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Abstract / Résumé

The exponential growth of computing power has enabled the widespread deployment of machine
learning, which has in turn given rise to new challenges in data processing. The sheer volume of
data now being generated means that the standard statistical assumption of a number of samples far
greater than their dimension is no longer tenable. In the paradigm of the Big Data era, datasets are
typically of very large dimension and may also comprise several modes, indicating a variety of sources,
modalities, domains, and so on. Furthermore, the advancement of technologies required to develop
models capable of processing vast quantities of data results in significant environmental and human
costs. In light of these concerns, it is imperative to promote a more clever and prudent use of our
resources.

Random matrix theory provides powerful tools to precisely study the statistical and computational
limitations associated with the processing of large and multidimensional data. Through this lens, we
examine several learning approaches to identify the relevant parameters influencing the success of a
task and thereby facilitate an informed use.

First of all, we establish a “central limit theorem” on the behavior of the entries of spike eigen-
vectors of a Gram kernel matrix. This is an essential result to predict the performances of spectral
clustering, which has so far been missing from the literature.

Then, we study an extension of spectral clustering to data streams. This approach makes it possi-
ble to cluster a potentially very large dataset with controlled and limited memory usage. In addition
to revealing the exotic spectral behavior of the associated matrix model, our results characterize the
reconstruction performances of an observed noisy signal in a data stream. In addition, we show that
with an astute management of the available memory, it is possible to achieve performances compa-
rable to those obtained without resource constraints. This means a significant reduction in memory
costs compared with standard spectral clustering, with negligible loss of performance.

Finally, we turn our attention to the computational limits to tensor estimation, with a particular
focus on low-rank approximation. Through the study of matrices obtained by unfolding a random
tensor, we describe precisely the reconstruction performances of a noisy tensor signal by means of
a truncated MLSVD (which generalizes the concept of truncated SVD to tensors). In contrast to the
matrix case, this estimate is only quasi-optimal, and we then investigate the computation of the best
low-multilinear-rank tensor approximation with the HOOI algorithm. Using a similar approach, we
examine the multi-view clustering problem from the perspective of a rank-one tensor approximation.
Our results highlight and precisely quantify the pivotal role of view informativeness in the quality of
the estimation. Furthermore, this study sheds light on a central phenomenon in tensor approxima-
tion: the statistical-to-computational gap, that is, the fundamental inability to achieve algorithmically
the performances theoretically attainable by statistical estimation.



Face au déploiement massif de I'apprentissage machine permis par la puissance exponentielle-
ment grandissante des ressources de calcul, nous devons faire face a de nouveaux défis en matiere
de traitement des données. En effet, la dimension de ces derniéeres atteint des tailles désormais si
grandes que 'hypothese standard en statistiques affirmant un nombre d’individus bien plus grand
que leur dimension n’est plus acceptable. Dans le paradigme de I'ére du Big Data, les données collec-
tées sont généralement de tres grande dimension et peuvent également comporter plusieurs modes,
indiquant une variété de sources, modalités, domaines, etc. De plus, le développement des technolo-
gies nécessaires a la mise en ceuvre de modeéles capables de traiter des quantités pharamineuses de
données implique un cofit environnemental et humain catastrophique face auquel il est nécessaire
de promouvoir un usage plus raisonné et intelligent de nos ressources.

La théorie des matrices aléatoires fournit des outils puissants pour étudier précisément les limites
statistiques et computationnelles associées au traitement de données volumineuses et multidimen-
sionnelles. A travers ce prisme, nous explorons plusieurs approches d’apprentissage afin d’en carac-
tériser les parametres pertinents pour la réussite d'une tache et ainsi en permettre un usage informé.

Nous établissons en tout premier lieu un “théoréme central limite” sur le comportement des en-
trées des vecteurs propres spikes d'une matrice a noyau de Gram. Il s’agit d'un résultat essentiel pour
prédire les performances du clustering spectral qui manquait, jusqu’a présent, dans la littérature.

Ensuite, nous étudions une extension du clustering spectral aux flux de données. Cette approche
permet de partitionner un jeu de données potentiellement tres grand avec un usage mémoire controlé
et limité. En plus de dévoiler le comportement spectral exotique du modéle matriciel associé, nos ré-
sultats précisent les performances de reconstruction d'un signal observé a travers un flux de données.
De plus, nous montrons qu’avec une gestion astucieuse de la mémoire disponible, il est possible d’at-
teindre des performances comparables a celles obtenues sans contraintes de ressources. Cela permet
donc une réduction importante du cofit en mémoire par rapport a un clustering spectral standard,
pour une perte de performance négligeable.

Enfin, nous nous intéressons aux limites computationnelles de I’estimation tensorielle et, en par-
ticulier, de 'approximation de petit rang. A travers I'étude des matrices obtenues en dépliant un ten-
seur aléatoire, nous décrivons précisément les performances de reconstruction d'un signal tensoriel
bruité au moyen d'une MLSVD tronquée (qui généralise aux tenseurs le concept de SVD tronquée).
Contrairement au cas matriciel, cette estimation n’est que quasi-optimale et nous étudions donc en-
suite le calcul de la meilleure approximation tensorielle de petit rang multilinéaire au moyen de I'al-
gorithme HOOL. Par une approche similaire, nous examinons le probléme du clustering multi-vues
sous 'angle d'une approximation tensorielle de rang un. Nos résultats mettent en évidence et quan-
tifient précisément I'importance de I'informativité des vues dans la qualité de I'estimation. De plus,
cette étude permet de mettre en lumiere un phénomene central de 'approximation tensorielle : le
fossé statistico-computationel, c’est-a-dire I'incapacité fondamentale d’atteindre algorithmiquement
les performances théoriquement atteignables par estimation statistique.
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Symbols and Notations

Objects
a A scalar.
a, a; A vector and its i-entry.
A, Aj,j A matrix and its (i, j)-entry.
A, Aj,,.i, Atensorandits (i,...,iz)-entry.

