condition:

M;jp1 > M;j > Miv j+1 (3.9)

for every i € [d — 1] and j € [d — 1]. We remark that by convention the indices in a GT
pattern are swapped, namely the first one is the column index, increasing from left to right,
as usual, while the second one is the row index, decreasing from top to bottom. We denote
the set of GT patterns of shape A that satisfy the inbetweenness condition by GT(\).

An orthonormal basis for A —referred as the Gelfand—Tsetlin basis— is given by state
vectors {|\, M)}, where M is a valid GT pattern with top row M = (M1 1,..., M q) = A
We will also use the notation |\, M) = |M) if A is clear from the context. Hence, the
dimension of A is equal to the number of such states, for which the following formula holds:

dmrx= ] (1 + dﬂd) . (3.10)

| — 1
1<i<;j<d J

In terms of the GT basis, the highest weight vector of A is identified by the pattern
maximizing the inbetweenness conditions, namely
My q Ms . q Mg—1,q Mg,q
My q Mg ... Mg—24 Ma—1,d-1
Mmax = : (3.11)
M q Ms . q
M q

(likewise, the lowest weight vector of A is obtained by minimizing the inbetweenness
conditions).

GT patterns are in one-to-one correspondence with semi-standard Young tableaux. In
fact, for a given Young tableau 7" of shape A, the shape of the corresponding GT pattern
M is the same shape as T and the entry M, of M (remember the different indexing in
(3.8) compared to matrix indices) is given by the number of entries in the j-th row of T
which are less or equal than k. Conversely, given a GT pattern M of shape A, the shape of
the corresponding Young tableau T' is determined by the first row of M and M, — M; ;1
is the number of k’s in the j’th row of T. Throughout this work, we assume that all illegal
coefficients are set to 0. For instance, the Young tableaux

t[1]2]2]3] [1]1]1]1[1]
2|23 . 12]2]3 (3.12)
3]4 3[4
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corresponds to the GT patterns

0 0
( 2 ) < . ) , (3.13)
respectively, and the Weyl basis Eq. (3.5) corresponds to the GT basis
< 2 1.0 ) < 2 ) ( 2 1 0 ) ( 2 1 0 )
2 1 ), 2 0 ), 2 1 ), 20 |,
2 2 1 1
( 2 1 0 ) ( 2 1 0 ) ( 2 1 0 ) ( 2 1.0 )
11 ), 1 0 ), 20 |, 1 0 J.
1 1 0 0

For a given GT pattern M, the weight of | M) is the (d—1)-tuple wyy : (ng), wflMl))
(M) .

(3.14)

as introduced before, where each entry w;’ is determined by M as follows:

Jj+1

wi™ = Z ZM” 1—ZM,J+1 (3.15)
=1

We remark weights generalizes the notion of magnetic quantum number m for SU(2) in the
quantum theory of angular momentum to arbitrary many modes. In the latter expression,
we assume the convention that 23;11 M;j—1=0if j =1.

All states |M) of the same weight w form a basis of the weight space of w. Note that
these are typically not one-dimensional, except for SU(2) [70-72]. For instance, the GT

patterns
M=(%3%0" M= (%2%° (3.16)
1 ’ 1
M

are such that w™ = wM = (—1,0). Thus the dimension of the weight space of w (the inner
multiplicity) corresponds to the number of GT states (or, equivalently, to the number of
semi-standard Young tableaux) with weight w. These amount to Kostka’s numbers, and
can be computed e.g. with recursive algorithms [73].

It is worth reminding here a related definition of a weight for U(d) (or GL(d)) repre-
sentations. Gelfand—Tsetlin patterns also label basis vectors of the corresponding irreps of
such groups. However, the condition My, m = 0 is dropped. In this case, the weight of the

GT pattern M is defined as wU(d) (w{}/f( PRI ’wlf\f(d) d) with
J j—1
w[]\f(d),j = Z M ; — Z M -1, (3.17)
i=1 =1
therefore o
w; = w{‘JJ( d),j wU(d),]+1 (3.18)

An equivalent definition that will be used i 1n this work is the following: The tableau weight
is the m-tuple w? = (w?,...,wl) where w! is the total number of i entries in 7. If T is

the semi-standard Young tableau assoclated with M, we also have

j—1

J
=Y Mij—> M. (3.19)

=1 =1
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The weights wy; and w” are clearly related in a similar way:

M T T
wj( ) = Wi — Wi - (3.20)
We notice en passant that the tableau weight is always a sequence of non-negative integers,
which sometimes is more convenient for combinatorics. For instance, the tableaux 1" and T
associated with the GT patterns M and M from the former examples are

1[2]2] ~ [1]2]3]

T =313 203

and we have wT = wT = (1,2,2).

Dual GT patterns.

For a given GT pattern M of shape A, we define the dual GT pattern M of shape \ as the
pattern with entries satisfying the relation

Mg = My — Mi—is11, (3.21)

ie. M =M, a4+ M where the sum shall be interpreted as the element-wise constant shift
of M by M, ., and M is given by

_Md,d _Md—l,d _M2,d _Ml,d
—Mg_1,4-1 -Mg_24-1 ... —Mygq_1 My m—1

M = : . (3.22)
—Ms o ' —Mi 2
—Mi 1

By construction, M defines a basis state for the dual irrep \* = X. The conjugate operation
is also such that each state |M) of X is associated with a unique conjugate state |M) of .
Specifically, the conjugation operation is such that [72]

M) = (~1)#MD|a1) (3.23)

for a suitable phase function that can be determined as follows: For a GT pattern M, define
the function

o
Mw

ZMi,j , (3.24)

1i=1

<.
I

which corresponds to the sum of the labels of M in the first k& rows (counting from bottom
to top). Then [72],
SO<M) - SM(d - 1) - SMmax (d - 1) ? (325)

where Mpax is defined in Eq. (3.11). We remark that the latter holds up to a redefinition
of every GT basis state by a global phase. In this work, we consider the Condon-Shortley
convention that fixes the global phase in such a way that usual relations for SU(2) are
retrieved.
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3.1.2 Tensor product representation

Let 71,72 be irreps of a compact group G acting on the Hilbert spaces Hy,,Hr,. The
tensor product representation is the map

T @my: G2 g mi(g9) @ma(g) € UHr, @ Hny) - (3.26)

Note that this generalizes the unitary evolution of a quantum state described by the
representation U(-)UT, which is isomorphic to U @ U in a suitable orthonormal basis. The
representation (3.26) is completely reducible, c.f. Theorem 7, hence,

T ® g ~ @ AP (3.27)
A

where my is the multiplicity of A\ in m ® my. For instance, if U: SU(d) — U(d) is the
defining representation, we have U ® U = 1 @ Ad, where 1 is the trivial representation and
Ad: SU(d) 5 g — Ad, € Aut(su(d)) is the adjoint representation. Roughly speaking, the
decomposition is achieved by combining the two Young diagrams in all possible ways, and
summing up the results. In this case, there are only two possibilities that realize allowed
Young diagrams: Denoting with Ay and Ay the Young diagrams associated with U and U,
respectively, Ay can be attached on the right of the top row of Az, or on the bottom of the
column, i.e.

[ [ ‘
d—l{; ®[]= f}d@'}d2' (3.28)
] H
The first diagram on the r.h.s. is equivalent to the diagram with no boxes associated with
the trivial irrep, while the second Young diagram identifies the adjoint representation acting

on traceless matrices.

The general problem of finding the irrep decomposition of (3.26) for a general compact
group G is hard to solve, while in the particular case of the unitary groups a general solution
is available in terms of Young diagrams (or, equivalently, GT patterns [74]), as the previous
example suggests'. Specifically, Littlewood-Richardson’ rules can be used to decompose
the tensor product of two arbitrary irreps [54, 75, 76]. To spell out such rules, let A1, Ao

be Young diagrams associated with irreps of SU(d). The tensor product representation
A1 ® Ay can be evaluated algorithmically as follows [76, Sec. 13.5.3] (or also [54, Sec. C.3|):

1. Assign distinct labels to boxes in each row of the Young diagram As. For instance,
the boxes in the first row will be labeled by ‘a’, the boxes in the second row by ‘b’
and so on.

2. Attach boxes labeled by a to A1 in all possible ways such that no two a’s appear in
the same column, and the result is still a proper Young diagram.

3. Repeat the steps above for all rows of As.

!Note that, due to similarities in their representation theory, the same result holds for general linear
groups GL(m, C), as they can be seen as the complexification of U(d).
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. Elimination rule: For each box, assign numbers n, = number of a’s above and right to

it, np = number of b’s above and right to it, and so on. If,; at any point, the relations
Ng > Np = Ne > Ng > ... are not satisfied, discard this diagram.

. Merging rule: If two diagrams are the same, then they are counted as the same if the

labels coincide. Otherwise, they refer to distinct irreps.

. Cancel columns with m boxes (since they correspond to constant shifts of the highest

weight vector).

Remove all the labels after the cancellation and the merging steps.

Example 16. Let us consider the following diagrams:

A = ‘, Aoy = | (3.29)

Assigning labels to A9 as in rule 1, and using the second and third rules, we get

‘® - a\__ @@ D ‘ ®Im
o o o @

[a]
@ Yo Tal® o [a]] ®[b]
a
a @ a
[alal?] ala), —-telel
- &7 o
) 0] (3.30)
a|b| a a
D D &>, a
a alb
b
o) [ ]d Y
o o [b] o
@ a z
b
a
D a ) al|d
a
a alb n

In the second step we got few equivalent diagrams with labels in the same positions, hence
they have been merged according to the merging rule. Moreover, we ignored the diagrams
with two a’s in the same column, in agreement with the symmetric constraint.
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By the elimination rule, all the diagrams with a b box attached on the top right shall
be eliminated, yielding the following decomposition:

| _[a]a] la]a] a
® = D @ 2] a

HERa b 7 alb]" 5
[a] (3.31)

%)

a i alb

alal

S
@

a

]

Finally, suppose for instance that these diagrams are associated with SU(3) irreps. Then,
all columns with three boxes can be omitted, while any diagram with more than 3 boxes in
a column is not allowed. This yields the following decomposition:

o i o] ; afalg, Hel Tala]e - e e1. (3.32)

a

In the latter, notice that the diagram ‘ appears with multiplicity 2 in the decomposition,

as different labels are assigned to the two copies.
In the high energy literature [76|, this decomposition is also written in terms of the
dimension of the irrep associated with each Young diagram as

8R8=27¢10610 ¢8¢8d1. (3.33)

Here, 10, 10’ indicates that the two irreps are inequivalent, while repeated dimensions
denote the same irrep appears with a non-trivial multiplicity.

Clebsch-Gordan’s coeflicients

In the context of second quantization, the decomposition of (3.26) can be interpreted as the
generalization of the Clebsch-Gordan decomposition of sums of angular momenta in quantum
mechanics [54, 74, 77-81]. In particular, Theorem 7 implies that there exists a unitary
matrix C' —here referred as the Clebsch-Gordan matriz— that realizes the isomorphism
implicit in Eq. (3.27):

C(m @m)Ch = @ A® Lo, (3.34)

where 1,,, is the my xm) identity matrix. We explicitly define C' as the basis change matrix
that takes the product GT basis on the left hand side of Eq. (3.34) to the union of GT bases of
every A on the right hand side. More precisely, for GT patterns M; € GT(m), My € GT(m2),
we have
My Moy =) Y cj\‘ijQ |M, ), (3.35)
A MeGT(A

where r € [m,] denotes the r-th copy of A in m ® ma2. The matrix coefficients C]\A//[[{TM2 of C
are called the Littlewood-Richardson or Clebsch-Gordan’s coefficients. C' is uniquely defined
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up to global phases, and by convention it is chosen to be real. Hence, we have the inverse
transformation

|M,r) = Z Z 011\‘44171:]\/[2|M1; M) . (3.36)
M1eGT(71) M2eGT(m2)

By unitarity of C, the following orthogonality relations hold true:

Z Z C 17M2 M3 M4 - 5M17M35M2,M4 ’ (337)
Ar MeGT(A
M,r M’ !
Z Z CMinQCMl,MQ = 5M,M’5r,r’ . (3.38)

M1eGT(m1) M2eGT(m2)

As in the case of SU(2), selection rules for Clebsch-Gordan coefficients of SU(d) are
available: For GT patterns M; € GT(m), My € GT(m2), M € GT()), C’]]\\J/[ TM =0if

W 7& Wh, + Wiy (3.39)

where w(.y is the weight defined in Eq. (3.15).

3.1.3 The diagonal representation

The general problem of decomposing tensor product representations of U(d) is solved
by Littlewood-Richardson’ rules. A case of particular interest in quantum information
applications is the decomposition of the so-called diagonal representation of U(d): Let U
be the defining representation of U(d). The diagonal representation is defined as the map

Ag: U(d) 2 g— U(g)®F € U((C?) ®k). Clearly, A is reducible for any k& > 2. For instance,

for k = 4, we have
(o) =7

D®4
- (e

® ®[ ]

L (3.40)

D3 D2 @3
[TT e e o[ ] e

The irreducible components of Ay can be elegantly described via Schur- Weyl’ duality, which

can be described as follows: Let m;: & — U(((Cd) ®k) be the representation of & that
permutes the vector copies, i.e.,

7Tk(0')’1/)1 . wk> = ’1/)071(1) . ¢071(k)> . (3.41)

By construction, 7 commutes with A, which implies 73 € C(Ag) and Ay € C(mx). In fact,
the commutants are spanned by such representations:
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Theorem 17 (Schur-Weyl’s duality, Thm. 9.1.2 [82]). Let Ay, be the diagonal representation
of U(d) and let m}, be the representation of &y, acting on the space (C¥)EF as in Eq. (3.41).
Then,

C(Ar(U(d))) = span{m(&k)}, C(mi(Sy)) = span{Ar(U(d))} - (3.42)
Moreover,
CH®h = P WSy, (3.43)
Ak I(A)<d

where [(X) denotes the length of the partition X, i.e., the number of non-zero parts of X, and
W, Sy are irreps of U(d), &(k), respectively.

Notice that the multiplicity of W) (S, respectively) in (C?)®¥ is determined by dim S\
(W, respectively), which directly follows from the duality relation in (3.42).

3.2 Moment operators

Theoretical guarantees in randomization protocols rely on the computation of averages over
groups of unitaries. Let duy = dg be the normalized Haar measure on U(d). Throughout
this work, we will make extensive use of the properties of the Fourier transform

.Mcwz/“ dge(g) (e (g) (3.44)
U(d)

for a fixed representation w of U(d) acting on the operator space L(C%*9). By fixing an
orthonormal basis, the moment operator can be expressed as

M= /Gdg w(g) @ w(g). (3.45)

We will consider both forms, depending on the context. In the mathematical and quantum
information literature, the latter is referred as the group twirling or the moment operator of
U(d) with respect to w. In Section 2.4, we have seen it corresponds to a sum of orthogonal
projectors onto isotypes following the irrep decomposition of w.

Example 18 (Unitary twirl of a channel). Suppose w(g) = U(g)(:)U(g), where U is the
defining representation of U(d). Then, w = id + Ad, where Ad is the adjoint representation
acting on the space of traceless operators. Then,

MO=L@M@®M@MM@®M@U

G G
= P1® Ppa,

where we used the fact that 7[x] is the projector onto 7 for any irrep 7, c.f. Proposition 14.
Now, P; projects onto the trivial subspace spanned by 1, while Pxgq projects onto the
(d? — 1)-dimensional subspace of traceless operators, and we have Py @ Paq = id. Then, for
any superoperator A

Pi(A) = éTr(A)]l  Pag(A)=A—Pr(A)=A— éTr[A]]l . (3.47)
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If A is trace preserving, it follows

M(A) Tr[PlA]Pl + 7 [PAdA]PAd
— a4 Tzl[ffdlA] (A - ;11> (3.48)

1
= g(l —pa)L + paA,

TI"[PAdA}
2-1 -

where pp =

In discrete variable systems, a recurrent quantity is the moment operator associated
with the diagonal representation Ay for any k£ > 1

M) = / dg U (g)®* (YU (g)* = / dg T (g)®* & U(g)®* (3.49)
U(d) G

(note that for k = 2 this is equivalent to the previous example up to isomorphisms). Then,
for any A € L((C%)®F), Schur-Weyl duality implies

Mi(A) = Y co(A)mi(o0). (3.50)

ceSy,
Recalling that U(g)®* commutes with 7, we have
(m(7) [ M (A)) = (M (mi (7)) [A) = (mi(7)|A) (3.51)

where the last line follows from the normalization of the Haar measure. Hence,

(mi(T)[A) = Z (mi(0) | A) (m(7) [T (0)) - (3.52)
0€S;, T

Therefore,

=D G, [ 7) A] (3.53)

TES

where G is the Moore pseudo-inverse matrix of the Gram matrix G. In summary, we have

=Y G, [wk )TA] () . (3.54)

0,76,

The matrix coefficients G+

4o =Wg(o™ 17) are often referred as the Weingarten functions
[83, 84].

Example 19. We can compute the first two moments as they appear frequently in
applications. For & = 1, we clearly have that M is the projector onto the trivial subspace,
ie.,

Mi(A) = = Tr(A)1. (3.55)

1
d
for any A € L(C%).
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Next, by Schur-Weyl” duality, we have
MQ(A) = Cid(A)id + CF(A)]F (3.56)

for A € L((C%)%?) (note that, up to vector spaces isomorphisms, this is equivalent to
Example 18). Moreover, we can express the projectors onto the symmetric and antisymmetric
subspaces as

1 1
P2 = —(id+F), Pyn=-(id-F), (3.57)
2 2
from which we obtain the relations
id = Psymz + Py, F= Psymz — Pp2. (3.58)
Then, it follows

2 2
MQ(A) = —0 Tr[APsme]Psym2 + m

d(d+1) Tr[APy2] Pyz - (3.59)

While Eq. (3.54) provides a general recipe to compute arbitrary kth-moment operators,
this is in general complicated by the sheer amount of elements in Eq. (3.54) as k increases,
restricting practical applications to a few cases. Specifically, easy expressions can be
computed if the operator A obeys some symmetries. For instance, suppose A € L(C%)
and A = |¢) (2| for a vector |¢p) € CL Then, My(|¢){(1|®*) is in C(U®*) N C(n},) and
Py commutes with [¢) (1], as |9) (1|®* is invariant under permutations. Then, Schur’s
lemma and Schur-Weyl’ duality imply that My(|¢)(2)|®*) is proportional to P,

o > vee, k(o). If [1) = |0), this reads as

ymk =

—1
®k _<O‘Psymk‘0> i k+d-—1
Mk(‘0><0| ) - Tr(Psymk) Psymk - d—1 Psymk : (36())

3.3 Unitary designs

In practical applications in quantum computing, implementing Haar random unitaries
is prohibitively expensive due to the exponential size of U(d). In particular, a counting
argument proves that implementing arbitrary unitaries requires exponentially-large circuits,
see [85] or Nielsen and Chuang [57, Sec. 4.5.4.]. This motivates the following definition:

Definition 20. A probability distribution v on U(d) is a unitary k-design if its kth moment
operator M, = fU(d) dv(g)U(9)%*()U(g)T®* coincides with the kth Haar moment operator
defined in (3.49) with respect to the defining representation of U(d), i.e.,

M = / dV(g)U(g)®k(.)U(g)T®k _ / dg U(g)®k(-)U(g)T®k - M. (3.61)
U(d) )

Informally, a unitary k-design is indistinguishable from the Haar measure if we are only
interested in the first kth moment operators. By construction, a unitary k-design is also a
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(k — 1)-design. In fact,
Moy = [ dgU(g)*D ()U(g) 0D
U(d)
— [ dg T [V (U 10) "]
U(d)
~ [ itg) i [Vl 0 (0) ] (362
U(d)

= [ avlg) U (u(g) D
U(d)

_ v
=Mji_.

In most relevant cases, v is supported on a finite subset & C U(d) and is taken to be the
uniform distribution on . In such a case, it can be identified with the counting measure
on U and M simply becomes

Y 1
M= 7 2 U@ OU ()" (3.63)
geu
In this case, we will also say that U/ is a unitary k-design. Moreover, since L(CY¢) =
C?® (CY)* =2 C?® CY Eq. (3.61) is equivalent to the condition
/ dv(g)U®* @ UTeF = / dgU®* @ U1k (3.64)
U(d) U(d)

If a unitary k-design v is supported on a subset G C U(d) that form a group, we say that
v is a unitary group k-design or simply a k-group design. In practice, it is highly desirable
that v is a group design, as this often implies that it can be efficiently described in terms of
a small number of generators, which allows for an efficient description and implementation
in practice. In this case, as the moment operator M, has the interpretation of a Fourier
transform, definition (3.61) is equivalent to ask that the equivalence holds for all the irreps
contained in U®¥. In other terms, since Mj, is the projection onto the commutant of U®*,
G C U(d) is a group design if the projections of U®* and U|%k are identical.

We note that the above notion is naturally tailored to discrete quantum systems. In
particular, this stems from the choice of the defining representation in Definition 20. By
contrast, in bosonic and fermionic systems, the physically relevant representations are the
symmetric and antisymmetric irreps of U(d), which reflect the statistics of bosons and
fermions, respectively. For instance, in fermionic systems, a natural set of symmetries
is the group of matchgate unitaries, that is, unitary operators induced by orthogonal
transformations describing the evolution of a quantum system under free fermionic Gaussian
dynamics c.f. Chapter 7. This motivates the following natural generalization that will be
useful in later chapters:

Definition 21. Let v be a representation of a compact group G and let v be a complex
Radon measure on G. We say that v is a design with respect to v if

M= [ dvlanto) = [ donto) =M, (3.65)

where M denotes the moment operator with respect to the representation 7y as defined in
Eq. (3.44).



3.4. FRAMES 34

3.4 Frames

Adding redundancy is a common strategy to enforce properties of (quantum) signals [16, 86].
While typical basis representations captures all the information of signals, they are often
sensitive to noise or loss, so that information is easily corrupted. Mitigating this effect is
crucial in practical applications where the noise cannot be completely suppressed. To make
this intuition precise, consider an orthonormal basis {e;}"; C H on a Hilbert space H.
For any vector 1) € H we can consider its basis decomposition |¢)) = )" (e;|1)|e;), which
implies Parseval’s identity [|¢[|> = >_;|(ei|4)|>. Now, suppose we try to recover a signal
from its components (e;|t). Being an orthonormal set, the loss of one of those coefficients
prevents the reconstruction of 1, potentially adding a significant error. Instead, we can
consider a decomposition into a linearly dependent (overcomplete) set that spans the same
Hilbert space:

Definition 22. A set of vectors ® = {f;}"y C H, m > n = dimH, is a frame for H if
there are constants 0 < A < B < 0o such that

Allgl> <> KA1 < Blwl?, v eH. (3.66)

The frame is tight if A = B. Note that ® can be an infinite set. A frame is characterized
by the frame operator S: H — H defined by the relation S|y) = > .(fi|¢)|fi). By
construction, S is self-adjoint and it satisfies the relation A1 < .S < B1 since

(Sple)y =Y (fil)(fil) = D fil )2 (3.67)

7

Then, S is also positive definite and bounded, which implies S is invertible. Note that if H
is finite dimensional, { f;}I", is a frame if and only if it is a spanning set for #. In fact, if
1 € span{f;};, we have the implication

Al < Z|<fiw»>|2 =0, (3.68)

which implies ||¢|| = 0 since A > 0. Next, we can define the dual frame of { ﬁ}”l1 to be the
the set of vectors ® = {S~! fl}l 1~ This is also a frame with frame operator S™!, because
the latter satisfies B~11 < S~! < A7'1. We remark that if ® is a tight frame S = A1 and
the dual frame operator is simply S = S~ = A~11. Moreover, the following reconstruction
formula holds:

) =Y (fil)fi) =D (fil)lfi)- (3.69)

(2 (2

We remark that the dual frame is not uniquely specified [87, 88].

In quantum computation, frames naturally appear in characterization and tomographic
protocols, for instance, in the form of mutually unbiased bases (MUBs) [89]. In this thesis,
we are interested in frames associated with Haar random unitaries (or unitary designs).
In particular, it is straightforward to see that, for a unitary 2-design v, the ensemble
{U0)(0|UT}t7~,, is a frame. In fact, the operator S such that

S(A) = Ey Te[U|0)(0|UTAJU|0)(0|UT

3.70
= Tr [EgU%20)(0|UT®24 @ 1], (3.70)
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is a depolarizing channel, c.f. Eq. (3.48). Hence, it can be inverted, and the positive
operator-valued measure (POVM) {U]0)(0|UT} is a frame.

3.5 The Pauli and Clifford groups

Many methods to simulate, benchmark and certify quantum systems are based on the
special class of quantum circuits that entail stabilizer states, Clifford unitaries and Pauli
measurements. These can be efficiently described in terms of the stabilizer formalism, which
is mathematically grounded in the representation theory of the discrete phase space. In
this section, we provide an introduction to the Clifford group and discuss some of its design
properties. We refer to [90] for more details and proofs.

The Pauli group over n qubits is the group P, generated by all n-fold tensor product of
Pauli operators

Ppi={ifo1® @0, |z € Zy,0, € {1,X,Y,Z}}), (3.71)

where the single-qubit Pauli operators X,Y, Z have the following representation in the
computational basis:

X:<(1’ (1)> Y:<? _OZ> Z:<(1) _01>. (3.72)

It is convenient to parametrize single-qubit Pauli operators by binary vectors v = (2, ) € F3,
where Fy = {0, 1} is the binary finite field, as

W (0,0) =1, W(0,1) == X, W(1,0) == Z, W(1,1) =Y. (3.73)

Then, we define the n-qubit Pauli operators as tensor products of the single-qubit Pauli
operators, indexed by vectors v =v; ®--- D v, € ]F%”:

W) =W() Q- W(v,). (3.74)

We refer to this notation as the phase space representation of Pauli operators (or, equivalently,
as the Weyl representation), motivated by the relation

W (@)W (b) = (=1l (b)W (a), (3.75)
for any a,b € F3", where [-,-] denotes the binary symplectic product defined as
[a, b] = Z aibitn + Aitnbi (3.76)
i=1

Formally, the operators W (v) are the (projective) irreducible representations of the discrete
phase space F3", as they satisfy the composition law

W(a)W(b) = P@OW (a +b), (3.77)

where 3: F3" x F3" — 7, is a suitable phase that takes into account the additional (complex)
phases in the composition of two different Paulis (e.g., ZX =1iY"). As such operators are
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traceless (except for the identity), it follows from the composition law that they define
an orthonormal basis for the space of linear operators on (C?)®" with respect to the
Hilbert-Schmidt inner product, i.e.

(W(a)|W (b)) < TrW(a+0b) = dqp Tr1. (3.78)
This motivates the shorthand notation

1
lv) = \/gW(v) (3.79)
for the normalized Pauli operators, so that the set {|v)} denotes the orthonormal Pauli
basis in C4*% where d = 2" is the dimension of the Hilbert space of n qubits from now on.
We remark that the irreps defined by (3.77) are intimately connected with the irreps of
the Heisenberg-Weyl group H,,(2) [90]. This is defined as the group of pairs (v,t) € F3" x Z4
that satisfy the composition law

(v1,t1)(va, t2) = (v1 + v2,t1 + ta + B(v1,v2)), (3.80)

where 3: F3" x F3" — Zj4, introduced in 3.77, is referred as a Schur multiplier [68]. In
particular, associativity of the group multiplication implies that

Bv+w,u)+ v, w) — B(v,u+w) — B(u,w) =0, (3.81)

from which we deduce

B(v,v) = B(v,0) = B(0,v) =0, (3.82)
B(v,w) — B(w,v) = 2[v,w]. (3.83)

Setting v = (v, vy) with vy, v, € FY, the unitary irreps of H,(2) are given by

W(v,t) f(u) = x2(vs - u)xat + vz - vg) f(u+vz), (3.84)

where Y2, x4 are characters of Zs and Zg4, respectively, and the product v, - v, is modulo
4. Then, W (v,0) are projective irreps of F3" satisfying Eqs. (3.75) and (3.77), and we use
the shorthand notation W (v,0) = W (v) to denote the Weyl operators. Next, Stone-Von
Neumann’ theorem ensures that any irrep of H,(2) that is unitarily equivalent to W
must agree with it on its centre, and vice versa. More formally, if ¢ is a centre-fixing
automorphism of H,,(2), W o ¢ is also an irrep of H,(2) that is unitarily equivalent to
W. Hence, there exists a unitary operator U that intertwines W and W o ¢, which is
uniquely determined up to a complex phase. Notably, one can prove that the centre-fixing
automorphisms of H,,(2) are given by pairs (g, &4), where g € Sp(2n,2) and @4 is a function
that satisfies the relation [90]

B(g-v,9-w)—B(v,w) =ay(v+w)— ay(v) — ay(w) (3.85)

for any g € Sp(2n,2) and v, w € F3". We define the Clifford group as the smallest finite
subgroup of the normalizer of the discrete phase space?. In particular, one can prove that
&y = ay + [w,], where ay : F3" — Fy is a suitable function satisfying the compatibility

2More rigorously, Cl, is the smallest finite subgroup of the normalizer of H,,(2) such that Z(Cl,) = Za.
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condition a4(0) = 0 [90, Sec. 3.3]. We remark that the latter relation can also be used to
compute the phase function 8 in time O(n?) by fixing the values of oy on an orthonormal
basis [90, Sec. 4.4]. With these notations, the action of U € Cl,, on Weyl operators can be
written as

UW (0)U" = x([a, v] + ag(0)) W (g(v)) (3.86)

where x(v) :=i7Y#""» denotes the character of W (v).
We can use the facts just summarized to show that the Clifford group is a unitary
2-design [37-39]:

Proposition 23. Cl, is a unitary 2-design. In particular, for u,v € F3",

1, ifu=0andv=0
Ey U®2W(u) ® W(v)U®2T — 5’ if u and v |
77 (dF —=1), otherwise

(3.87)

where 8, is the Kronecker § over F3", and F is the swap operator defined by F|y) ® |¢) =
|6) @ |¢) for any [), |¢) € C.

Proof. To show that Cl, is a unitary 2-design, it is enough to check this property on the
Pauli basis. For v,u € IF%”, we have

) @ W (v)UT®?

812”” ST xlag(v) + ag(w)W(g(v) @ W(g(u))

g€SP(2n)

\Sp (2n)] Z W (v)

(3.88)
In the last line, we use orthogonality of characters. Then, observe that the average over
Sp(2n) can be written as an average over the orbit of v under Sp(2n) and, for v # 0, the
actions of Sp(2n) over F2" \ {0} is transitive, so that we obtain

1
T®2
U = G—buy Y. WEOW(E).  (389)
UeCl vEF2\{0}

Moreover, as we have F = 27" ZUE]F%TL W(v) ® W(v), we have

g7 0up (2"F — 1
D2W (u) @ W(v)UT®? = {22”1 v ). v#0 (3.90)

UECI 5u7o]l s v=20.

On the other hand, from Eq. (3.59) we have

2
o 49V @F OV = s 1P B+ gy Pa) (Prel (391
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which implies

/ dg U (g)*2(W (u) © W (0))U (g)1*?
U(d)

7 d2+ 55 W (1) & W) Pyl Py + d(dz_l)

L (5u0800d® + Sund) (1 +F) + (S0.080.0® + 6uud) (1 —F) .
(3.92)

d(d+1)
Hence, the equivalence follows from a case-by-case comparison. O

Te[W () ® W (v)] Pya

1
d(d—1)
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Chapter 4

Introduction to this Part

Retrieving information about the state of a quantum system is a central task in quantum
technologies. Full quantum state tomography can recover a complete, precise classical
description of the state but requires a large number of state copies [16, 17, 19, 91, 92|,
restricting concrete applications only to a small number of qubits. Moreover, for many
concrete tasks, complete knowledge of the quantum state is often unnecessary [93], and
estimation schemes for specific properties are often scalable, and hence, highly desirable.
Building on this insight, Huang et al. [45], Paini and Kalev [46] introduced a novel estimation
primitive, nowadays referred to as shadow estimation. By measuring a state p in randomly
selected bases, an approximation p, called the classical shadows, capable of estimating
expectation values with high probability is constructed. This approach is devised in a way
that converges to full state tomography in the ideal limit of many measurements. This
ensures that, by further post-processing, the classical shadows can be used to construct suit-
able estimators for arbitrary sets of observables. This procedure is scalable and outperforms
full quantum state tomography for many different tasks. More precisely, to design a scalable
shadow estimation protocol, one shall ensure the efficient experimental implementation of
the protocol by considering states, unitaries and measurements that are available in labs
[29, 94|. Then, we require that the sampling complexity scales favorably with system size
(for instance, ensured by carefully choosing the randomized measurement to respect the
symmetries of the system), and the classical post-processing can be performed in polynomial
time with the system size (guaranteed by efficient classical simulation algorithms such as
stabilizer simulation [34, 35]). The original examples introduced in [45] consider random
unitaries drawn from subgroups of the Clifford group. By considering global Cliffords on the
space of n qubit, efficient and rigorous guarantees on the sampling complexity of tasks such
as fidelity estimation can be formulated, while randomization over local unitaries —effectively
equivalent to measuring in randomly chosen Pauli bases— yields efficient estimators for local
properties!.

In this part, we introduce the shadow estimation protocol and discuss recent devel-
opments beyond group designs. In the discrete setting of digital quantum computation,
we discuss the generalization of shadow estimation to unitary ensembles without group
structure, characterizing the protocol for the arguably simplest non-trivial random quantum
circuit: A two-layered random circuit, in a brickwork architecture, consisting of product
of 2-local random unitaries. Next, we move the discussion to fermionic systems. Firstly

!This paragraph has been adapted from [52].
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motivated by fermionic quantum simulation, tomographic techniques based on random
fermionic unitaries are particularly attractive in near-term applications for their flexibility
and simple implementation [95-98]. In particular, due to their experimental friendliness
and versatility, classical shadows find a natural environment of applications in many-body
physics and quantum chemistry, and extensions to fermionic systems have been put forward
in recent works [96, 99].

This part is structured as follows. In chapter Chapter 5, we review the general shadow
estimation protocol of [45] from the point of view of frame theory. Broadly speaking, the
protocol has two distinct phases: In the first one, samples from a quantum system are
collected by performing suitable randomized measurements on an unknown input state.
Next, these data are further elaborated to obtain estimators of classes of observables.
We discuss in detail how the protocol is devised and the challenges in post-processing in
Section 5.1. In Sections 5.2 and 5.3, we review shadow estimation using global Clifford
circuits, respectively. Chapter 6 is adapted from [52] and it is dedicated to the analytical
analysis of shadow estimation using short random circuits. Here, the characterization
of the relevant measurement channel is discussed in details. In Section 6.4 we present
preliminary results and attempts to extend the characterization of the frame operator
of random quantum circuit or arbitrary depth. Lastly, we discuss the generalization of
shadow estimation to fermionic systems in Chapter 7, and formalize preliminary results for
symmetry-adapted classical shadows in spin systems.



Chapter 5

Shadow estimation

In practical applications, the full reconstruction of a quantum state is often unnecessary,
and it typically suffices to estimate expectation values of a prescribed family of observables.
Relevant quantities include, for instance, correlation functions, entanglement entropies,
energy values, or fidelities with respect to a target state. This perspective motivated the
development of shadow tomography 93|, with the goal of estimating the “shadow” cast
by the state on a collection of measurements, rather than reconstructing the state itself.
Technically, this amounts to designing a procedure to find a POVM that accepts the input
state p with high probability whenever a given property holds, while keeping the overall
error probability under control. Such a scheme can be implemented using polynomially
many copies of p in the number of qubits. Building on this insight, Huang et al. [45]
introduced a randomized protocol, here referred to as (classical) shadow estimation, where
a random unitary is applied to the input state, later measured in a fixed basis. A suitable
classical post-processing phase guarantees the efficient prediction of many expectation
values from the same measurement data. In this chapter, we discuss this protocol under
the lens of frame theory, and review the most relevant mathematical aspects that will serve
for further extensions in the next chapters.

5.1 Classical shadows formalism

The shadow estimation protocol introduced by Huang et al. [45] can be naturally cast in the
language of frame theory discussed in Section 3.4 [52, 100|. Intuitively, instead of adapting
the measurement setting to the particular properties of a quantum state, we perform random
measurements sampled from a fixed ensemble. In practice, this is equivalent to perform a
measurement in a randomly chosen basis. Then, the sampled data are post-processed to
construct an estimator that captures some of the features of the input state. Importantly,
the same set of measurement data can be used to estimate several expectation values at the
same time. This intuition will also be applied later to estimate average gate fidelities with
randomized benchmarking [29, 50, 100]. We summarize the two steps in a data collection
phase and a classical post-processing phase:

Data collection phase Let p be a given unknown state on a n-qubit system, let d = 2".
We fix a probability measure v on the unitary group U(d) and perform the following steps:
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e Draw U ~ v and apply the transformation p — UpUT.

e Perform a measurement in the computational basis described by the POVM {E; :=

|9) (@] }icla-
e Store the classical snapshot (i,U).