Norms and Inner Products

-1 p Vector p-norm (p € [1,+o0]) or the induced matrix norm (p = 2 by default).
I-l=1-l. Standard Euclidean norm for vectors, or the corresponding operator norm (spectral
norm) for matrices and tensors.

(O Euclidean inner product (between vectors).
I-llg Frobenius norm of matrices and tensors.
(5 9F Frobenius inner product (between matrices or tensors).
Il max Matrix max norm.
Sets
(n]={1,...,n} Positive integers smaller or equal to n.
G, Symmetric group on [n].
|| Cardinality of the finite set .%.
zZ=4..,-2,-1,0,1,2,...} Integers.
R Real numbers.
C Complex numbers.
C*={zeC|Sz>0} Complex numbers with positive imaginary part.
R" n-dimensional real vectors.
Sl ixeR?||x| =1} Unit sphere in R”.
RP*1 p x n real matrices.
V(R ={A€ Rk ATA= I} Orthonormal k-frames in R” (Stiefel manifold).
0,[R) =V, (R™) n x n orthogonal matrices (orthogonal group).
R7X--XTd ny x ... x ng real order-d tensors.
la,b), [a,bl, 1a,b], 1a, b[ Closed, right-open, left-open and open interval from a to b.



Symbols and Notations

Real and Complex Numbers

[x]T = max(0, x)
i

Rz, Sz
z2=Rz-iSz

lz] =V (R2)? + (S2)?

Positive part of x € R.

Imaginary unit.

Real and imaginary parts of z€ C.
Complex conjugate of z.

Modulus of z (or absolute value if z € R).

Dist(z,.#) = minyc#|x—2z| Distance of z € C to the closed subset ¥ c C.

Probability Measures

P(A) Probability of the event A € of with respect to the underlying probability space (Q, o ,P).
Oy Dirac measure at x.
Suppp  Support of the probability measure p.

Random Variables

X~

X iid. @
1

E[X]

Var(X)

Cov(X,Y)

X, —2

n—+oo

<

Xn a.s. L

n—+oo

B(p)
P )
N, Z)

tZ
D(x) = e 7z dt

1 prx
\/Tfnffoo

The random variable X follows the law £.

The X;’s are independent and identically distributed according to £.
Expectation of X.

Variance of X.

Covariance of X and Y.

The sequence of random variables (X},) ;=0 converges in distribution to
Z.

The sequence of random variables (X,,) ;>0 converges almost surely to L.
Bernoulli distribution with parameter p € [0, 1].

x? distribution with d degrees of freedom.

Multivariate normal distribution with mean g and covariance X.

Gaussian cumulative distribution function evaluated at x € R.

Vectors, Matrices and Tensors

51',]' = 1yi=j
0,
1,
el
1
05xn

lnxrl
I
AT
A*
A;.

Kronecker delta.

n-dimensional vector with all its entries equal to 0.
n-dimensional vector with all its entries equal to 1.
i-th vector of the canonical basis of R".

n x n matrix with all its entries equal to 0.

n x n matrix with all its entries equal to 1.

n x n identity matrix.

Transpose of A.

Conjugate transpose of A.

The i-th row of A as a row vector.
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Symbols and Notations

A

Span A ={Ax|xeR"} cRP
Rank A

51(A) = 52(A) =...
TI'BZZ?Zl B;;
SpB

/11(8) = /12(8) =...
ui(S)
Diag(vy,...,vy)
Vec A

AoB

AXB

a®b

RankJ
T(A(U,...,A(d))
1S;u0,..., UD]

Asymptotic Notation

up=0(vy)
un(z) =0,(vy)

Up =0(vp)
Uy < Uy
Up > Uy
Up=0(vy,)
nz=ngp.

The j-th column of A as a column vector.

Span of the p x n real matrix A.

Rank of A, i.e., the dimension of Span A.

Singular values of the matrix A in non-increasing order.

Trace of the n x n matrix B.

Spectrum of B, i.e., the set of all its eigenvalues.

Eigenvalues of the symmetric matrix § in non-increasing order.
Unit-norm eigenvector of the symmetric matrix § associated to 1 (S).
n x n diagonal matrix with diagonal values vy, ..., v,.

Vector of R"P obtained by stacking the columns of A € RP*",
Hadamard (pointwise) product of A and B.

Kronecker product of the two matrices A, B.

Outer product of the two vectors a, b.

Rank or multilinear rank (depending on the context) of the tensor J.
Contraction of T on AW,..., A,

Tucker decomposition with core tensor G and factor matrices
oY, U9,

There exist C > 0 and an integer ng such that |u,| < C|v,| as soon as n = ny.
There exist two polynomials P, Q with nonnegative coefficients and an integer ng
such that |u,(z)| <
For all € > 0, there exists an integer ng such that |u,| < €|v,| as soon as n = nyp.
Alternative notation for u, = o(vy,).

Alternative notation for u, = o(vy).

There exist ¢,C > 0 and an integer ng such that c|v,| < |u,| < Clv,| as soon as

P(lz])
lenlforallzeC\[RassoonasnB np.

Given a norm N(:) (usually the spectral norm ||-||), we also write

e A,=0NV(v,)if N(A,) =G (vp),

o A,(2) =0 (0,) if N(A,(2) = G, (vy),

e Ap=0"N0(v,)if N(A,) = 0(vy).
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Chapter 1

Introduction

1.1 Learning from Large Multidimensional Data: A New Paradigm

TATISTICS are defined in the Cambridge English Dictionary as “the science of using information
discovered from studying numbers”. The word itself comes from the German Statistik introduced
in 1749 by Gottfried Achenwall in its Abrifs der neuen Staatswissenschaft der vornehmen Europdischen
Reiche und Republiken. He described in this work the conditions of the leading European countries
with numbers: their agriculture, manufactures and commerce. Initially, “statistics” only referred to
numerical information about states, such as demographics in particular, and later encompassed any
collected numerical information as well as its analysis and interpretation. It was not until the advent
of the computer in the mid-20" century that larger amounts of data could be efficiently processed
and information extracted from them.

Standard statistical models usually assume a number 7 of individuals for each of which p numer-
ical values are given. As an example, n individuals of a population could be represented, for medical
purposes, by p-dimensional feature vectors x; whose entries are their age, weight, height, blood pres-
sures, etc. Thus, it is often the case that the number of individuals is much larger (several orders of
magnitude) than the number of features by which they are represented. A natural assumption when
studying these statistical models is therefore that n — +oo while p remains fixed. In fact, most stan-
dard results in statistics (van der Vaart, 1998) are given in this setting, which has indeed long been
judicious.

Let us look at the following elementary example as an illustration of such results. Consider n in-
dependent and identically distributed random vectors x;,..., X, € R” with zero mean, E[x;] = 0,, and
a positive-definite covariance matrix C = E[x; xl.T]. The sample covariance matrix is defined as

N R
C==) xix;.
niz1

It is a convergent estimator of the covariance C. Indeed, by the strong law of large numbers, we have

the almost sure convergence
a.s.

max |Cjx—Cjl 0 (1.1)

1<j,k<p n—+oo
and the convergence in spectral norm || €-C| — 0 almost surely as n — +oc0. This shows that Cisan
accurate estimator of the covariance in the regime where n > p.
However, since the beginning of the digital age at the start of the 21 century, the amount of avail-
able data and their size has rapidly risen. Notably, in biology, the emergence of DNA microarrays in

13
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p/n=0.1 p/n=1 p/n=15
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Figure 1.1: Empirical distribution of eigenvalues of the sample covariance matrix € = % DI xiT with

X; iLd. N (0p, I), n=1000 and, from left to right, p/n=0.1,1,1.5.

the late 1990s and the publication of the human genome in 2001 launched a debate on how to man-
age and analyze this “data deluge” (Gershon, 2002). The “big data era” in which we live today provides
tremendous amounts of information in many different forms. Combined with the power of modern
computers, these resources allow solid statistical inference and a rapid flowering of machine learning
methods such as deep neural networks, which thrive since the “AlexNet surprise” (Krizhevsky et al.,
2012). This new paradigm, where data is no longer scarce but superabundant, invites us to process
data with large and multiple dimensions.

1.1.1 The Large-Dimensional Regime

The old standard assumption 7 > p is no longer verified and new statistical models — requiring new
tools — must be considered. In the covariance estimation example presented above, if both n and
p are large, that is, if p,n — +oo with the ratio p/n neither vanishing nor diverging, it is no longer
true that ||€ — C|| — 0, even if the convergence (1.1) still holds! Indeed, this is easily seen in the case
where p > n since this implies that € must have at least p — n zero eigenvalues, therefore || c-c|+4o.
Because C is a p x p matrix, the fact that p — +oco with 7 hinders the transition from the convergence
of the entries (1.1) to the “global” convergence of the matrix (in spectral norm).

This phenomenon is illustrated in Figure 1.1. Empirical distributions of eigenvalues of € are rep-
resented for 7 = 1000 and various p/n ratios when C = I,. The larger p is (relatively to n), the more
spread out are the eigenvalues. If p < n, there are no zero eigenvalues, but they still occupy a rather
large interval. Clearly, it is hard to infer from these empirical distributions that the underlying covari-
ance has all its eigenvalues equal to 1.