The above primitive is repeated T' € N times, yielding the snapshots {(ix, Ux)}7_,.

Classical post-processing Let O be an observable. To estimate Tr(Op), note that
the average over v and the computational basis measurements amounts to applying the
measurement channel

S(p) =Y _ Buwl Eiv)(Eiulp) = Euma (i |[UpUT i) UTi) (iU, (5.1)
ie[d] i€[d]

where E; ;== UTE;U, with E; = [i)(i|. If the POVM {E; ;/} is tomographically complete
[101], i.e., for all states p # o there exists a pair (i, U) such that (i |UpUT|i) # (i |{UaUT|7),
then, {E; 7} is a frame [19, 102|, and the associated measurement channel (5.1) has the
interpretation of a frame operator. In particular, S is positive definite, and thus invertible.
It follows that {E; ;7 == S~ (E;7)} is the canonical dual frame and the identity

TH(0p) = TH(OS ' S(p) = 3 By (O| Eir) (Bi o) (5.2)

holds true. Note that S~! is not a quantum channel in general, as it is not necessarily
completely positive. Nevertheless, it can be classically applied to the POVM element E; i/
to obtain the dual frame elements S™!(E; i7), here referred as the classical shadows of p [45].
This name is justified by the simple observation that, by definition, p = E[S™Y(UT|i)(i|U)].
Therefore, Eq. (5.2) can be interpreted as the expected value of fo(i,U) = (O|FE;p)
when sampling U ~ v and i ~ (E;|p) and is, thus, the limit of the empirical average
0= 25:1 folix, Ur) over many experimental snapshots.

We remark that we can apply a similar procedure even if {E; 7} is not tomographically
complete. In this case, S is not necessarily invertible and we restrict to the pseudo-inverse
ST, defined on the range of S. For instance, this is the case of certain unitary ensembles
drawn from subgroups G C U(d) that do not form a unitary 2-design, see e.g. [103].

Sampling complexity guarantees of shadow estimation follow from Chebyshev’s inequal-
ity: T = O(Var[0]/(€25)) suffices to ensure that |6 — o| < e with high-probability 6. Note
that a Hoeffding bound here yields a worse bound scaling as (v |S|v)~2 following from
the definition of fo(i,U). This bound is sometimes formulated in terms of the shadow
norm introduced by Huang et al. [45], that depends only on the target function and the
measurement primitive, defined as

10112, = max > Euen(O1SHEw) (Eiulp) | - (5.3)
t€[d]

If the expectation values of ‘many’ observables are to be estimated at once, it may be
beneficial to use the median-of-means estimator with sampling complexity depending only
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logarithmically on § [45]. This works as follows: Split the 7" measurement shots into K
equally sized batches. Typically, it is enough to choose K = O(log(M/¢)), with M being
the number of observables. For measurement shots in each block, the empirical average is
computed. The final output is the median over all batches. Intuitively, taking the median
effectively filters out the contribution of outliers compared to the standard empirical average
estimator, yielding only logarithmic dependence on § and the number of observables M
[45, 104].

5.1.1 Classical post-processing

The inversion of the frame operator is central in the post-processing phase. However, it is
in general a highly non-trivial task, and the analytical inversion of .S is often only possible
in very special cases where the probability measure is very structured. For instance, if
v is the Haar measure on U(d), then the POVM {E; 7} is a complex projective (state)
2-design and, thus, forms a tight frame on the space of traceless Hermitian matrices, c.f.
Section 3.4. As a consequence, S is a depolarizing channel and can be readily inverted.
A similar argument can be applied when the unitaries U are drawn Haar-randomly from
certain subgroups G C U(d) [50]. In the general case, analytic inversion is too complicated
and one has to rely on numerical methods which are not only expensive, but may also be
numerically unstable since there are no general guarantees on the condition number of S.
In principle, the condition number can even be exponentially large [50].

Nevertheless, the inversion of S is drastically simplified under certain conditions. Notably,
if the measure v is right-invariant under multiplication with Pauli operators, S is diagonal in
the Pauli basis {|v) = ﬁ|W(v))}vngn [105]. To show this fact, let W(v) :== W (v)(-)W (v)T
be the action of Paulis on linear operators, let U be the defining representation of U(d) and
set w = U(-)UT. Then, by right-invariance of v,

W)IsW(v) =) /dV(g)W(v)TW(g)TIEi)(Ei\w(g)W(v)

= Z/dV(g)w(g)TlEi)(Eﬂw(g) (5.4)

Hence, S is invariant under the channel twirl over the Pauli group. Therefore, it is a Pauli
channel and, in particular, diagonal in the Pauli basis, which implies S~! can be computed
via entrywise inversion of the diagonal elements (v |S|v). Notice that, for Pauli invariant
ensembles without group structure, it is convenient to construct the estimator according to
Eq. (5.2) instead of the classical shadows S~!(p) as in [45]: For instance, this is the case of
sparse observables in the Pauli basis [106], where the computation of the estimator (O] E; r7)
is still numerically feasible. Indeed, in the latter case, one would rely on the decomposition
of p in the Pauli basis, which usually involves exponentially many terms.

5.1.2 Pauli-invariant ensembles

If O = W(v) is a Pauli observable (we call this task Pauli estimation) and if v is Pauli
invariant, the sample complexity can be analytically bounded. In particular, S is diagonal
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in the Pauli basis, and we have

1
(v|S|v)
Note that this expression features only a single diagonal element of the frame operator

independent of ¢ and U. The sample complexity of the corresponding mean estimator w(v) =
% erzl fw)(ij,Uj) is determined by the variance of fyy(,(i,U) which is dominated by

fw(@,U) = (W()|Eiv)- (5.5)

the eigenvalues of (v|S|v)~!. In particular, we have the following fact [105]:
Proposition 24. Let v be a Pauli invariant measure. Then, Var[w(v)] < (v|S]v)~!

Proof. The statement follows from the following calculation, based on the definition of S:

2

Var[i ZEUfW (0 (i, U)? ZEUfW () (&, U)

<ZEU v)[S™ 1’EZU)< Eiulp)

\S‘ (v|S[v)? Z ZEU (VW (u) | By )2 (Esu | W (w) pW (u))

1 ueF3n i (5.6)
= ‘S‘ QZEU | Ew)(Biw| Y W(u)pW (u))
ueIF%"
1
gm ZEU |EzU)
1
ICIEIDA

where we used Pauli-invariance in the third step, W (u)W (v)W(u) < W (v) in the fourth
step, and - ZueF%n W (u)pW (u) = 11 as Pauli operators form a 1-design [38, 107]. Then,
Chebyshev’s bound ensures that the mean estimator is e-precise using O((v |S|v)~te 2671)
many snapshots with probability 1 — 6. O

For general observables, however, it is not easy to find strict guarantees for the sample
complexity, since it is hard to analytically bound the variance, even for different classes
of Pauli invariant measures. In these cases, one can rely on the weaker notion of locally
scrambled shadow norm [106, 108, 109|, which can be interpreted as the average variance
over all states. In particular, since the variance is linear in the state p, the locally scrambled
shadow norm thus quantifies the performance when p is the completely mixed state.

Proposition 25. Let O be an observable and let 6 be the classical shadow estimator. Define
the locally scrambled variance with respect to the completely mized state as Var[é\é]lhssh =

E[6%21] — E[6|31]%. Then, Var[0]issn < Z \S\

Proof. Using the decomposition in the Pauli basis O = % Zueﬂr%n cuW (u) with coefficients
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¢y = Tr(W(u)O), this reads as follows:

R 1 _
Var[0]issn < 7 ZEU(O 1S Ev)*(Eiu|l)

1 : CuCw ' '
= 3 280 2 T sTe) V1B VW) Bio)

. (5.7)
= 2 st st 51
:Zu:<u|5|u>'

]

In the remaining sections of this chapter, we will analyze revisit the results of [45]
concerning local and global Clifford unitaries under the lens of the formalism here introduced.

5.2 Shadow estimation with global Clifford unitaries

Arguably the simplest unitary ensemble to consider for shadow estimation is the full unitary
group U(d), i.e., v = ppy is the Haar measure on U(d). In practice, this is equivalent to
sample from a unitary 2-design (or a unitary 3-design, in the case of the Clifford group
Cl,). In particular, sampling from Cl,, can be achieved in polynomial time in n [110, 111|
and it ensures efficient classical simulability in the post-processing via Gottesman-Knill’s
theorem [34, 35].

In this scenario, one can compute S by either characterizing its eigenvalues, or its action
on quantum states. Specifically, it is possible to give a closed-form formula for the classical
shadow that follows from Schur-Weyl’s duality applications to the computation of moment
operators, c.f. Section 3.2. In particular, we have (v # 0)

(v1Sulv) = & 3 By (v w(0) | E)(E: (o))
1€[d]

= Eyu(a) (0 [UP2W (v) 22U 0)
1

= - (0]dF ~ 1]0)
1

RPESE

where we used Eq. (3.60). Hence, for Pauli estimation, we have Var[o] < d+ 1. On the other
hand, we can compute the third moment operator to bound the shadow norm [45] (as Cl,, also
forms a unitary 3-design). First, recall that S is effectively a depolarizing channel for Haar
ensembles, i.e., S = D, with p = d%rl, which admits the inverse D, 1(-) :== p~*(-) — Tr(-)1.
Then, we can focus on the traceless part Oy = O — %]1 as the map O — Oy is a
contraction since Tr(O2) = Tr(0?) — 2 Tr(0)? < Tr(O)?. This implies for the shadow norm
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the following bound:

100]2, = maXZEU H(00) | Biv)*(Eiu | p)

= (d+ 1)? max Tr
o

p> EyTriy ((0892 ©1) U®3\z‘><¢\®3UT®3)
6

(d+2)(d+ 1)d
d+1

=712 max(Tr pTr O +2Tr(p03)).

(5.9)

=d(d+1) Tr [pTr12 ((OF? ® 1) Pays) ]

In the third line, we used Eq. (3.60). To compute the partial trace, we used the expression
_ 1 e3
P, (1%° + U2+ Uiz + Us 3 + Ui 23 + Ui 32) , (5.10)

ym3_6

where U; j, U, ;1 denote the cyclic permutations of the indeces. In particular, we have

TI‘LQ(O((?? X ]lULQ) = Tr(O%)]l s TI‘LQ(O?Q X ]lUl,g) = TI'(O())O() , (511)
TI‘LQ(OSZ)Q & ]1U273) = TI“(O[))O() , TI'LQ(O?Q ® ]1U172’3) = Og s (512)
Tr12(05% © W1 32) = OF . (5.13)
Then,
g _d+1 2 2 2
100ll5n = m(Tr(Oo) + 2[|0f[o0) < 3Tx(Og) - (5.14)

Therefore, this measurement primitive is particularly efficient if the Frobenius norm of the
observable is controlled, e.g., for fidelity estimation. However, the choice of global Cliffords
is limited by practical constraints, as the implementation of such unitaries requires linear
depth circuits, which are highly affected by noise.

This problem has been addressed in a recent series of works where global Cliffords
are replaced by shallow circuits [43, 52, 106, 109, 112]. Specifically, Schuster et al. [43]
proved that unitary k-designs can be approximated in logarithmic depth for one-dimensional
circuits, effectively retaining similar sampling complexity guarantees of global Cliffords. We
postpone this discussion to the next chapter.

5.3 Shadow estimation with local Clifford unitaries

The number of samples of shadow estimation with global Cliffords does not scale favorably
for local observables. For instance, the sampling complexity of estimating Pauli observable
scales as 2" for all Pauli strings. In such setting, we can construct better estimators by
randomizing over local unitary ensembles. Following Huang et al. [45], the most natural
choice is to implement randomized Pauli basis measurements in the form of random local
Clifford unitaries. Computing the frame operator is straightforward and very similar to the
previous case, as we have a local unitary 3-design: Given u,v € F3", and denoting by Stc
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the frame operator associated with local Clifford (LC) shadows, we have
1
(u|SLclv) = p Z]EUNu(U|Ei,U)(Ei,U|U)
=34 ZEUw Te[W (w)TU i) (3| UT]) Te[U i) (3| UTW (v)] (5.15)
= By (0 |USHW (u) @ W (0)U2|0) .
Considering the factorization
W) =W()®- @ W), (5.16)

by Proposition 23, we have

1

v Suppra()] (2F — 1)®kuppc@)l (5.17)
suppr,c(v

EympUSHTW (u) @ W(0)US? =4
where wt(v) is the binary vector wt(v) € F4 such that wt(v); = 0 iff v; = (0,0) and
wt(v); = 1 else, and suppy(v) = {i | wt(v); # 0}.

Therefore, it follows

|
e — — |Supch(U)‘
Smpnow (O 12F —1]0)

B 1
o 3|SUPPLC Gl

(v|SLc|v)
(5.18)

From the discussion on Pauli invariant estimators, it follows that Pauli estimation is
efficient provided v is supported on a small number of qubit. We also remark that classical
shadows for the LC ensemble is available, as Sp,c amounts to a k = |[suppy,c(v)|-tensor-copies
of depolarizing channels D by applying the result of Section 5.2 on each qubit.

Intuitively, the sample complexity scales favorably also for general local observables:
It is clear that if O factorizes in the form O = Oy, ® 19"* with k = |[supp.(O)| and
|suppy,c(O)] is the number of qubits on which O acts non trivially, only the non-trivial part
Oy, contributes to Tr(Op), as both local Cliffords and computational basis measurements
factorize. Hence, the shadow norm factorizes in a similar fashion, and the only non-trivial
contribution is associated with the non-trivial action on Of. Then, Huang et al. [45] proved
that for any observable O, one has [|0]|3, < 45®P(9)||0||2,. However, the formal proof is
significantly more involved, and we refer to [45, Prop. 3| for further details.



Chapter 6

Shadow estimation with shallow
brickwork circuits

The content of this chapter is largely adapted from [52], with the exception of the last
section. The material has been reformatted for self-consistency within this thesis: Sections
have been reorganized and notation has been harmonized with the rest of this work. No
changes were made to the core results.

Shadow estimation with global and local Clifford unitaries are, in a sense, two “extreme’
scenarios: Randomizing through global random Cliffords provides strict sampling complexity
guarantees for predicting global properties, while local Cliffords are more suitable for local
observables [33, 113, 114|. While the latter is readily available in experiments [114], global
Cliffords will typically introduce too much noise to be useful for estimation on near-term
hardware. This stems from the fact that one needs to implement a linear depth circuit,
which introduce a noise that can be limited up to some extent using robust variants of
shadow estimation [115-117].

Experimentally feasible alternatives, naturally interpolating between the two extreme
cases and potentially lowering the sample complexity over local Clifford unitaries, are
short Clifford circuits [108]. However, finding expressions for classical shadows for random
low-depth Clifford circuits is a challenging task. For instance, the construction by Hu et al.
[108] involve numerically solving a large system of equations.

In this chapter, we discuss recent developments in shadow estimation using shallow
random circuits. Specifically, we will focus on deriving closed-form analytic expressions
for classical shadows with simple brickwork circuits consisting of two layers of product of
random unitaries. In this case, we can observe that, for Pauli observables, one needs to
keep track of the relative positions of supported qubit to find advantages compared to local
Cliffords shadows. In fact, we will see that local Clifford unitaries yield a lower sampling
complexity for sparsely distributed Pauli observables (in a precise sense), while (very short)
brickwork shadows outperform the local Clifford ones when the observable is supported on
sufficiently many (adjacent) qubits.

The chapter is structured as follows: As the ensemble of unitaries we consider is Pauli
invariant, we work out the matrix representation of the frame operator in the Pauli basis.
In particular, we can use the local 2-design property of each brick to we derive recurrence
relations for subcircuits that can be analytically solved. In this way, we can identify the
regime where the resulting sampling complexity outperforms shadow estimation with local

)
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Figure 6.1: Brickwork circuits acting on n = 10 qubits. The left and right figures show
periodic and open boundary conditions, respectively, and the arrow indicates the direction
in which the circuit acts on quantum states. For both of them, the first layer is composed of
n/2 two-qubit Haar random unitaries acting on qubits (2i — 1,2i), 4 € [5], and the second
layer is shifted by one position. On the left, the bricks in the second layer acts on qubits
(2i,2i+1),4 € [5], with the periodic identification 7+ 1 = 1. On the right, the second layer
acts on qubits (2i,2i + 1), € [4], leaving the first and the nth qubit untouched.

Cliffords. In the last section of this chapter, we briefly review extensions to deeper circuits
and discuss preliminary unpublished results on the eigenvalues of such circuits.

6.1 The brickwork circuit: analytical results

We assume for simplicity that the number of qubits is even and consider one round of a
one-dimensional brickwork (BW) circuit built in the following way: a first layer of n/2
two-local Haar random unitaries is applied to qubits (2i — 1,2i) for ¢ € [n/2]. The second
layer, built in the same way but shifted by one position, applies Haar random unitaries
to qubits (2i,2i 4+ 1). Here, we consider two cases, see also Figure 6.1. First, the second
layer has periodic boundary conditions such that qubits n + 1 and 1 are identified, and
consequently, the n/2th random unitary acts on the qubit pair (n,1). Second, we treat the
case of open boundary conditions, where the second layer does not act on the first and the
nth qubit. In practice, it can be more convenient to draw unitaries from a unitary 2-design,
such as the Clifford group (which, for qubits systems, is even a 3-design [38, 39]). Indeed,
implementing Haar-random unitaries is very hard [57] and, moreover, employing Clifford
unitaries ensures one can classically post-process shadows efficiently [34]. For a given vector
V=0 @ D, € F3", we also define its weight vector as the binary vector wt(v) € F%
such that wt(v); = 0 if v; = (0,0) and wt(v); = 1 else. In other words, wt(v) has a zero in
the ith position if and only if W (v) is the identity on the ith qubit.

In the following, we derive analytical results for the frame operator of random brickwork
circuits with open and periodic boundary conditions. Both BW circuit ensembles are clearly
(left and right) invariant under tensor products of single-qubit unitaries, in particular they
are right-invariant under Pauli operators. By the discussion in Section 5.1.2, we thus know
that the frame operator S is diagonal in the Pauli basis. It is thus sufficient to compute
the matrix elements (v|S|v) for all v € F3". Moreover, both BW circuit ensembles are
also invariant under local Clifford unitaries, i.e. tensor products of single-qubit Clifford
gates. This implies that (v |S|v) is invariant under the exchange of X, Y, and Z operators,
and hence depends only on the weight vector wt(v). As we show shortly, (v|S]|v) is in
fact determined by non-vanishing pairs of elements in wt(v) corresponding to a brick in
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Figure 6.2: Example how the vector of supported bricks is computed from a 10-qubit Pauli
operator. The structure of the shaded bricks is the one of the second layer of the circuit.
First, the Pauli operator is transformed into its binary representation v € ]F%O. We apply a
logical or (V) per qubit to compute the weight vector wt(v). Subsequently, this procedure
is repeated for qubit pairs (27,2i + 1) and yields the vector of supported bricks 9. For
periodic boundary conditions, the last entry of ¢ is computed between the last and first
entry of wt(v) (here depicted by appending the first entry at the end in parentheses). The
brickwork support of this example is supppw(v) = {1, 3,5}, while its partition into local

factors is partgy (v) = (1, 2).

the second layer, and by their positions in the circuit. To make this precise, we have to
introduce some definitions.

Let us consider a Pauli string v = v; @ - -+ ® v, € F3". Roughly speaking, a brick is
identified by a pair of two adjacent qubits, and it is in the support of v if at least one of
the qubits is in the support of v. More formally, we define the vector of supported bricks as

T= (1,0 Tpp0) €FY? L 6 = wt(v)s V Wt(v)2ie1, € [n/2], (6.1)

where x V y is the logical or between two bits x,y € Fo,i.e. xVy=1ifx =1ory =1, and
0 else. The last entry of v is defined according to the boundary conditions of the second
layer, in particular 0, /9 = wt(v),, V wt(v); for periodic boundary conditions, and 7, 12=0
for open boundary conditions, see also Fig. 6.2 for an explicit example how v is computed.
We say that the ith brick in the second layer, with i € [n/2], is in the support of v if
#; = 1. Then, one can define the brickwork support of v € F3" as suppgw (v) = {i | ¥; # 0}.
In the following, however, it will be equally important to keep track of sequences of
consecutive supported bricks in the circuit. Hence, we introduce the following notation: A
one-component of ¥ is a maximal tuple of consecutive ones in ¥, where “consecutive” is again
meant w.r.t. the boundary conditions of the BW circuit. Then, we define the partition of
the brickwork support partgy (v) to be the integer sequence given by the (non-unique) sizes
of the one-components of ©. For instance, if we have periodic boundary conditions and
0 =(1,0,1,0,1) as in Fig. 6.2, then partgyw(v) = (1,2). Note that the maximal number of
consecutive ones is n/2 — 1 and n/2 for open and periodic boundary conditions, respectively.
We can now state our main result:

Theorem 26. Let S be the frame operator associated with one round of a two-local brickwork
circuit with open or periodic boundary conditions in the second layer. Then, S is diagonal
in the Pauli basis, and for v € F3"

(vS]0) = {Zpb(n)’ partpyw (v) = (n/2),

6.2
HlEpartBW(u) Yob (20 +2), otherwise , (6.2)
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where, for any m € N even,

(VAT +5)™% 4 (—1)m/2 (VT — 5)™/°

() = T , (6:3)
ooy = B (25— BVAL) (VAT 45)" 4 (12 (254 3T) (VT - 5)""
ob\M) = .

2/l (5v2)"
(6.4)

Let us briefly comment on the interpretation of the matrix elements of .S. These values,
determined by the elements of partgyy (v), are associated with different topologies of the
effective BW circuit.

First, note that the case partgy (v) = (n/2) can occur for periodic boundary conditions
only and corresponds to all bricks being in the support of v. In particular, for open boundary
conditions, the second case in Eq. (6.2) always applies.

Next, let us motivate the second case in Eq. (6.2). Concretely, let us first assume
partgw(v) = (n/2 —1). In the case of open boundary conditions, this assumption cor-
responds to all bricks being in the support of v, since v,/ = 0 by definition. Likewise,
this situation occurs in the BW circuit with periodic boundary conditions whenever there
exists exactly one ¢ € [n/2] such that v; = 0, see Figure 6.3. Then, we can make two
observations: First, the topology of the effective circuit changes from periodic to open
boundary conditions. Second, the effective circuit is equivalent —up to reordering of qubits
on which it acts— to the fully supported circuit with open boundary conditions described
before, which is depicted in Figure 6.1.

Suppose now we have a BW circuit with open boundary conditions, and there exists
another index ¢ such that ©; = 0. Then, two cases can occur: Either, (a), i = 1 or
i =mn/2—1, which implies partgy (v) = (n/2 —2), and we simply obtain a BW circuit with
open boundary conditions on n — 4 qubits. Otherwise, (b), partgw (v) = (i —1,n/2 —i—1)
and the BW circuit again factorizes into two independent BW circuits with open boundary
conditions, acting on 2¢ and n — 2¢ qubits respectively.

In general, the effective circuit splits into as many independent BW circuits with open
boundary conditions as the number of elements in partgy (v), and the diagonal elements
of S are given by products of different contributions as in Eq. (6.2). These elements also
determine the number of qubits on which these subcircuits act, see Figure 6.3 for an example
with |partgw (v)| = 2.

As discussed in Section 5.1.2, the frame operator provides a bound on the variance of the
Pauli estimation task. Specifically, denoting with O’%W(U, p) the variance of the estimator ¢
for any v € F3", we have

B (v,p) = o () < Hg‘) . (6.5)

In Appendix A.1 we provide an alternative proof for circuits with periodic boundary
conditions which holds for unitary 3-designs.

The remaining of this section is dedicated to the proof of Theorem 26. It goes through
the following steps: First, in Lemma 27, we will prove that such eigenvalues are determined
by partgy (v) for any v € F3". Those eigenvalues are associated with different, effective
BW circuits. Exploiting the structure of the BW circuit, we can ‘split’ the action of the
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Figure 6.3: Effective brickwork circuits associated with non-fully supported Pauli operators
in the case n = 10. On the left, the effective BW circuit associated with a v € F3° such that
02 = 0 and partgy (v) = (4). In this case, open boundary conditions apply and the circuit
is topologically equivalent to the right one in Figure 6.1. On the right, the effective BW
circuit associated with v € F3° such that @9, @5 = 0, which implies suppgy (v) = {1, 3,4}
and partgy (v) = (1,2). In this case, the circuit is the product of two smaller subcircuits
with open boundary conditions. In particular, the subcircuits are defined on 4 and 6 qubits,
respectively.

copies

v

qubits

Figure 6.4: Flip operator swapping tensor factors of two copies of the third qubit site.

layers in two separate (2-local) group twirls, which can be evaluated using standard results
in the computation of moment operators. Next, in Lemmas 28 and 29, using tensor network
techniques, we reduce the problem of finding such eigenvalues to two different systems
of recurrence relations associated with BW circuits with periodic and open boundary
conditions, respectively. The latter admit closed-form analytic solutions, which lead to the
explicit expression of (v |S|v).

In the following, given an operator A € L(C? ® C?), we denote by Ay = A®Ac
L(C* ® C*) the operator acting on two copies of two qubit “sites”. In particular, we will
extensively use the operator Fo) = F ® F, where F is the flip operator which swaps tensor
factors of C?2 ® C2. The action of F is also depicted in Fig. 6.4.

As we observed in Section 5.1.2, the frame operator is diagonal in the Pauli basis for
Pauli invariant measures [105]. However, since unitaries in the BW circuit are Haar random,
we can characterize the matrix elements of the frame operator exploiting some known
results about the second moment operator, c.f. Section 3.4, also see [19]. As a side note,
this also implies that, in practice, we can draw unitaries from any unitary 2-design instead
[37, 118], such as the Clifford group.

Then, the following holds:

Lemma 27. Let S be the frame operator associated with one round of a two-local brickwork
circuit with periodic or open boundary conditions in the second layer. Then, S is diagonal
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in the Pauli basis, and

g . m tpb(n) ) partBW(U) = (n/2) 6.6
Il =4 O s g S 69
15100 HlepartBW(v) (2v/5)2+2 otherwise
where |0| is the Hamming weight of v, and
tpb(n) ="Tr [(]1 + F(2))®n/2 D(Q) (4F(2) — ]1)®n/2 D(E%] y (67)
tob(12) = Tr[(]l + Fg))®"/? {]14 ® ((4F(2) - ]1)®(n/2_1)) ® 14” : (6.8)

with DY) @ -+ @ |thy) = |th2) @ -+ @ |1hy) ® [th1) being a cyclic shift operator.

Proof. Let pu be a probability measure on the BW circuit. Hence, p is the product of
probability measures p;;, where : =1, ... ,n/2, and j = 1,2. In other terms, the operator
corresponding to the i;th brick is sampled independently from all the others. Then, given
u,v € IF%”, we have

(wIS10) = 5 3 Bumulul B )(Bio o)
ST By W @)U U] (U)W ()] (6.9)
deUr
= Eyu (0| USTW (1) @ W (v)U%?|0) .
Consider now the following factorization of W (v):
W(v) =W(vaz) @@ W(vpa), (6.10)
where, for each i € [n/2],
V24, 2i+1 = V2; D V2441 € F2 ¢ F2, (6.11)

and each W (vg;2i41) is as in Eq. (3.74). Moreover, writing U = DU,D'U;, where Uj is the
tensor product of two-local Haar random unitaries, it follows

(u]S|v) = Tr[Ev, [UF20)(0]UF"| Doy By [US DYy W (w) @ W (0) Dy US?| Dy | -

(6.12)
Hence, by Eq. (3.60) and Proposition 23, we have
1 n
Ey, US2|0)(0| 22U 8% = s PovE, (6.13)
Eu, U5 Dl W (0) @ W () DigyUs ™" = 640 Q) Qs (6.14)
i€[n/2]

where

1 ifo;, =0,
by = 1 . (615)
i5 (419‘(2) — ]l) otherwise .
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Therefore, writing Peym2 = 5 (1 +F(y)),

(v]S|v) =

1
Tr (1 + F(9)®"? Dy Qs, D . (6.16)
(2v5)" @) gg] @

Finally, we distinguish cases for the latter according to partgw(v). In particular, if
partgw (v) = (n/2), then Q5 = & (4F o) —1) Vi = 1,...,n/2, and Eq. (6.7) reads
immediately from Eq. (6.16). Next, assume partgy(v) = (n/2 — 1). In particular, due
to invariance under translations of bricks, we can assume without loss of generality that
Up/2 = 0, meaning Q@L/Q = 1. This yields

1 1
(Q\f)n 15n/2—-1

Consider now there exists ¢ € [n/2 — 1] such that 9; = 0. Then, we distinguish between two
cases. If i =1 or i =n/2 — 1, then (v|S|v) is still given by an expression that is morally
equivalent to Eq. (6.17) up to obvious modifications determined by partgy (v) = (n/2 — 2).
More specifically, we have

(v[S]v) =

Tr [(1+Fp) " 10 (4Fp) - 1) e1] . (617)

1 1
(2\/5)71 15n/2-2
_ 1 1 ton(

(VB2 15777

(v[S]v) =

Te [1+F)) Tr [(1+F) """ 10 (4Fe) - 1) o1]

—9).

(6.18)
On the other hand, if i € {2,...,n/2 — 2}, we have partgyw(v) = (1 —1,n/2 — 1 — ), and
the circuit splits into two subcircuits, yielding

S 14F) %10 (4Fy -1)°" Va1
(01510) = o T [(1+ Fa) ™ 1 (45 —1) }
X Tr [(1+Fp) ™ 1@ (g - 1) a1 (6.19)
1
= ——top(27) top(n — 27) .
gy o2t = 20
All other cases follow from analogous considerations. O

Note that the traces in the latter expression have two main contributions. The first
one, which is proportional to the projector on the symmetric subspace P2, comes from
scrambling F; with the first layer of the BW circuit, and it is independent of v. The second
layer, on the other hand, acts on W(u) ® W (v), and the result of the scrambling for each
pair of qubits is an operator that depends on v. This means that effectively the second layer
determines whether the circuit factorizes at a given position, and the number of qubits on
which each subcircuit is defined is determined by the corresponding first layer of random
unitaries.

The next couple of technical results will give a way to evaluate the traces appearing in
the previous lemma. The core steps of the proofs are most conveniently presented in terms
of tensor network diagrams and deferred to Appendix A.2.
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Lemma 28. Let ti(n),t2(n),t3(n) defined as follows:

t(n)=Tr[(18 (1+Fp) """ 1) (4Fe) - 1) , (6.20)
ta(n) =T [ (F& (1+F) "™ @F) (4Fp) - 1) , (6.21)
ta(n) ==Tr [ (18 (1+F) " @F) (4F ) - 1)"?] . (6.22)

Then, tpp(n) = t1(n) + ta(n) and the following system of recursive relations hold true:

ti(n) = 24t3(n — 2)
to(n) =24ts(n—2)+60t2(n—2) , n>2, n=0 mod?2, (6.23)
tg(n) = 24751(’1% — 2) + 60 tg(n — 2)

with the following base conditions:

t(2) =0
t2(2) =60 . (6.24)
t3(2) = 24

Proof. The fact that tp,(n) = t1(n)+t2(n) is clear from the definition of ¢; and ¢5. Relations
(6.23) and (6.24) are proved in Appendix A.2. O

Lemma 29. Let ti(n),t2(n) be defined as follows:
t1(n) == Tr {{114 ® (1 + F@))@"/H)} {(415‘(2) — )82 g ]14}} . (6.25)
to(n) = Tr HIE‘ ® (1 + F(Z))‘X’(”/Q_l)} {(4F(2) _q)®®/2-D) 14}] . (6.26)

Then, top(n) = 4t1(n) + 2ta(n), and the following recursive relations hold true:

t =24t3(n — 2
() 2(n=2) n>4, n=0 mod 2, (6.27)
tQ(n) = 24t1(n — 2) + 60252(71 — 2)
with the following base conditions:
t1(4) =48
1) . (6.28)
ta(4) = 216

Proof. First, observe that

top(n) = Tr [(]1 +F(2))®n/2 {]1 ® (4F(2) _ 1)®(n/271) ® ]IH

(6.29)

Relations (6.27) and (6.28) are proved in Appendix A.2. O
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Proof of Theorem 26. As discussed before, S is diagonal in the Pauli basis, and we only
need to characterize its diagonal elements (v |.S|v), which, by Lemma 27, are determined by
partgy (v). In the first case, when partgy (v) = (n/2), the circuit retains periodic boundary
conditions, and (v|S|v) is proportional to ty,(n) according to Eq. (6.6). By Lemma 28,
tpb(n) can be expressed as the sum of two terms that can be calculated recursively using
the system of recurrence relations (6.23), and one can check that the solution of this system
is given by

tpn(n) = 6"/2 [(\/ﬁ + 5)n/2 + (=12 (\/ﬁ — 5)n/2] : (6.30)

This solution can be found with a computer algebra system, or, by hand, using the Z-
transform [119], which maps recurrence relations to algebraic equations. Inserting Eq. (6.30)
into Eq. (6.6) then shows Eq. (6.3).

Otherwise, partgy (v) determines the factorization into (possibly many) subcircuits
with open boundary conditions. In particular, each entry [ € partgy(v) determines a
(factorized) subcircuit acting on 2l + 2 qubits. Each such subcircuit evaluates up to a
multiplicative constant to top (2] + 2), that, by Lemma 29 fulfills the recurrence relations
(6.27). These also admit a closed-form solution that can be found with the same techniques
and is given as

6m/2 m/2 m/2
I - _1\ym/2+1 -
ton(m) = [(25 3@) (\/4ﬁ+5) +(~1) (25+3\/4H) (\/Z 5) ] :
(6.31)
for any m = 21 + 2. This shows Eq. (6.4) for each subcircuit. O

As a final remark, observe that the proof of the theorem can be generalized to systems
of arbitrary prime or power of prime local dimension. In particular, redefining ¢ according
to the local dimension, Eq. (6.16) holds true with obvious modifications for any prime p,
and the same holds for the traces Egs. (6.7) and (6.8).

Finally, one may wonder whether it is possible to find analytical expressions for the
frame operator associated with circuits with more layers. However, in this case, splitting the
scrambling over multiple layers is more involved, since non-trivial ‘intertwinings’ between
layers occur. This implies that the analytical contraction of the corresponding tensor
network is more difficult compared to the calculations of Appendix A.2, and one might only
resort to numerical methods to evaluate the frame operator [106, 109].

6.2 Discussion and comparison with local Clifford circuits

Given the closed analytic expressions for the frame operator associated with the BW circuit,
we can now compare the performance with the LCs ensemble.

For LCs, the variance is exponential in the weight of the Pauli observable [45]. More
precisely, for any v € F3" we define the local Cliffords support as the set of weighted sites of
v, namely suppy,c(v) == {i | wt(v); # 0}. Then, since the LCs ensemble is clearly invariant
under multiplication with Pauli operators, one can apply Eq. (5.6) to get a bound on the
variance. In particular, O'%C (v) < m = 3lsuppro(®)l where S is the frame operator
associated with LCs shadows (see Section 5.3 for the derivation of its matrix elements).
Notice also that, although this bound corresponds to the shadow norm [45], one does not
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need to maximize over all the states. The inequality solely originates in disregarding the
square of the first-moment (E; 7 fy (1) (4, U))? which agrees by construction with Tr(W (v)p)?
for any ensemble. Therefore, we are most of the time comparing the exact expressions
for the second moment E; [ fyy (v (4, U)?] allowing us to formally deduce lower and upper
bounds. In the following, all our expressions for the variances are understood as being up
to first-moment terms and we write, e.g. O'%C = 3"

As derived in the previous section, the variance for the brickwork circuit depends on the
partitioning of the brick support into local factors. In principle, for any Pauli string v, we
are able to compute such variance by means of Theorem 26. We also remark that the value
obtained in this way are strict upper bounds, since we are only disregarding the square of
the first moment term, which is upper bounded by 1. For simplicity, to compare the BW
and LCs ensembles, we derive lower and upper bounds to the exact variance expression
that make the asymptotic scaling transparent.

We obtain the simplest expression when partgy (v) = (n/2). In this case, Theorem 26
together with Eq. (5.6) implies that 0.8 - 2" < 03y < 2.1"T1; see Appendix A.3 for details.