Thus we see that the ratio p/n is a central parameter in statistical models dealing with large-
dimensional data. As a rule of thumb, standard statistical results where 7 — +oo but p is fixed may no
longer hold as soon as p/n 2 0.01 (Couillet and Liao, 2022, Remark 1.2). Consider, e.g., VGG features
(Simonyan and Zisserman, 2015) of n images. Each image is represented by a vector of dimension
p =4096. Therefore, n must be at least 409600 to avoid potential large-dimensional fallacies. Then,
if one is given a kernel function k : R x R — R and wishes to compute a Gram kernel matrix K with
entries Kj, ; = k(x;,x;) (e.g., for clustering purposes), there are, due to symmetry, %n(n + 1) entries to
store. Considering each floating-point entry stored with half precision on 16 bits, the storage of the
kernel matrix would require 168 gigabytes! This is much more than the available amount of random-
access memory on most current computers. The assumption n > p is hence conspicuously not rea-
sonable in a realistic modeling of this setting. In Chapter 4, we propose a efficient way to deal with
such very large kernel matrices with a limited amount of memory resources.
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1.1. Learning from Large Multidimensional Data: A New Paradigm

1.1.2 The Multidimensional Regime

Besides being of increasingly larger dimension, data could also come with several modes representing
various sources, modalities, domains, and so on. Consequently, the representation of an individual
x; as a p-dimensional vector may not properly represent the available information. As an illustration,
consider the problem of localizing the origin of an epileptic seizure through an analysis of electroen-
cephalogram (EEG), as it was done by Acar et al. (2007). The collected data correspond to wavelet
coefficients at each time step, each scale (frequency) and each electrode. Therefore the simplest way
to represent the dataset while still preserving the structure of the problem is with a 3-dimensional
array whose (¢, s, e)-entry is the coefficient at time ¢, scale s and electrode e.

d-dimensional arrays are commonly represented with tensors, which are objects describing mul-
tilinear relationships between vectors, matrices and even tensors themselves (in fact, vectors and ma-
trices can be seen as particular cases of tensors). In particular, just as a matrix (order-2 tensor) M
describes a bilinear form (x, y) — x " My, an order-d tensor J describes a d-linear form (x;,...,x;) —
J(x1,...,x4). They appear in multiple areas such as brain imaging (Zhou et al., 2013), neurophysi-
ological measurements (Rabinowitz et al., 2015; Seely et al., 2016), community detection (Anandku-
mar et al., 2013), hyperspectral imaging (Li and Li, 2010; Zhang et al., 2013; Kanatsoulis et al., 2018),
spatio-temporal gene expression (Liu et al., 2022), recommender systems (Karatzoglou et al., 2010;
Rendle and Schmidt-Thieme, 2010; Frolov and Oseledets, 2017) and topic modeling (Anandkumar
et al, 2014). Hence, modern data analysis is not only large-dimensional but also multidimensional.

A major concern of machine learning and signal processing is to discover and exploit underlying
low-dimensional structures in data. It is therefore a natural sparsity assumption to model the sought
information as being represented by a few algebraic terms in a certain tensor decomposition (Kad-
mon and Ganguli, 2018; Anandkumar et al., 2014). In their fMRI study, Hunyadi et al. (2017) perform a
blind source separation via a joint tensor decomposition on a channel x time x patient array, whereas
Williams et al. (2018) use a low-rank tensor approximation on a neuron x time x trial array as a di-
mensionality reduction technique to study neural dynamics.

The reconstruction of such low-dimensional information is however more challenging with ten-
sors than matrices as some notions and properties pertaining to the latter do not easily generalize to
the former. A most striking fact is the non-closure of the set of rank-R order-d tensors! as soon as
R =2 and d = 3. In the order-2 case, it is well-known that if the sequence of rank-R matrices (A,) ;>0
converges to A, then the rank of Ay is at most R. In other words, the set {A € R”*" | Rank A < R} is
closed. For higher-order tensors (d = 3), this property is lost as soon as R = 2. As an example, de Silva
and Lim (2008) give the following sequence of order-3 tensors,

A,=n

1 1 1
X1+ — ®(x+ — ®|x3+— —NnxX1® X ®X;
1 n.Vl) (2 nJ’z) (3 n)’s) 1® X2 ® X3

where x;,y; € R™, x5, y» € R"™ and x3, y3 € R"3. Although each A, has rank 2 (except for some partic-
ular choices of x, y1, X2, y2, X3, y3 not considered here), the limit A, =X ® X2 @ Y3+ X, @ Y2 @ X3+ )1 ®
x2 ® x3 has rank 3! Comon et al. (2009) give another insightful example of a sequence of rank-3 tensors
with a rank-5 limit. In fact, a sequence of fixed-rank tensors can converge to a tensor of arbitrarily
higher tensor rank (de Silva and Lim, 2008).

Within the framework of the reconstruction of a low-dimensional information from large data,
the low-rank approximation is a commonly-used technique. It is a well-posed problem when work-
ing with matrices, but the previous example expressly shows that it is ill-posed for tensors of general
order. Indeed, A is an example of tensor having no best rank-2 approximation. More broadly, the
generalization of a matrix-related problem to a tensor-related one raises many difficulties. The prima

1 The rank of a tensor is defined as the minimal number of rank-one terms in which it can be exactly decomposed.
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facie disheartening observation made by Hillar and Lim (2013) that most tensor problems are NP-hard
presents in fact a variety of exciting, new, and sometimes unexpected challenges.

1.1.3 Inference Problems and Phase Transitions

The reconstruction of a low-dimensional information from large data mentioned previously falls into
the realm of a particular class of statistical inference problems, which we define as follows: given an
observation X modeled as a noisy measurement of a sought information, i.e., X = S+ N where S is
a signal and N an additive noise, the inference problem consists in reconstructing S from the obser-
vation of X, that is, finding a transformation f such that § = f(X) maximizes a certain measure of
affinity with S. Although we will be mostly interested in the case where X, S and N are matrices or
tensors, they could be any object as long as our operations make sense. The model usually comes
with a sparsity assumption on §, i.e., it is expected to break down in a few simple terms. Harnessing
this decomposition is key to finding a good transformation f.