To compare the scaling of U%W to the one of O'I%C, we introduce some notation to
distinguish different regimes. First, recall that we say that v € F3" is supported on the
ith brick if 9; = 1, and, by definition, 0; = 1 if at least one of wt(v)s; and wt(v)2;41 is
non-zero. A supported brick can further be of two types. If wt(v)2; Awt(v)2;41 = 1, namely
the logical and between the two local weights is non-trivial, the ith brick is said to be fully
supported. Otherwise, the ith brick is said to be half supported if the logical zor between
the two local weights is non-trivial, or more formally wt(v)a; Y wt(v)2i41 = 1.

Still assuming partgw (v) = (n/2), we have two extreme cases:

e If each brick is fully supported, then O'I%C =37 > 217 > a%w for all n > 2.
Thus, the brickwork circuits have an improved sample complexity compared to single
qubit random Clifford unitaries. The number of samples is reduced by one order of
magnitude for n > 8 and by a factor of about 0.5 - 10™* for n = 20.

e If each brick is half-supported, then O'I%C =372 < 1.75" < 0.8-2" < a%w for all n > 2.
In this case, the BW circuit retains its periodic structure, while LCs shadow sees the
‘correct’ number of qubits in the support leading to a smaller sample complexity.

Similar considerations apply if partgy(v) = (n/2 — 1) i.e. when (v|S|v) is given by a
single term with open boundary condition. Evaluations of the expressions for both cases
are summarized in Figure 6.5. We observe that the scaling for both cases only differ in a
constant factor as we also explain analytically in Appendix A.3.

The two extreme cases suggest that shadows with BW circuits outperform the LCs ones
when the number of fully supported bricks reaches a certain threshold. More specifically,
based on our bounds, we can guarantee a lower sample complexity with BW circuits if
|suppr,c(v)| > 0.68(n + 1) for the cases partgy(v) = (n/2) and partgw(v) = (n/2 — 1),
see Appendix A.3. Furthermore, the additional constant term can be decreased for larger
number of qubits. Evaluations of the threshold for up to 100 qubits are summarized in
Figure 6.6.

Relaxing the restriction on partgy, we can ensure that O’%W < O'%C provided that

|suppy,c(v)| > 0.8] partgyw (v)| + 1.4|7], (6.32)
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Figure 6.5: Comparison of variances (exact evaluation of second moments) calculated for
brickworks and local Cliffords. For magenta and green triangles, we assumed suppy,c(v) = n
and suppy,c(v) = n/2, respectively. For blue and red dots, we assumed partgy (v) = (n/2)
and partgy (v) = (n/2 — 1), respectively.

where | partgy (v)| is the number of entries in partgy (v) and |0| the Hamming weight of 7,
i.e. the number of supported bricks in the circuit. The derivation of this criterion is given
in Appendix A.3.

The main contribution (up to rescaling factors) is given by the size of suppgyw (which,
in turn, also influences the number of entries in partgyy), while the number of connected
components in the effective circuit can be seen as a ‘correction’ to the naive comparison
between the notions of supported Pauli’s and bricks. In fact, by Eq. (6.16), the criterion
is more likely to be satisfied if the local Pauli’s are bunched together: Sparse Pauli
observables are associated with (effective) BW circuits with many disjoint partitions, which
imply a higher threshold. For instance, for a fixed |suppyc(v)|, as the the number of
distinct partitions increases, each subcircuit is less densely populated, and the threshold
for each subcircuit becomes harder to reach. Fig. 6.7 shows two non-fully supported Pauli
observables, supported on a different number of qubits, associated with the BW circuit
structure. Eq. (6.32) is satisfied by the second Pauli string only.

The threshold criterion is likely to hold for random Pauli observables, since, for a fixed
n, few additional qubits are needed to reach the threshold. On the other hand, for any
random Pauli string v € F3", the probability of the ith brick to be fully supported is strictly
larger than the probability of being half supported. Indeed, evaluating the bounds for
random Pauli strings we observe that the brickwork circuit gives better performance with
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Figure 6.6: Numerical evaluation of the threshold that determines the BW sample advantage
over LCs shadows in the case partgyw(v) = (n/2). On the x axis, we represent the total
number of qubits. On the y axis, we represent the ratio between the smallest number
of qubits such that a%w < U%C and the total number of qubits. The red line represents
the ratio between the lower bound for |suppy,c(v)| and the total number of qubits. The
numerical dots are obtained by a direct comparison of 0'123W and aﬁcz For each fixed n, and
starting from the case where each brick is half-supported, we evaluated both of them for an
increasing number of qubits (i.e. increasing the number of fully supported bricks), until the
condition U]%W < O’%C has been satisfied.

high probability drawing random Pauli strings, and p(ogy < o) o big, 1, see Figure 6.8.

In conclusion, we showed that LCs shadows still have their own merit, in particular
they are still the best choice for very sparse, local Pauli observables. However, they are
significantly outperformed in all the other cases. For instance, for fully supported bricks,
we observed that the variance is scaling as ~ 2.1", which is very close to the performance
of a global Cliffords ensemble for a moderate number of qubits, namely global properties
may be predicted using brickwork shadows. This represents a particular case of the shallow
shadows presented in [106], where the authors argue that brickwork circuits (in their case,
of depth log(n)) are expected to have the same sample complexity as the global Clifford
scheme.
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Figure 6.7: Effective circuits associated with two non-fully supported Pauli observables vy, va.
Eq. (6.32) is satisfied by v2 only. In particular, we have | partgw (vi)| = | partgy (v2)| =
(2,3,1),|suppgw (v1)| = 9,| supppw (v2)| = 11, which imply 0§ (v1) = oy (v2) ~ 58 -
103,02 (v1) &= 19103, 08 (v2) &~ 177 - 103.

6.3 Numerical experiments

We now compare numerically performances of BW and LCs estimation procedures. For
the simulation, we prepare a stabilizer input state, for simplicity, p = |0)(0|, and draw
unitaries from the Clifford group. We choose to perform Pauli estimation for observables
of Z-type. In this way, we can classically simulate the whole procedure efficiently using
standard techniques [34, 35, 110]. The algorithms to perform the simulation work as follows:
First, given p = |0)(0] and a Pauli observable W (v), Eq. (5.2) becomes

(0|W(v)|0) = (,S, ZEM [UW (0)UT]3)|(i | U0} (6.33)

As discussed above, U is chosen to be a Clifford operator, which is represented by a pair
(g,a), with g € Sp(2n), and a € F3". Then, writing U = ®n/2 n/2 U(l)U(j) each local
symplectic matrix is sampled using Konig-Smolin’s algorithm |1 10] and a is a uniformly
distributed vector in F3". Then, samples {(U;, ij)}72, are drawn according to standard
stabilizer simulation techniques [34, 35|, and the estimator is given by the following empirical

average:
m

w(v) = ’S’ Z i |U;W (0)U] i) (6.34)
7j=1

A single estimate requires the calculation of the phase function appearing in Eq. (3.86),
which can be done in time O(n?) [90]. However, when the observable is of Z-type, we can
avoid this calculation, and speed up the simulation. To prove this fact, let us consider the
decomposition F3" = Z,, @ X,,, and label the computational basis by binary vectors i € F3.

Then,
(G [UW ()T i) = (=1)o @ Hegelton=i1 (o), (6.35)

where (gv), € Z, ~ F% is the Z part of the vector gv € F3", and 1, is the indicator
function on Z,,. Then, suppose the outcome of the latter is non-zero, so (gv), = 0. Hence,
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Figure 6.8: Probability of 03y, < 07, evaluated on 2! random bitstrings for each value of
n.

since v, = 0 by assumption, we find:

[a, gv] + (gv): i = (gv): io = (gv)= - Y _i;(g€)a
J
= Zz] qu, ge] = Zz] v ej (6-36)
7
= 0’

where we wrote i = ig + a; for some iy € F%, and then we considered the decomposition
io = >_;4j(ge;)z, where {e;} C Z, is the canonical basis.
Then, from Eq. (6.33) we get

(v]S]v) = ZEUw(i [UW (0)U]3) (i |U0)?

N ZEUW(—l)“g(“)I@' [U10)*. o0

Define now

1
=—— _{geSp2n) | gv € Z,, (-1)*®) = +1}]. 6.38
P+ |Sp(2n)||{g p(2n) | g (-1) H (6.38)
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Then,
1
+p- = ———|{g € Sp(2n v E Iy
pr+p |Sp(2n)|\{g p(2n) | g H
1
= ———|STAB(v)|-|Z,\ 0
|Sp(2n)|| ()| Zn \ 0
(6.39)
_ 1 [Sp(2n)| (Za\ 0|
ISp(2n)| |Sp(2n) -v] "
on 1 1

22 — 1 2m 41’
where STAB(v) denotes the set of stabilizers of v.

On the other hand, py and p_ also have the interpretation of frequencies of +1 outcomes
in Eq. (6.37) respectively. This means

|Zn| 1
(/U’S’U):p"r_p—:QQn_l :2n+1)

(6.40)

from which it follows p_ = 0.

In conclusion, whenever v, = 0, we only need to check if (gv), is trivial.

Then, we consider the following setting: Fix n = 10 as the number of qubits. Then, we
collect numerical data for three different Z-type operators, that we assume to be supported
on each brick. In particular, we consider the following Pauli strings: vy, which is supported
on each qubit, vpar, where each brick is half supported, and vipres, Which is supported on 8
qubits, ensuring it satisfy the threshold criterion discussed in the last section. Notice that
it does not matter where the two half supported bricks are located in vipres, since all of
them are supported. Then, we fix m as the number of samples, and compute the empirical
average over all samples as described in Section 5.1, which yields an estimator for the given
observables and p = |0)(0]. We run this procedure 100 times, and evaluate the average of
the estimators over all runs. The latter has standard deviation given by o/+/100m, with
o = opw, orc. Finally, the task is repeated for different values of m.

The results of the simulations, shown in Figs. 6.9 to 6.11, agree with the previous
discussion. In particular, for circuits that are fully supported or over the threshold, the
convergence to the expected values is faster using BW circuits, see Figure 6.9 and Figure 6.10,
while the converse happens in the case of half supported circuits, see Figure 6.11.

6.4 Extension to deeper circuits

In the previous sections, we have shown clear evidence for the potential of using short circuits
for shadow estimation, but also indicate limitations and the need for careful comparison in
specific applications. Moreover, we expect that the direct generalization of our analytic
approach to deeper circuits is considerably more involved.

To this end, the works of Akhtar et al. [109] and Bertoni et al. [106] characterize the frame
operator of finite, arbitrary depth brickwork circuits with numerical methods. In particular,
Akhtar et al. [109] applies the formalism based on entanglement features introduced by Bu
et al. [105] and discusses average case scenario upper bounds on sample complexity based
on the locally scrambled shadow norm [108]. A similar discussion, following a probabilistic
interpretation of the eigenvalues of the measurement channels, can be found in [106]. In



6.4. EXTENSION TO DEEPER CIRCUITS 64

Target outcome
BW estimator
1.3 A LC estimator
1.2 A
N 1 1 _
>
N—
<5 |
! | | (| i ]
1.0 I 1 i
. ]
0.9 1
0.8 1
20000 40000 60000 80000 100000
m

Figure 6.9: Convergence of the estimator w(vgy), as defined in Section 5.1. We consider a
system of 10 qubits with input state p = |0)(0|, ensuring we can classically simulate the
whole procedure efficiently. For each fixed m, 100 runs have been performed and then the
average over all of them, with the respective standard deviation, has been plotted. BW
estimator is converging faster than the estimator using LC unitaries.
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Figure 6.10: Convergence of the estimator w(vinres), as defined in Section 5.1. We consider
a system of 10 qubits with input state p = |0)(0|, ensuring we can classically simulate the
whole procedure efficiently. For each fixed m, 100 runs have been performed and then the
average over all of them, with the respective standard deviation, has been plotted. BW
estimator convergence is faster than the estimator constructed using LC unitaries.
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Figure 6.11: Convergence of the estimator w(vpat), as defined in Section 5.1. We consider
a system of 10 qubits with input state p = |0)(0|, ensuring we can classically simulate the
whole procedure efficiently. For each fixed m, 100 runs have been performed and then the
average over all of them, with the respective standard deviation, has been plotted. BW
estimator convergence is slower than the estimator constructed using LC unitaries.
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particular, Bertoni et al. [106] conjecture that a logarithmic depth circuit is the ideal middle
ground between the local and global Cliffords ensembles. This claim is supported by the
analysis of the locally scrambled shadow norm that shows that [|O||Z, is bounded by the
Frobenius norm ||O||% for circuits of logarithmic depth. In comparison, we only focus on
a single-round of a brick-layer circuits, but provide analytic expressions for the estimator
of Pauli observables. A recent work by Schuster et al. [43| confirms this conjecture by
showing that random quantum circuits form approximate unitary k-designs in logarithmic
depth. The approximation is best controlled by the relative error €, see [120] and [43] for
a discussion and comparison with the additive error (i.e., the diamond norm distance).
Formally, denote with U the defining representation of U(d) and recall the definition of the
kth moment operator My, from Eq. (3.49). For a probability measure vgc on U(d), define

MZRCS(.) — EUNVRCU®k(.)U®kT (6.41)
We say that vgpcog forms an e-approximate unitary k-design (in relative error) if
(1—e) My S MEC =< (14¢) My, (6.42)

where A < B means that B — A is a completely-positive map. Then, one can construct
approximate unitary k-designs in logn depth by glueeing small brickwork circuits, which
form approximate k-designs on logn qubits (this can be constructed in linear depth with
known techniques [120]).

This construction can be applied to estimate low-rank observables with classical shadows.
Recall from Section 5.2 that random global Clifford unitaries are particularly convenient
to estimate low-rank observables (for instance, for fidelity estimation), but their concrete
implementation is beyond near-term applications. Instead, classical shadows can be con-
structed from approximate designs paying a very small price: We consider an approximate
unitary 3-design over n qubits using random quantum circuit made up of Clifford circuits.
Recall that the frame operator associated with Haar random unitaries admits the following
block-diagonal representation in the Pauli basis:

1 0
=1 .%) 610

with sy = ﬁ, c.f. Section 5.2. Then, by simply replacing the Haar random unitaries with
a log-depth random circuit, the protocol is characterized by the frame operator

Sres = Y Byewme|Biv ) (Bivl. (6.44)
1€[d]

Here, v is approximate 2-design. Then, we can invert in post-processing with the inverse
Haar-random frame operator Sﬁl at the cost of a small bias in the shadow estimator 6 of
Tr(pO) for any given observable O. In particular, one can show that the bias scales linearly
in the relative error € [43]. A similar scaling also appears for the correction in the variance
of the estimator.

Here, we note that the analysis of Section 6.1 can be adapted to study the eigenvalues of
Srcs. First, we observe that we can compute the eigenvalues of a short brickwork circuit in
any local dimension. In other terms, Theorem 26 holds true for a suitable redefinition of the
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functions X}, and Y. This follows from the fact that the recurrence relations Eqgs. (6.23)
and (6.27) are obtained by twirling Pauli strings with 2-local Haar random unitaries. Then,
denoting with p the local dimension, the systems of recurrence relations generalize to

P (n) = (p° — p¥) 50 (n — 2)
P (n) = (p° — p*) 2P (n — 2)

(-85 (n-2)  n>2, n=0 mod2,
2P (n) = (p° — p*) (0 — 2) + (p°

_l’_
+(0° — p?) 5% (n — 2)
and

{ﬁ%@=ﬁﬁ—p%@wn—m

n>4, n=0 mod2, (6.46)
t3°(n) = (0> — p*)1°(n — 2) + (1° — p*) 18" (n — 2)

with base conditions

t(2) =0
19°(4) = p° — p*
b 6 2 1
th(2) =p° —p*> | {tOb(4): s 55 (6.47)
t2°(2) = p° — p? ? Py

for the periodic and open boundary topologies, respectively. By solving the latter, we find
the following expressions:

o (VTR 024 0) " o (VTP - )™
o () = V2@ T ) ’
(6.48)
2
with

Aop(m,p) = ((p2 +1)2 = (p+ 1)/ (P> +3) - 8) (\/(p2 +3)2 -8+ (p* + 1)>m/2 :
(6.50)

Bo,(m,p) = ((p2 + 12+ (p+ 1D/ (p?+3)2 - 8) (\/(p2 +3)2-8—(p* + 1)>m/2 .
(6.51)

The main idea is to consider a sequence of depth-2 BW circuits —constructed as in Section 6.1—
with increasing local dimension p. The rate at which p increases is informally associated
with the depth of a shallow BW circuit. Then, by iterating over the local dimension, we
can study the convergence of the eigenvalues. Note that, in linear depth, any eigenvalue
associated with a non-trivial Pauli string corresponds to an effective BW circuit realization
of the Haar ensemble, hence, the convergence becomes exact at that point. In this first
analysis, we study the convergence of the eigenvalues associated with fully supported circuits.
In particular, we consider v € F2" such that partgy(v) = (n/2), c.f. Section 6.1. Note
that if a (p = 2")-qudit BW circuit is fully supported, the same applies to the following
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(p = 2"t1)-qudit BW circuit, as the relevant notion of locality is coarse-grained as the local
dimension increases. We measure the convergence of the eigenvalues in the relative error
_ Isrcs — su|

Eeigen = sH 3 (652)

where sgrcq = (v|Srcs|v). For simplicity, we consider a system of local dimension p = 2k
with k taking values in {2" | r € {1,2,...,[logyn|}}. Note that for £ = 1 the latter reduces
to the qubit case, while the number of qubits on which each brick acts doubles at each
following coarse-graining step. In general, 2k is the number of qubits on which each brick
is supported. Intuitively, we interpret r as the number of “gluing” iterations. Then, the
corresponding number of qudits is n/k, and, setting pr@k)(m) = ipb(k,n), Eq. (6.48)
becomes

n

( (4% + 3)? —8+(4k+1))i +(—1)% ( (4F+3)2—8— (4’f+1))2’“
(VI -+ D)

pr(k, 77,) =

(6.53)
(a similar expression holds for Eq. (6.49)). In Fig. 6.12, we numerically analyze the scaling
of the relative error \ipb(k, n) — sg|/sm, showing convergence for the eigenvalues associated
with fully supported Pauli operators in logarithmic depth. If the BW circuit is not fully
supported, the analysis is complicated by the effective topologies determined by the the
geometry of the circuits associated with open boundary BW circuits. In particular, we
observe that the log-depth convergence of the eigenvalues does not hold for all Pauli
eigenoperators. For instance, this is the case of Pauli operators supported on a single qubit,
which converge exactly to sy in linearly many steps. As a simple criterion, we identify
the convergence to the fully supported topology with periodic boundary conditions as a
necessary condition for convergence. In fact, this occurs at linear depth for Pauli strings
supported on a single qubit, and at logarithmic depth for fully supported strings. As a rule
of thumb, in general, once the effective circuit reaches this topology, convergence is ensured
from logn depth on wards, in line with Fig. 6.12. However, the complete characterization
of the convergence rate of the eigenvalues is still elusive. Establishing it requires a careful
case-by-case analysis of the possible weight configurations in the partitions of the support
(c.f., Section 6.1). We leave these questions for future work.
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Figure 6.12: Numerical evaluation of the relative error for the eigenvalues of a fully supported
Pauli basis element. The y-axis is in logarithmic scale. We plot eigenvalues of BW circuits
with local dimension p = 2%, where k is the number of qubits on which each BW circuit
acts. For convenience, we consider the number of qubits n to be divisible by k& and we
perform the computation with arbitrary accuracy using the Python library [121]|. Here, 2k
is the number of qubits on which each brick is defined, and we consider a brickwork circuit
of local dimension that are associated with a random quantum circuit (RQC) with at most
log, 1 layers. The relative error becomes suddenly negligible for k ~ 2l°82n—1,



Chapter 7

Fermionic shadows

Some of the most promising applications of quantum computers lie in the simulation
of complex molecules and strongly correlated systems [122]. A deeper understanding of
these systems can lead to major advances in materials science, chemistry, and engineering
[123-128]. Yet, achieving accurate simulation remains challenging even for state-of-the-art
classical methods. For instance, the cost of density matrix renormalization group (DMRG)
techniques is too big outside favorable regimes [122]. In particular, DMRG provides a
scalable route to accurate ground state approximations for local lattice Hamiltonians in one
spatial dimension thanks to favorable entanglement area laws, while the same does not hold
in higher dimensions. At the same time, the limitations of near-term quantum hardware
motivate algorithmic approaches that trade circuit depth for additional measurements. A
prominent paradigm in the NISQ regime is that of variational quantum algorithms: One
prepares a parametrized quantum state and updates the parameters through a classical
optimization loop, which typically requires repeated estimation of expectation values for a
large collection of observables. In quantum chemistry and many-body physics, a particularly
important class of target expectation values are k-reduced density matrixs (kRDMs), which
encode correlations relevant, for instance, to energies [129-131]. In particular, all one-body
observables, such as orbital occupations and kinetic energy, and Coulomb interactions and
correlators are captured by £ = 1,2 kRDMs [132-134].

As such, classical shadows offer a clear path to estimating large families of fermionic
observables from randomized measurements. Extending the shadow formalism to fermions,
however, requires careful design choices for the unitary ensemble. Ideally, the ensemble
should admit experimentally simple implementations and lead to time-efficient and scalable
estimators, with tight bounds on the sampling complexity. In fermionic systems, a natural
candidate is the family of fermionic Gaussian transformations, identified by matchgate
unitaries [135]. Like Clifford circuits in the discrete setting, these transformations are
classically efficiently simulable [136]. However, several differences arise due to the structure
of the underlying groups. Moreover, it is often more practical to consider sampling from a
restricted subset of matchgates.

In this chapter, we discuss the extension of classical shadows to fermionic systems,
and discuss the case of symmetry-adapted fermionic shadows. The chapter is organized
as follows: In Section 7.1, we fix the notation and recall the formalism of fermionic
systems, with an emphasis on Gaussian unitaries. In Section 7.2 and Section 7.3, we review
shadow estimation based on matchgate ensembles and on passive fermionic transformations,
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respectively. Finally, in Section 7.4, we discuss adaptations of the protocol to spin-preserving
ensembles, and highlight challenges posed by multiplicities that arise in the corresponding
shadow estimators.

7.1 Gaussian transformations of fermionic systems

Let H = C™ be a finite dimensional Hilbert space. A system of fermions with single-particle
Hilbert space H is described by the m-modes fermionic Fock-Hilbert space defined as

Hr(C™) =P AC™), (7.1)
n=0

where A"(C™) denotes the totally anti-symmetric subspace of (C)®™ describing the states
consisting of n fermions distributed over m modes. Here, A\’(C™) = spanc(|0)), where |0)
is the Fock vacuum state. For a fixed basis {|7) }ic[m, of C" we define a family of creation
and annihilation operators f;, f; acting on Hx(C™), j =1,...,m satisfying the canonical
anti-commutation relations

{5 Y =050, {fi i} =0 (7.2)

for j,k =1,...,m. The subspace \"(C™) —of dimension dim H!"* = (C’:)f is spanned by
the (fermionic) Fock states

) = ()™ ()™ ... (f)™0), (7.3)

where € {0,1}™. Due to anticommutation relations, basis elements for a particle number
sectors are indexed by occupation number sequences given by

Som ={(21,...,2) [ 1 <21 <z <--- <m}, (7.4)

where each entry denotes which mode is occupied.

Fermionic Gaussian transformations correspond to the unitaries generated by Hamil-
tonians at most quadratic in the creation and annihilation operators. We distinguish
between active and passive transformations, with the ensemble of passive transformations
preserving the total number of particles in the system. Gaussian unitaries correspond to the
matchgate group, generated by unitaries of the form exp(ipW (v) ® W (u)) with u,v € F3
acting on nearest-neighbors qubits, and single qubit Z rotations [137]. These form the
metaplectic (projective) representation of O(2m). Due to energy conservation, the ensemble
of passive Gaussian unitaries corresponds to unitary operators generated by Hamiltonians
containing terms of the form f;-r frx + h.c. and are identified by unitary matrices in U(m)
[138]. Formally, to preserve particle number, a passive Gaussian transformation is such
that f; — f; = Z;nzl Ui jfj, for an invertible matrix U = (U); j. The transformed creation
and annihilation operators still satisfy the canonical anticommutation relations, i.e., it still
holds that {f;, f;} = 0;,; and {fi, fj} = 0. Thus, by linearity, UUT = 1. Hence, U € U(m).
Following the discussion in Section 3.1, we mostly restrict our attention to representations
of SU(m), which differ from the corresponding representations of U(m) by an overall phase
factor.
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7.2 Matchgate shadows

Shadow estimation extends naturally to the fermionic setting due to the natural isomorphism
between Pauli and Majorana operators [96]. Formally, the protocol works as in the general
prescription described in Chapter 5: After preparing a fermionic input state p, randomized
unitaries drawn from a suitable (group) ensemble % C U(F,,) is applied, and a measurement
in the computational basis is performed. Here, the measurement is conveniently described
by the fermionic Fock states POVM {|z)(z|}.cx,, under the Jordan-Wigner isomorphism.
The outcome of the measurement and the drawn unitary are stored for post-processing as
in Section 5.1. In practice, U is often chosen to be a subset of matchgate unitaries to ensure
efficient sampling and post-processing via standard simulation techniques for fermionic
Gaussian circuits [135, 136, 139, 140]. Therefore, for a given observable O, we consider the
estimator of Tr(pO) defined as

6= (0|5 'w(9)'| E2), (7.5)

with E, = |z)(z|, where w is a suitable reference representation of U, and

5= / dgw(9)'|E=)(Elw(g) . (7.6)
U

as in Chapter 5.

If the ensemble is chosen to be the matchgate group, this corresponds to sampling
unitaries from the Haar random distribution on O(2m). Here, the relevant representation
of the matchgate group acts on Majorana operators by the adjoint action of the matchgate
unitary. More formally, for an m-modes fermionic system, the associated Majorana operators
are the Hermitian operators defined as

Yoj1=Fi+fl, v =—ilf;—f]). (7.7)

Then, 7(g) is a matchgate unitary with ¢ € O(2m), and we consider the action of the
matchgate group described by the representation w = 7(g)(-)7(¢)!. In particular, we have
7(9)v7(9)f =3 jel2m] 9k,j k- Notably, this representation decomposes into 2m inequivalent
irreps [137] which are spanned by suitable products of Majorana operators. Formally, this is
expressed as follows: Let «; be a single-mode Majorana operator. Setting A = {i1, ... 7 A|}7
one can consider the product of A C [2m] Majorana operators y4 = 7, ...%, With
i1 < -+ <1y By definition, the action of a matchgate unitary is given by

() var(9) = > det (gla5) 18- (7.8)
B

with B being a sequence of indices such that |B| = |A] and g|, p denotes the submatrix of
g with rows indexed by A and columns indexed by B. Then, the irreducible subspaces of w
are of the form (v4 | A C [2m]) and, by Schur’s lemma, the frame operator is of the form
S =327 s|1;)(1,], where |1;)(1;| denotes the projector onto the Ith irreducible subspace.
Then, one can show that [96]

s=3 () (7 ral. (7.9)
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This setting ensures efficient fidelity estimation of pure Gaussian states and Slater deter-
minants. This follows from classical simulation techniques of fermionic circuits described
within the Gaussian formalism [135]. An approach based on Grassmann’s calculus lead to
estimators for general observables as well [96, 136]. The third-moment operator can also be
analyzed in a similar fashion, leading to tight bounds on the variance of the protocol for
such observables. The same results hold if random unitaries are drawn from the ensemble
of matchgate Clifford unitaries O(2m) N Cl,,, as these form a matchgate 3-design, c.f.
Definition 21, i.e.,

/0(2 )dgT(g)m(‘)T(g)@gT: Y. @09 (7.10)

g€0(2m)NCly,

for k = 1,2,3. Analogous results have been derived for similar ensembles of fermionic
unitaries [99], for instance, by sampling random signed permutation matrices. In particular,
random gates drawn from O(2m), SO(2m), O(2m) N Cl,,, SO(2m) N Cl,, lead to equivalent
estimation routines with similar variances [141].

7.3 Classical shadows with fermionic passive transformations

In practical tasks, exploiting symmetries of the system under examination is crucial to
reduce the size of the problem, and, consequently, the sampling complexity. Let x,y € Sy m

with |z| = |y| = k. Here, |x| denotes the Hamming weight of . The task of estimating a
kRDM, defined as Tr[D¥p], with
DY = fl . f) f o f (7.11)

is relevant for the description of interacting electrons or correlation functions [95], as
one and two-body observables are described by £ = 1,2 kRDMs. kRDMs are especially
relevant for systems with a definite number of particles distributed across m modes. Hence,
randomizing over particle-preserving unitaries is expected to lead to improvement in the
sampling complexity. In fact, Low [142| showed that, on average, the sampling complexity
does not depend on the number of modes m, leading to a favorable scaling in tasks such
as modeling dynamical correlations and simulations tasks where m > n [143-145]. In this
section, we review the characterization of the frame operator (7.6) from the point of view of
the Clebsch-Gordan decomposition, c.f. Section 3.1. We refer to [142] for the construction
of time-efficient simulations for the estimators of the overlaps Tr[D3p].

Let n < m be the total number of particles and let A\"(C™) be the corresponding Fock
subspace. We assume the unknown state p has a well-defined number of particles n. The
ensemble of fermionic passive Gaussian unitaries is a natural choice to construct a shadow
estimator for kRDMs. Formally, we consider random unitaries 7(g) acting on A" (C™),
where g € U(m), c.f. Section 7.1. The relevant representation decomposes into multiplicity-
free irreps, and the frame operator can be computed (and inverted) in the basis where it is
block diagonal. To see this, first recall that A" (C™) is the carrier space of an antisymmetric

irrep U(m), labeled by Young diagrams with only one column. For instance, denotes

the fermionic Fock space of 3 particles distributed over m > 4 modes. Note that we can
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equivalently treat this space as an antisymmetric irrep of SU(m) without loss of generality, c.f.
Section 3.1.1. As such, the representation w™(g) = w(g) = 7(9) ()7 (9) = 77(9) 7™ (g)

is given by the product
w= }n® : }m—n, (7.12)

where the second Young diagram on the right hand side is associated with 7,)*. The irrep
decomposition of the latter is multiplicity-free, c.f. Section 3.1.2: Consider a Young tableau
associated with the second diagram (e.g., labeling the boxes in alphabetic order). Young
diagrams with more than two columns cannot appear in the decomposition of w, as they
a | b |

would require to be of the type | | , for instance. Any such shape is not allowed

due to the antisymmetry constraint on the rows. As a consequence, assuming n > m — n
without loss of generality, the only diagrams that can appear in the decomposition are
either completely antisymmetric, or of shape

} :

} m — 2k

(7.13)
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for k=1,2,...,m —n. More precisely, observe that

: I . (7.14)
[]

n
-
k=0

Note that by the elimination rule, c.f. Section 3.1.2, only the first terms in the parentheses
give rise to two summands.

Example 30. Let m = 7 and consider the irrep 7/. Then, by Littlewood-Richardson’ rules,
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c.f. Section 3.1.2,
w= TZ ® 7_'47

= &
c
a
b
= @ 029
c
a
a
a
b
= &) ©® X e
a 7.15
. (7.15)
a
a
a
= D &5 D
c
a
b
c b
c
c
a
a
a
b
b
= @ ® @1
c
b
c
c

We remark that in the formula

w=EPmn (7.16)
k=0
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7o = 1 is the trivial representation, and 7 denotes the adjoint representation. By Schur’s

Lemma 5, it follows
S = Z / dgw(g)'|Ex)(Exlw(9)

(7.17)

where s = iZzeHnm (E; | Py|Ez). To compute the coefficients, let us consider the

vectorization E, = |z,z) and let Z be the GT pattern associated with z. Let Z be the
corresponding pattern in the dual representation and recall that |Z) = (—1)9(9)|Z), c.f.
Eq. (3.23). Then, as Py = Yy eqrn| M) (M,

se=d' Y (Z,Z|P|Z, 2)
ZeGT(ry)

=d,' Y (2,Z|P|Z2)
ZGGT(Tk)

> > (Z2.zZ|M)(z,Z|M)

ZEGT(Tk) MEGT(Tk)

Yoo > IeyP

ZeGT(mr) MeGT (1)
=d;' Y buwm
MEGT(Tk)

_ %(0)
dp

1
dje
X (7.18)
die

The third step follows from the fact that Z,Z are weight 1 vectors. This is a simple
consequence of the fact that 77" is a one-column diagram: The number of Young tableaux
with weight of shape 77" is exactly 1 (the same applies for 7)"* by duality). In the fourth step,
we used the definition of Clebsch-Gordan coefficients, in the fifth step we used orthogonality
relations (3.37), and ,(0) is the inner multiplicity of 0 in 7. Moreover [146],

dj, = (Z‘)Q - (/ﬁ1>2’ (7.19)

and by a numerical analysis of Kostka numbers, which amounts to the inner multiplicities,

7e(0) = <’Z) - <k’f 1) . (7.20)

B 1 (mA1\T!
e () i

The same result follows from Weingarten calculus for the unitary group [83] and by the
decomposition of the projectors Py on the kth irrep in elementary symmetric polynomials
[142]. In particular, a polynomial-time routine to compute the estimators follows from such
construction. We refer to [142] for further details.

This implies
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7.4 Spin-adapted shadows

Fermionic systems often obey spin symmetries. This allows for further block-diagonalizations
of the relevant representation according to the structure of the spin sectors. In the language
of second quantization, this is modelled by considering a set of orthogonal spatial orbitals to
which an additional degree of freedom, the spin, can be associated to define the spin-orbitals
[147]. In this section, we use the following abstract “a-then-3” notation: Let o and § be the
possible values of the spin. For m spatial orbitals, we introduce 2m fermionic modes, labeled
such that modes 1,...,m correspond to the « spin-orbitals, and modes m +1,...,2m to
the f spin-orbitals (equivalently, f; = fi o and fitm = fi3). With this ordering, under
the Jordan-Wigner transformation, each fermionic mode is mapped to one qubit, and the
computational basis encodes the occupation numbers. We consider the number operators
No=>", f;rfi, Ng = Z?;”mH f;fi. We will denote with n, and ng the corresponding
eigenvalues. Next, define the spin operators [147]

S. = L (Na—Np), S%:=824 52482 (7.22)

2
=S_S; +8,+52, (7.23)

where Sy =", fini—i-m and S_ = SL In the latter, we used the relations S = S, 145,
and [S4,S_] = 25,. In particular, it follows

U N, - N N, — Nj)?
8% =3 fif{flmbivm + = 5, | y 8 (7.24)

1,j=1

We are interested in the particle number-conserving unitaries that preserve the latter
symmetries and the total number of particles. In particular, conservation of S, and the
total number operator N := N, + Ng amounts to conserving IV, and Ng separately. Let
Na, ng be the number of spin a and spin 3 particles, respectively. Therefore, we consider
passive Gaussian transformations 7: SU(2m) — U (A"(C*™)), with n = n, + ng, obeying
the symmetries

[7(9). Na] = [7(9), Ng] = [r(9), $%] =0, Vg€ U(2m). (7.25)

For completeness, we also consider the case where S? is not conserved, although this is not
typically relevant in practice. Then, we have can identify how the orbital transformations
restrict in the spin-adapted setting:

Lemma 31. The group of unitaries such that N, and Ng are preserved is isomorphic to
U(m) x U(m). The group of spin-preserving transformations is isomorphic to U(m).

Proof. We consider a fermionic system of n, + ng particles distributed over 2m modes. Let
7:U(2m) — U(HZ",, ;) be the representation of a passive Gaussian transformation onto
such space. Since the total number of particles is preserved by such map, we have

T = Zgﬁ 1f]T’ TfT Zgz,jf (7.26)
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for any g € U(2m). Then, the conservation of N, implies

=1

More precisely,

[
Ms

1

.
Il

[
Ms

%

2

£

J,k=1

3

T@nidgﬂwmﬁfwﬁfw>

Zg]zgkz> f fkT( )

=1

7(9) Ny = No7(g) provided that

Similarly, we have

By writing

Egs. (7.28) and (7.30) are equivalent to the following relations:

g]zgkz -

2m 2m
T(9)Ns = ( > 95Tk

1=m+1

Jk=1

2m
Z 95,i9k,i =

i=m-+1

{]k 1<j k<M,

J>MVE>DM.

2m
(z b ) (zgf) 9)
1 k=1

)ﬁhd@zNW@)

{@k m+1<j,k<2m,

0 ji<mVk<m.

)

AAt =1,
DDV =1,

Act=0, BB'=0,
BD' =0, cct=o.

In particular, it follows that B,C =0 and A, D € U(m).
Lastly, notice that

[7(9), 5]

.MS

.

<.