The reconstruction performance of § = f(X) depends on the signal-to-noise ratio p which is gen-

signal

erally defined as the ratio between the powers of the signal and the noise, p = %, where the power
may have different definitions depending on the type of objects and the problem considered (for ma-
trices, it is commonly defined as the squared norm). In any case, the signal-to-noise ratio measures
the distinguishability of the signal from the noise. It is therefore natural to ask the following questions.

e What is the minimum signal-to-noise ratio value at which the information in X is theoretically
sufficient for the recovery of S?

* What is the minimum signal-to-noise ratio value at which S can be efficiently reconstructed
from X?

* At a given signal-to-noise ratio, what is the best reconstruction performance achievable with
S=f(X)?

At first glance, it may seem that the first two questions should have the same answer. That is, if it is
statistically possible to estimate S from X as soon as p > psar, then it should also be possible to design
an algorithm which is able to do so as soon as p > psat. However, new inference problems of the big
data era face a computational barrier: there are various problems for which it is fundamentally im-
possible for an algorithm to recover efficiently (i.e., in polynomial time) the information of interest if
P < Pcomp- This exhibits two fundamental thresholds: a statistical threshold ps¢at and a computational
threshold pcomp = pPstat- In some problems, they are equal, meaning that there exists an algorithm
able to (partially) reconstruct S from X in polynomial time as soon as this is statistically possible. Yet,
there exists a myriad of problems displaying a “hard phase” where the inference is statistically possi-
ble but cannot be performed in polynomial time, this is referred to as a computational-to-statistical
gap (Bandeira et al., 2018; Zdeborovd and Krzakala, 2016; Gamarnik et al., 2022).

Statistically possible
Statistically impossible  but computationally hard  Computationally easy
| | p
Pstat Pcomp

The two thresholds psiac and pcomp indicate the positions of abrupt changes in the complexity of the
problem. The latter are usually called phase transitions — a term borrowed from statistical physics,
which have many deep connections with statistical inference.

The third question is concerned with the quality of the reconstruction S achieved with a certain
algorithm f. Its performance is expected to be an increasing function of the signal-to-noise ratio but
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its precise characterization would be an asset in understanding the inner workings of algorithms and
comparing them to potential information-theoretic optimal curves. Although values of practical in-
terest are only for p = pcomp since the estimation of S is not feasible below the computational thresh-
old, this function should also have definite values in the hard phase pstat < 0 < pPcomp, representing
the theoretically-achievable reconstruction performance. In “practice”, the latter can be attained by
initializing the algorithm near the sought solution.

Let us use an example to illustrate what has just been said. Consider the observation of an order-3
n x n x n symmetric tensor J which is known to be the noisy observation of a rank-one signal,

1
T=pxeoxeox+—N, (1.2)
B NG
where >0, x € $”! and N is a random symmetric tensor from the Gaussian orthogonal ensemble,
i.e., it has a density g given by

1 1 2

— -3 IN1

= —e 2 F
g(\) :

with Z, such that [ g(N\N)dN =1 (integration is over the set of symmetric tensors). More specifically,
foralli,j,ke{l,...,n}suchthati<j<k,
Niii < 40, 1), Niij Hig- JV(O, g), Nijk b JV(O, 5),
and Ng(y,v,w) = Ny, for all permutation o € Gz and u, v,w e {1,...,n}.
The inference problem consists in reconstructing the planted signal (8, x) from the observation J".
Therefore, we consider the maximization of the likelihood associated with Model (1.2), which reduces
to the best rank-one approximation problem

(B,%) € argmin ||3'—yy®3||12:. (1.3)
>0, yeSn-1

Here, the power of the signal and the noise should be understood as the squared operator norms?

18x23)12 = B2 and |-=N|2. Since the latter is expected to concentrate as n — +oo (Tomioka and
NG p

Suzuki, 2014), the signal-to-noise ratio is proportional to $2. Hence, we ask the following questions:

e statistical threshold — what is the minimal value of 8 at which Problem (1.3) has a solution
positively correlated with (8, x)?

e computational threshold — what is the minimal value of 8 at which this solution can be com-
puted in polynomial time?

* how good is the reconstruction Bx®32 i.e., how close is f to f and how correlated is & to x?

These questions find answers in several works, among which we notably refer to Jagannath et al.
(2020); Ben Arous et al. (2020); Goulart et al. (2022), respectively for each question. Summarizing
their results very shortly, Problem (1.3) presents a statistical-to-computational gap, i.e., there exists
a hard phase [Bstat, Bcomp] Where it is statistically possible to reconstruct (8, x) from J but no known
algorithm is able to do so in polynomial time. Contrary to Bgat, the position of the computational
threshold diverges with n. As of now, the best algorithms compute (B, £) above a threshold behaving
like Cn'/* as n — +oo, and it is conjectured that no algorithm can do better.

Relying on powerful random matrix tools, Goulart et al. (2022) precisely characterize the value
of B and the alignment (x, £)? in the limit where 7 — +oco. Their results are depicted in Figure 1.2

2The spectral norm of an order-3 tensor X is | X| = SUD . p, w0 Ill?fll(llllv% This naturally extends to any order d = 2.
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Figure 1.2: Reconstruction performance of the maximum likelihood estimation (1.3) as a function of
B (controlling the signal-to-noise ratio). Red curves are the values predicted by Goulart et al. (2022)
in the large-dimensional regime n — +oo. They are compared with simulation results at n = 100 of a
tensor power iteration initialized at random uniformly on the sphere (blue squares) or at the planted
signal (orange circles).