2

5J

1

1

[7(9), fif | L Fiem] +

S [7(9). No — Ny +

[7(9), fil | L Fiem]

(9. (Vo — Ny

80

(7.27)

(7.28)

(7.29)

(7.30)

(7.31)

(7.34)

(7.35)
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The latter follows from the symmetries [7(g), No] = [7(g), Ng] = 0 and since [A, BC] =
B[A,C] + [A, B]C for any triple of operators A, B, C. Then, we have

(9) Y fif [ Flmfiem = Y 7@ fir(@)'7(9) fir(9) () L (9) 7 (9) fimm (9) 7 (9)
ij=1 ij=1
=y Y GariGb,j e i+mTdgrmtaty £l far(g)
4,j=1a,b,c,d
= Z (Z ga,igc,i+m) ng,j—‘rmgb,j fafgfgde(g) .
a,b,c,d \i=1 7j=1
(7.36)
. A 0) .
Since g = <0 D>’ it follows
Z%gi-‘rm,c - ZK‘,&DZ‘,C - Z(AT)a,iDi,c; (737)
i=1 i=1 i=1
> Gagrmgsi =Y DajAr; = Ap;(DV)ja, (7.38)
j=1 j=1 j=1
and [7(g), > - fis f}flTerfjer] = 0 provided that
Z(AT)a,iDi,c = da,c, Z Apj(D)j4 = S, (7.39)
i=1 j=1
which imply ATD = ADT = 1, respectively. Hence, D = A by unitarity. O

In the remaining, we discuss modifications to fermionic shadow estimation under the
symmetry-adaptations described in Lemma 31. First, let us consider a fermionic system
with conservation of the spin sectors, i.e., Ny, N3 are preserved. As before, we restrict to
special unitary transformations without loss of generality. In general, SU(m) x SU(m) acts
separately on the o and 8 sectors described by two copies of the Fock space @)~ /\’ cm,

, ®2
respectively. In particular, this action is described on the space (@?io N\ (Cm> , which
is naturally isomorphic to the fermionic Fock space of 2m modes. This follows from the
fact that, for each k € [2m], \F C2m =~ Dy bt A Cm @ \F2 C™ (casily verified by a
dimension counting using Vandermonde’s identity). More precisely, it is enough to identify
the ground states of the two spaces and construct the explicit unitary map [60]:

Proposition 32. Consider the Hilbert spaces C™, C™2. The following isomorphism holds

true:
mi+mso 1 m

b Acmtme @é A\C™ @ éé \C™. (7.40)
=0 =0 =0

Proof. Let us consider the Fock spaces @, NC™ b A" C™2. These are given by the
span of the bases

)

©={]z) = £ N0, [p>0, i< <ip v €N E=1,..p}, (741
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w={z®) = £ f2N0,,) [p>0 i< <ipin N E=1,...p}, (7.42)

11

where |0y, ), |07,) denote the vacuum states of C™ and C™2, respectively.
By fixing |0y, +ms) to be the vacuum state of @[, A’ C™+™2 we have the latter
is spanned by

{’z(1+2)> = fi(ll)T o fi(pl)Tfj(f)T o fJ(j)T‘Om1+m2>} ’ (7.43)

with 0 <41 <--- <4y, 0 < j1 < - - < Jg-
Then, for any [1) € @I A'C™+™2 we can define the operator U such that

U= > (")) ez?), (7.44)

il:"'7ip7j1’“'jq

which is unitary since

(UY|Ug) = > (2D [) (14D 9) (20 © 22 |y D @ y)

i17-"7ip7.j17"'j47k17 7k7‘al17 7k

— Y R (1.85

T15eesipsJ1yee-Jg,k1

= (¥]9)
for any pair of vectors ¥, ¢ € @7 N\ CMEM2, =

We now discuss the irreps of SU(m) x SU(m). In the following, for clarity, we use the
symbol X to denote the (outer) tensor product of two representations, which is defined
as follows: Let 7y, mo be representations of the groups G1, Go, respectively. The tensor
product representation is defined as m X ma(g1, g2) = 71(91) ® m2(g2). Then, we consider

TR 7: SU(m) x SU(m) (@/\cm®@/\cm> (7.46)

where 7: SU(m) — U@, \' C™) describes the action of a passive transformation on the
fermionic Fock space of m modes. We remark that this picture agrees with the observation
in [148, App. C] in the setting of spin-adapted fermionic Gaussian transformations. More
precisely, Gaussian transformations that preserves spin « and (8 types are still block
diagonal, i.e., O = (Ooa 005 € O(4m), where O, Og € O(2m). The action of these
transformations is defined on a set of spin Majorana operators supported on the product
space. The latter differs form the Majorana operators defined on each sector by a parity
transformation on the 8 sector that depends on the determinant of O, [148, Eq. (C2)].
In our case, U(m) = SO(2m) N Sp(2m), see e.g. [149, Appendix B.1|. Hence, any passive
transformation is described by a special orthogonal transformation in the basis of Majorana
operators, and their action on the total Fock space is the one described in Eq. (7.46).

Next, recall that the spaces /\1 C™ are invariant for ¢ = 0, ..., m and the restriction of
7 to such spaces is irreducible. Then, we consider the irrep

T =7, K®75: SU(m) x SU(m ﬁu</\@m®/\cm) (7.47)
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where 7, (73, respectively) is the irrep of SU(m) on A" C™ (A"# C™, respectively). Note
that 7 is irreducible by construction, see [63, Thm. 7.12]. Then, the action of a sector-
preserving unitary on quantum states is given by the representation 7(-)7 1. By fixing a
basis for the Hilbert space (in this case, the Fock basis), we have

Q=TT =2TeT, (7.48)

Then, it follows B
N=2TRT = (1,07) X (13 ®75) , (7.49)

The latter decomposes according to Eq. (7.16), namely,

min{na,m—nq} min{ng,m—-ng}
Ta ®@ T = @ Tk, TBRTR= @ T, (7.50)
k=0 =0

where 79 = 1 and 7, = Ad. Therefore, we have

min{nq,m—nq} min{ng,m-ng}

&y b n=n (7.51)

k=0 1=0

Q

1

It is now straightforward to compute the frame operator associated with €2:

Proposition 33. Let S be the frame operator of a fermionic shadow estimation protocol
defined in Eq. (5.1), where unitaries are drawn from U(m) x U(m). Then, S = S, ® Sg,
where

Sa= 2 / dgwa(9)T1Ez, ) (Bz, |wal(g) (7.52)
zae’;'-ﬂl\,"(I SU(m)

So= D / dgws(9)| Bz, ) (Ezylws(g) (7.53)
zﬂEHWB SU(m)

with we = To ()74 ,Wg = 7‘5(-)7'; and E, = |z)(z|. Moreover, Sy, Sz admit the decomposi-
tions, c.f. Eq. (7.17),

N ng
Sa = @ Skidk y Sﬁ = @ Slidl . (7.54)
k=0 =0

Proof. Set M =3

E, ) (E. |® zzB’EZB)(EZB|' By definition of €2,

S dg1dga g1, g2)MQ(g1, g2)1

(m)xU(m)

. )dgldQQ wa B ws(g1, g2) Mwa B ws(gr, g2)' (7.55)
m)xU(m

[
S—~a—~

. )dgldgzwa(m)®w5(gz)Mwa(91)T®wﬁ(92)T.
m) X m
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Hence, since fU(m)XU(m) dgidgs = fU(m) dgr fU(m) dga, we have S = S, ® Sz. Recall
now that Sy is the projection of My = >, |E.,)(E,,| onto the commutant of w, =

zn;%{n“’mfn“} T. Schur’s Lemma 5 implies

So = ia:sk = isk]lk, (7.56)
k=0 k=0

where sj, = d,;l Tr[PxM,], with Py being the projector onto 74 and dy = dim7,. The
latter observation holds for Sz as well, and the assertion follows. O

Therefore, for independent spin systems with well-defined N, and Ng spin numbers,
the estimator of [142] can be applied to the two spin sectors independently. Formally, if
O = O, ® Og, we have the following estimator:

6 =Tr[Os ® 055~ (Ez )] = Tr[OaSy " (B2 4.)] Tr[0sS5 " (Ez )] (7.57)

where g = (g1, 92) € U(m) x U(m) and we used S = S, ® Sg. Note that this is the case of
k-reduced density matrices, as DB == fl ... f} fo. ... fa is such that dg, = Tr[DPp] = 0
if the number of spin « and § is not preserved. Denoting with chp the corresponding
estimator, we have cqu = qua,pa dq 5P where q,, p,, (respectively, 43 pﬁ) are subsets of
kq symbols (respectively, kg symbols) of g, p that lives in the a sector (respectively, in the
B sector) with k = kq + kg. Each czquv, with v € {a, #}, can be computed in time (,Z)

independently [142], which implies a?q,p can be computed in time O <max{ (]:; ) (2;)})

While this first analysis has the advantage of reducing the sampling cost of the protocol
outlined in Section 7.3, it does not take fully advantage of the natural symmetries of spin
systems (namely, the conservation of the total spin number). As a last topic of this part,
we briefly review the case of shadow estimation with spin-adapted unitaries, described
by unitary operations that preserve the total spin number S2. As before, we fix the spin
numbers n,, ng and consider the space A" C™ ® A"# C™. By Lemma 31, the action of
U(m) is described by the representation 7, ® 73: U(m) — U(A"™ C™ @ A" C™), where 7,
(respectively, 73) is again the antisymmetric irrep of SU(m) on the space of n, (respectively,
ng) fermions. Unlike Eq. (7.47), 7o ® 75 is completely reducible. In fact, the latter can
be seen as the restriction of 7 to the diagonal subgroup {(g,9) | g € U(m)} = U(m) of
U(m) x U(m). Then, define the representation wq g = 7o ® 73 ® T, ® Tg and consider the
frame operator that describes shadow estimation with spin-adapted unitaries, i.e.,

Sspin = /1;( )dg wa,ﬁ(g)Mwa,ﬂ(g)Ta (758)

where M =3 |E., )(E:,|® Ezﬁ|EzB )(Ez,|. The inversion of Sgyin is complicated by
the insurgence of multiplicities that we observe in the following decomposition:

W = Wq ® wg

min{nqe,m—nq} min{ng,m—ng} (759)

=D D nen

k=0 1=0
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In fact, the decomposition of 7, ® 7; is not multiplicity-free in general. For instance, the
adjoint representation 7 appears with multiplicity 2 in 7, ® 77. As a consequence, the
frame operator becomes [50]
Sepin = P id, ® s, (7.60)
'

where the sum runs over all the irreps in w and s, is a positive semidefinite matrix acting
on the multiplicity space of the rth irrep. From the isotypic decomposition of w”* a8 and
denoting with P, the projector on the rth irrep, it follows that Tr[s,]| = d; 1 > _(E. | P | Ey).
However, a further decomposition (and diagonalization) of the frame operator requires
the choice of an orthonormal basis in each isotype. A suitable choice is crucial to ensure
time-efficient computation of the estimators. The Clebsch-Gordan basis is a natural
candidate that can solve the ambiguity of the multiplicity subspaces. In fact, if in the irrep
decomposition there are non-trivial multiplicities, the Clebsch-Gordan decomposition is
not unique due to the degeneracy of the subspace of highest weight vectors [77]. Gram-
Schmidt orthonormalization can be used to solve such degeneracy, and, consequently, one
can construct the Clebsch-Gordan basis in each irreducible subspace. However, while
analytical expressions for such coefficients are available for some classes of irreps, such as
the fundamental representations [150-152], this is not true in general. To our knowledge,
analytical expressions for 7, ® 73 decompositions are not known, and one must rely on
the numerical computation of Clebsch-Gordan coefficients. This restrict the practical
implementation to small systems due to the exponential size of the fermionic Hilbert space.
Finding efficient algorithms to compute the shadow estimator remains an open question.

Lastly, we note a similar phenomenon in systems with global spin symmetry. A unitary
that is symmetric under the conserved quantities N and S? can be described as an element
of U(m) x SU(2), where the two factors are a reductive dual pair in U(2m) (namely,
their action commute on the Fock space of 2m modes). Therefore, the antisymmetric
representation of U(2m) restrict to U(m) x SU(2) according to Howe duality, and the
relevant representation is now [153-155]

N/2

- D! UGm) g ,SUC) (7.61)

where TgU(Z) is an irrep of SU(2) labeled by the total spin S, and Ag is a Young diagram

with at most two columns and N boxes. Then, we observe that the reference representation
TV )(-)T(N )T may not decompose into multiplicity-free irreps. For instance, this is again the
case if T;\L(m) = 7 is the adjoint representation of U(m).

In conclusion, we expect the development of spin-adapted shadows to remain an
important open problem requiring further investigation. Although the dimensionality
reduction induced by the additional symmetries may lead to improved protocols, in the
context of shadow estimation it is crucial to devise efficient classical algorithms for computing
the corresponding shadow estimators. However, the emergence of non-trivial multiplicities
complicates the computation of the frame operator, suggesting that more sophisticated
tools are needed to design practical protocols.
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Chapter 8

Introduction to this part

Bosonic quantum systems play a major role in the design of quantum technologies, such as
quantum simulation [156, 157], quantum communication [158|, and quantum metrology [159].
This includes photonic quantum computing as a popular proposal for scalable quantum
computers [160-165]. Remarkable proposals encompass the implementation of bosonic
codes to encode qubits into bosonic states, and take advantage of the “built-in redundancy”
provided by the infinite-dimensional nature of the Hilbert space [166, 167], which include
the Gottesmann-Knill-Preskill (GKP) code [168] capable of correcting small shifts in the
quadratures of the oscillator and cat codes [159], or via the measurement-based approach to
quantum computing [169-171| enabled by the implementation of cluster states in photonic
platforms [172, 173|. The biggest advantages of this model rely on the implementation of
particle sources, detectors, and linear optical circuits on the same integrated chips [174-177],
and access to mixed schemes for quantum error correction via concatenation with quantum
LDPC [178] or surface codes [179]. Alternative non-universal models of computation based
on bosonic systems are also available: Boson sampling [180] and Gaussian boson sampling
[181, 182| are among the most studied experiments to test quantum advantage, including
practical realizations [183-185|.

However, the intricacies of the bosonic Hilbert space represent a considerable challenge
for the formulation of rigorous, scalable protocols for the characterization of bosonic systems
[186, 187], and most common approaches rely on continuous-variable (CV) tomographic
techniques based on the phase space representation of quantum mechanics [91|. Notably, the
first rigorous guarantees for the latter were proven only recently [138, 188, 189]. However,
practical implementations of full tomography is effectively unfeasible for non-Gaussian CV
systems due to the unfavourable scaling of the number of measurement shots required
[186, 190-195|. Moreover, as in discrete variable systems, the outcome of quantum process
tomography depends on SPAM errors. At the same time, the design of randomized protocols
is particularly challenging due to the infinite-dimensional structure of the bosonic Hilbert
space that prevents a straightforward generalization of (discrete) scrambling techniques to
such platforms. For instance, Gaussian unitaries only form a unitary 1-design [196, 197],
and unitary 2-designs cannot exist for CV systems, unless rigged Hilbert spaces are
considered [44]. Such issues constrain characterization protocols to very specific settings,
as straightforward generalizations of protocols such RB require the computation of k = 2-
moment operators, where the implemented unitary operators are only benchmarked w.r.t.
a restricted set of input states [198].
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In this part, we bridge this gap and extend randomized benchmarking to passive
Gaussian transformations in bosonic systems. We extend recent results in the RB literature
[49, 50, 199, 200] and tackle the challenges posed by bosonic systems by a careful analysis
of the relevant representations describing the action of passive Gaussian transformations.
In Chapter 9, we provide an introduction to the mathematical theory of randomized
benchmarking. Starting from simple proposals for Clifford gates in Section 9.1, we discuss
limitations of standard RB. Most notably, we discuss the signal form of RB in detail, and
show that, in general, it is determined by a linear combination of exponential decays. Then,
in Section 9.2, we review the recent filtered RB framework, designed to overcome this (and
other) issue by introducing a suitable post-processing routine to isolate exponential decays
[49-51]. Next, in Chapter 10, we discuss our main results by extending the filtered RB
framework to bosonic systems. We propose an RB experiment akin to boson sampling
and, under mild assumptions on the noise, we show how to extract decay rates and isolate
particle loss rates. We also provide rigorous sampling complexity guarantees, as we show
that the number of samples scales very mildly in the number of modes. This suggests that
experimentally interesting implementations of the protocol are available for systems of
moderate size. Lastly, in Chapter 11, we discuss extensions of the protocol by analyzing
further experimental designs and noise models. In particular, we consider setups with either
Gaussian states or measurements, and provide first results on the behaviour of the RB
signal with distinguishable particles.



Chapter 9

Randomized benchmarking

Within the zoo of characterization methods for quantum processes on discrete variable
systems, RB plays a special role due to its robustness against SPAM errors and its rather
low demands on the measurement effort [47, 48, 199, 201-209]. Rather than certifying the
behaviour of a specific process, such as in quantum process tomography, RB estimates an
average metric over a set of implemented unitaries, typically summarised by one or a few
parameters. Since its initial formulation, the RB formalism has developed into a family of
protocols, including variants tailored to specific gate sets or designed to address specific
noise models. We refer to this collection as the RB framework. It includes, for instance,
protocols that assess the quality of a designated gate by interleaving it with random
unitaries (interleaved RB) [205, 210-213|, schemes that focus on native gates generating a
given gate set [214], and variant targeting specific error models, such as coherent errors
[215], or protocols designed to quantify leakage [216-218]. These protocols follow a similar
prescription that is repeated many times and for quantum circuits of different depths:
Given an input state, one applies a sequence of random unitary operators —terminated by
an inversion gate that ideally trivialize the sequence— and then performs a measurement.
Notably, SPAM-related contributions enter the measured signal in a way that is independent
of sequence length, whereas the effect of gate imperfections accumulates with length. Fitting
the length dependence thus separates gate-set properties from SPAM errors and yields
parameters that reflect the average noise affecting the gate set.

Recent works led to general guarantees for RB protocols based on finite or compact
groups [49-51, 200, 219, 220|, revealing the structure of the RB signal beyond unitary
2-designs. In this setting, one faces the fundamental issue of dealing with linear combination
of exponential decays: Estimating the corresponding decay rates becomes practically
unfeasible once more than a few of them are involved.

In this chapter, we review the mathematical structure of the RB framework from a
representation-theoretic perspective, highlighting both the challenges and strategies involved
in extending it to bosonic systems. In Section 9.1, we introduce the standard RB protocol
and discuss its limitations. We emphasize the difficulties that arise when performing RB
with general groups, as well as the post-processing challenges associated with isolating
exponential decays from measurement data. These issues are addressed in Section 9.2, where
we review the filtered RB protocol [49, 50] ~which extends previous results of character RB
[51]- specializing the discussion to the case of multiplicity-free representations.
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9.1 Standard RB

For a digital quantum computer, the aim of standard RB is to characterize a subgroup
G C U(d) of unitary operations [47, 48, 201]|. The protocol is specified by the choice of some
key parameters: A quantum state p in % = C? that can be prepared reliably and a POVM
M = {E;}zeq. The ideal action of G is described by a representation U: G — U(d), which
induces a representation of G on the space L(C?) by the adjoint action w(g) := U(g)(-)U(g)'.
We refer to the representation w as the reference representation. In practice, this action is
noisy, and we consider the implementation map model [19] to describe noisy unitary gates
on L(C%). This is specified by a map ¢: G — L(L(C?%)) (the implementation map) that
associates elements in G with quantum channels. This model is implicitly justified by the
assumption of non-Markovian, time independent noise. Lastly, we define a set of sequence
lengths . C N. In the standard RB protocol, we consider the following primitive:

i. Fix a sequence length [ € LL.
ii. Prepare the input state p.

iii. Apply unitaries g1, ..., g, ~ G sampled uniformly at random, followed by the inverse
unitary giny = (g1...g1) "%

iv. Perform a measurement described by a POVM {E, }.

For each value [, the primitive is repeated T times. In a noiseless scenario, this corresponds
to implementing an identity gate and measuring the probability Tr[E,p]. In the presence
of noise, this probability is reduced, so the likelihood of observing the same outcome
decreases as the sequence length increases. Formally, the protocol described above amounts
to sampling from the probability distribution

(Ex |¢(ginv)¢(gl) s ¢(gl) |ﬁ) ) (9'1)

where p, E, are the noisy implementations of p and E,, respectively. By averaging over
many samples, it follows from Eq. (2.29) and Haar invariance

o) = [ dgv....du(Bx |o(gm) a1 6l | )
— (Be| [ dr o olgi” g7 olan) - 6(01)|7)
= (B, !/dQQ---dgmﬁ(g;l---gf1)¢(gz)---/dgl ¢(g291 1) b(91)19) (92— 9291 ")
= (Bo| [ dga ..oy .. g7 ol -+ [ doxolonsy )0 < 0)2)|8) (gn > g5

_ (B, / dgr $(a )" (90) 1)

= (B, [¢*(e)|p), (9.2)

where e € G denotes the identity. Note that RB can be understood as a power method in
the Fourier space [199], as the convolution operator of maps on a group can be turned into
a (matrix) multiplication using a Fourier transform.
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9.1.1 The gate-independent noise case

The analysis of the RB data depends on the ansatz on the noise. In this section, we discuss
the simple case of gate-independent noise. Then, there exists quantum channels Ay, Agr
such that the implementation map can be written as ¢(g9) = Arw(g)Agr for any g € G,
which implies

l
$ () = A, ( / dgw@mw(g)) A, (9.3)

where A = AgAy and M(-) = [,dgw(g)'(-)w(g) is the moment operator defined in
Eq. (3.49). Therefore, the RB data is fully characterized by such twirl, which amounts to
the orthogonal projection onto the commutant C(w), c.f. Section 2.4.

RB with unitary gates

Suppose unitaries are uniformly drawn from the Haar measure on G = U(d). Notice that, in
practice, this is equivalent to draw unitaries from a unitary 2-design, e.g., Clifford unitaries.
Suppose the action of G is described by the reference representation w = U(-)UT, with U
being the defining representation of U(d).

Then, we have w = id ® Ad, c.f. Eq. (3.28), where id, Ad denote the trivial and the
adjoint representation, respectively.

Hence, M(A) is the depolarizing channel with depolarizing parameter py = %,
c.f. Eq. (3.48). This is related to the average gate fidelity (AGF) in a simple way [36]: For
two arbitrary maps X, ), define the AGF as

Frs(X,Y) = / i (X () (W) V() (01)) (9.4)

By setting Fovg(X) = Fayvg(X,id), we have this simple fact that follows from Haar invariance
and self-adjointness of T:

Favg(M(X)) = /dw (MX) () (@D id([¢) (¥])
=/dw (X () PDIMAD) () ()

(9.5)
= [avwix(o) )
= Fag(X).
Setting X = M(A) = Dy, , we have
Fuug(Dpy) = [ a0 Te{0) (D () (6] = 2 + pn. (96)
Therefore,
oy = Have(d) — 1 .7

d—1
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It is now easy to show that RB with unitary 2-designs in the presence of gate-independent
noise estimates the average gate fidelity of G. In fact,

D,(Dy(p)) = Dyl*— "1+ pp)

1—p 1—p 2
=—1+p——1+
p P pp ©8)
B 1—P2]1+ 2
=4 pp
= DpQ(p)a
for any state p. Then, by induction on [, we have Dﬁ, N DplA . Next, we have
pl(l) = (£, |AD,, |7)
= P (B [A[p) + (1= pl)(M |A]d~"1) (9.9)
= Py (Ex |A|p—d 1) + (M |A]d'1).

Here, p, E, denote the noisy implementations of the input state p and the POVM element
E,., respectively. Therefore, we have

p(l) = Apy + B, (9.10)

where A = (E, |A|p—d'1),B = (E,|A|d~'1) are the SPAM constants. Remarkably, the
decay rate pp does not depend on SPAM errors, as intuitively one would expect.

General groups and representations

For general compact groups and representation w := 7(-)7!, Fourier properties of the
moment operator guarantee the results of the previous section readily generalize when 7 is
not the defining representation. To simplify the presentation, we restrict our attention to
the multiplicity-free scenario.

Proposition 34. Let w be a multiplicity-free reference representation of a compact group
G, i.e,w=@,c, - Then, the signal form of standard RB is described by the relation

p(l) =sa+ Y &, (9.11)
Aew\id

for some coefficients §y.

Proof. By Haar invariance, M(A) is in the commutant of w. Hence, by Schur’s lemma 5,
it must be of the form @, raidy, where idy is the (unnormalized) projector onto the
Ath irrep. Let us denote with {|AM)}arep, an orthonormal basis in #y and let C' be the
matrix that realizes the changes of basis. We have M(A) = CDC~!, where D is diagonal
in the basis of operators {|\1M1)(AaMa| | A1, 2 € &, My € Hy,, My € Hy,}, namely

D=>"ry Y AM)(AM]. (9.12)

AEW MeH
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The RB data reads as

p(l) = (Ex | M(A)'|5)
= (E |

cD'C71p)
rh > M |CTH(P)CT(EL) | AM) .

Aew  MeHy

(9.13)

In the first line, we absorbed Az, and Ap in the SPAM terms. By writing CT(E,), C~(p)
in the same operator basis, i.e.,

E)=Y > > ari, MMM, (9.14)

A1,A\2 M1€'HA1 MQEHAz

=D D Y e Me) (MMl (9.15)

A3, MgGH)\S M4€7‘[)\4

and by the orthogonality relations (X\;M;| A\, M;) = 0; 1,65, we have

ZSATA—Sld-i- Z 537, (9.16)

A€W A€\ [id]
where §) = > 5. > > o™ andinther.h.s. we isolated the contribution
AT Zidew ZaMery 2unteHs Yar it ir o

from the trivial representation in w. OJ

We remark that the latter results holds also if the decomposition of w is not multiplicity-
free. If the reference representation decomposes as @, @, 7'>(\ ), where m) is the multi-

plicity of 7 in w, by Proposition 14, M projects onto C(w) and it is such that

M=P P ®idpy, (9.17)

AEW

where id,,, is the my x m, identity on the multiplicity subspace. In particular Franca and
Hashagen [219] consider the Jordan decomposition [221]

CM(AC =D+ N, (9.18)

where D is diagonal, N is nilpotent, and [D, N] = 0. Then, one can repeat the same
analysis as before and, by fixing the intertwining operators that block-diagonalize w, the
RB signal can be expressed as a linear combination of matriz exponential decays associated
with the isotypes in w. Specifically, the nilpotent part vanishes if [ > max ), and the same
derivation applies.

9.1.2 The gate-dependent noise model

The analysis so far relies on the unrealistic assumption of gate-independent noise. While
this is convenient, it is typically a poor approximation in practice, and a more careful
treatment is required. In general, the analysis of the RB signal becomes significantly more
involved once gate-dependent noise is taken into account. Nevertheless, if the implemented
gates are not too noisy, the standard RB signal is still well approximated by the same linear
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combination of (matrix) exponential decays, up to an error that is exponentially suppressed
in the sequence length [49, 200, 222|. Here, we outline the underlying intuition, and refer
to [222, Thm. 4] for a formal proof in the case of unitary 2-designs, and [49, Thm. 8], [200,
Thm. 1| for the analysis of finite and compact groups, respectively.

RB under gate-dependent noise can be analyzed using matrix Fourier analysis introduced
in Section 2.4. The key steps can be summarized as follows [49, 199, 200]: Following the
decomposition of w into irreps, one shall consider the Fourier inversion formula [49, 199]

6l9) = 3 daTny (dnlm(g ™ @1) | (9.19)

\eG

In the Fourier space, the convolution is mapped to a product, and one has

p(l) = (Ex |¢*"*D(e) | )

= da(Bx|p)(Ex | Tra(@[m] T 2a(9) T @ 1)) - (9.20)
AeG

Crucially, if the implementation map is sufficiently ’good’, (5 can be interpreted as a
perturbation of w. Formally, one can write ngS =w+FE, with £ = gg—d) being a perturbation
term that is small enough in a given norm. Recall that @ is effectively a direct sum of
projectors, each associated with a A-isotype for A € G. Then, qg is close to being a projector,
in the sense that @[T)\] is also block-diagonal, i.e. gﬁ[T)\] ~ diag(Iy,O),), with the error
from the diagonal components of &[r)] being well-controlled. Moreover, the second term
constitutes a sub-dominant term that is exponentially suppressed in the sequence length
provided the perturbation is small. This implies that for some super-operators <i>, Q we
have a functional form given by

p(l) = (E,|® —Q|p) + exponentially suppressed error . (9.21)

By fixing a basis in the space of the representation, as in Section 9.1.1, it is possible to
prove that
p(l) = Z Tr(A\M}) + exponentially suppressed error . (9.22)
xeG

In next section, we provide further details on the application of matrix perturbation theory
in the context of RB.

9.1.3 Fitting procedure

For Haar random unitaries (or unitary 2-designs), the decay rates may be associated
with suitably-defined average gate fidelities on each invariant subspace. If G is not a
2-design, it is convenient to combine the decay rates ry in a single measure of the quality
of the implementation map in terms of the entanglement fidelity F. of the noise channel

F.(T) = (Eq|T ©id| Eq), where Eq = [Q)(Q| and ) = = 3;c(4li,4) is the maximally
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entangled state. Specifically, we have
Fo(M(A)) = (Eq |A ®id|Eq)
= > (DGlel)GHMO) @id|[k) (] @ [k)(1)

17]7k’l€|:d}

=2_ (1) IMA) @ id][i){]) (9.23)

= Tr(M(A))
=Tr(A).

As M is a direct sum of projectors, by Lemma 5, it follows [219]

1
FE(A) = E E d)\T)\ . (924)
AEW

Then, by fitting the curve to experimental data one could obtain estimates on the eigenvalues
of M(A). However, the post-processing phase incurs in some relevant issues that undermine
the feasibility of standard RB. Extracting decay rates requires fitting noisy data points
{z;}'_, to a model of the form

p(l) =co+ Z cie v (9.25)

Despite the progress made over the last few years [223], the signal form poses significant
challenges in practical applications, as this non-linear fitting problem is affected by several
sources of numerical instability. For instance, the convergence of most algorithms strongly
depends on the choice of a good initial point. Similarly, numerical instabilities may arise if
the eigenvalues 7y are close [219]. Moreover, given pairs of experimental data {l,p(l)};en, it
is hard to establish which parameter corresponds to which irrep in the decomposition of w.
This poses additional issues in the reconstruction of the (entanglement) fidelity of the gate
set. In the gate-dependent setting, such issues persist. Moreover, when the decomposition
of w is not multiplicity-free, the signal is more intricate, and fitting matrix exponential
decays becomes numerically unstable in practice, even for small multiplicities, rendering
the analysis effectively unfeasible [49].

A related question is whether RB decay parameters always coincide with average gate
fidelities. The answer is subtle and depends on the choice of a gauge, i.e., a change of
basis for the implementation map. In particular, gate fidelities are not gauge-invariant,
unlike decay parameters [206]. Nevertheless, such interpretation of the decay parameters
can always be recovered by a suitable change of basis, at the cost of the resulting map not
being necessarily completely positive [49]. However, whether such interpretation is justified
or not cannot be deduced from RB results alone, and additional information, e.g., on the
noise sources, is necessary. From this point on wards, we take the point of view of [49],
and view the decay rates as quantities that provide a benchmark for the quality of the
implementation in their own right.
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9.2 Filtered RB

Extracting exponential decays from the output signal of standard RB in practical applica-
tions is a challenging task, and the protocol is limited to a handful of gate sets for which the
reference representation decomposes into a very moderate number of irreps. For instance,
this proves to be hard to implement on analog simulators, and a different approach must
be taken.

In what follows, we describe techniques to isolate exponential decays and thereby reduce
the burden on the fitting procedure. In recent work, this problem has been addressed by
developing post-processing techniques that avoid some of the complications of standard
RB. Notably, character RB [51| omits the inversion gate and instead performs a suitable
post-processing of the data, where contributions associated to individual irreps are isolated
by effective projections onto the corresponding invariant subspaces. Other approaches
include cycle RB [213], its Pauli channel variant [224] and dyhedral RB [225|. In the setting
of non-uniform sampling, Helsen et al. [49] and Heinrich et al. [50] generalize character RB
by introducing a post-processing procedure based on filter functions to isolate decay rates
and generalize the framework to random quantum circuits.

9.2.1 Description of the protocol

Filtered RB differs from standard RB in a few key ingredients. Most importantly, it
includes a non-trivial post-processing procedure that allows to isolate individual decay
rates. Moreover, it does not include an inversion gate at the end of the sequence. Instead,
the inversion is performed in post-processing. This has significant practical advantages, as
implementing the actual inverting gate may be expensive even if the random sequence is
restricted to generators of the group. The protocol is characterized by the choice of the
following hyperparameters:

e A compact group G, representing the unitaries that can be implemented experimen-
tally.

e An input state p and a POVM {E, },cq, where Q is a suitable sample space.

o A reference representation w of GG on the space of linear operators determined by the
chosen state and measurement. Accordingly, an implementation map ¢ describing
the noisy implementation of w that depends on the specifics of the experiment.

e A set of sequence lengths I € N specifying the lengths of the random sequences
implemented in each iteration of the experiment.

e A probability distribution v over GG that controls the random sampling of group
elements in RB.

e The total number of samples T" € N, ideally chosen according to sampling complexity
guarantees associated with the protocol.

To fix the ideas, it suffices to restrict to the case v = up, i.e., the Haar measure. At the
end of this section, we will comment on the differences arising in the general case. As in the
classical shadow protocol, we distinguish two separate phases, c.f. Section 5.1: In the data
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collection phase, one performs a quantum experiment described by the chosen input state p
and POVM M = {E, = |z)(z|},cq, and a sequence of random unitaries (without inversion).
This primitive is repeated T times, yielding a collection of samples {(951)7 e gl , T )}T .
Next, in the post-processing phase, one computes the mean estimator of the so-called filter
function fy, which depends on an irrep A € G. To simplify the notation, we will only
consider the case of multiplicity-free representations. More precisely, the aim of filtered RB

is to construct the empirical mean estimator

H \

T
Z NC IR 2) (9.26)

by repeating the data collection phase for different sequence lengths [ C N.
Formally, suppose w = ®Aeé Ty, and let Py be the projection onto the Ath irrep. We
define the filter function

Az, glp) = (p| PASTw(g)'|Ey) (9.27)

where S is the frame operator defined as in Chapter 5. Then, we define the filtered survival
probabilities

/dw/dvm d(g) f(@ g1 - . )igr - - il p) (9.28)

with
Blgr - gilz,p) = (Ex|d(q) .. ¢(91)]5) - (9.29)

Hence, collecting samples {(x(i),ggi), e ,gl )} from Eq. (9.29), the estimator Eq. (9.26)
yields an unbiased estimator of Eq. (9.28).

Under mild assumptions on the noise, one can fit the estimated filtered survival proba-
bilities and extract individual decay rates associated with irreps. Definitions (9.28) and
(9.26) also determine the sampling complexity. In particular, under the assumption of
non-fine-tuned noise, the second moment E| ff] is upper bounded by the ideal second
moment [50]

hmm‘/w/wm () (p | PASLw(a - g0) | Ea)2(Ex [w(gr - 1)) . (9.30)

In this case, Fy can be bounded by Chebyshev’s inequality, yielding sampling complexity

guarantees as
1
T> 7625E[f)%]ideal . (931)

The choice of the filter function (10.9) made by Heinrich et al. [50] is determined by the
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following observation in the case of noise-free implementations:

(1) = /Q dz /G dv(g) fr(z, 9)p(gl, p)
- / dz / d(9)(p| PAS*eo(g)T | Ex) (Ex |w(9) )
Q G
_ + [ (o)t - w (9.32)
(oI PrS /G (9) /Q d2| By ) (Edlw(g)lp)

= (p!P»S‘*/ w(g)TMuw(g)lp)
G
= (p|PASTS1p).

In particular, if the POVM {w(g)!(E,)} is informationally complete, we have St = S~
and

Ex(l) = (p|Prlp) - (9.33)

In other terms, the output of the ideal filtered RB signal is the overlap of p with the Ath
irrep, while this is restricted to the span of the POVM if the latter is not informationally
complete. Notice that by summing over all irreps in the decomposition of w one recovers
exactly the standard RB signal. In this sense, standard RB is a particular instance of
filtered RB with projection onto w itself.

9.2.2 Signal form of filtered randomized benchmarking

Under mild assumptions on the noise, F) is well-approximated by a (matrix) exponential
decay [49, 50]. In this section, we review the derivation of Heinrich et al. [50] of this
fact in the simplified scenario of reference representations admitting multiplicity-free irrep
decompositions. While considering the general case of non-trivial multiplicities is formally
equivalent, practical implementations incur in numerical instabilities. To keep the notation
as simple as possible, we also restrict to the case of Haar-random unitaries.

The analysis of F) follows from the key observation that, provided the noise is not
too strong, the implementation function is close to the ideal reference representation, and
can be viewed as a perturbation of the latter [49, 50, 226]. More formally, consider the
Fourier transform &[r\] = [, dg7a(9)'(")w(g) (c.f. Eq. (2.33)). By Proposition 14, there
exist unitary matrices A = [A, As], B = [Bi, Ba] such that

&[r[B1, Ba] = <id 0) . (9.34)

A}
Al 0 0

Then, for a perturbation matrix E that is small enough, i.e., | E|locc < 1/4, one can find
matrices R = [Ry, Ra], L = [L1, Lo] satisfying LT = R™!, and matrices I, O such that

1
Ly
This is ensured by the fact that the block-diagonalizing matrices L, R are ‘close’ to the
unperturbed ones. In particular, this argument yields the bounds

(@ + E)[R1, Ry = (é g) : (9.35)

1 —id[|ec < 2| Eo , (9-36)
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10]loc < 2[Elloo » (9.37)

14 1Bl
Lol Ralloe < 1 Ella (1 — | E —
ILalloc 1Rl < 1Bl (1= 1B o) + £ gz

Theorem 35 (Thm. 16 in [49], Thm. 8 [50]). Let G be compact and let w be a reference
representation. In particular, suppose the decomposition w = @@, ., Ta holds. Consider now

(9.38)

a non-trivial irrep T € &, and suppose ||P[Ta] — @[TA]lloe < Ox < 1/4. Then, the filtered
signal in Eq. (9.28) is such that

Fa(l) = axrh + ax, (9.39)

where the additive error ay > 0 which is suppressed exponentially in l, ay € R, ry € (0,1].
Moreover ay does not depend on the initial state and measurement.

For 7: G — U(C%), we note that w := 7(-)71 is a real representation, as it is equivariant
under the involution J(X) := XT. Let 7y be an irrep in w. It follows that either 7y is
an irrep of real type, or also the dual T;\L appears in the decomposition of w. Similarly, if

f

T\ € W is a complex representation, equivariance under J implies 7, € @ as well, and the
corresponding multiplicities my, my+ coincide. We note that 7y, in our setting, cannot be a
quaternionic irrep, i.e., a self-dual irrep that is equivariant under a quaternionic structure
defined by an antilinear map j : Hy — H, such that j2 = —1. In fact, one can prove that
quaternionic irreps may only appear in the decomposition of w with even multiplicities, due
to the structure of the multiplicity subspaces and equivariance under J.

Proof of Theorem 35. Let Py be the projector onto 7y and let X be the partial isometry
such that P, = XiX ». By construction, X commutes with both S* and w. Hence, we
observe the following fact:

FA(l)—/de/Gdgl...dglf,\(x,gl...gl)ﬁ(x\gl,...,gl)

1
— (p|PS* ( / dgw<g>f<->¢<g>) (1)1 )
= (p| PAS; dIm] (M) | p) (9.40)
= (p| XSy B[] (XAM)|p)
= (p| X\SY o] (M) | 5)
= Tr [ Sln'|AL)(R) ] -

where My = X, M and Ry = [p)(p|X,S;. Let E = d[ra] — @[a], so that we can write

~ ~

o] = w[m\] + E. As ||E|lo < 0x, ¢[7a] is a perturbation of w[ry]. Hence, the eigenspaces
of w[r)] are approximately invariant, and we can write

olm] = RiraLy + R3OLL,T (9.41)

where LMR* = id. In particular, the multiplicity-free assumption implies that ry is a 1 x 1
block, and thus R{‘r,\LiT = mR{‘Li‘T = r)P,, where P, is a projector on the perturbed
range of w[Ty]. The latter implies

dlnl = d Pyl + RYOL LT (9.42)
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Hence, 5 3
Fx(I) = axrh + (Rx | RyO\LYT | M) (9.43)

where ay = d;l(}?,\ |P,\]M,\). By construction, |ry — 1| < 26y and O, is bounded as
IOA]|loo < 28, c.f. Eq. (9.36).

The exponential suppression of the subdominant term follows from the following obser-
vation:

(R | RYOSLYT| M )| < (| L5T M) (Rl RS 1 ]|OA L
< 1LT (M) 12| Ry (o) 121 OA I (9.44)
= |IL3 oo | RN 1 X LML 1211S5 Xl o) (All|2| OAlIL -
Let us analyze the latter term-by-term: First, Eq. (9.36) implies the bound || L3 ||so|| B3 ||cc <

(1 —405)0) + lljf%. Next, we have

1% Xalp)(Alllz < 15X oo I Xnpll2llAll2 < 1SV s/ (0 [ Pap) - (9.45)

Finally, recall M = My is the noisy measurement channel, with M = " _|E,)(E,| being
a projector by construction. Then, as P\ = X,\XI\,

IXIM|2 = Te[P\MENMEL, M] = (Py|MEVE],M). (9.46)

In particular, Py projects onto a non-trivial subspace of Hermitian operators. Hence, the
components of M & MEJDM aligned with the Ath subspace contribute non-trivially. Moreover,
M is unital. Hence, non-trivial contributions are associated with the unital, trace-preserving
components of £ MS};/[ and one has ||€ MSLHOO =1 [227|. It follows from Holder’s inequality

IXIMT|3 < [PAM]|y < min{dy, d}. O

In principle, one can extract decay rates from Eq. (9.39) by choosing sequence lengths
large enough to suppress the additive error ay. In practice, F\(l) can be small (e.g., for
small irreps), and it is more convenient to look at the relative error ay/(axry), as we expect
it to decay with [ as well. In particular, it is sufficient to choose the sequence length as
[50, 53]

d 1
logﬁ +2log: +4
1
The extension of Theorem 35 to irreps A with non-trivial multiplicities is straightforward.

In this case, @[] is just the projector onto the A-isotypic component of w with rank given
by the multiplicity my, c.f. Proposition 14. Hence the output data is described by

(9.47)

E\(I) = Tr[ANTY] + Tr[BLOY], (9.48)

where the SPAM constants Ay, By can be obtained as before, and Iy is now a my X m)
matrix.

Lastly, we remark that the filtered RB framework is designed to extend RB to non-
uniform sampling and, in particular, to sampling from random quantum circuits. This
requires the following modification: Instead of considering the Fourier transform

o] = /G dgw(g)! (Jelg)
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sampling from a probability distribution v # pg means that the relevant quantity is now
the moment operator defined as

Byl = /G dv(g)w(9)! (o) - (9.49)

If v is supported on generators, and denoting with V3 the trivial isotype in w, it can be
shown that @, [w] admits the decomposition [50]

Wy [w] = <ig wy[w(]@ 1]> , (9.50)

where &, [we 1] = [, dv(g) (WS 1)(9)(w(g) and wo 1 = > xea\1 Tx is the representation
on the orthogonal complement of V3. The difference between the latter and the moment
operator defined with respect to the Haar measure is determined by the spectral gap A of
v, i.e,

|y jw] — @w]|lec <1 —A. (9.51)

Then, it is sufficient that v defines a random walk on G that converges to ug, that is
v** = pp for I — oo. In fact, by the right invariance of the Haar measure, observe that

Gy W] lw] = /G dv(g)w(g)! /G dhw(h)(-)w(h)w(g)
- / dv(g) / dh (k) (Jw(h) (9:52)
G G

wlwl,

and the same holds for w|w]w, [w] by left invariance. As a consequence,

& (@) = @w]lloo = [l@w[w]' = @[w]lloo
= [[(@[w] = @)oo (9.53)
<(1-A).

Hence, a suitable choice of v ensures the spectral distance decays exponentially in the
sequence length.

This approach offers practical advantages as, for instance, sampling from generators
may be easier, as not all unitaries may be equally simple to implement. We remark that, in
this case, the quality of the approximation in the signal form and condition on the length
of the sequences depend on the spectral gap A.



Chapter 10

Bosonic randomized benchmarking

This chapter is mostly adapted from [53]. Only formatting (typesetting) and structural
modifications (e.g., rearranging sections to eliminate redundancy) have been made. The
research findings, analysis, and core content remain unchanged. Section 10.1 has been added
for a self-contained presentation of the results. Any further alterations to terminology or
minor adjustments were solely for stylistic consistency within this thesis and the most recent
literature.

Very recently, a bosonic randomized benchmarking protocol using random phase-space
displacements has been put forward [228|. The protocol follows the prescription of standard
RB and is summarized as follows: For a fixed [ € N, initialize a bosonic mode in the
ground state |0)(0| and applies [ random displacement operators D(a;) = ei(@a’=a) ith
lai] = || for each ¢ and the phases are uniformly drawn from {0,7/2,7,37/2}. The
sequence is terminated by the inversion gate D(— Zi’:l «;). The overlap with the ground
state is then measured to benchmark the fidelity between the initial and the evolved state.
Due to the Abelian character of the (projective) Heisenberg-Weyl group, the complicated
behaviour involving many decays is avoided, and common noise models e can be analyzed.
In particular, analytical error models for heating and dephasing noise are derived, and
dominant noise mechanisms can be extracted from the RB data.

In the non-Abelian setting, the peculiarities of the infinite dimensional Hilbert spaces
prevents a straightforward generalization of randomization techniques to bosonic systems,
and one cannot hope for such a simple analysis. Moreover, the analysis is complicated by
the fact that, in separable infinite-dimensional Hilbert spaces, Gaussian ensembles do not
form CV 2-designs [196, 197]. In fact, this is in fact a special case of a no-go result in CV
systems, which states the non-existence of CV t-designs for any ¢ > 2, unless rigged Hilbert
spaces are considered [44]. However, the results presented in Chapter 9 extend the RB
framework to general compact groups when revisited under the lens of representation theory.
Hence, we take this point of view, and generalize filtered RB to symmetric representations
of unitary groups to benchmark passive bosonic (Gaussian) transformations. We refer to
the protocol introduced in this way as passive bosonic RB, or short passive RB. In contrast
to the discrete variable systems explicitly considered in Ref. [50], reasonable guarantees
for a filtered RB protocol in bosonic systems are harder to obtain. This is because the
action of passive transformation on the full bosonic Hilbert space is considerably more
complicated than, e.g., the action of the qubit Clifford group, and thus a well-behaved
protocol requires a careful identification of relevant and feasible experimental settings. In
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the passive RB protocol, we navigate these complications by considering experiments where
the input state is a number state and particle number-resolving (PNR) measurements
are performed, resembling boson sampling experiments [180]. For practical reasons, we
propose to use collision-free states with at most one particle per mode. We then show that
the passive RB successfully benchmarks the average quality of passive transformations on
a fixed number of particles, thereby separating the effect of particle number-preserving
noise from particle loss using different post-processing of the same experimental data. In
general, we prove that there are as many decay rates as we have particles in the experiments
— however it is sufficient to only estimate a constant number of them in practice. By
representation-theoretic means, we derive explicit and concise formulas for the functions
used in the post-processing. As the protocol involves non-Gaussian elements, the classical
post-processing requires the computation of matrix permanents, and it is therefore generally
inefficient [180]. Specifically, we expect the post-processing to be feasible for ~ 30 particles
and modes, thus allowing the protocol to target an experimentally interesting regime. The
inefficiency of the post-processing should not be unexpected, as a similar behaviour can be
found in linear cross-entropy benchmarking [50, 229]. There, the post-processing involves
the simulation of random circuit sampling, which is also known to be computationally
hard [5, 230-232]. We simulate the passive RB protocol for a small number of modes,
demonstrating that it works as intended. Finally, we analyze the sampling complexity of
our protocol by computing the relevant variances. We evaluate the obtained expressions
numerically and find a very mild scaling with the number of modes m which seems be
logarithmic.

The remainder of this chapter is structured as follows: In Section 10.1, we set the stage
for the remaining of this part, introducing the most common notation and facts concerning
bosonic systems. We do not assume previous knowledge on bosonic systems, and introduce
all the building blocks that are necessary for the comprehension of this chapter. Section 10.2
and Section 10.3 are the main sections of this chapter. In Section 10.2, we formulate our
passive RB protocol in full detail. In Section 10.3, we analyze our protocol, discuss the
role of the input states, and prove rigorous guarantees, including bounds on its sampling
complexity. We conclude with a brief overview on potential extensions of the protocol, some
which we address in the next chapter, in Section 10.4. The technical details and proofs are
deferred to Section 10.5.

10.1 Bosonic quantum systems

We consider a bosonic system of m € N>o modes described by annihilation and creation

operators a; and aL (k = 1,...,m), respectively, satisfying the canonical commutation
relations (CCRs)

lak,al] = O, lag, @] = [al,a]] =0, ki=1,....m,

where dj; is the Kronecker delta. These operators act on the Fock-Hilbert space F, =

D, H)', where H)" is the subspace of n bosons distributed over m modes of dimension

dimH]' = ("Hg*l) spanned by the Fock or number states

m 1 .
) = [n, . om) =[] al™0), (10.1)
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where |n| = Y""  n;, =n and |0) = 0,...,0) denotes the vacuum state of m decoupled
one-dimensional harmonic oscillators [233]. The collection of Fock states {|n)}nenm forms
an orthonormal basis in F,. Equivalently, H]* can be identified with the symmetric n-fold
tensor product of a single-particle Hilbert space H =2 C™, obtained by projecting ®"™H onto
the completely symmetric subspace. Such symmetrization encodes the indistinguishability
of bosons and is formally justified by the spin-statistic theorem [60]. This implies that a
unitary transformation on a bosonic system is associated with described by a maximally
symmetric Young diagram.

As F,, is infinite-dimensional, the space of quantum states is extremely rich and includes
infinite-dimensional quantum states as well. Here, we find various families of states that
can be routinely prepared in a lab are of special importance in quantum optics are among
the most thoroughly studied, including coherent states (as generated by lasers) and thermal
states (describing, for instance, black-body radiation). All these states, and many others
of practical relevance, can be efficiently described by Gaussian phase-space distributions,
and are therefore collectively referred as Gaussian states. Formally, define the displacement
operators

D(a) =e'=0 4 eC (10.2)

(the generalization to the multimode case is straightforward). A state p is Gaussian
if the characteristic function x,(«) = Tr[pD(—a)] is a Gaussian function (notice that
D(—a) = D(a)"). Importantly, one can check that coherent states, defined as

) = D(a)|0) = e~ /2Z—!n (10.3)

are eigenstates of the annihilation operator a, and therefore are Gaussian states.

10.1.1 Gaussian transformations

Gaussian transformations are a fundamental class of bosonic channels [234]. Those are the
channels that preserve Gaussianity, i.e., map Gaussian states to Gaussian states. Formally,
they are generated by Hamiltonians that are at most quadratic in the field mode operators
[235], such as

H = ngak + Z fklakal + Z hklakal + h.c. (10.4)

= k>l=1 k=1

Such Hamiltonians generate two broad classes of unitaries. The first class, associated
with Hamiltonians of the form gkaz + h.c., gives rise to displacement operators, and
they are formally given by the irreps of the Heisenberg group H,,(R) [233]. The second
corresponds to transformations that permute displacement operators among themselves,
which can be identified with the (projective) representations of Sp(2m,R) [236]. Informally,
for ¢ € Sp(2m,R), one has U(g)D(a)U(g9)! o« D(g - a), up to a global phase. This
representation, called the metaplectic representation or Weil representation or oscillating
representation, plays a central role in the representation-theoretical aspects of Gaussian
states. It decomposes into two infinite-dimensional irreps, and the interplay with randomized
techniques is not yet fully understood. Symplectic transformations can be further divided
into passive and active ones, depending on whether they preserve the total energy of
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the system. Active transformations —formally generated by symmetric operators— do not
conserve the energy and corresponds to unitaries generated by Hamiltonians of the form
hiafal +h.c.. In standard optical setups, these are the single-mode and two-mode squeezing
operations. In contrast, passive transformations are energy-preserving and are generated
by number-conserving quadratic Hamiltonians. Practically, these can also be thought as
multimode interferometers, which can be decomposed in quadratically many two-modes
interferometers and phase shift transformations only [164, 237-240]. In this thesis, our focus
is on passive transformations. By definition, they form the group of unitary operators on
Fm that leave the total number of particles invariant. These are exactly the unitaries that
induce a transformation of the bosonic operators as ay — >, Uja; for a unitary matrix
U = (Ui)[5—; € U(m). Hence, the group of passive transformations can be identified with
the unitary group U(m) = Sp(2m,R) N O(2m) via the representation 7": U(m) — U(Fy,)
[236]. The above representation on Fp, is completely reducible as U(m) is compact and 7™
is infinite-dimensional. In particular, we observe that the number operator 7 := >, a;rai
commutes with 7 (g) for any g € U(m). This implies that 7™|3m = 7,* is invariant and,
in particular, one can show that the Fock-subspaces are indeed irreducible [241].

10.1.2 Observables

In this work, we are mostly interested in two families of POVMs. The first one, is represented
by the Fock-states POV M, which is implemented by single-mode PNR detectors, measuring
the number of photons in each mode. The ideal POVM for a single-mode detector is simply
given by the projector-valued measure (PVM) {|k)(k|}ren [242, 243|. In the case of a
photodetector with efficiency 0 < 1 < 1, the probability to detect k£ photons is

p(k|n)= (Z) nF (1 —n)mr, (10.5)

therefore the POVM elements are in this case given by statistical mixtures of projective
measurements, namely [244]

(e 9]

m= Y ()=t ol (10.6)

m=k

Often, it is enough to truncate the sum to a maximum number of detected photons, as a
real detector reach saturation after it exceeds the counting.

The second family of POVMs we consider is given by collections of Gaussian states,
referred as Gaussian POVMs: Measuring a Gaussian state with such measurements provide
Gaussian-distributed outcomes [245]. Experimentally, they are realized by appending
the input state with an ancilla, evolving the global system with Gaussian unitaries, and
measuring the quadrature operators. In practice, the relevant Gaussian POVMs are
homodyne detectors, where the measurement is realized on one of the two quadrature
operators, and heterodyne detectors, where the measurement is described by the coherent
state POVM {|a)(a|}qec [246]. Notice that the ideal detectors homodyne and heterodyne
detectors correspond to sampling from the Wigner and Husimi ) distribution, respectively,
[91]. Using the framework of s-ordered quasi-distributions, the noisy counterparts can be
described by convolutions of the POVM elements with a suitable Gaussian distribution
that summarizes the imperfections in the device [234].
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10.2 The passive randomized benchmarking protocol

10.2.1 Description of the protocol

The passive RB protocol follows the general procedure of the filtered RB framework
discussed in Section 9.2, adapted to the group of passive transformations acting on bosonic
systems. Additionally, we use post-selection to isolate particle loss rates., see Sec. 10.2.2
and 10.2.3 for details. Later, we also discuss preliminary results concerning the problem of
distinguishable particles, that mostly affect the state preparation phase, see Chapter 11.

As for any filtered RB protocol, passive RB consists of two phases: During the data
collection phase, we use a fixed number state p = |ng)(no| as an input to passive transforma-
tions, and particle number-resolving (PNR) measurements {|n)(n|}nenm are performed on
the output. Motivated from boson sampling experiments, we propose to use a collision-free
input state ng = (1,1,1,...,1,0,...,0) with n < m particles [180], see also the discussion
in Section 10.3.2 below.

The collected data then undergoes the post-processing phase depicted in Section 9.2. In
particular, we fix a suitable irrep A of U(m) and use its filter function fy(n,g|p), as defined
in Eq. (9.27). Assuming the data {(n(i), ggi), . ,gl(i)) L | has been gathered, we compute
the mean estimator

T

. 1 ) (i i

B = = > A gl g"o). (10.7)
=1

where 7" < T is given in Section 10.2.2 below (note that this generalizes the estimator
defined in Eq. (9.26)). The data series (I, F\(I));cL constitutes the (filtered) RB signal.
Finally, perform an exponential fit according to the model F! A1) = A)\rﬂ\ to extract the
decay rate ry. Repeat for different irreps A as needed.

We remark that we resort to the Haar measure to simplify the presentation. The
generalization to non-uniform sampling is straightforward, as this work builds on the
filtered RB framework. Using a gapped probability measure v instead of the Haar measure,
typically has some advantages in practice. For instance, it might be easier to sample and
to take some practical limitations into account (perhaps not all passive transformations are
equally simple to implement). In particular, one can simply generate passive transformations
using random beam splitters and single-mode rotations. Note that in such a case, the
sequence length | changes its interpretation from the number of passive transformation
to be applied to the number of elementary transformations. The filtered RB framework,
c.f. Section 9.2, then predicts that the sequence of elementary transformations has to be
sufficiently long in order to “appear random enough” and this threshold [y scales with
the inverse spectral gap A~!. In practice, [y seems to be reasonable small such that we
expect that already very short random sequences can be used for passive RB. In particular,
this should outperform the quadratic depth needed to decompose Haar-random passive
transformations in terms of elementary transformations.

Additionally, the protocol inherits from the filtered RB framework the interpretation
of the decay rates into an average performance measure of passive transformations on the
n-particle subspace using the formula for the entanglement fidelity described in Eq. (9.24)
cf. Refs. [219, Cor. 10] and [49, Eq. (242)], that reads as

F=(dim#;)?) dyry, (10.8)
A
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where the sum runs over all relevant irreps A with dimensions dy, c.f. Eq. (9.24). We remind
the reader that caution is advised if F' is interpreted as the average entanglement fidelity of
passive transformations due to inherent gauge freedom of RB, c.f. Section 10.3. Besides
the mentioned interpretational issues, let us note that, for discrete variable systems, a
suitable affine transformation is typically applied to Eq. (10.8) to produce a proxy for the
better-known average gate fidelity. This relies on the relation F,yz = % for discrete
variable systems in d dimensions. In the here considered setting, such a transformation
would result in an expression akin to the average gate fidelity, where the average is performed
over input states in the n-particle subspace.

As F corresponds to a weighted average, it is typically sufficient to only consider the
largest weights which coincide with largest irreps. This means that it may not be necessary
to run the post-processing phase (II) of the protocol for every irrep A. We justify this
statement and make it more precise later in Section 10.3.2. We refer to Section 9.2.2 for a
discussion on the interpretation of F' and the gauge freedom aspects of RB.

For now, we restrict our attention to number state inputs and PNR measurements and
justify this choice in more detail in Section 10.2.2. In Chapter 11, we discuss extensions of
the passive RB protocol to Gaussian states or measurements.

Finally, the procedure described above is sometimes referred to as single-shot estimation,
in the sense that only a single shot (or measurement) is taken per sequence. In practice,
it is often advantageous to use multi-shot estimation instead, where multiple shots per
sequence are recorded. Then, the estimator (10.7) changes in an obvious way, but converges
to the same expectation value as (10.7). Except for the sampling complexity discussion in
Section 10.3.4 all results of this work also apply to the multi-shot estimator.

10.2.2 Details of the protocol

Choosing a number state |ng) as input to the protocol has the advantage that —ideally—
the dynamics should happen on the finite-dimensional n-particle subspace H' C Fp, only,
where n = |ng|. On K], the passive transformations U(m) act via the totally symmetric
irrep 7,'. To describe noise, we transition to the density operator formalism, in which
this action is described by conjugation, w(g)(p) == 77 (9)p7™(g)". If we assume — for
the sake of the argument — that the noise is particle number-preserving, we can model
the noisy transformations by quantum channels ¢]'(g) on the space of bounded operators
B(H]"), provided that the noise is time-stationary and Markovian. Regarding the ¢]'(g) as
(small) perturbations of w]*(g), the filtered RB framework [50] then predicts RB decays in
one-to-one correspondence with the irreps of the reference representation w;'. As we show
in Section 10.5.3, the latter decomposes into exactly n + 1 distinct irreps A\;! and this is
the number of decays to expect.

Arguably, particle loss is one of the major noise sources in, e.g., photonic systems,
hence assuming particle-number preserving noise is unrealistic. This can nevertheless be
accounted for in our framework, as we are performing PNR measurements: By post-selecting
on particle number-preserving events, we obtain effective dynamics described by completely
positive, trace non-increasing maps ¢)'(g) on B(H') and we can again rely on the results
in Ref. [50]. Note that this reasoning also applies to noisy PNR measurements by modelling
them as a sub-normalized POVM. This approach is justified as long as the product of the

"Here, Ao = 1 is the trivial irrep and A\; = Ad is the adjoint irrep of U(m).
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photon loss probability and the one of photon gain (e.g. through thermal noise in detectors)
is very small such that the error introduced by ignoring photon gain is comparable to the
shot noise. We expect this to be the case in modern photonic chips.

Finally, we introduce the filter function which isolates the exponential decays for each
irrep A = Ag in the post-processing of the collected data. Let P, be the projector on
the carrier space of A and let dy be its dimension. Then, given the measurement channel
M(A) =3 cym (n|AIn)|n)(n], the filter function defined in Eq. (9.27) becomes

A(n,glp) = s (n|w(g) o Pa(p)|n),

1 (10.9)
Sy = d>\ TI"[P)\M] € RZ[} .

We will often simply write fy(n, g|p) = fa(n, g) once the input state p is fixed. We give a
more concise formula for fy in Section 10.3 as Theorem 36. In particular, we show that
sx > 0 as long as the number of modes m is strictly larger than 1. As the filter function
is automatically zero if |n| # n due to Py, we can formally describe the post-selection on
particle number-preserving events by defining

Toe = {i € [T]]|nP] = n}|, (10.10)

and using the mean estimator Eq. (10.7) with the choice 7" = Tj,.

10.2.3 Estimation of particle loss rates

The same post-processing procedure can also be used to capture the estimation of particle
loss rates as follows. Define the filter function to be the indicator function?

f(n) = {1 if nf =, (10.11)

0 else,

and set 7" = T. Thus, the associated mean estimator F (1), cf. Eq. (10.7), simply yields
the ratio T, /T. To see that this leads to the wanted result, let us model particle loss
by a beam splitter with transmittivity ,/p in every mode (i.e. p is the probability of not
loosing a particle). In addition, we assume transmittivities \/psp and /py associated with
state preparation and measurement, respectively. Hence, the probability that a sequence
of | passive transformations preserves the particle number is pELpyp™ = E[T,:/T] =
E[F(l)]. Therefore, we can extract the transmittivity \/p from the data (I, F'(I))eL using
an exponential fit as before.

Note that the original filtered RB protocol does not perform the post-selection in
Section 10.2.2 above (i.e. 7" =T in Eq. (10.7)). This leads to a mixing of the decay rate of
particle-preserving noise with the particle loss rate, resulting in a combined decay (p™ry)".
By performing post-selection, we can consider these decays individually.

10.3 Analysis and guarantees

The filtered RB framework [50] implies a number of guarantees for the passive RB protocol,
which we specialize and extend in the following. We rely on the implementation map noise

?Note that this conicides with a suitably rescaled filter function (10.9) for the trivial irrep Ao.
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model which we justified using the post-selection argument in Section 10.2. In this model,
the noise is modeled by replacing the representation w,’ with an implementation map
o™ on U(m), which takes values in the set of completely positive, trace non-increasing
superoperators on H,'. This model allows for highly gate-dependent noise, which, however,
needs to be stationary and Markovian.

In the following, we use the short-hand notations w = w;', 7 = 7, and ¢ = ¢
whenever the parameters n and m are clear from the context.

10.3.1 The RB signal

In the filtered RB framework [50], noise is measured by the operator norm 8y := || Ty — T |0
and “weak noise” is such that 0y < 1/5. Then, Ref. [50] gives more precise conditions on
the error suppression in the expected signal. In particular, it is sufficient to choose the
sequence length as
d
. log 53 +210gé +4

10.12
2log % ( )
where d) is the dimension of the irrep and s) is as in Eq. (10.9). In the technical part of
this work, Section 10.5, Proposition 39 and Theorem 41, we prove the following explicit
formulae for A = \g:

2k +m — 1 (k+m—2\°
m —1 k+m—2\ "
s)"“:2k+m—1< K ) | (10-14)
In particular, we have (for m > 1):
dy 2k +m—1\? (k+m—2\°
:(> ( > | (10.15)
Sxp m—1 k

Hence, it is sufficient to take sequences of length O(k log %) which is O(mlogm) in the

non-collision regime n < m (as k < n). However, we expect that these bounds are not tight.
In fact, Eq. (10.12) is not tight in the first place [50], nevertheless improving the bound is
hard in the gate-dependent noise setting. Based on the experience with discrete variable
RB, we expect that already very short sequences are sufficient and conjecture that the
dependence on dy, /sy, in Eq. (10.12) can in fact be dropped, meaning that constant-length
sequences are sufficient.

The signal form is concretely shown in Fig. 10.1, where we show the results of a
simulation of the protocol with |ng) = |1)4 = |1111), assuming lossy gates for different
values of the transmittivity. By performing exponential fits, we retrieve values of the
transmittivity |/p using T' = 10000 samples, matching the used transmittivities up to an
error of 1073, We also simulated an experiment where the transmittivity is chosen at
random for each transformation, resulting in decay rates that match the average over the
allowed random decay rates. We provide additional details on numerical experiments in
Appendix B.4.
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Figure 10.1: Passive RB signal (10.7) using n = m = 4 and input state |14) = [1111) in
the presence of particle loss noise, using 7' = 10000 samples. The last (yellow) data set
corresponds to simulated gate-dependent noise where the transmittivities \/p are drawn
uniformly at random from [0.9, 1] for every transformation in the sequence. More details
can be found in Appendix B.4.

10.3.2 Choice of input state

For standard RB on discrete variable systems, the input state is typically chosen to be the
all-zeros state |0™), and, in fact, the choice of input state plays a minor role in this case.
The underlying reason is that we typically have a single non-trivial irrep (i.e., the adjoint
irrep) with respect to which all states are equivalent.

In the finite-dimensional bosonic setting, we show in Lemma 38 in Section 10.5.3 that
w decomposes into n + 1 irreps and thus there is a certain freedom in choosing the input
state p = |ng)(no|. In principle, the passive RB protocol is agnostic of the input state.
However, its choice influences the overall magnitude of the RB signal since the latter scales
with the overlap of the state with the irrep of interest [50]. As the variance of F exhibits the
same scaling behaviour, the mean estimator I3\ (1) also converges more rapidly for smaller
overlaps and hence the overall scale set by the overlap does not influence the sampling
complexity of the protocol, see also Section 10.3.4. Nevertheless, it may happen that the
input state has vanishing overlap with an irrep, in which case the RB signal is identically
zero and no information about decay rates can be extracted. Moreover, very small overlaps,
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and thus signals, may lead the numerical issues in the post-processing.

Our proposal of using a collision-free state ng = 1,, = (1,1,1,...,1,0,...,0) is motivated
by practical considerations as generating higher Fock states can be a challenging task [247—
249|. In Fig. 10.2 and Fig. 10.3, we show its overlaps with the relevant irreps for n = m and
for n < m with m fixed, respectively. We see that the largest overlap is always attained
with the largest irrep £ = n and typically decreases with k, leading to small overlaps for
k < n if m is not too small. Generally, one can show that the collision-free state for
n = m particles always has zero overlap with the A\; (adjoint) irrep. This behaviour can be
avoided by optimizing ng, however likely leading to an input state that is hard to prepare
in experiments.

0.8
—@— n—m=2
—— = m=3
0.7 —@— n=m=4
n=m=>5
0.6 1 n = m=6
0.5 1
o,
<
= 0.4 1
>
o
0.3
0.2 1
0.1 1
O’O L T T T T T T T
Ao A1 A2 A3 Ay As A6

irrep

Figure 10.2: Overlaps of the collision-free n-particle state 1,, = (1,...,1,0,...,0) with the
irreps Mg,k = 0,...,m. Lines are shown to enhance readability of data points and their
relationships. For n = m, we observe no overlap with the adjoint irrep A;. For each m, the
overlap is maximized by the largest irrep.

As a matter of fact, the problem of vanishing and very small overlaps of the collision-free
state is not severe: Recall that the overall benchmarking quantity F', cf. Eq. (10.8), is
given as a weighted average of the decay rates r),, where the weights are given by the irrep
dimension dy, . Since irreps with small £ also have small dimension, their contribution to
the weighted average may be neglected. More precisely, if we only take into account the u
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overlap

T T T

)\0 )\1 )\2 )\3 )\4 )\5 )‘6
irrep

Figure 10.3: Overlaps of the collision-free n-particle state 1,, = (1,...,1,0,...,0) with the
irreps A\, k =0,...,m for n < m = 6. As before, the maximum overlap is obtained for the
largest irrep A,. Note that the overlap with A; is trivial only for n = m.

largest irreps, their combined weight can be readily computed as

2

u—1 u .
_ —i+1
dim H™ 2Ed =1 ”711 ! 10.1

In particular, if n is fixed and m — oo, this converges to 1 for any u, and if n = m — oo,
the weight converges to 1 — 47%. As the convergence is fast in both cases, taking only
a constant number of irreps (the largest ones) into account gives an exponentially good
approximation to F', already for a moderate number of modes. For instance, for n = 5
particles in m = 10 modes, taking the 3 largest irreps covers 99.9% of the total weight.
This also implies that it is sufficient to perform the post-processing phase (II) in the passive
RB protocol, Section 10.2, only a constant number of times.

10.3.3 Evaluation of the filter function

At the heart of the the passive RB protocol, Section 10.2, lies the evaluation of the
filter function (10.9) in the post-processing phase. We briefly sketch the central steps of
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its computation leading to Theorem 36 in the following and refer to the technical part,
Section 10.5, for more details and proofs.

First, note that w ~ 7 ® T can be explicitly decomposed into irreps using a suitable
generalization of the Clebsch-Gordan decomposition for the sum of two angular momenta
in quantum mechanics [54, 77]. This yields the following expansion of Fock states

n)(n|~n,n) =3 > CalMy), (10.17)

A M,

where A runs over the irreps of w and the |M,) form a suitable basis of A. The CN'A/{%
correspond to (generalized) SU(m) Clebsch-Gordan coefficients, up to a phase. Then,
the projection onto a specific irrep A acts by selecting only the corresponding terms in
Eq. (10.17). Re-expressing the |[M)) in terms of Fock states and inserting the expansion
into Eq. (10.9) produces so-called permanents, which are defined for an arbitrary r x r

matrix A as .
Per(A) = Y [ Airw), (10.18)
TeSy i=1

where S, denotes the symmetric group over r symbols. Let us define A, ,, to be the
matrix obtained from A by taking m; copies of the j-th column of U and then taking n;
copies of the i-th row of the resulting matrix. Then, the appearance of permanents is due
to the well-known fact that vn!v'm! (n|7(g)|m) = Per(gnm) [250], where we used the
multi-index notation n! := nq!...n,!.

Finally, we have the following concise formula that can be used for numerical computa-
tion:

Theorem 36 (PNR filter function — informal). The filter function (10.9) is given as

Per(g 2
f>‘k: n g Z no,ng Z C%,nlw . (1019>

n'nl'
niEHY

Here, M labels a so-called Gelfand-Tsetlin basis of the irrep A, and the coefficients C
coincide with Clebsch-Gordan coefficients for SU(m) up to a phase.

We refer to Section 3.1.1 for more details on the Gelfand-Tsetlin basis, the computation
of Clebsch-Gordan coefficients, and the occurring phases, and formally prove Theorem 36
in Section 10.5.5. We also give an alternative formula for f), in Corollary 44 using matrix
coefficients of the irrep Ar. These also correspond to permanents, however, of a different
dimension [251].

Generally speaking, the computation of filter functions of the form (10.9) requires to
simulate the entire experiment. As the proposed protocol involves non-Gaussian elements,
the computation of filter functions is expected to be generally inefficient. This is manifest
in the occurrence of permanents in our filter functions. The computational complexity of
evaluating permanents is central to the complexity-theoretic arguments for boson sampling.
It is known that even approximating permanents is computationally hard [180, 232].
Nevertheless, these quantities can be computed efficiently in some scenarios [252-257].

This finding should not come as a surprise, as we find a similar behaviour in the discrete
setting — namely linear cross-entropy benchmarking [50, 229]. There, the post-processing
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requires the simulation of random circuit sampling which is known to be computationally
hard, analogous to boson sampling [5, 230-232].

In practice, Clebsch-Gordan coefficients can be computed in polynomial time in the
dimension of A [77]|. This can be significantly sped up by taking advantage of the symmetries
of the weight diagrams under the action of the Weyl group of SU(m) [258]. Specifically, we
expect this to be feasible for m = 20 — 30 modes. In such regime, the computation of the
permanents appearing in Eq. (10.19) is also still possible, as we consider n < m particles
and, by Ryser’s formula, it can be computed in time O(n - 2™) [259, 260].