(red curves) and compared to simulation results when n = 100 obtained with a tensor power itera-
tion (De Lathauwer et al., 2000a), estimating a solution to Problem (1.3), initialized at random with a
uniform distribution on the sphere $"1 (blue squares) or at the planted vector x (orange circles).

4

If B is too small, it is theoretically impossible to recover any signal: ,3 =[]l \/LENII] =7 (the plateau

on the left part of Figure 1.2) and (x, X)> = 0, the observed tensor T is statistically indistinguishable
from the noise \/LHN. This suddenly changes as soon as f§ crosses the value \%: p becomes greater

than E[|| \/LZNII] and X is positively correlated with x. In particular, the value of (x, x)2 presents a dis-

continuity at § = %, it abruptly jumps from 0 to % Yet, just above this critical value of 8, the power
iteration is not able to reconstruct the planted signal and converges to an uninformative optimum,
unless it is initialized very near the sought solution (which, obviously, is not possible in practice). This
is the hard phase: although an informative solution exists, its computation is too hard and we are
bound to fall into an uninformative one. As f increases, the power iteration eventually converges to
the informative optimum — it is the easy phase.

Remark 1.1 (Phase transitions). Strictly speaking, phase transitions do not exist at finite system size
(here, n). Indeed, they are characterized by abrupt changes (in statistical physics, they correspond to
non-analyticities in the free energy density) which can only appear when the limit n — +oo is taken.
Thus, we do not observe a sharp transition from the hard phase to the easy phase in the finite-7 sim-
ulations of Figure 1.2.

Remark 1.2 (Statistical threshold). In fact, Jagannath et al. (2020) reveal that the behavior of the maxi-
mum likelihood estimator (B, £) near the statistical threshold is trickier than what is presented above.
There are two close but distinct values 8 = \/% =~ 1.1547 and B, = 1.2066 such that, for values of
lying between them, the informative optimum of Problem (1.3) is not the global one. In other words,
if B < B, there is no informative optimum, if § > B, the informative optimum is the global one, but if
Bs < B < B¢, there exists an informative local optimum, although the global optimum (the maximum
likelihood estimator) is not informative. Strictly speaking, the statistical threshold corresponds to .
(be careful that the subscripts s and ¢ do not refer to “statistical” and “computational”) and S; is a
“sub-statistical” threshold. The results of Goulart et al. (2022) specify the reconstruction performance
of this informative optimum as soon as 8 = 5 but they do not give any insight into the value of ..
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1.2 Deciphering Large-Multidimensional Statistics with Random
Matrix Theory

A central tool to understand the behavior of large and multidimensional arrays of data, such as those
mentioned above, is the theory of large random matrices. The study of these objects and, in partic-
ular, their eigenvalues and eigenvectors emerged in the early days of statistical sciences with Wishart
(1928) who was interested in empirical covariances. Then, it resurfaced thirty years later when the
physicist Wigner (1955, 1958) used them as statistical models for heavy nuclei atoms — for which
he was awarded the Nobel prize in physics in 1963. Since then, the field has known a wide expan-
sion in various scientific domains such as statistics (El Karoui, 2010), finance (Potters and Bouchaud,
2020, Chapter 20), quantum mechanics (Guhr et al., 1998), free probability (Voiculescu, 1991). It is
even linked with the Riemann hypothesis as the zeros of the zeta function on the critical line % +it
are believed to share the same distribution as that of the eigenvalues of a GOE matrix inside the bulk
(Montgomery, 1973; Keating, 2002).

In a nutshell, random matrix theory is concerned with the behavior of eigenvalues and eigenvec-
tors of matrices with random entries at macroscopic and microscopic scales. While the former involves
questions regarding the limiting eigenvalue distribution, linear statistics of eigenvalues or eigenvec-
tors, outlying eigenvalues, etc., the latter deals with the limiting distribution of a specific eigenvalue,
the point process governing the position of its neighbors and its link with the corresponding eigen-
vectors, etc. The present work is only concerned with the study of the proposed models at the macro-
scopic scale, that is, the global regime (as opposed to the local regime).

1.2.1 Limiting Spectral Distribution of Random Matrices

The spectrum of the empirical covariance matrix (Figure 1.1) was characterized by Marcenko and
Pastur (1967). In order to study the asymptotic behavior of the empirical spectral distribution i, =
% Zle 8, ¢ they exploited a powerful tool, namely its Stieltjes transform,

Given the particular expression of y,, the expression of its Stieltjes transform simplifies into m,(z) =
%Zle(iti(é) —2)7L As p,n — +oo with p/n def ¢ €]0, +oo[, Marcenko and Pastur (1967) showed the
almost sure pointwise convergence of m,, to a Stieltjes transform myp such that

zemip(2) — (1—c—2)myp(2) +1=0  forallze C\R, (1.4

which implies the almost sure weak convergence of 1, to pvp given by the inverse Stieltjes transform of
myp- This limiting measure is nowadays known as the Marcenko-Pastur distribution with parameter
c and is expressed as

\/[/I—E_]+[E+—/1]+d

A 1.5
2nmcA (1.5

1 +
I_E] Op+V with dv(A) =

Hmp =

where E; = (1+/c)%.