10.3.4 Sampling complexity

In the following, we discuss the sample complexity of passive RB, i.e. the number of samples
needed to guarantee that the estimator (1) is e-close to its expected value F(1) with high
probability. Recall from Eq. (10.7) that F)() is a mean estimator for the filter function fy.
Since the latter is only poorly bounded, we compute the variance Var[Fy(1)] = Var[fy]/L
(here the variance is still taken over length-I sequences). Then, we can use Chebyshev’s
inequality to ensure |F)(I) — Fy(I)| < e with probability 1 — § given L > €25~ Var[f,]
samples.

In general, analyzing the variance Var|[fy] — more precisely the second moment E[f3]
— can be quite cumbersome, as the underlying probability distribution is given by Born
probabilities involving the noisy input state, the noisy transformations, and the noisy
measurements. In the filtered RB framework [50] it is however shown that — under
reasonable assumptions on the noise? — this problem can be reduced to analyzing the second
moment E[ ff]ideal in the ideal, noiseless case. In other words, the presence of noise cannot
decrease the efficiency of filtered RB. Using this assumption, we have the following result
bounding the variance of passive RB:

Theorem 37 (Variance bound — informal). The variance of the passive RB protocol is
bounded as
Var[fy,] < E[f3, Jideal = SK,? Z grk(n,ng), (10.20)
ncHm
where gip(n,ng) is a function of Clebsch-Gordan coefficients of the representations w and
222,
A formal version of Theorem 37 is given as Theorem 48 in the technical part and also
proven there. It relies on expressing the second moment E| ffk]ideal as a suitable integral of

the representations A\Y? and w? over SU(m) [50, 199]. Schur’s lemma then implies that
the non-trivial contributions to this integral are given by the irreps of )\%2 which are also
contained in w. We determine these irreps which allows us to finally write E| fgk]ideal in
terms of suitable Clebsch-Gordan coefficients.

Arguably, Eq. (10.20) is not very explicit and it is thus not clear how E| f/%k] scales with
k, n, and m. Finding a meaningful bound for the expression in Eq. (10.20) turns out to be
difficult and we are left with the trivial bound

2
Elf3] < s;k? = <1 + m2_k1> <k: + r]: — 2) , (10.21)

3This is necessary as specially engineered noise can drastically change the behavior of the RB signal, for
instance by relabeling the measurement outcomes. Similar assumptions can be found throughout the RB
literature [208, 224].
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which suggests an exponential scaling like 24 in the worst case k = n = m. This bound is
however very loose: A numerical evaluation of the second moment (see below) reveals that
the upper bound (10.21) already overestimates the second moment for m = 2 by a factor of
10 and by a factor of 10* for m = 5.
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Figure 10.4: Empirical second moment of the filter function fy, with 7' = 10000 samples for
different values of n < m and m < 6. The largest second moment (for fixed m) is always
attained at the largest irrep & = n. The scaling of the second moment for m = n = k with
m seems to be logarithmic, however there is insufficient data the make a definite conclusion.
Lines are shown to enhance readability of data points and their relationships.

The shear number of Clebsch-Gordan coefficients that need to be evaluated for the
formula (10.20) however limits a numerical study to very low values of k, n, and m using
standard algorithms [77].# To increase the available data a bit, we furthermore estimate
the variance empirically using 7' = 10000 samples from the noiseless outcome distributions.
From Fig. 10.5, we can observe that this number of samples is already enough to give
reasonable estimates of E[ ffk]ideal. In Fig. 10.4, we show the empirical second moments
for m < 5 using a collision-free input state 1,, with n < m particles (cf. Appendix B.4
for further details on the sampling procedure). Similar to the behaviour for the ideal first
moments (overlaps) in Figs. 10.2 and 10.3, the second moment for a fixed m is maximized

“We expect Eq. (10.20) can be evaluated for a moderate number of modes exploiting the symmetries of
the weight diagrams under the action of the Weyl group [258].
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Figure 10.5: Empirical second moment with 7' = 10000 samples compared to the exact
second moment (10.20) for n = m < 3. We observe that this number of samples is already
sufficient to give reasonable approximations of the second moment. Lines are shown to
enhance readability of data points and their relationships.

at the largest irrep k = n. In addition, we analyzed the scaling scaling of the empirical
second moments for m = n = k with m. Although we have too few data points to make a
conclusive statement, we find that the scaling is best compatible with a logarithmic scaling
in m (or a polynomial of very small degree ~ m!/2%). This would be a double-exponential
improvement over the trivial bound (10.21).

10.4 Extensions of the protocol

Arguably, the most straightforward —and experimentally simplest— protocol would involve
a Gaussian input state and measurement. However, this would correspond to a classical
linear optics experiment and one should not expect to capture errors which would occur in
a quantum setting. Hence, it is more instructive to consider a variation of the passive RB
protocol, in which either the input state or the measurement is made Gaussian.

However, one needs to be careful when leaving the effectively finite-dimensional setting
which we explored in this chapter. Indeed, an ‘inherently infinite-dimensional’ RB protocol
is ill-behaved for the following reason: Any passive transformation U € U(m) is represented
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as a unitary operator 7(U) on the full Fock space Fp, == @, H)'. Since U(m) is
compact, 7™ is completely reducible, and decomposes into infinitely many finite-dimensional
irreps acting on the boson number subspaces [261]. Then, the conjugation representation
w = 7™(-)7™ decomposes into infinitely many irreps, too. This means we may find
infinitely many decay rates (each associated to one irrep) and it is unclear how to truncate
those with a regularization argument, as the irreps lack a clear physical interpretation. On
top of that, the decomposition of w is not multiplicity-free,®> which may complicate the
post-processing and affect its numerical stability [49].

In the next chapter, as a first step, we consider a passive RB protocol with a number
input state and a balanced heterodyne measurement at the end of each mode, and a passive
RB protocol with coherent states and PNR measurements.

Lastly, we comment on the extension to other groups. Broadly speaking, active Gaussian
transformations play a fundamental role in CV systems, for instance in GKP encoding of
qubits in bosonic states [166], or in the preparation of input states for Gaussian boson
sampling experiments [181, 182, 262|. However, randomized benchmarking of general
Gaussian transformations faces many challenging issues, most strikingly the fact that this
group — the symplectic group Sp(2m,R) on m modes— is non-compact. As a consequence, a
Haar probability measure cannot exist, and thus it is not even clear how to ‘randomize’ in
this context. Hence, the filtered RB framework focuses on compact groups [50]. Some of the
ideas in Ref. [50] nevertheless carry over to the non-compact case if one considers suitable
random walks on Sp(2m,R). By the central limit theorem for reductive Lie groups [263],
such random walks converge to a Gaussian distribution on Sp(2m, R). However, this does not
clarify —to the best of our knowledge— the behaviour and convergence of the moment /twirling
operator. Since Sp(2m,R) has Kazhdan’s property (T) [264], the characterization of the
relevant representation theory — capturing the action of active transformations onto density
operators— plays a central role. This involves the well-known metaplectic (or oscillator)
representation of Sp(2m,R) and can — in principle — be approached using Howe duality
[265, 266]. Due to infinite-dimensional irreps [56] and open convergence questions, it is
however far from obvious whether a meaningful RB protocol can be developed for active
transformations. We leave the resolution of these questions for future work.

10.5 Technical details and proofs

Here, we provide proofs for the theorems introduced in Section 10.2: In Section 10.5.5
we prove Theorem 36 and in Section 10.5.6 we prove Theorem 37 based on notation and
technical tools introduced in Section 3.1.1. Throughout this section we assume that the
number of modes is m > 2.

10.5.1 Further notations

As the Clebsch-Gordan decomposition is naturally related with the direct sum decomposition
of an Hilbert space of the form Hi ® Hs, it will be convenient to introduce a vectorized
notation for operators and super-operators on H,".

®Note that w restricted to B(H™) is equal to w* and —as mentioned in Section 10.2.2— each Ay appears
in all wy® for n > k.
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We consider the basis of linear operators for B(#;") given by ® = {|n)(m|}, menm
with > n; = > " m; = n. Any linear operator A € B(H]') can be vectorized to an
element |A) € H' @ H' w.r.t. @ as

14) => (n|Alm)n,m), |n,m)=|n)®|m). (10.22)

n,m

Under vectorization, we have the induced mapping 77 (-)7,," [ T @7, where 77" denotes
the complex conjugate representation of 7,)* (in the Fock basis ¢). Moreover, as long as
it is clear from the context, we will not distinguish between super-operators and their
corresponding quantities acting on H; ® Ha.

Then, the filter function defined in Eq. (10.9) becomes

1
IA(m.9) = —(ro, mo [ Py’ @79 In,n), (10.23)
where p = |ng)(ng| = |ng, mo) is the input state and sy = (dy) ™" Y onenm (M, n | Pyn,n).

10.5.2 Symmetric irreps in SU(m).

In this section, we summarize a few basic facts concerning symmetric irreps of SU(m),
as they are of central importance throughout this work. By construction, the space of n
particles over m modes is maximally symmetric under permutations over the modes. This
implies that the action of g € SU(m) on such space is described by the irrep

T =(n,0,...,0) = w (10.24)

m—1
where the number of boxes has the interpretation of the number of particles in the system.
Formally, the Young diagram on the r.h.s. labels the maximally symmetric irrep in SU(m).
Notably, the weights of the maximally symmetric irreps uniquely identify GT basis elements,
as it can be easily checked via the associated tableaux weights.

In H*, a common orthonormal basis is the Fock basis, given by Fock states {|n) | n €
N™ 3", n; = n}. We remark that the GT basis, as well as the Weyl basis, labels the
same set of orthonormal vectors as the Fock basis. In fact, for symmetric irreps, n is exactly
the tableau weight of the corresponding Young tableau, i.e. n; is the number of boxes filled
with i for each i € [m], e.g.

3.2,1)=[[1]1|1]2]|2]3]), (10.25)

from which follows the correspondence with the GT basis. In particular, for any Fock state
|n) = |ni,...,ny), the corresponding GT pattern —that will be denoted by N throughout
this work— is given as follows:

N = : (10.26)

ni
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The complex conjugate representation (dual representation) on H"* = (H!™)* is identified
by the Young diagram

"= m_1{5 R (10.27)

——
n

ol

Note that although 7,* acts on M), it is not symmetric (unless m = 2). We can construct
the dual GT basis labeled by GT patterns N of the form (cf. Egs. (3.21) and (10.26))

n n n 0

N = : (10.28)

n D ima i

Z?iz 1

By Eq. (3.23), the dual GT basis again coincides with the Fock basis of H]*, but modified
with the phase function Eq. (3.25).

Finally, unlike the general case of arbitrary irreps of SU(m), the weight spaces of
symmetric irreps are clearly one-dimensional: Each Fock state corresponds to one and only
one Young tableau, as there are no degrees of freedom for box-labeling. Weight spaces of
dual symmetric irreps have the same property by duality.

10.5.3 Clebsch-Gordan decomposition of the reference representation

In this section, we study the irrep decomposition of w]*. From the previous discussion, we
have

wt =T ()t =t (10.29)

where again complex conjugate representation is taken in the Fock basis. We can restrict
our focus to the irreps of SU(m) (or, equivalently, its corresponding Lie algebra su(m)) as
7' can be extended to irreps of U(m) using nontrivial characters of the unit circle group
(roughly speaking, resulting in a multiplication by a global phase which vanishes in the
conjugate action of B(H]")). The decomposition of w)" into irreps can be computed using
Littlewood-Richardson’ rules, a general tool to classify the decomposition of tensor product
representations. We refer to Section 3.1.1 for a brief overview on how they can be employed
in the context of SU(m).

Lemma 38. Let 7,/ : SU(m) — U(H]') be the irreducible representation of SU(m) on the
space of n bosons distributed over m modes as in Eq. (10.24). Define the Young diagram

A /—/kH
A = I{DDJD (10.30)

7.0
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where Ao and A1 denote the trivial irrep and the adjoint irrep of SU(m), respectively. Then,
for any n,m € N\ {0},

n
W' =P M, (10.31)
k=0
where each A\, k =0,...,n, appears exactly one time.

Proof. We will prove the following equivalent fact by induction:
wy'= A, Buwyty, VYneN\{0}. (10.32)

First, notice that

Wit = m—l{ : Dl=NBwy, (10.33)

as wy' = 1 trivially.
The conjugate representation is associated with the tensor product of Young diagrams

n
—

{D U g -1 (10.34)
m—15 : . —_—
(swapping tensor factors does not influence the result). By Littlewood-Richardson’ rules,
we first have

DD n B DD@ n—1

n—1
—

o 1{DD® n.l
-0

Note that the second term in the r.h.s. is by definition w]* ;. Hence, we shall only prove
that

(10.35)

ml{DE@ ® @fn—’;l@ = @M. (10.36)
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For this purpose, let us consider the factor

r S
—— —

O {D"'E@"'@ ‘ (1037)
m—1q -
Clearly, 5\$~T) = )\, and 5\(()0) = 1. Notice that
r s+1 r—1 s
— — —— —
;\7(;3)®7—lm: DD@@@DE@ . [—1
m—1¢ - o [a]---[a]
-] ][]
= (5\£S+1) ® 5‘@1) QT
(10.38)
With this notation, expanding the Lh.s. of Eq. (10.36) we get
n n—1
—
o - Tlala | (7Cla) |, 2
" " m—19 1 - Co [a]---[a]
- (AP oil) e,
:(X,&3)@X§L231@5\§f,)1@}f}32)®r;{1 ,
= (332 eV, 0
( ! 2> ’ (10.39)

In the latter, we used the merging rule for Young diagrams, see Section 3.1.1. Finally, we
have

n n n—1
W=D M @wl =) M®> N=A@w ), (10.40)
k=0 k=0 1=0

by the merging rule again. O
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For instance, we have the following explicit decomposition for n = m = 3:

G—1la ® & , (10.41)

since:

a
®aaa:( ® )@aa (10.42)

(10.43)

= S S d1.

(10.44)

The dimension of A\; admits a nice closed-form expression in terms of the dimension of the
number subspace,

—1
dim M = <k+7: ) (10.45)
as follows:
Proposition 39. For any k € N, set dy, = dim ;. Then, the following holds:
k2 5 2k+m—1[(k+m—2\?
dy, =|1————— | (di = — . 104
v (17 ) g = EEREL(EERTH L o)

We prove this fact in Appendix B.1.

We remark that for the one-to-one correspondence of RB decays with irreps, it is
important that the reference representation w;* decomposes into multiplicity-free irreps
[49, 50]. Moreover, these irreps should be of real type. This is the case for the irreps
A,k = 1,...,n, because each term in the decomposition is self-dual and multiplicity
free (this can also be checked using e.g. [69, Proposition 26.24|, where all the complex,
real, and quaternionic irreps of SU(m) are classified). In general, both conditions are not
necessarily fulfilled, which can lead to more than one decay per irrep that may also be
complex (i.e. oscillating).



10.5. TECHNICAL DETAILS AND PROOFS 123

10.5.4 The passive frame operator

As the reference representation w = W = 77(-)1p," TofG= U(m) preserves the number of
particles, S acts non-trivially on the n-th Fock sector only, i.e.

(10.47)

where S is obtained via the restriction of M to the subspace of n particles. Moreover,
since w]' decomposes as @) _, A\ (see Lemma 38), Schur’s lemma implies [50]:

s =@st, sU = siida, (10.48)
A

where the direct sum is over all irreps of w;"* and, in general [50],
sy =dy ' Tr[PAM] = d)\l/Qd:c Tr[|x)(x|Py(|z)(x])] . (10.49)

Here, dy = dimH,, with A € {A\;}}_,, and Pj is the corresponding projector onto its
carrier space. In the second step, we used the fact that the Bochner integral commutes
with the trace since the latter is a continuous linear operator in the trace norm and the
trace of [|x)(x|Py(|x)(x|)] is finite.

10.5.5 Filter function for passive RB with PNR measurements

As the irrep decomposition of w]* can be computed for any n and m (cf. Lemma 38),
we can evaluate explicit expressions for the filter function. This will provide the proof of
Theorem 36.

By construction, w]* = 7']1”(')7'7721Jr & 7 @ 77" acts on elements |n,n) (from here on
referred as the uncoupled basis). However, as pointed out in the Section 3.1.1, the second
entry shall be suitably interpreted as a basis element of 7", which requires the specification
of the relative phases between states of 7, and its dual. In particular, we have

In) = [N) = (-1)*™|N), (10.50)

where |N) is the GT pattern defined in Eq. (10.26), |N) is the dual state, cf. Eq. (3.21),
and the relative phase is given in Eq. (3.25). For the rest of this work, we fix the following
notation: For each Fock state |m), the corresponding GT pattern will be denoted with the
corresponding Latin capital letter, namely the identification |m) = |M) holds.

From previous considerations, it follows

p = |ng, mo) = |No, No) = (=1)?M)|Ng, No) = (=1)#N) N~ N ol 5 [M),
k=0 MEGT(X\)
(10.51)
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with {|M)}yeqr(),) being an orthonormal basis (referred as the coupled basis from here
on) for the carrier space of A\;. Notice that in Eq. (10.51) we do not need to specify the
multiplicity index of states and Clebsch-Gordan coefficients since Ag is multiplicity free for
each k =0,...,n.

Then, for a fixed irrep A € {Ax};_g, we have Py =3y cqr(n M) (M| and the following
relation holds true:

Py[No,Noy = Y CN 5 IM (10.52)
MeGT(N)

We remark that — by the selection rules of Clebsch-Gordan coefficients Eq. (3.39) — the
sum is restricted to all the basis vectors such that the associated weight corresponds to the
sum of the weights of the states |No) and |Ng), Cf. Eq. (3.39). Specifically, by Eq. (3.21),
C%) No is possibly nonzero provided that

w§M) _ w](-NO) +w

i i
2 N - (Z i1 +ZNZ(2)+1> +2) N - (ZN(O) 1 +ZNJ+1>
i=1 =1
i
=23 N - (ZN(O ZN(O )
=1

=1
=0 (10.53)

(%o)

for each j =1,...,m, i.e. wn, +wpy, = 0.
Moreover, for the 0 weight spaces, the inner multiplicity vy, (0) of 0 in A\; can be easily
computed, as we prove the following fact:

Lemma 40. Let \; be an irrep of SU(m) as in Eq. (10.30) for any k € N. Then,

2, (0) = <k+71?_2)'

We prove this fact in Appendix B.2. This provides the number of (possibly) non-zero
terms in Eq. (10.52) and is relevant for the evaluation of the eigenvalues of the frame
operator of passive RB with PNR measurements, for which we obtain the following simple
expression:

(10.54)

Theorem 41. Let A\, k =0,...,n be an irrep in w)'. For a PNR measurement setting,
the eigenvalues of the frame operator of the passive RB protocol are given by
m—1

rm 1O (10.55)

S,\k =

where vy, (0) is as in Eq. (10.54).

Proof. First, recall that a single mode (ideal) PNR detector measures the number of
particles in such mode [243]. In the case of m modes, the (ideal) POVM is therefore given
by {|n)(n|}nenm and the (vectorized) measurement channel can be written as

M= > "|n,n)(n,n|=> Y [N, N)N,N|. (10.56)

neN™ n=0neGT(17")
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Denoting by P, the projector onto A, € @, we have the following:

1
S\ &= 7 <n,’n|P)\k"fL, ’I’L> (1057)
Ly neNm

1

=—— > (NN|PyIN.N) (10.58)
A NeGT(rm)
1 _ _

— = S (—1)2NN,N| Py, N, N) (10.59)

dx, NeGT(rm)

:di 3 ST e P, (10.60)

M NeQT(rm) MEGT (M)

where in the second step we used the fact that Py, acts non-trivially on the n particle
subspace, and in the fourth step we used the fact that the phases ¢(N) introduced in
the labeling of GT dual patterns are integers by construction, see Eq. (3.25). Finally,
recall that the non-trivial Clebsch-Gordan coefficients are determined by the selection rule
wyr = wy + wy = 0. Moreover, symmetric irreps of SU(m) —and their dual- preserve the
1-to-1 correspondence between weights and basis vectors, see Section 10.5.2. This implies

> loNsP= > >, OnwCuw =1 (10.61)

NeGT(1m) NeGT(r*) N'eGT ()

by orthogonality relations, cf. Eq. (3.37). Therefore,

0
S, = 1 (0) (10.62)
dy,
and the assertion follows from Eq. (10.54) and Proposition 39. O

Notice that sy, scales exponentially in both k and m. In particular, in the case
k =mn =m, it is proportional to the m-th Catalan number, and it scales as O(4™/y/m) for
large values of m.

Theorem 42 (Restatement of Theorem 36 - PNR version). Let p = |ng)(no| = |ng, no) =
|No, No) be a m modes state and let {|n)(n|}nenm be the Fock state POVM. Let N be the
GT pattern associated with n. Then, for a given irrep A\, € in w)', and assuming sy, # 0,

_1)#(No) — 1))
Pa(m,g) = 51(1), o N D #C%,N/IPer(gn,n/)\z
M T eGTOw) NeGT(m)

(10.63)
where sy, is evaluated in Theorem 41, the sums are restricted to all basis states such that
Eq. (10.53) is satisfied and Per(gn, m) denotes the permanent of the matriz obtained by g by
taking m; copies of the j-th column of U and then by taking n; copies of the i-th row of the
resulting matriz, and we used the multi-index notation n! = nq!...ny!.

Proof. By Eq. (10.51), and denoting by Ny and N the GT patterns associated with ng and
n, respectively, the filter function defined in Eq. (10.9) becomes

1
Ire(N,g) = —(No, No [ P, @ 73 (9) [N, ) (10.64)

Ak
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1

= ()P 3T O 5 (M (@ 7)) [N, N) (10.65)
Ak MEGT(\y)
1
A MeGT(Ax) N1,N2€GT(T?)

(10.66)

1

= —CD) Y Oy Dl (CDTRoR g, (10.67)
M MeGT(Ax) N1,N2eGT(171)

x (N1, Nz |7 © 7 (9)T | N, N)

where in Eq. (10.64) we used Eq. (10.52) and relabeled the second entries as dual basis
vectors by introducing the corresponding relative phases (Cf. Eq. (3.25)). In Eq. (10.65), we
used the Clebsch-Gordan decomposition M =}y x, CJAV{,NQ‘NM Ny), and in Eq. (10.66)
we relabeled No as a basis vector for 7. In particular, the latter implies that fa, is
manifestly related to the computation of permanents [250], as each inner product resembles
the boson sampling problem when expressed in the Fock basis:

(N1, Na |7 @ 70 (9) T[N, N) = (n,ma |70 @ 7 (9) [m, m) (10.68)
= (n1 |7 (9)"[n) (n |77 (9)|m2) (10.69)

1
- T
N Per(gnhn) Per(gnnsy) (10.70)
Finally, since weights for symmetric irreps of SU(m) uniquely identify basis vectors, by
selection rules of Clebsch-Gordan coefficients we have that No = N; (see also Eq. (10.61)),
and the assertion follows by plugging in Theorem 41. O

Clebsch-Gordan coefficients can be calculated in polynomial time [77] for ~ 20 modes
before memory overhead limits the application of such algorithms [258]. We remark
that —using exact formulae for CG coefficients for 7, ® 7" from [150]— one can compute
the necessary Clebsch-Gordan coefficients for higher number of modes m. Hence, the
computational hardness of f), comes from the evaluation of the permanents appearing in
Eq. (10.63).

Alternatively, fy, can be expressed as a linear combination of matrix coefficients of Ay
(in the corresponding GT basis). To show this fact, we introduce the following technical
result that will be used extensively in the rest of this work:

Lemma 43. Let N, X be GT patterns, and let N, X be their dual, respectively. Let 17" be
the n-particles mazimally symmetric irrep of SU(m) and consider A\, € w)' =2 17" @ 7). Let
Py, be the projector onto Ai. Then, the following holds:

(NN Py (mreonm @l X, X)= Y CMy > C¥e(M|M(g)T|M).
MeGT (M) M’€GT(\g)
(10.71)

Proof. By construction, Py, selects the A\;-th component of ]N N), which can be conve-
niently isolated by the Clebsch-Gordan decomposition of w]' = 7,7* ® 7,7*. This implies

(NN Py (mr ool X,X) = Y CgMInten(9fX,X). (10.72)
MeGT(Ag)
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To compute the inner product, recall that 7" @ 7" = @, oA (Cf. Eq. (10.31)). In
particular, observe that M is a basis element in A\;, which implies the only non trivial
contributions from 7' ® 7] are associated with its A\i-th component. Likewise, the only
relevant contributions to the inner product coming from |X, X) are associated with its
restriction to A\, that can be expressed as

X, X)), = D, C¥xIM). (10.73)
M'eGT (M)
Hence,
(Mmoo ()X, X) = Y C¥e(M [ Xe(g)f M), (10.74)
M/€GT(\y)
from which the assertion follows. O

As mentioned before, a first consequence is the following explicit expression for the filter
function:

m
n s

Corollary 44. For a given irrep A, € @), and assuming sy, 7# 0, the following holds true:

1 /
_ L 1ye(No)+e(N) M _ M’ g
fr(n,g) = SAk( 1)#No)+e Yoo O n DL ONRWM (gt M), (10.75)
MEGT()\k) M/EGT()\k)
where the sums are restricted to all basis states such that Eq. (10.53) is satisfied.

Proof. By Eq. (10.51), and denoting by Ny and N the GT patterns associated with ng and
n, respectively, the filter function defined in Eq. (10.9) becomes

1
P (V. g) = ——(No, No | Py, (537 & 720) () | V. N) (10.76)
k
1 \ 7 —
= 37(_1)50(N0)+<P(N) (No, No | Py, (177" ® 7*—72”)(9)“]\[’ N) (10.77)
Ak
1 !
N X(fl)p(%wm Y. Cum D CNn(MM(9)f|M). (10.78)
* MeGT(Ax) M’€GT(Ay,)
In the last line, we used Lemma 43. -

Notably, explicit expressions for the matrix elements of irreps of SU(m) are also available,
see for instance [151, Chapter 3| for SU(2) and [152, Chapter 9| for SU(m). Moreover,
numerical implementations of the bosonic realization of su(m) are available [251] and matrix
coefficients can be expressed as suitable permanents of Ag(g).

10.5.6 Moments of the filter function for PNR measurement settings

In this section, we provide explicit expressions for the first two moments of the filter
function (10.9) w.r.t the ideal probability distribution p(n|g) = (n|w]'(g)(p)|n), n € N™.
In particular, the ideal second moment will provide an upper bound to the sampling
complexity of the protocol, Cf. Section 10.3. Throughout this section dg denotes the Haar
measure on SU(m).

The following technical result will be useful:
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Lemma 45. Let N, X be GT patterns, and let N, X be their dual, respectively. Let 7" be
the n-particles maximally symmetric irrep of SU(m) and let A\, be an irrep in w]*. Then,
the following holds:

(X, X | (" ® 7")(9) [N, N) = Z S OO (M N(g) MYy (10.79)
3=0 M,M’'€GT(\;)

Proof. The expression follows immediately from the Clebsch-Gordan decomposition. More
specifically, we have

n n

INN) =Y Y CNgIMy, My =D Y e MY, (10.80)

i=0 MeGT(\;) J=0 M’€GT();)

n
e =M, (10.81)

Cf. Eq. (10.51) and Eq. (10.31). Hence, since M and M’ are basis elements of A\; and \;,
respectively,
(M [Ar(g)| M) # 0 (10.82)

only if ¢ = j = k, from which the assertion follows. O

We will also need the following standard result in the representation theory of compact
groups, often referred as Schur’s orthogonality relations, see [63, Thm. 5.8]: For a given
irrep A of SU(m) (or, in general, of any compact group G), if My, Mo, M, M) € GT()),
then the following relation holds true:

1
/ dg (M3 |\(9) | M3) (M2 | 9)' M) = -6 b g (10.83)

where dg denotes the Haar measure on G.

Before we prove the main results of this section, it is worth to quickly consider the first
moment E[fy,], as the proof scheme is the same, but in the case of the second moment is
hidden behind additional technical details concerning the representations involved.

Lemma 46. For a PNR measurement setting, p = |ng)(no| as input state, and an irrep
Ae of w™ =7 ( )7 the following holds:

Elfnd= Y. I1Cx 5P (10.84)

MeGT(\g)
where Ny is the GT pattern associated with ng, and Ny is its dual.

Proof. Since p is an n-particle state and w]" is a passive transformation, the outcome of a
PNR measurement must also be an n-particle Fock state. Hence, we have

Elfl= - 3 /dg (0, m0 | Py, (727 @ 77)(9) | m, m) (e, m | (727 @ 77 (g) [ 120, 70)

k neHm
(10.85)
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1 _ _ _
=— /dg (No, No | P, (7" @ 7Y (9) T[N, NY(N, N | (7" @ 717)(9) | No, No)
Sk NeGT(mm)
(10.86)
1
SliD SRS T D DR KT RN N 1D (9) | No. o).
k MeGT(\g) NeCQT(mm) Jj=0
(10.87)

The second line follows since the relative phases between |M) and |M) highlighted in
Eq. (3.23) are integers and they appear an even number of times. In the third step,
we projected |Ng, No) onto its Ag-th component, see Eq. (10.52). Accordingly, the only
non-trivial contribution to the integral is determined by the Ag-th component of 7,7* ® 7.
Similarly, by orthogonality relations, the integral is non-zero only if A; = A. Hence, it is
enough to consider the restricted Clebsch-Gordan decomposition to the Ag-th irrep, and
the following holds:

B = Y Mg > [ do(0 () [N RN [Aulo) Mo, No)

X preaT(M) NeGT(rm)
(10.88)
1 M My Mo M,
s Z C No o Z Z CnnON NN, (10.89)
k MeGT(\) NeQT(rm) My,Ma,M3€GT(\y)
< [ dg (01 (o) 11} (082 | \g) [ M) (10.90)

1
=, 00, M3 00y, My

:isi >oolex s P > > lovsP (10.91)

. S, MEGT(\y) NeGT(r) M1 €GT(\y)

_ 2

= Y v P (10.92)
MeGT(\)

In the second step, we expanded |N, N), |Ng, No) in the coupled basis, and restricted the
decompositions to the Ag-th components. In the third step, we used Schur’s orthogonality
relations to compute the integral, and in the final step we used the definition of the frame
operator, and in particular the result in Theorem 41. O

In general, finding explicit expressions for the second moment E| ff] is more involved
and the following technical result is necessary:

Lemma 47. Let A\, be a Young diagram as in Eq. (10.30) labeling an irrep of SU(m), m > 3.
Then,

k 2k
mex=@Pa"Ve @ N Ver, (10.93)
=0 I=k+1

where \g = 1, A\ = Ad, )\S-i) denotes the i-th copy of Aj in /\?2, and L is a suitable direct
sum of irreps which are not of the form A\ for any I € N.
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Specifically, all irreps A; in )\%2 are computed by identifying all admissible ways of
combining two copies of A\ to a fixed shape using Littlewood-Richardson’ rules. This result
is proved in Appendix B.3.

Hence, we derive an explicit expression for E| ffk] using Eq. (2.10):

Theorem 48. For a PNR measurement setting, p = |no){no| as input state, and an irrep
A of wyt, the following holds:

|
E[f},] = (-7 Y ()P MgV, No), (10.94)
Ak NeGT(r1v)

where gi(N, Ny) is a function of Clebsch-Gordan coefficients of the representations 1)/ @ 7"
and )\%2 given by

i RS M M’ R L L' ~R _~Rr ~R7r

k(N, No) = a Z Z CNO NOCNO NOCNO NOCN NCN NCN NCM M’CL r
=0 Lr=1 M,M'eGT(\g)
L,L’€GT(\g)
R,R'eGT(N)

(10.95)
where my is the multiplicity of \; in A%Q as in Lemma 47 and dy, = dim A;.

Proof. For any irrep A\ € w,', and by relabeling the second entries as basis elements of the
dual irrep 7%, the second moment can be expressed as follows:

1 m m
E[f3]) = /dg (no, o | Py, (7" @ 70 (9) T In,m)*(n, m |7 @ 77 (g) | o, mo)
Ak neHm
1
=2 /dg (No, No | Py, (" @ 7 (9) V[N, N)2(N, N | 777" @ 72" (9)| No, No)
S NeGT(r)

= D0 0O g Nl P 70 |
"\ NeGT(rm)

x (N, N |7" ® 7" (9)| No, No)

1
— ST(_I)sO(No) Z (—1)9”(N)gk(N, No),
Ak NeGT(r)

(10.96)

where
ge(N, No) = / dg (No, No| Pr, (v @ 7)(9) | N, N)2(N, N |z @ 72" (g) | No, No) . (10.97)

By Lemmas 43 and 45, we obtain
_ M M’ L L J J’
ng(N’ NO) - Z CN07NOCN07N0 Z CN NCNN Z Z CNJVCNOJVO
M,M'eGT(A\g) L,.L'€GT(\g) §=0 J,J’€GT(\

x / dg (M, M’ | \e(g) 2 (L, L) (T | A (9) | ')

=J
(10.98)
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We compute the integral with Schur’s orthogonality relations. Specifically, this requires the
irrep decomposition of )\%2: By Lemma 47, we have

2k
(M, M | M\(9) | L, L) = (M, M' | N (9)"| L, L), (10.99)
=0
where m; € {0,1,...,k} is the multiplicity of \; in )\%2 worked out in Lemma 47. Then,

consider the following Clebsch-Gordan decompositions:

2k my Qk mp
Ryr; R
MLMY=D > D, OaiplRrd. ILLV=3> > >, CpplR.m).
i=0 r;=1 ReGT(\;) h=07,=1 R'eGT(\p)

(10.100)

)\®2, respectively. By

where r;, 7, denote the r;-th and rj,-th copies of A; and A in
orthogonality of irreps, it follows

2k my

(MM (o)LL) =33 > OO (R N ()T [ R, 7). (10.101)
1=0 r=1 R,R"eGT(\,)

By Schur’s orthogonality relations, this implies that the only non trivial contributions in
I are associated with irreps A; which appears in the intersection of the sets of irreps of
T @7 and A\ @ A, 1.e. j =1 provided that A\; appears in both decomposition. More
specifically,

2k my

1=3°% S el [dg R N0 IR A 9)17)

1=0 r=1 R,R'eGT()\;)

-Zal,jz DR ent / dg (R,r |\ (9)T R, ) (J [M(9)]T")  (10.102)

r=1 R,R"€GT()\;)
— - . R,T‘
C Ly, O Z Z CM,M'CL L/‘SR JORg
r=1 R,R'€GT(N\)
Therefore, we have

n
_ M M’ L L J J’
gr(N, No) = Z CNo.No O o, Mo Z CnnCOnn Z Z CN,8CNo, Mo
M M’eGT(Ak) L,L'eGT(A\g) J=0 J,J’€GT();)

Z %Z Yo O CT RO

r=1 R,R'€GT(\))

min(n,2k)
M M’ L L
Z dA Z Z CNo NOCNO,NO Z CN,NCNJV
I= Vr=1 M,M’'eGT(\) L,L’eGT(\g)
R R’ R,r R r
X Z CNO NOCNNCMM’CLL’7
R,R'€GT()\))

(10.103)
from which the assertion follows. O
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10.5.7 A worked out example

In the case of 2 modes systems, Clebsch-Gordan coefficients reduce to the usual ones, and
the analysis of the filter function and its moments drastically simplifies. In this section, we
show explicit expressions for such a case, which will highlight some technicalities implicit
in the general case of SU(m).

In the SU(2) case, it is convenient to switch from the bosonic realization of the SU(2)
algebra to its spin realization, where Clebsch-Gordan coefficients are naturally introduced.
This task is accomplished by the Jordan-Schwinger map [261|: For given annihilation
operators a1, as acting on a 2 mode system and satisfying the CCRs, the Jordan-Schwinger
map is such that

1 1 1
Jp = B < ;al + aJ{CLQ) , Joi= B <a£a1 — aJ{a2> ,  J3= 5 (a];al - a£a2> , (10.104)

where [J;, J;] = i€, Jg, € is the Levi-Civita’s pseudo-tensor, and

J2:J12+J22+J32:g(g+1) . nm=ni+ng, m=ada. (10.105)

This implies the normalized states |n1,n2) correspond to the eigenstates |jm) of J2 and Js,
with the identification |78, 79]

n=j+m, ng=j—m, (10.106)

hence, in this section, we will consider an input state p = [jm)(jm/| and the Fock state
POVM becomes {|j'm')(j'm'|}, where j' € %N and m' = —j',...,j'. A spin state |[jm)
and its dual are identified by the GT patterns

<2j . 0) , <2j . 0) , (10.107)
7+m ] —m

respectively, which implies the following relation:
jm) = (=1)"""|j —m). (10.108)
Moreover, given any irrep Ay of SU(2), the following relations hold:

1

J
Py= > |[JM){JM]|, 9= 97T

M=—J

(10.109)

In particular, the expression for s; follows from Eq. (10.55), the fact that the inner
multiplicities of SU(2) basis vectors are 1 (or, equivalently, each weight is uniquely associated
with a unique weight vector).

In this case, with the identification |z1,z2) — |j ), Eq. (10.63) becomes

(—)Z eIt O (T0 A (g)T1I0), (10.110)

gm,j—m=jl,j—l

fJ<l7g) -

2J+1
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or, equivalently, it can be expressed as (Cf. Eq. (10.75))

(=1)%—m J
fJ(l,g) = 711 Cj']rg,jfm Z ( ) C]J,?L G—m’ <jm7j —-m |( R T )(g)”x1,x2>
m'==j
(- -
= 5777 Cimim Z 'CI0, N, wa [72(g) | )

1 (=¥ Jo 2
2J—|—1 1'1'51}2 ]m,] m Z /'7’L ij = m‘Per( n nb), (xl,xg))| ’

(10.111)
where we set [jm’) = |n),n}) by the inverse Jordan-Schwinger map.

The second moment expression also simplifies significantly. First, notice that, for a
given representation Ay ® Ay, each A, with K € {0,...,2J}, is multiplicity free as all such
irreps are clearly maximally symmetric. This implies the decomposition of )\?2 is formally
the same as the one of 72 ® 72, i.e.

(IO - =1& ® - L]~ (10.112)

N—— S~—— ~——
K K 2K

and the second moment expression of Theorem 48 simplifies to

7 2min(J,j)

1
E[fﬁZg(—l)QJICJO,] ml? D OGP Y

l=—j K=0

1 KO 2
2K+1le7] lO]m,g m|CJ0 JO| .

(10.113)



Chapter 11

Open problems in bosonic RB

The passive RB protocol introduced in Chapter 10 allows for SPAM robust characterization
of passive Gaussian unitaries using very few samples. However, passive RB relies on the
preparation of Fock states and measurements to isolate particle loss rates. Fock states, in
particular, are often subjected to (partial) distinguishability [267-272]: Imperfections in
state preparation, for instance, the individual particles may have different polarizations,
can make the bosons distinguishable. In this regime, the system is no longer described
by the standard bosonic Hilbert space, and further modeling is required to capture the
correct behaviour. Another challenge of passive RB is the computational effort in post-
processing that restricts concrete applications to a moderate number of modes. While
the computation of Clebsch-Gordan coefficients still offers room for optimization, the
computation of permanents ultimately constitutes the main bottleneck towards scalability.

In this chapter, we collect first results and outline future directions aimed at extending
passive RB towards relevant noise models and alternative, more practical, implementations
of bosonic RB. In Section 11.1, we briefly review how the decay rates can be used to
obtain information about relevant quantum channels. A particularly notable approach is
the reconstruction of tomographic information of a fixed quantum channel using RB data
[220, 273, 274]. In Section 11.2, we present a first analysis of the passive RB signal in the
presence of distinguishability. We derive expressions for the SPAM component of the signal
when the input state consists of (partially) distinguishable bosons. These expressions can
be used to benchmark the implementation of input states. Further, we discuss preliminary
results using Gaussian measurements, appearing in [53|, and present first steps towards
passive RB using coherent states and PNR measurements.

11.1 Interpretation of decay rates

In Chapter 10, we discussed how one can extract decay parameters to benchmark the
implementation of bosonic passive transformations. Besides particle loss, the interpretation
of such parameters requires further assumptions on the noise model. Interestingly, a noise
model may behave differently in different irreducible subspaces, see e.g. [275] for a discussion
on leakage in a trapped-ion platform. As this is a transversal topic throughout the RB
literature, in this section, we provide a brief overview in the general setting.

Beyond gate-set properties, RB techniques can be adapted to estimate the quality of the
implementation of a specific gate. Let G be a compact group, w a reference representation

134
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and ¢ the corresponding implementation map. A common variant is interleaved RB
[205, 212], where an estimate of the quality of the implementation of a target gate g; is
obtained in a SPAM-robust way (we can assume for simplicity ¢g; € G here). This is realized
by inserting g; after every random gate in the RB sequence. Formally, the output data
assumes the following form:

/G dgi ... dgi(Ey |¢(giny)$(9t)d(1) - - - D(g0)$(91)|5) , (11.1)

where giny = (g9 -..9:91) ! and ¢ is a given implementation function. Concretely, the
implementation of g; is benchmarked in a two-step procedure by first benchmarking the
average gate fidelity of the implementation of G, and then implementing the interleaved
sequence to obtain an estimate of the average gate fidelity of g;. In the gate-independent
scenario, this idea can be extended to obtain a tomographic reconstruction of a fixed
quantum channel from average gate fidelities estimated via RB [273, 274]. However, finding
rigorous guarantees is challenging, as this approach features steep exponential decays,
which translates mathematically in the fact that the implementation map is not closed to a
reference representation, see [49, Sec. VI.C]|.

An alternative approach put ideas from shadow estimation and RB together in a unified
framework [220]: The samples collected from an RB experiment are post-processed into
suitable correlation functions where a fixed superoperator is interleaved in post-processing.
Formally, for an input state p, POVM element E,, reference representation w and a
superoperator C, one defines

fer(@,g1,...,91) = SlA(p | Pxw(g) Cw(gi—1)TC...Cw(g)| Ey), (11.2)

where A is an irrep in w. Here, the superoperator C encodes some features of the gate set
that can be summarized in the decay parameters of the estimator associated with different
irreps. Then, the post-processing is formally equivalent to filtered RB: By collecting samples
{z0) g J) . ,gl(j)}jeT, one can construct the estimator

FC7/\_ 791 )"'79[0)) (113>

IIM%

of Foa(l) =), fG dgi...dg; foex(x,g1,...,90)p(91-..91 | z,p), where p(g1...q | x,p) is
defined as in Eq. (9.29) (this can be improved using the median-of-means estimator, as

in shadow estimation [220]). Fitting Fq A for different values of [ € N, one can extract
decay rates for each irrep A of G. We remark that, as for the filter functions and the
estimators in shadow protocols, the computation of the correlation functions typically
requires the simulation of the quantum experiment (restricted to the Ath irreducible
subspace). However, in the same spirit as shadow estimation, the same sampled data can
be reused to estimate many properties at once. Specifically, it is possible to reconstruct a
unitary approximation of a quantum channel from average gate fidelities (with respect to
Clifford unitaries) [220, 273, 274]. As in RB approaches, the analysis is significantly more
involved with more complicated noise models. In particular, in the gate-dependent noise
scenario, in principle, a perturbative analysis may shed light on the output under general
gate-dependent, Markovian, time-independent noise. However, finding rigorous guarantees
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on the signal form is still an open problem. In particular, it is unclear how ’strong’ can
the noise be (in the sense of Theorem 35) before the perturbative approach is not viable
anymore. Moreover, this comes at the cost of the interpretability of the decay rates due
to the inherent gauge choice issue that is common to SPAM-robust protocols. Besides
such issues, in the bosonic setting, the derivation of sampling complexity guarantees is
complicated by the structure of its twirling, even in the gate-independent case. How the
noise affects the different irreducible subspaces is still an open question.

11.2 Distinguishable particles in bosonic RB

Indistinguishability, and therefore symmetry under particle exchange, is the defining property
of bosons. This has immediate consequences in quantum computation, as for, instance,
hardness of boson sampling is a direct consequence of indistinguishability, while it can be
efficiently simulated in the regime of distinguishable particles [270, 276, 277]. Intuitively,
distinguishability carries over the “which-path information” of otherwise identical particles,
effectively destroying quantum interference and leading to deviations in the output statistics
[278]. In the case of two particles interfering on a beam-splitter, their indistinguishability
is completely characterized by the Hong-Ou-Mandel experiment, which reflects on the
architecture of photonic quantum computers [160], while for larger systems lead to more
complicated behaviour, where the particles may be partially distinguishable by a restricted
set of internal degrees of freedom.

As in Chapter 10, we consider a finite-dimensional bosonic system of n particles
distributed across m modes. By construction, the associated Hilbert space is maximally
symmetric under permutations over the modes. This implies that the action of a passive
Gaussian unitary g € SU(m) on such space is described by the maximally symmetric
irrep 7, defined in Section 10.5.2. In the ideal case, the reference representation is
Wi = (it = 7@ em = @1\, where the irrep decomposition follows from
the Clebsch-Gordan decomposition discussed in Section 10.5.3. In this setting, we model
distinguishability between the modes of H)* by introducing additional modes, corresponding
to internal degrees of freedom. These may represent, for instance, the polarization of the
bosons, temporal modes induced by different emission times, or differences in central
frequency. In the extreme scenario, all n bosons are completely distinguishable. In this case,
the number of internal degrees of freedom (or ‘label’) is exactly n, so that each boson can be
correlated to a unique label. Consequently, the system is described by m x n modes (or, in
general, m x t modes for partial ¢-distinguishability), and the corresponding Hilbert space
is a subspace of H™" (respectively, H™). In principle, the internal degrees of freedom are
not relevant for the description of experiments using passive unitaries and PNR, detectors,
namely, they remain unchanged and unobserved in such experiments. However, if particles
are (partially) distinguishable, by tracing out the internal degrees of freedom, one can
observe decoherence in the system [279].

We model distinguishable particles by considering passive unitaries that mix the internal
modes as follows: In a partially distinguishable system, let ¢ be the additional modes
modeling internal degrees of freedom (in the general case, ¢ = n). The internal modes are
initialized in the vacuum state. Without loss of generality, if p = |ng)(ng| with ng; =1 for
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each i =1,...,m, we have

no,i —> no,; = (no,i,O,...,O) (11.4)
——
t—1 times
and the input state in this enlarged Hilbert space is p = ®!”,|n9)(n0,|. Then, we include

the action of a passive transformation V' on the internal modes so that the (partially
distinguishable) input state we consider is

noi) = Y Vi, (mi)|my) (11.5)

miE'H%i
and set ng = Q) |no,). Hence,

p= Z Vno,l(7n1)|7"1><l1’Vno,1(ll)Jr Q- ® VnO,'rn (mm)|mm><lm|Vno,m (lm)T

t
7n1,l1€?-tnoy1

Mon,lm EHZO m

> Vao (m, ... |m) (Vi (L1, - )T

ml,l1€7-lflo 1

o
mm,lmeHnoym

(11.6)
where ) = @2, |m;) and Vi (my,...,mp) = Vi, (M) @ -+ @ Vg, (M),
We consider a POVM that is able to resolve only the external modes. Hence, the ideal
POVM element |n)(n| with |n) € H]" is such that

n; GH%Z.

It follows that

m
n)(n| = Q| D Inidnid | = D 1. nm)ng.. nm. (11.8)
i=1 \m;eHt, n1€M,,

nmEHflm

We can now consider a passive RB experiment where we assume the input state is
partially distinguishable. In this preliminary analysis, it is enough to consider distinguisha-
bility as an effect of imperfect preparation of the input state, as it typically arises from
single photons generated by different sources [280-282|. Hence, to analyze the contribution
of distinguishability, it is enough to compute how the SPAM constants are thereby affected.
These amount to the overlap of p with a fixed irrep A\g. Specifically, we consider the scenario
where the probability distribution is determined by the action of w™® = &, while the
filtering in the post-processing is performed using the same filter function as in Chapter 10.

In this setting, the SPAM constants are given by
Tr(Ax) = (p|Pr S~ 0OW](M)15), (11.9)

where p is the ideal input state and p is the corresponding partially distinguishable state, W
is the Fourier transform of the representation @ and M = )", |En)(E5| is the measurement
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channel determined by the PNR (distinguishable) measurement that projects onto the ideal,
indistinguishable, Fock state |n). Then, by vectorizing with respect to the Fock basis,

Te(Ay,) = / dg Y (momo| Pyw(o) Inm) S Ve, Ve, Y0

neHy m1,l1€7—ln0 L me?{gl
Ml €Y, nmEHL,
XNy Ny, M Ny |O(g) [y o, L L)
(11.10)

(note that we are using the general language of filtered RB that includes non-trivial
multiplicities. This is due to the structure of @).

By unfolding Eq. (11.10) and setting w)* = w, the SPAM constants are determined by
the integrals

1,2“5/( )dg<n07ng|P,\kw(g)T]n,n)<n1...nm,nl...nm|d)(g)|m1...mm,ll...lm>
U(m

:/( )dg<n0,n0|Ak(g)fyn,n><n1...nm,nl...nm|w(g)®tym1...mm,zl...lm>,
U(m

(11.11)

where the ith copy of w acts on the ith internal modes, i.e., setting ]ngi), e ,nﬁ?) = [n®)

(1) (t)

where ng = (ng’,...,ng’), we have

(N1 A [w(9)® M m 1y L) = [ (0 0 [w(g) [m @10y

(11.12)
To this end, we need the decomposition of w®? that can be inferred from multiple iterations
of Proposition 50. In this setting, we obtain that I ,gt) is a linear combination of Clebsch-
Gordan coefficients associated with the relevant irrep decompositions (of w and w™®"). We
motivate this fact by analyzing the reference representation in the case t = 2, i.e., 2 internal
degrees of freedom may be assigned to the particles. In this case, the relevant reference

representation is

n
=P e, (11.13)
k=0
that admits the decomposition ) A" @ R, where m, is the multiplicity of A, and R is
the direct sum of irreps that are not associated with Young diagrams of shape. Specifically,

we can prove this result by generalizing the proof of Lemma 47 to the case of different pairs
A and A;:

Lemma 49. Let \; be a Young diagram as in Eq. (10.30) labeling an irrep of SU(m), m > 3.
Then, for each k,1 > 0,

min{k,l} k+1
_ (5+1) (k+1—j+1)
Ae ® N\ = @ N ® o @B AL @R, (11.14)
j=min{k,l}+1

where \p = 1, \1 = Ad, /\§-i) denotes the i-th copy of A\j in A\, ® A, and R is a suitable
direct sum of irreps which are not of the form A for anyl € N,
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The proof follows from an analysis of the possible Young diagrams obtained by applying
Littlewood-Richardson’ rules and is discussed in Appendix B.5. Then, the following
decomposition follows immediately:

Proposition 50. For any m > 3 and n € N, w™®? decomposes as
n min{k,l} ( | k+1 ( )
®2 _ j+1 kl—j+1
=P | D NLe B NG| er. (11.15)
k,1=0 j=0 j=min{k,l}+1

Note that the multiplicities do not depend on the number of modes provided that m > 3.
An explicit expression of the SPAM constants is provided in Appendix B.6 for the case
t=2.

In principle, the contribution of distinguishability in state-preparation can be estimated
by computing the SPAM error contributions in the distinguishable and indistinguishable
settings (the latter being computed in Section 10.5.6, as the SPAM constant corresponds
to the expected value of the filter function). However, we note that this approach is
limited in practice by the sheer amount of Clebsch-Gordan coefficients associated with
the high-dimensional representations appearing in the decomposition of w,w®!, as well as
by their multiplicities. This is already apparent from the decomposition of w®?, c.f. the
dimension formula Proposition 39. In fact, the generalization of Proposition 50 to more
than 2 internal degrees of freedom is straightforward by virtue of Lemma 49. In principle,
only the first n irreps of the form Ay contribute to the SPAM constant since, following the
post-processing procedure of passive RB, we filter the experimental data with respect to
the irreps appearing in w. Nevertheless, the post-processing is complicated by the further
multiplicities arising in w®!, which lead to additional non-trivial overlaps while filtering. A
more detailed analysis of this scenario is left to future work.

11.3 Passive RB with heterodyne measurement

The technical results shown in this section are adapted from [53, App. EJ. Only formatting
and structural modifications have been made.

Throughout this section, we will use the usual multi-index notation [283, Sec. 9.1]: For
elements ni,ny € H,*, n1 + na denotes the component-wise sum. The multi-index factorial
of n € H" is defined as n! :=ny!...ny!. Also, for a given a € C™, we consider the power
a™ = aj'...a, and we set |aff = ol + .-+ af, for p > 1. With this notation, the
multi-mode coherent state |a) can be expanded as

o) = e7lel®/2 3 ;‘i‘m. (11.16)

TLEFm n:

Lastly, we recall the identification between Fock states and GT patterns: we will write
|n;) = |N;), meaning that N; = N;(n;).

Although Gaussian experiments involving Gaussian states and measurements lead to
technical challenges in the benchmarking of passive unitaries related to the dimension of the
bosonic Fock state, ‘partial’ settings using either Gaussian states or Gaussian measurements
may be considered. In this section and the following one, we provide first results in this
direction.
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We consider a filtered RB experiment with (balanced) heterodyne measurements, de-
scribed by the POVM {E, = |a){a|}aecm}, where |a) is a m-mode coherent state.
Specifically, we consider an experiment where we prepare a Fock input state p = |n)(n|,
apply a sequence of (noisy) passive Gaussian unitaries, and then perform heterodyne
measurements at the end of each mode.

As before, the filter function (9.27) plays a central role and here assumes the following
form: )

f)\k(avg) = X(no,no\P,\kT,T®7",T(g)T\a,a>, (11'17>
k
where p = |ng)(np| is the input state, A is an irrep in 77" ® 77" = 7-{L”(-)7',7T”Jr =: w™ and
a € C™ denotes an m-modes coherent state.

The coherent state POVM {|a)(a|}aeccm is informationally complete [284|, which
implies sy, # 0 for any A\ € @) [50]. Then, we can compute the filter function as in
Eq. (10.63):

Theorem 51 (Restatement of Theorem 36 - heterodyne version). Let p = |ng)(no| be
a m modes state and let {|a){a|}aecm be the coherent state POVM. Let A\ an irrep of
@7 as in Eq. (10.30). Then, the filter function (10.9) is given by

(—1)#(No)

Sooood o Y (1PN Llladlmm(g)nh)?,
MEeGT (M) N'eGT(ri7)

f)\k(avg) = P

(11.18)
where |n') = |N').

Proof. The proof is analogous to the PNR case. By a slight generalization of Lemma 43 to
include coherent state measurements, we have

1
(e g) = X<no,no [Py @ 70 (9) e, @) (11.19)
k
1 _
= ?(—1)“’(%)(1\’07% | Pt @ 7 (9) v, @) (11.20)
Ak
1 m o =m
= 7(*1)‘9(%) Y N M e 9 e, a) (11.21)
Ak MeGT(\x)
1 N7 m =-m
= 57(71)('0(1\/0) Z C]]\\?(),No Z C]A\;[l’N2<N17N2 |Tn ® Ty, (g)T|a7a>
Ak MeGT (M) N1,N2€GT(rm)
(11.22)
1
= T(_W(NO) > N s (11.23)
A MeGT ()
X Yoo (=PRI (N Ny | @ i (g) e ) (11.24)
N1,NoeGT (/)
1
= S—(—l)“"(N°> > s (11.25)
Ak MeGT(\y)
xS (CEEN (NN 7 @ (g) | ). (11.26)

N1eGT(m])
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In Eq. (11.20), we used the identification with GT patterns and introduced the phases
described in Eq. (3.25). In Eq. (11.21), we projected |Ng, Np) onto Ak, c.f. Eq. (10.52). In
Eq. (11.22), we applied the Clebsch-Gordan decomposition

M)= > O g INi N2 (11.27)
N1,NoeGT(r)

In Eq. (11.23), we used again Eq. (3.25), and in Eq. (11.25) we used selection rules for
Clebsch-Gordan coefficients, since N1, No € GT(7,7"). By the identification |n1) = |Ny), we
have

(N1, N1 @ 7 (9) e, @) = [(n [ 777 (g) [ @) 2, (11.28)

and the assertion is proved. O

We remark that an expression analogous to Eq. (10.75) as a weighted sum of matrix
coefficients of A\ can be worked out by considering the expansion of |a) in the Fock basis.

Similarly, explicit expressions for the first two moments of probability of the filter
function (10.9) in the case of heterodyne measurements with respect to the ideal probability
distribution is p(alg) = (a|w*(g9)(p)|a), o € C™ can be computed. In particular, the
ideal second moment will provide an upper bound to the sampling complexity of the
protocol, Cf. Section 10.3. As in Section 10.5.6, the proofs rely on the application of Schur’s
orthogonality relations (2.10). While the general functional form is similar to the PNR
setting, the expressions are complicated by the decomposition of coherent states in the
Fock basis. We refer to Lemma 63 and Theorem 64 for explicit statements and proofs.

From Eq. (11.18), we observe that the overlap between |a) and |n') can be easily
computed. Hence, the filter function can be computed more efficiently for representations
of moderate size. Moreover, heterodyne measurements are more easily experimentally
accessible compared to PNR detectors. However, isolating loss contributions is more
subtle. In fact, while this is straightforward in the PNR setting, coherent states have non-
trivial overlaps with all Fock basis states, and further analysis is required with heterodyne
measurements.

11.4 Passive RB with coherent states

Heterodyne measurements can reduce the experimental effort in passive RB, but, at the
same time, introduce further challenges in the estimation of average particle loss rates
and distinguishability due to the experimental setup with Fock input states. A natural,
alternative approach considers coherent states instead, which can be implemented reliably
in experiments. For this RB experiment, we consider a coherent input state that goes
through a sequence of (noisy) passive unitaries. At the end of the sequence, we resolve the
total number of particles in each mode.

Formally, let p = |a){al, let w™ = 7™ ()72 be the usual reference representation
on L(#H]") and let us consider the Fock states POVM {|n)(n|}nenm. The latter POVM
implies that the eigenvalues of the frame operator are again given by

-1
m—1 k—+m 2> , (11.20)

1
= — P - @@
= g St Byl = 5 (1
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c.f. Section 10.3. This simplifies the computation of the filter function compared to the
heterodyne setting, c.f. Theorem 51. In particular, using the fact that the projector Py
onto the Ath irrep of w = W™ = 7"(-)1p," I commutes with w, following the same steps as in
the proof of Theorem 51, we have

1

(. g) = ;(—1)%0(N><a, a|t™ @7 g) Py, |N,N)
k
1
= — (="M N Y gl aln @ 7t (g)T M)
Sk MeGT ()
1 _
= 87(—1)w(N) Z Cy Z Cy oy, (o a |t ® 7 (9)" [ N1, Na)
A MeGT(\) N1,N2€GT(rm)
1
= 87(_1)e0(N) Z C%,N Z (_1)Q(N1)CJAV{,N1
Ak MeGT(\y) N1 €GT(rm)
x (e, a | @ 77 (g) [ N1, V1)
1
= ;(_Dsﬂ(N) Z C]]:f/[,]\_f Z (_1)¢(N1)C]1\V417N1|<a ]T(g)]n1>|2.
k

MeGT(\g) N1 eGT(rm)
(11.30)
We outline first considerations for analyzing particle loss in this experimental setup.
Recall that the photon-number distribution of a coherent state |a) is given by

af?

(ee|n)[? = e~loF (11.31)

n!
We remark that the number of photons in each mode is independently Poisson distributed
with mean value |ozj|2. For simplicity, we say that the distribution of photons around
the average ||a||3 = n is described by the latter Poisson distribution. We also recall
that the action of passive Gaussian unitaries maps coherent states to coherent states.
In particular, let |a) = D(cx)|0) be a coherent state, where D(at) := ¢ " ~&"a j5 the
multimode displacement operator introduced in Section 10.1 and a = (ai,...,an) is
the vector of annihilation operators. A passive transformation g € U(m) is such that
™ (g)tar™(g9) = g-a, where 7: U(m) — U(F,,) is the representation of g on the bosonic
Fock space. Then, we have 7"(g)|a) = |g - @) = |@/) and, by unitarity, ||a’||3 = ||||3.

In the lossless case, the average number of particles detected is distributed with confi-
dence level 1 — ¢ around |c||3 according to the quantile function with n degrees of freedom.
Let us now consider lossy gates and let p be the probability of not losing a particle. After [
gates, the probability of preserving the particle number is p™, ignoring SPAM contributions,
and the output distribution |(a’|ng)|?, where o’ denotes the amplitude of the coherent
state after evolution (assuming only Gaussian processes) is centered around
n = (R). (11.32)

l'|[3 = p™
By a suitable definition of confidence intervals around the (input) mean, the output statistics
can highlight photon loss events (assuming that contributions from particle gain, such as,
for instance, thermal light, are negligible).

Moreover, by the Clebsch-Gordan decompositions of 77*(-) 7" T, we can compute the first
two moments associated with the filter function with coherent states and PNR measurements,
assuming that the reference representation is w)* == 77" (- )1y, .
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Theorem 52 (First moment). Let p = |a)(a| be a m modes state and let {|n){n|}npenm
be the Fock state POVM. Let A\, an trrep of 7,7 @ 7,"*. Then,

-~ 2
E[fy,] = e 2] Z 1)P(N2)+e(Na) Z NN N3 - (11.33)

ng,...,m

Proof. By the general theory of filtered RB, we have E[fy,] = (p| Py, |p). Hence,

E[f)\k] = (a,a\P)\kla,oO

—er 3 @

a™ +n2 a™3 +ny

ni'ng!ns!lng!

anitne onstng

——— =(n1, 2 | Py [n3, ma)
1.n2.n3.n4.

ni,...,n.
n1+n2 n3+ng
— 72|a|2 Z (81 1)¢(N2)+50(N4) <N17N2 |P)\ ‘N37N4> (1134)
nllnglng!n4. k
ni,...,Mn
’n1+n2 n3+ng
— o2 Z @ o(N2)+¢(Ny) Z
e ni!ns!ng!ing! Ni,N2 N3 Ny
O

Lastly, one can show that the same analysis of the third moment as in Theorem 48
leads to the following result:

Theorem 53. For a PNR measurement setting, p = |a)(c| as input state, and an irrep
Mg of wi, the following holds:

—3|a)? QTN g ns+ne

E[f}) =" —_
g SAk 2\/: Nl,z;zv6

M M M, Mo L1,7‘ Ly L27 Lo
x ZZ Z Z Z C C CN1 NQCN3,N4CM1,M2ON NCM MCN5,N6

Al T MML17L2 My, M2 Al

1)%0(N2)+90(N4)+<P(N6)

(11.35)

We note that passive RB with coherent states is suited for experimental realizations
in the context of, for instance, Gaussian boson sampling. In particular, its appeal lies in
the less demanding experimental requirements and more efficient post-processing scheme
compared to the scheme discussed in Chapter 10. However, so far, we assumed that we filter
on the irreps associated with a specific particle-number subspace. In general, a coherent
state is supported on all Fock subspaces, and the concrete implementation is complicated
by the onion-like structure of the irreducible subspaces over different particle subspaces
under the action of the reference representation In particular, the reference representation
acts on coherent states as 7" = @, 7", and an irrep \j, appears exactly once in each
subspace associated with n > k particles. As a result, a naive filtering onto a fixed \; may
cause oscillations in the outcome signal induced by effective multiplicities across different
particle subspaces. One possible solution comes from the observation that the structure
of the bosonic Fock space induces a natural decomposition of the \;yth isotype, and the
measurement setting is effectively projecting the signal onto a number subspace. This
comes at the cost of an increase in the sampling complexity. Determining the number of
samples needed to isolate individual irrep contributions with high probability remains an
open problem.



Conclusions

Randomized measurements are a fundamental tool for near-term quantum computing,
finding applications in estimation tasks, many-body quantum systems, and machine learning.
Notably, shadow estimation and randomized benchmarking stand out as experimentally-
accessible frameworks that leverage randomized measurements for efficient estimation
of quantum features and SPAM-robust characterization of quantum processes. In their
simplest form, these protocols often assume access to Haar random unitaries or, equivalently,
unitary (group) designs. However, extending these ideas to physical platforms, for instance,
photonic quantum computers, requires additional care. In these cases, the moment operator
arising from random unitaries may not coincide with the one obtained from uniform twirling
in the discrete settings due to the additional physical constraints on the Hilbert space.

In this thesis, we contributed to generalizations of shadow estimation and RB that go
beyond group designs and, more concretely, the standard setting of random Clifford unitaries.
In Chapter 6, we discussed explicit expressions and guarantees for shadow estimation with
short random quantum circuits: We derived closed-form analytic expressions for the frame
operator (and its inverse) associated with one round of a brickwork circuit. In particular,
these can be used to calculate the classical shadow and the corresponding linear estimators.
This allowed us, in contrast to numeric approaches, to explicitly work out the sample
complexity of Pauli estimation, giving rise to a simple criterion to identify regimes with a
scaling advantage over shadow estimation with local Clifford unitaries. Our results provide
clear evidence for the potential of using short circuits in well-defined regimes, while also
motivating the need for careful comparison in specific applications. Finally, we observed
that the recurrence relations can be adapted to more general random quantum circuits: The
generalization of our construction to arbitrary local dimensions leads to first steps towards
an analytical characterization of the corresponding frame operators. Then, in Chapter 7,
we turned to extensions of classical shadows to fermionic systems. Standard approaches
to randomization use either matchgate unitaries [96] for efficient implementations [136] or
fermionic passive transformations [142]. Motivated by common symmetries in quantum
chemistry and many-body systems, one could instead consider spin-preserving fermionic
(passive) Gaussian unitaries. Notably, when the total spin-squared operator S? is conserved,
non-trivial multiplicities arise from the relevant representations. This complicates the
classical inversion of the frame operator, as, in particular, it requires the choice of an
orthonormal basis within each isotypic component. A natural candidate is the Clebsch-
Gordan basis. While analytic expressions exist for certain families of Clebsch-Gordan
coefficients of SU(m), no such closed-form formulae appear to be available for the relevant
irreps in the spin-adapted setting. To the best of our knowledge, the required coefficients
must therefore be obtained numerically, complicating the classical post-processing phase.

144
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Our next major contribution lies within the randomized benchmarking framework,
discussed in Part III. We introduced passive RB, the first SPAM-robust protocol for the
characterization of bosonic passive transformations. While a naive adaptation of discrete
RB to this setting would result in complicated signals, we combined techniques from filtered
RB with careful choices of initial state and measurement to propose an experimental
setting in which a meaningful benchmark is possible. By using collision-free n-particle
states as input and PNR measurements, we effectively restricted the dynamics to a finite-
dimensional setting in which the RB signal consists of (n 4 1) decays that can be isolated
with filtering techniques by projecting onto the relevant invariant subspaces. We showed that
estimating a constant number of these decays suffices to produce a meaningful benchmark
for passive transformations on n particles, and the same procedure can be used to estimate
particle loss rates. In addition, by computing the relevant variances, we observed that
the sampling complexity of passive RB scales very mildly with the number of modes,
hinting that meaningful experiments are possible with a small number of samples. The
primary bottleneck is the computation of the filter functions, which requires the calculation
of Clebsch-Gordan coefficients and the simulation of boson sampling experiments. We
expect this is feasible for a moderate and experimentally interesting number of particles, in
analogy with the simulation of random circuit sampling in discrete systems, by speeding
up the computation of Clebsch-Gordan coefficients using symmetries [285|, and reducing
the permanents to the relevant irreps. Ultimately, however, the scaling is limited by the
computation of permanents in post-processing. This limitation is not a proof artifact,
as it is intrinsic to the experimental setting, much like the classical hardness of random
circuit sampling [229]. We also discussed an extension of the mathematical framework of
passive RB to incorporate (partially) distinguishable bosons, which primarily arises from
imperfections in state preparation. Lastly, we outlined preliminary results that address
the post-processing bottleneck of passive RB. We considered experimentally convenient
setups that replace either the input state or the measurement with Gaussian resources,
and provided initial results by computing the first two moments of the associated filter
functions. In the setting with coherent input states, distinguishability effects from state
preparation become negligible. However, the analysis of lossy processes becomes more
subtle because coherent states do not have a fixed particle number. In fact, the nested
irrep structure across different particle-number subspaces may induce multiplicities in the
filtered RB signals. The analysis of a post-processing strategy that resolves these effects
remains an open direction for future work.
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Appendices
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Appendix A

Additional calculations for shadow
estimation with brickwork circuits

A.1 Another take on the variance bound

In this section, we provide an alternative proof of the bound in Eq. (6.5) in the case of
BW circuits with periodic boundary conditions that relies on the 3-design property of the
multiqubits Clifford group. In particular, it is based on the following result:

Lemma 54. Letn € N and let d = 2™ be the dimension of a n-qubits system. If0 # v € F3",
then

Epect, U (W(0)®* @ W (u)) (UT)®3 = Su0(dF —1p) @1y YueF". (A1)

d?—1

Moreover,
EUECln(Q)U®3 (1?2 &® W(’LL)) (UT)®3 = u,O]ld3 Yu S F22n (A2>

Proof. First, we recall notations for the phase space representation of Clifford operators,
c.f. Section 3.5.

Let [-,-] : F3" x F3" — Fy be the standard symplectic product over F3". Let ay :
F2" — Z4 be a centre fixing automorphism of the associated Heisenberg-Weyl group, where
g € Sp(2n). One can prove that &, = a4 + [w,], where o, : F3" — Fs is a suitable
function satisfying the compatibility condition ay(0) = 0 [90, Sec. 3.3|. Notice also that
|Cla(2)] = d?[Sp(2n)].

With these notations, the action of U € Cl,(2) on Weyl operators can be written as

UW(U)UT = x([a, v] + ag(v))W(g(v)), (A.3)

where x(v) :=i7v="%* denotes the character of W (v).
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Hence,
Evect, 2 U®? (W( )2 @ W (w) (UT)®?
2 K20l 3 X2 (0) + o)W (9(0) 2 © W (g(u)

‘Cl a€FZn geSp(2n)

- Y x([a,u1>|sp(12n)| S X(ag)W(g()® © W(g(u))

aEIFQ” g€Sp(2n)

®2
gESp 2n)

- W Suo Y, W(w)@W(w)@1l,.
weSp(2n)-v

(A.4)

Going from the third to the fourth line, we used Zaemgn x([a,u]) = d*5,0. In the last step,

we wrote the average over Sp(2n) as an average over the orbit of v under Sp(2n). Notice

that, since v # 0, Sp(2n) acts transitively on F2" \ 0 [90], the average over such orbit can

be rewritten as an average over F%” \ 0. Moreover, recalling that the flip operator has the

following Pauli expansion:
1
== > W(w) @ W(w), (A.5)
weF3"
it holds that

1
T2

Evean, U (W) @ W(u)) (UT)®3 S0 (dF — 1 2) ® 1. (A.6)

If v = 0, the assertion follows trivially from previous considerations. O
We will also need the following calculation:

Lemma 55. Given two copies of a system of 3 qubits, it holds

d+2

TI“3 Pym3 == 6

(1+F). (A.7)

Proof. We prove the latter using tensor network diagrams. First, let us consider the
decomposition Py,3 = % (]l + P2+ Pug) + Peg) + P23 + P(1’3’2)), Py are unitary
operators associated with elements of the permutation group &3, and each a € &3 is
represented in cyclic notation. Then,

| [ (X (oK
XM@%@

=(d+2)(1+F).
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Proposition 56. For any state p, estimate W (v) using BW shadows with periodic boundary
conditions. Then, the variance of the estimator depends only on v € F3", and

Bw(v) < (,15,) (A.8)

Proof. In the following, we will denote by D the cyclic shift operator between Hilbert
spaces as before, so that a random brickwork unitary is given by U = DU, DUy, where
U;, 1 = 1,2, is the tensor product of two-local Haar random unitaries. For a given operator
A € L(C? ® C?), we will also consider the operator acting on three copies of two qubit sites
A(g) =AQ AR Ac L((Cg X (Cg)

According to the shadow estimation protocol, we estimate the expectation value
Tr[W (v)p] of some Pauli observable W(v) by measuring p many times in the compu-
tational basis after having applied U ~ u, where p is a probability measure on the ensemble
of BW operators. Then, a single such sample has a variance U%W (v, p) bounded as

odw(v,p) ZIEUNM 0)|Eiv)*(Eiu|p) — Te[W (v)p]®
<3 Eya, Tr [S—I(W(v))UT EiUr Tr [UT EiUp}

= dEy T [US1]0) (05202 (S (W (0))*? @ p)]

= (v‘g‘ﬂw Eyep TY[U®3UO><0|®3U®3 (W)™ e p)]
1 d

- (2\/5)71 (v|S|v)? sym? (3) (3)
(A9)
where in the last step we applied again Eq. (3.60) and U = DU, DU;. Notice that Piym3
acts on triples of two neighboring qubit sites.
Consider now the expansion in the Pauli basis p = Zuemgn cuW (u), where ¢, =

Eu, Tr [Pl Dy US* (Dl W(0)* @ p Dgy) ) U1 D |

L Tr(W (u)p), and for any w € F3" consider the decomposition
D'W(w)D = W(wa3) ® - @ W(wn1), (A.10)

which agrees with the structure of the second layer of the BW circuit. Then, by Lemma 54,
we have
3
By, U5 (Dg:s)W(U)®2 ® W (u) D(3)> Ut = 6u0 ([X/) | Qi ® 14, (A.11)
i€n/2

from which it follows

1 d
o?(v,p) < co Tr | P22 D ® Qs ®]1d (A.12)
9 —= n S 2 sym5 ’Uz 9
EYERAED 9

where Qj, is defined in Eq. (6.15). Hence, 02(v, p) = 0?(v), since ¢y = 1/d. According to
Lemma 54, this means that each Clifford unitary in the second layer depolarizes any depen-
dency from the corresponding two-qubits Weyl operator appearing in the decomposition of
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p in the Pauli basis; periodic boundary conditions ensure that this applies to each pair of
qubits. Finally, by Lemma 55,

o?(v) < V5 ST Tr | Trs(Pani) D2y Q) Qu D
1€[n/2]
1 1 (A.13)
= Tr|(1+F)®"? Dy (X) Qw D
2n 2 7
(2v/5)20 (v|S]v) @e /2]
1
(v[S|v)’
O

Finally, notice that Lemma 54 does not hold for arbitrary values of the local dimension.
Indeed, in odd dimensions, the flip operator has the Weyl expansion

_ é S W) @ W(-v), (A.14)

vEF2

meaning the operator % Eveygn W (v) ® W(v) admits a nice expression for fields of charac-
teristic 2 only, and the proof of Proposition 56 holds for qubit systems only.