The density of the Marcenko-Pastur distribution is plotted in Figure 1.3 with the same empirical
spectral distributions (histograms) as in Figure 1.1. Notice that the particular case p/n = 1 presents a
hard edge as A | 0 which is due to a singularity in the limiting density,

AT _ 1
27 A a0
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Figure 1.3: Empirical spectral distribution (ESD) and limiting spectral distribution (LSD) of the sam-

ple covariance matrix C = %Z?:I xl-xl.T with x; il g (0p,I), n=1000 and, from left to right, p/n =
0.1,1,1.5.

This hard edge scenario marks a transition from the absence (c < 1) to the presence (¢ > 1) of an atom
around 0 in the Marcenko-Pastur distribution.

In fact, the “Stieltjes transform approach” is a very versatile method to determine the limiting spec-
tral distribution of a random matrix model and its was extensively used by Silverstein and Bai (1995);
Bai and Silverstein (1998, 2010). It usually results in a fixed-point equation of the form m(z) = f(m(z))
which allows to numerically compute m and to reconstruct the corresponding probability distribu-
tion p. In the case of the sample covariance matrix considered by Mar¢enko and Pastur (1967), f is
simple (see Equation (1.4)) and analytic expressions of myp as well as pyp can be found.

1.2.2 Outlying Eigenvalues and Eigenvectors in Spiked Models

In a statistical data analysis context, we are not interested in “mere random matrices” (although they
are interesting mathematical objects) but rather in related spiked models. This terminology refers to
low-rank perturbations of (usually standard) random matrix models.

For example, Baik and Silverstein (2006), following a model initially proposed by Johnstone (2001),
were interested in the eigenvalue distribution of the sample covariance matrix C when the underlying
true covariance is C = I, + P where P has a small rank compared to p, n (usually, it is kept fixed while
p,n— +00). Thus, € = 1(I, + P)%XXT(IP +P)2T where X is a p x n matrix with i.i.d. entries having
zero mean, unit variance and finite fourth moment®. It is a low-rank perturbation of the original ran-
dom matrix model %X X" whose empirical spectral distribution is known to converge weakly almost
surely to the Maréenko-Pastur distribution. The limiting spectral distribution of C is the same but,
depending on the “strength” (the eigenvalues) of the perturbation P, a finite number of eigenvalues
of C may be isolated on the right-side of the bulk described by v in Equation (1.5). Paul (2007) further
precised that the corresponding eigenvectors are correlated with those of P in a manner which also
depends on the strength of the perturbation.

Later, Benaych-Georges and Nadakuditi (2012) studied a different spiked model, which is of par-
ticular interest to us, namely X = P + N where P is a low-rank matrix modeling a signal and N is a
random matrix modeling a noise. With a free probability approach, they characterize the asymptotic
behavior of the largest and smallest singular values as well as that of their corresponding singular
vectors. This is equivalent to considering the eigenvalues and eigenvectors of the sample covariance
matrix C = %XX T or the Gram kernel matrix K = %X T X. Given that the noise has, e.g., i.i.d. Gaussian

A (0,1) entries, both € and K have their empirical spectral distributions converging weakly almost
surely to a Mar¢enko-Pastur distribution (with parameters c and ¢! respectively). Moreover, depend-

3This last assumption is needed for technical reasons, see Theorem 2.31.
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ing on the strength (the singular values) of the perturbation P, there may be a few isolated eigenvalues
with corresponding eigenvectors correlated with the singular vectors of P.

In both cases just discussed, the spiked model has the same limiting spectral distribution as the
original unperturbed model. The only influence that has the addition of a low-rank perturbation P is
that it may cause the emergence of a few isolated eigenvalues whose positions (and presence) depend
on the strength of the perturbation. Moreover, some information regarding the singular subspaces
of P are also contained in the corresponding eigenvectors. In a statistical inference setting, spiked
models are particularly relevant objects of study to understand the main limiting factors in the re-
construction of the signal P from the observation X and it can thus provide answers to the questions
raised in Section 1.1.3. Here, it is the singular values of P which control the signal-to-noise ratio.

Remark 1.3 (No prior information on P). Some studies on spiked models, such as, e.g., Lelarge and
Miolane (2017), consider that the perturbation P is also random and follows a certain prior distribu-
tion. We shall not be concerned with such considerations: in our settings, no prior information is
given on P besides its structure. Concretely, if P is a rank-one symmetric matrix of the form fxx"
with ||x|| = 1, then we assume no further knowledge on the direction x (which is equivalent to saying
that it follows a uniform prior on $*~!) and the scale  becomes a parameter of the problem.

As an illustration of the interest of spiked models for statistical learning, consider the task of sep-
arating n individuals represented by p-dimensional feature vectors xy,...,x; € R” into two clusters.
This is a very general problem as the x;’s could represent, e.g., images of cats and dogs, healthy and
sick patients or sentences about sports and politics. Assuming, for simplicity, that each cluster has
mean +p € RP (which states that the origin 0 p 1s in the middle of both clusters), the feature vectors
can be expressed as

X = Jip+n;
where j; = +1 depending on the cluster which x; belongs to and n; € R” represents the dispersion of
x; around j;u. The n;’s are modeled as i.i.d. A4 (0,, I,) random vectors (this choice is discussed in

detail in Section 2.2.3). Hence, the data matrix X = [x1 xn] € RP*"™ decomposes into
X=pj +N (1.6)
where j = [j1 jn] T and N is arandom matrix with i.i.d. A4/(0, 1) entries. This is precisely a signal-

plus-noise model. Since we want to perform clustering of the x;’s, our goal is to reconstruct j from X.
Thus, we consider the Gram kernel matrix K = L X' X.