A.2 Tensor networks for Lemma 28 and 29

In this section, we show how t;,ta,t3 (respectively, t1,t2) appearing in Lemma 28 (re-
spectively, Lemma 29) can be written as a system of recurrence relations using tensor
networks.

First, notice that each operator in the traces Eqgs. (6.7) and (6.8) acts on two copies of
2 qubits. That means that each brick is represented by two overlapping copies, see Fig. A.1.
Next, given (the two copies of) a brick, we set for notational purpose

Figure A.1: Each local operator corresponds to two overlapping copies of a brick in the
BW circuit.

:C;b.
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Now notice that each brick is made up of identities and flips, the latter is usually represented

F = >< (A.15)

Finally, tpn(n) and top(n) will be simplified exploiting linearity and separability of bricks.
For this purpose, and to simplify the notation, we rewrite each pair of lines corresponding to
the same qubit as a single one. In particular, if two lines are straight (the identity operator
is applied), we summarize them as a single black line, otherwise as a red line when the flip
operator is applied. For instance, for a brick 1 + F in the first layer of the circuit (here
F =T (9 for simplicity), we have

e [|-f W |+ |

A.2.1 Proof of relations (6.23) and (6.24)

We show how to derive recurrence relations in Lemma 28. First, recall the following
definitions:

ti(n) =T [(1@ (1+Fp) " @ 1) (4Fp) - 1) (A.16)
A -
ta(n) = Tr [(F & (1+F(p)) " @ F) (4F ) — 1) (A.18)
A e
ta(n) == o (10 (1+F) " o F) (4F - ]1)®:/2} (A.20)

ﬁ% é % A
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Finally, for ¢3 a similar calculation yields

(

t1(

Moreover,

t3(n) = %

i

39 -1
e
497
905
] o

= 4F(2)7 :07
—
) —

S
I
[\)
~
+
=
ja)
~
w
—~
S
I
\)
~

T

1
—
1

(Fa=D)| = 60.
| — -/

-
ARg=D|= 2.
| —

A.2.2 Proof of relations (6.27) and (6.28)

Recall that, in this case,

3

2

S

ta(n) = Tr[{F @ (1 + F(p))**/27D |

GRS

N

ti(n) == Tr [{]14 ® (1 + F(Q))®(n/2_1)} {(415‘(2) _ 1)@("/2—1) ® ]14”
{¢

1F - DD @ 1]

)
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(A.22)

(A.23)

(A.24)

(A.25)
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AF . —1 ;!
4@ U

Moreover,

Fla

A.3 Numeric bounds on the variance

For the construction of the classical shadow, the exact expressions stated in Theorem 26
are required. We here derive simpler (and looser) bounds for controlling the variance.
Let us start with the case relevant for partgy (v) = (n/2). Set a == (V41 + 5)1/2/(5\f)

and b = i(v41 — 5)'/2/(5v/2). We have 2 < 1/a < 2.1, {7z < 1.2 and yypp 2 89,
Further, since |b/a| < 1 and assuming n > 2 and n even,
1 1 1 1 1 1
- - < <1.2.-21", A.26
Ypb(n) ar4+b" a1+ (b/a)® T a1 —|b/al? ( )
and analogously
1 11 -
> - >08.2 (A.27)

Ypp(n) — a1+ [b/al> ~

In the same way, we can bound 1/¥,(n). To this end, further set ¢ = 5(25 —
3v/41)/(2v/41) and d = 5(25 + 3+/41)/(21/41). We have, up to adjusting the phase of b,

1 1 1 1

= = — A.28
Yob(n)  ca™+db™  ca™ 1+ (d/c)(b/a) ( )
and, thus, for n > 4 we have
1 1 1 1 1
032" < — < < <06-21"  (A29)

ca™ 1+ (d/e)|b/al* = Eop(n) = ca™1—(d/c)|b/al*

Note that Eq. (A.28) goes to C_ " 2 0.44-2.1" for large n as the second fraction becomes
1 asymptotically. Similarly, s ( ) asymptotically becomes a™". The deviation from this
asymptotic scaling is small already for small n. E.g., the relative error of the asymptotic
approximation is smaller than 10~2 for n > 6. Asymptotically the frame operator elements
for periodic and open boundary Conditions only differ by a constant factor ¢! a 0.44.

Setting I' = W and A = =, a bound of the form 1/3,,(n) < TA™, implies
that the variance is dominated by

UIQBW < H Zob(QZ + 2)—1 < H (FAQ)Aﬂ < (FAZ)\ partBW(v)|A22(partBW(v))’

lepartgyy (v) lepartgyy (v)

(A.30)
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where | partgyw (v)| denotes the length of the tuple partgyy (v), i.e. the number of parts in
the partition, and X(partgw (v)) = 3_i¢| partyy (v) ! = [0] is the cumulative length of all
parts.
Inserting the previous bounds for I" and A (without intermediate rounding), we conclude
that
ol < 2.2/Prtew (V)lg g = Partew (v) (A.31)

When comparing to the variance of LC circuits in the case where partgy = (n/2) or
(n/2 — 1), we are interested in ensuring that TA”™ < 3/5PPLc(®)l This is the case when

jsuppLe(v)] = nlogs A + log, T, (A.32)
which for open and periodic boundary conditions translates to the sufficient condition
|suppr,c(v)| > 0.68n + 0.12 (A.33)

(the constant term for open boundary conditions is actually negative).
More generally, Eq. (A.31) is smaller than 3/suPPLc(®)l if

|suppy,c(v)| > 0.8 partgy (v)| + 1.4X(partgyw (v)) . (A.34)



Appendix B

Additional calculations for bosonic
RB

B.1 Proof of Proposition 39

For convenience, we state again the proposition:
Proposition 57 (restatement of Proposition 39). For any k € N, set dy, = dim \y.
k? ) 9
dy, = (1 — M) (dim H")” . (B.1)
Proof. For any irrep A = (mq, ma, ..., M), the following fact holds: [77]
dmi= ] <1 + m;f_?”) . (B.2)
1<j<j’<m

Let us denote the irrep defined in Eq. (10.30) as A\ = (2k, k, ..., k,0). Hence, notice the
following facts:

e For j=1and 7 =2,...,m — 1 we obtain the contribution H;rf;; (1 + %)

e For j =1 and 7/ = m we obtain the contribution 1 + mQ—]jl

e For 2 < j < j < m—1 all the products are equal to 1.

e For 2 <j <m—1and j' = m we obtain the contribution H;":_Ql (1 + L)

m=j

Using the latter facts, we have

m—1 .m—1
2k +m —1 kE+m—j k+1-1
= B.
Ly m—1 H m—j H -1 (B-3)
7j=2 =2
2%k+m—-1 1 s
= (k+m—j) (k+1-1) (B.4)
m—1((m-2)? =2 g
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ol ((m—12)!)2 <11€(k)m_1>2 (B.5)
_ %Qk;?l— 1 <((Tf;)r_n;)! ’ (B.6)
_ %%(m 1) <%>2 (B.7)
_ (2k+m k21)(m —1) ((Z!?mm_li)! — ?’; - 1>2 (B.8)
_ (2k:+mk21)(m 1) (:1(2_11))2 <k jn”jI 1)2 (B.9)
(2K m;—)(;@_ 1) <k ;ﬂzz 1>2 (B.10)
- (1= e ) Cam g (B.11)

In Eq. (B.4) we factorized the denominators and observed that the factors range between 1
and m — 2. In Eq. (B.5) we introduced the Pochhammer raising factorial symbol, defined as
(a)y =ala+1)...(a+k—1) for a,k € N. In Eq. (B.8) we recognized that, by definition,

(k)m—1 <k+m—2>_((k+m—2)!

m—-21 \ m=1 ) (k=1Dl(m—1)

k
-z (B.12)

Finally, rearranging the terms and by symmetry of the binomial coefficient, the assertion
follows. O

B.2 Proof of Lemma 40

In this section, for convenience, we will say that a box in a Young tableau is a k-box if it is
labeled by k € [m]. Recall that for each N € GT(7)*) we have

=0, Vji=1,...m—1. (B.13)

Lemma 58 (Restatement of Lemma 40). Let A\; be an irrep of SU(m) as in Eq. (10.30)
for any k € N. Then,

k+m_2>. (B.14)

T (0) = ( I

Proof. From the point of view of Young tableaux, we remark that a state with weight 0
implies that in the corresponding Young tableau Th; —where M € GT(\y) satisfies the
latter selection rules— all the entries appear the same number of times. Let SSYT(\x) be
the set of semi-standard Young tableaux of shape A\, and consider the set

SSYTO (\) = {T | T € SSYT(\g) s.t. wl = wh Vi [m—1]}. (B.15)

It follows that vy, (0) = [SSYT©® (\;)] is the inner multiplicity of 0 in Aj. Clearly, v(w) = 1
for each weight w in SU(2), and Eq. (10.54) holds trivially.
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In a similar fashion, counting Young tableaux T), for SU(3) is straightforward: any
Young tableau T € SSYT(O)()\k) contains the labels {1, 2,3} exactly k times, with the 1’s
forced to be placed in the first k boxes of the first row, otherwise T' would not be a legal
tableau. Then, if we consider a starting Young tableau of the form

k k
—— —
111212 (B16>
3|3

all remaining T € SSYT (0)()\1) can be obtained by permuting the last 2-box in the first
row with the first 3-box in the second row. The total number of allowed swaps is k, which
implies vy, (0) =k + 1.

Consider now m > 3. As in the previous case, the 1-boxes are fixed to be placed at the
beginning of the first row. Suppose the m-boxes are all placed in the m — 1-th row, i.e. we
consider

k k
—— —
111112/ --]2
30---] 3
(B.17)
m—1 4 4

As long as the last row is fixed to contain m-boxes only, the total number of such Young
tableaux is (k+7£_3). Then, we only have to count the remaining allowed configurations of
k-boxes. For this purpose, observe that the remaining allowed positions for m-boxes are
only in the first row, and there are k such configurations. Hence, it is enough to count all

possible configurations for each placement of m-boxes in the first row, which is given by
k—1l4+m—2
B.18
("), (B.18)

where [ is the number of free boxes in the first row of the tableau. Therefore, the total
number of such configurations is

zk: (k—=0)+m-—2 _kzi j+m 2 = j+m 2
k—1 N
=1 =0 =0 (B.19)
B k:+m 3
= L ,
where we used Fermat’s identity
- 1
Z<J+a>:<a+z+ ) (B.20)

J=0
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Therefore, by Pascal’s identity, we have

m(O):<k+TZ_3>+<kZT1_3>:<k+7;_2). (B.21)

and the proof is complete. O

B.3 Proof of Lemma 47

Lemma 59 (Restatement of Lemma 47). Let A\ be a Young diagram as in Eq. (10.30)
labeling an irrep of SU(m), m > 3. Then,

k 2k
Mo =PN Ve P aNFerL, (B.22)
=0 I=k+1

where \g = 1, A1 = Ad, A§i) denotes the i-th copy of Aj in /\?2, and L is a suitable direct
sum of irreps which are not of the form A\; for any | € N.

Proof. Consider for any k € N the tensor product

a | ... a | a |...| a1
a9 a9
Ak @ A =— ) ®'— : . (B.23)
Am—1] - -+ |[Am—1

By Littlewood-Richardson’s rules, the number of Young diagrams A; that can be constructed
from )\%2 is determined by all possible allowed configurations we can attach the a; boxes
to the first Ay, since the way the remaining a; boxes, i = 2,...,m — 1, are attached must
follow accordingly. First, notice that only the a; boxes can be attached to the first row of
the first copy of A\; due to the elimination rule. Hence, we have two different ‘generating’
Young diagrams conditioned by whether [ < k or k +1 <1 < 2k. Suppose | < k at first.
The a1 boxes are attached to the first copy of Ax as follows: The first [ boxes are attached
to the first row, the next k£ boxes are attached to the second row and the remaining k — [
boxes are attached to the m-th row. Then, all the a; boxes, for any i = 2,3,...,m — 2 are
attached to the i 4+ 1-th row. Finally, the a,,_1 boxes are attached to the m-th row. The
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resulting Young diagram is given by

k k l
ai s ai
a1 S a1 S ay
as as as
m m—2 (B.24)
Az | =++ | Qm_2| «++ | Qm_2
ay s ap |Qm-1| +++ |[Qm-1|Am-1| - [Am_1
—_———
k—1 k

Suppose now [ > k + 1. The a; boxes are attached to the first copy of A\ as follows: The
first [ boxes are attached to the first row, while the remaining ones are attached to the
second row of Ag. Then, for the a; boxes, for any i = 2,3,...,m — 2, the first 2k — [ are
attached to the i-th row of Ag, while the remaining ones are attached to the i 4+ 1-th row of
M. The first a,,—1 boxes are attached to the m — 1-th row of T} and the remaining ones
will form the m-th row of the diagram. The resulting Young diagram is

k k l

—_—
ay A al

a ces aq a ce az

as as as as

m m— 2 (B.25)
Ao | ~vo | Q2| Apo1 | -+ | Ay
Qo1 Qo1
2k —1 I—k
[ —

2k -1

For notation purpose, let us refer to the latter two Young diagrams as the generating Young
diagrams.
At this point, we can generate all the remaining copies of A; in the following way:

1. For any ¢ = 1,...,m — 2, replace the last a; box in the ¢ + 1-th row with an a;4; box.
2. Replace the first a,,_1 box in the m-th row of the diagram with ay.

It follows that the multiplicity of A; in the decomposition of )\§2 is determined by the
number of a; boxes in the second row of the generating Young diagram. O
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B.4 Additional details on numerical experiments

Here we provide additional details and plots for the numerical experiment discussed in
Fig. 10.1 and the numerical implementation of the filter function (10.63). Computation
of the filter function was performed on a MacBook Pro 2020 with Intel Quad-Core i5 (1,4
GHz), 8 GB LPDDR3 (2133 MHz).

The specifics of the simulation are the following: We consider the collision-free input
state |ng) = |14) = |1111) € H2} and filter onto the )\ irrep for k = 0,...,4. Random

unitaries g]m € SU(4),i € [T],j € [l] are drawn from the Haar probability measure according
to the procedure described in [286, 287|, the sequence lengths considered consisting of
l =1,...,10 Haar random unitaries. We assume each gate comes with a probability
1 — p of losing a particle on each mode. In particular, we consider experiments with
gate independent noise, where \/p = 0.95,0.975,0.99 and simulate a gate dependent noise
experiment where the transmittivity ,/p; of the j-th unitary in the sequence is drawn
uniformly at random from the interval [0.9, 1]. Concretely, denoting with £(g) the single-
mode lossy channel, this means that the noisy gate is modeled as w™(g) o £L(g)®™ for each
gate g in the sequence. Lastly, random Fock states are drawn performing a boson sampling
simulation using the Python module Piquasso [288, 289|. Additionally, we collected noiseless
samples for evaluation of EJ f/\zk]ideal by simply letting p = 1. We collect T' = 10000 sampled
pairs (9,1,
g%z), el gl(z) are used to collect exactly one state from the boson sampler, as throughout
this work we consider the so-called single-shot estimator (10.7) [50].

By post-selecting on the outcome of the boson sampling experiment, we capture the
estimation of particle loss rates as described in Section 10.2.3. The results, which employ
the indicator filter function (10.11) are shown in Fig. B.1 (the estimator is again the
empirical average of the filter function). Since we run simulations under particle loss only,
the estimated decay rates are similar to the ones shown in Fig. 10.1.

Next, we evaluate the filter function (10.63) for each sampled pair. Specifically, we
compute Clebsch-Gordan coefficients using the SUNRepresentations Julia library [290],
which implements Alex’s et al. algorithm for the computation of SU(m) Clebsch-Gordan
coefficients [77]|. The algorithm can be sketched as follows: For each irrep A\ in 7/ @ 7"
(or —in the case of the second moment— for each irrep in )\%2) one shall first find the
Clebsch-Gordan coefficients of the highest weight state of Ay (and possibly resolve the
ambiguity on the multiplicities by a suitable Gaussian elimination, in the case of A§2).
Lower weight states are obtained by repeated application of ladder operators. This implies
the calculation of all remaining Clebsch-Gordan coefficients by solving linear systems of
equations. We remark the computation of Clebsch-Gordan coefficients can be sped up by
exploiting the symmetries of the weight spaces under the action of the Weyl group [258]| or
using analytic expressions for the coefficients C’]]\\;{N, with N € GT(7"), M € GT(\g) [150].

Lastly, we analyze the signal form for the irreps Ao, ..., A4 (we do not include A; as
there is no overlap with the chosen input state). The results are shown in Fig. B.2.

n(i)) and store them for post-processing. We remark that the unitaries
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100 7 Y

1071 4

1.01-0.99" (\/p =0.99)
1.01-0.975" (\/p=0.975)
1.01-0.95"  (/p = 0.95) ®
1.0-0.953" (\/p €[0.9,1]) g

1 2 3 4 ) 6 7 8 9 10
sequence length [

Figure B.1: Passive RB signal with n = m = k and input state |14) using 7' = 10000
samples. The plot shows post-selection on particle loss events under different values of
transmittivity.

B.5 Proof of Lemma 49

Lemma 60 (Restatement of Lemma 49). Let A\; be a Young diagram as in Eq. (10.30)
labeling an irrep of SU(m), m > 3. Then, for each k,l >0,

min{k,l} k+1
_ (j+1) (k+1—j+1)
mon= @ NLLe @ NI er, (B.26)
Jj=0 j=min{k,l}+1

where A\g = 1, \1 = Ad, /\g-i) denotes the i-th copy of \j in A\ ® N, and R is a suitable
direct sum of irreps which are not of the form A for any l € N,

Proof. Without loss of generality, we can assume that k > [. Then, we shall decompose the
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— 0.03-0.95" (k=0)
0.06-0.952!  (k =2)
0.19-0.952! (k= 3)
10~1 ; - 0.7-0.95! (k=4)
-
=
<  »
= 1072 4 =
] K3
1—~F
1073 ]

T T T T T T T T

1 2 3 4 ) 6 7 8 9 10
sequence length [

Figure B.2: Passive RB signal in the presence of particles loss with transmittivity ,/p = 0.95,
n=m = k and T' = 10000 samples. The input state is set to |14).

tensor product, C.f. Eq. (10.30)

i | J&D —— ,_/L.
A @ N = . H_ ®m_1 !E (B.27)
[]---[] -1

using Littlewood-Richardson’s rules. To simplify notation further, let us consider the case
m = 3, so that the number of rows reduces to 2. Then, as in the proof of Lemma 47, Young
diagrams contained in A\x ® A; of shape A, for some r between k — [ and k, is obtained
either as

: - —— k—1l+r
S TR T e

l—r l
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2k
E::: ::EH:::EJ - (B.29)

l

if k=10+1and r = 1. In the latter case, it is clear that the multiplicity of A; is always 1. In
the former, the multiplicity of A;_;, is determined by the number of swaps between green
boxes and blue boxes in the second row, which is determined by the condition ny > ng,
where, for each box in the diagram, n; (respectively, ny) is the number of blue (respectively,
green) boxes above and right to it. Hence, the multiplicity of A\g_;4, is 7 + 1 for each r.
Notice that the proof generalizes to the case m > 3 straightforwardly, as the allowed
positions for yellow boxes is determined by the configuration of blue and green boxes, in
complete analogy with Lemma 47. OJ

or

B.6 SPAM constants with distinguishable input states

Lemma 61. For any k € [N] we have
1122) = ®(Ny, N, N(l),N(2),L(1),L(2))gk(N0,N, N(l),N(2),M(1),L(1),M(2),L(Q)), (B.30)
where (0,30, 0, %)~ (AN AN O N OO AED) g

) Y

Mo M M1 M2 Jl J2
Ik = dk Z Z Z CN NOC C’N(l) N(l)CN(2) N(2)CM(1) L(l)CM(2> L)
7,8=0 c=1 My,MeGT(\g),

M,J1€GT(A) (B.31)
MQ,JQGGT( )

M,c Mo,c
X CMLMQ J1,J2

where g = gr(No, N, NO N@ @ ) M(Q),L@)) and my, s the multiplicity of A\ in
Ar ® Ag for each r,s € [k].

Proof. Let A be the GT pattern associated with the Fock state |a). By definition, we have

LY = / dg (o, m0 | Me(9)T[mm) (0, n ), n® [0o(g)2 mM), 10, m ), 1)

= / dg (No, No | Me(9)T|N, NY(ND N NG N |(g)22 | MW LD p )] 1)

= (=1)PNo)FeMN)+o(N D) F+o(NE)+o(LM) (L)
dg (No, No | \e(9)T| N, NY(ND, ND NG N ()2 W L0, @) L)

= ®(Nog, N, N N® O 1 g (Ng, N,NO N @ pM @) 1)y
(B.32)
where A = (=1)?W A is the dual GT pattern of A. Consider now the following Clebsch-
Gordan decompositions:

[No. Vo), = D Calw,Mo) s (B.33)
MoeGT(\)
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MeGT(A)
k
INONDYy =37 3" Oy g M), (B.35)
r1=0 M1 €GT(Ary)
k
INO N =" N O e M), (B.36)
r2=0 M2€GT(A\r,)
k
(MO LMy =37 3" City pol) (B.37)
r3=0J1€GT(Ar3)
k
MO Ly =3 % C]{;(Q)w)ug. (B.38)
r4=0 JQGGT()\T4)
Then,
k
M M M M- J J:
9k = Z Z CNOO,NOCN,NCN&),N(UCN(Z@,N@) CMlummC]\;(z),m)
71,72,73,r4=0 Mo, MeGT(Ag)

M1€GT(>\T1 ),MQEGT()\Q)
J1€GT(>\T3),G26GT(>\T4)

* /dg (Mo | M(g) M) (M, M [w(g)® | Ty, Ja)

k k
_ My M ~M; Mo
- Z Z Z CNO,NOCN,NCNU),N(UCN(2>,J\7(2)
r,s=071,r2,r3,74=0 Mo, MeGT(\g)

M1€GT(Ary ),MQEGT()\TZ)
J1EGT(Ary),G2€GT(Ary)

S Ja
x Oy Cio e

x /dg (Mo | M (9)T | MMy, Ma [ A @ Ms(g) |1, )

(B.39)
where in the last line we write w®? = @f,s:O Ar @ As. Observe that
(My, My [Ar @ As(9)[ 1, J2) = (M [Ar(g)]J1) (N2 [As(9) | J2) - (B.40)

By orthogonality of irreps, this implies that M;, J; € GT(\,) and Ma, Jo € GT(\s). Hence,

k
_ Mo M ~M; Mo J1 Jo
9k = Z Z Crnomo ONN Oy v One m@ Oy Crre r@
7,5=0 Mo,MeGT(\g)
M,J1€GT(X,) (B.41)

My, Jo€GT(As)

< / dg (Mo | Me(g)T [ M) (My, M [ @ As(g) | 1, )

To compute the integral Z = [ dg (Mo |\r(g)"|M)(My, Mz |\ @ As(g)|J1, J2) we consider
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Lemma 49. Specifically, consider the Clebsch-Gordan decompositions

r4+s m;
R )
MMy =3 D0 CililRia), (B.42)
i=0 a1=1 R1€GT()\;)
r+s My
URIESIDIDS Ci2i2\32,a2> (B.43)

Jj=0a2=1 RyeGT(A

induced by the decomposition A\, ® \s = @)% ;n:hl )\Elc). Then,

zz/dg (Mo | ()| MY(My, Ma | A @ As(g) | T2, )

r+s m; MMy mp

Ri,a Ra,a
=2 220 > WO (B.44)
1,7,h=0a1=1az2=1 c= 1R1€GT )
RQEGT(/\ )

x / dg (Mo | \e(g) | M) (Ry, a1 [N (9)| Rey az)

As before, by orthogonality of irreps, we have i = j = h and a; = as = h. Hence,

r4+s mp

=YY 3 o orr / dg (Mo | M(9)t | M) (Ry, ¢ | A (g)| R, )

h=0 c=1 Ry,Ry€GT()\s)

_ Ri,c Rs,c
. Z Z CMLMzCJl,JzéMOﬂR?(SMle ’
c=1 Rl,RQGGT()\k)

(B.45)

where the last line follows from Schur’s orthogonality relations. Therefore, Eq. (B.41)
becomes

Mo M ~M; Mo Ji J2
Ik = dp, Z Z Z oo ON Oy N(l)CN(2> N<2>CM<1> L<1>CM<2> L@
r,5=0 c=1 My,MeGT(\g) B.46
M;,J1€GT () (B.46)
Ms,J2€GT(As)
M,c Mo,c
X CMl,Mz CJ1,J2 ’

which completes the proof. O

B.7 Technical results for passive RB with heterodyne mea-
surements

In this section, we use the shorthand notation

/an = /d2a1~--/d2am, (B.47)

where d?o; 15 the complex measure on C. To characterize the frame operator S =
[&a [ dgwi™(9)|Ea ) (Ba|w™(g), consider the following quantity for any K € 2N:

I({ni}ity) =

/d2a o~ K/2lal® gnit.nis g nijapteng (B.48)

1
\/nllng! e nK'
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The latter can be evaluated writing down the integral in polar coordinates and integrating
by parts. Specifically, for the single-mode integral, and for any n > 0, we have

2m
/d2ae—n|a|2 a+b = c+d / dre™" nr2 a+b+c+d+1/ deeiQ(a+b—c—d)
0

a+b+c+d _atbictd
i G e— 'n 2 Oatbetd -

(B.49)

Notice that the expression in parenthesis is a proper factorial due to the §. This implies

™ (4t ngp)!

K
I({nz}zzl) _ (K/Q)n nl! — nK' 5n1+...+nK/27nK/2+1+...+nK . (B50)
where X
4 _ )L if Zz L= D ik /a1 M (B.51)
ni+-Ang/ong/pop+tng — 0 otherwise |

and we used the fact that |n;| =n foreachi=1,... K.

Theorem 62. Let N\ an irrep of 7' @ 7,7 as in Eq. (10.30). For a balanced heterodyne
measurement setting, the eigenvalues of the frame operator of the filtered RB protocol are
given by

2T

dy,

Sy, =

ny+n
3 (_1)so(N1>+¢(N2>< 1 2) > N8 CON N, (B.52)

n
n1,M2 MeGT(\g)

where N1, No € GT (7)) are the GT patterns associated with ni,ng, respectively, and

<n1 + n2> _ <n171 + n271> <n1,m + nz,m> (B.53)
ny - na,1 o n2,m ’ '

where vy = (Ni1,. .., Nim)-

Proof. For the balanced heterodyne measurement setting the corresponding (ideal) POVM is
{la)(a] = Eq}accm, where |a) = @~ |as) is an m modes coherent state. The associated
measurement channel is given by

M() = /mdzaTr[laMOAI(')] o) {al. (B.54)

To evaluate Eq. (10.48), we use the multi-mode expansion defined in Eq. (11.16).
Moreover, since P, is defined onto a subspace of H}', such expansions of the copies of o
are truncated. Hence, by Eq. (B.48), we have

= o [#atalpy(ayalla) 555
:di Z I(n1, m2, my, ma)(ng | Py (|nz) (ma|)[m1) (B.56)

ny,no€H
mi,mo€H?
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= d— Z I(nl,ng,ml,m2)<n1,m1 |P>\k]n2,m2> (B.57)
Ak ni,ne€H
mi,mo€H
1
=0 2 Ininamima)(Ni, My | Py No, M) (B.58)
k

ni,na€HY
mi,maEH"

=— > (=)W ORI (0 ny my,mo) (N, My | Py, | No, My)  (B.59)

niy,na€HM
mi,mo€H?

1
— Z (71)¢(M1)+¢(M2)](n1,n2,ml,mg) Z CJA\;[l,MchA\;[Q,MQv (B.60)

- d
Ay mae M MEGT (M)
mi1,maEH

where the phase ¢(M) is defined in Eq. (3.25) and in the last step we used the definition of
Py, , cf. (10.52):

(N1, My | Py, | Na, M) = Z (N1, My|M)(M|Na, M) = Z CJJ\\I{MIC%,MQ‘
MeGT(\y) MeGT(\y)
(B.61)
Since Ny, No € GT(7)") and My, My € GT(7)), selection rules for Clebsch-Gordan coeffi-
cients imply M7 = N7 and Ms = No. Hence,

1
= > (C)EOR N[ gy ST oM oM (B.62)
Ay moeHm MEGT(\y)

By Eq. (B.50), we have

I(ni,ng) = g—: <n1:1n2> . (B.63)
with
<n1 + n2> — (n1,1 + n2,1> . <n1,m + n2,m> 7 (B.64)
n2 n2,1 n2,m
from which Eq. (B.52) follows. O

Lemma 63. For a heterodyne measurement setting, p = |ng)(no| as input state, and an
wrrep A\, of T @ 7', the following holds:

1
E[f/\k] - dy, s Z |C]A\;{),No ? Z (_1)¢(M1)+W(M2)I(n17 n2,my, m2)
MM M reGT () nymaeHT
m1,ma€H? (B.65)
S S
X Z CNLMICN%MQ )
SeGT(Ak)

where |ng) = |No),|n1) = |N1),|n2)

= [N2),|m1) = [My),[my) = |[My), I is as in
Eq. (B.48) and ¢ is defined in Eq. (3.25).
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Proof. As in the proof of Theorem 62, considering the multi-mode expansion of a, only the
n-particle component provides non-trivial contribution to the first moment, since w; acts
non trivially on A" only. Recalling Eq. (B.48), it follows

Elfy] = / o [ dg no| Py o7 (9) () ad) [mo) e w7 () (mo) (ol ) (B.66)
—— > I(minemymy) /d?a /dg<no\PMowx<g>f<|m><mlr>|no>

52k niy,nac€HY
mi1,mo€H?
(B.67)
x (nz |wy' (9)(Ino)(mol) [m2) . (B.68)

In particular,

= [da / dg (0| Py, 0w (g)! (1) (ma]) 1o}z | (9) (1m0 ) (mol) [m)  (B.69)

Z/dg (no,mo | Pa 7' @ 70(9)T |1, ma) (g, ma |77 @ 7,7 (g) | o, m0) (B.70)
:/dg (No, No | Py, 7o @ 7(9) | N1, My) (Na, My | 72" @ 72 (g) | No, No) (B.71)
= (1)) [ g (N Mo | Pyt © 7o) [N, ) (B.72)
x (Na, Ma |7 @ 72 (9) | No, No) (B.73)
= (P S T o g, / dg (M | \i(g)f | N1, M11) (B.74)
MeGT ()
NQ,MQ\@A )| No, No) - (B.75)
=0

In the last step, we projected |Np, Ng) onto A\, and we used the irrep decomposition of
' @ 7", see Lemma 38. The latter can be computed by slight modifications of Lemmas 43
and 45. In particular, by orthogonality relations, the integral is non-zero only if j = k
and for basis vectors of A\x. In other words, it is enough to restrict the Clebsch-Gordan
decompositions to the A\i-th components:

NG|, = D O IS, (B.76)
SleGT()\k)

No, )|, = Y O g l2) (B.77)
S2€CGT(A\g)

INo, No)|, = > CzsviNol Ss) . (B.78)
S3€GT(Ag)

Therefore, Schur’s orthogonality relations (2.10), we have

1
H = ——(=1)pMrelr) N ol o2 3" O, Ot (B.79)
MeGT (M) SeGT(\g)

dy,

from which the assertion follows . O
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Lastly, we have the following explicit expression for the second moment:

Theorem 64. Consider a passive RB experiment with balanced heterodyne measurement
setting, initial Fock state p = |ng)(ng|, and X is an irrep of w)' = 17( - )T Then, the
following holds:

B[] = o ()P 3T ()RR AL () g (N MON) g0

S)\k ni,n2,ns,
my,ma,ms
where N = (N1, N, N3), M = (M, M2, M3), N; = N(n;), M; = M (m;) are GT patterns
associated with n;, m;, respectively, I((ni)g’zl, (ml)f’zl) = I(ny,n2,m3, M1, Mo, Mm3) is as
in Eq. (B.50) and

min{n,2k}

M M’ R,r R R’ L
gk(N’ M, NO) - Z dy Z Z CNo NOCNO NOCM M’CNO NOCN3 M3CN1 M
kr=1 M,M'eGT(\)
L,L/€GT(\y)
R,R'€GT(\;)
R,
CL I

L/
CN2 M,

(B.81)
Proof. By Egs. (11.16) and (B.48), we have, for any A,

E[f3,) = s%/dza/dg (no| Py, 0 wii'(9)"(Jer) (ex])|m0)*(ex |wi (9) (|m0) {mo]) | @) (B.82)
1

c Y g m)L) [ dg(no Py 0w (0)! (r) (ma o)

S
Ak ni,n2,n3eHy
mi,mo,m3EHT

(B.83)
(| Py, 0w (g)!(Im2) (mal) [mo) (s [ (9) (1m0 ) ) ) (B.51)
= Y ) (m)) Gel(n)L, (mo)y o) (.55)

Ak mi1,m2,ns,
m,1mM2,1M3

where

Grl((ma)izy, (ma)i_y, mg) = /dg (no | Py, 0w (9)"(In1) (ma) [mo)

x (ng | Py, 0 wi(9)"(In2) (ma|) [no) (s |w)r (9) (o) (ro]) [ ) -
(B.86)

Introducing GT patterns, we have

Gk((ni);;:h (mi)g):l? ’I’LO) = Gk(N7 Mﬂ NO) ) N = (N17N27 N3) ) M = (Mlv M27 M3) .
(B.87)
Then, by Eq. (3.25), the latter assumes the following form:

GL(N, M, Ny) = / dg (No, No| Py, 7% @ 77 (g)1 | N7, My) (B.88)

x (No, No | Py, 77" @ 72 (9)T| Na, Ma)(N3, M3 | 7" @ 7™ (g) | No, No) (B.89)
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3 ) '
— (_1)‘/’(N0)+Zi=1 (M) Z C]]\\g) NOC%7N0 (BQO)
M,M'€GT(\p)

< [ dg 100 ()2 4, Wy, No, N13) (N, 385 1D Ay () | No, o)
7=0
(B.91)
= (_1)<P(N0)+Z§:1 $(Mi) g (N, M, Np). (B.92)

We compute the integral

9k(IN, M, No) = /dg (M, M |\ (9)%%"| N1, My, Na, Ma)(Ns, M3 ’@/\ )| No, No)
7=0
(B.93)
as in the proof of Theorem 48: Consider the irrep decomposition of )\fz as in Lemma 47.
Then, by orthogonality of the matrix coefficients, the non-trivial contributions to the integral

come from irreps that appear —with their multiplicities— in both w]" and )\%2. This implies
min{n,2k} my,
w(NMNo = > [ dg (00N (0)] |80, Ny, No, B) (N, N ()| Mo, )
=0 r=1
(B.94)
Therefore, by the Clebsch-Gordan decompositions
MMy = YT O IR ), (B.95)
REGT(\)
N3, M) = > Cfo ) (B.96)
JeGT(A;)
INo, No) = > C% wld) (B.97)
J'€GT(\)
NN Noy M) = Y0 CF, g, O | B L) (B.98)
L,L’eGT(\)
LLy= Y CFLIR,7), (B.99)
R'E€GT(\;)
it follows 1
[ g R N0 IR INGLT) = OB (B.100)
l
by Schur’s orthogonality relations (2.10). Hence,
min{n,2k}
M M’ R, R R’
gr(IN, M, Ng) = Z Z Z C'No 50 CNo. 50 O vt O 590 C N i
r=1 M,M'eGT(\)
L L’eGT()\kk) (B.101)
R,R'€GT(N\)

L R r
x CN, NQ,M2 Cri

and the assertion follows from a suitable sorting of all the terms. O
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