A realization of the spectrum of K is depicted in the left panel of Figure 1.4 when the first half of
the x;’s is assigned to the “—1 cluster” while the other half is assigned to the “+1 cluster” and || ull2 =4
(note that || £]|? controls the signal-to-noise ratio || " ||2/E[| N|?]). Because the addition of a low-rank
perturbation does not change the limiting spectral distribution, it is not surprising to see % Y0
approaching the Marcenko-Pastur distribution (here, with parameter %). The only display of the rank-
one perturbation pj " is in the fact that the dominant eigenvalue 1, (K) has left the bulk. Yet, the latter
has a negligible weight in the empirical spectral distribution as p, n — +oo. Thus, we must introduce
a new tool, borrowed to the theory of linear operator in Hilbert space (Akhiezer and Glazman, 1993):
the resolvent matrix. Specifically, the resolvent of K is defined for all ze C\Sp K as

Qi (2) = (K~2I,)™".
The isolated eigenvalue is characterized by the fact that it is the only point in C\ [E_, E, ] for which

Qk (2) is undefined as p,n — +oco with p/n def €]0, +oo[. Hence, a careful asymptotic analysis of the
singular points of the resolvent shows that

2
p e gt [V it <ve
B i © T ) U+ UplP+e) oy 2 :
clul? if lpl®> Ve

(1.7)

21



Chapter 1. Introduction

Eigenvalue distribution Dominant eigenvector
Ex 0.1 { ° Empirical eigenvector 5 *
0.8 | . Population vector & &3 & ¢
= Eigenvalue Sutt s > 4
0.6 | In  ESD BRI = <Ry
0.4 | LSD 013 's TR e wtld > oo
’ Spike '.!?"' TN 'P 5 fll : *
0.2 i ':os \.-:' .:.'.- .ﬂ.
-01 7. ° :
0 T T T T
0 1 2 3 4 0 100 200 300 400 500

Figure 1.4: Left: Empirical spectral distribution (ESD) and limiting spectral distribution (LSD) of
K= %XTX with X following Equation (1.6). The green dashed line indicates the almost sure asymp-
totic position of an isolated eigenvalue ¢ defined in Equation (1.7). Right: Coordinates of the domi-
nant eigenvector of K compared with the population vector v/{/nj with { defined in Equation (1.8).
Experimental setting: p = 1000, n =500, | yll2 =4, equal class sizes.

The asymptotic position ¢ depends only on ||||? (the strength of the perturbation) and the parameter
c. If |l < /¢ (the signal-to-noise ratio is too small), then ¢ is simply the right edge of the bulk E,.
On the other hand, as soon as ||u||2 > /¢ (the signal-to-noise ratio is large enough), the dominant
eigenvalue escapes the bulk, ¢ > E, . Its position is represented by the green dashed line.

The coordinates of the eigenvector u; (K) associated to 1, (K) are plotted in the right panel of Fig-
ure 1.4. We can see that they are correlated with the sought vector j (recall that j; = -1if i < n/2 and
ji = +1 otherwise). Indeed, this eigenvector carries some information about the perturbation u j'.

More precisely, it is aligned with the single eigenvector of + ~lpj M uj’l = ”” I L jj", namely - 7 —=J.
The resolvent formalism is also useful here, in that it allows to compute these ahgnments denoting

A =Diag(A1(K),...,A,(K)) eR™" and U = [u1(K) ... u,(K)|€G,(R), we have,
n . . T
Qx(2) = (UAU" —zI,) ' =U(A-z1,)'U ZM

o A -

and, choosing a positively-oriented simple closed complex contour v circling around A, (K) and leav-
ing all the other eigenvalues outside, Cauchy’s integral formula (Proposition 2.15) yields,

1
(a,u; (K))* = —Z—f a' Qk(z)adz
in J,

for all deterministic vector a € R". Again, a careful asymptotic analysis of the previous integral when
a= \/Lﬁ j shows that

0 if |l < Ve
def
mK) ——( = 2 . . (1.8)
<] O ¢ %‘m'z’é"% il > Ve

As for ¢, the quantity ¢ only depends on ||[l.||2 and c. Moreover, the alignment of u,; (K) with j is non-
zero as soon as A; (K) leaves the bulk (||g]|> > /c). Notice that { is an increasing function of || u||? on
[V/¢, +oo] starting at 0 (no alignment) and approaching 1 (perfect alignment) as || [J||2 — +o00.
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Thus, the resolvent matrix allows the study of spiked models by describing the asymptotic position
ofisolated eigenvalues and the alignment of the corresponding eigenvectors with the sought informa-
tion (the eigenspace of the perturbation). We should also mention the following elementary property
of the resolvent,

251 K)

i:

.

1 n
_TrQK(Z) ll)L(K) f/l z

In words, the normalized trace of the resolvent is the Stieltjes transform of the empirical spectral distri-
bution. Hence, the resolvent is the central tool we shall be concerned with in order to study both the
limiting spectral distribution (via the Stieltjes transform) as well as the spike eigenvalues and eigen-
vectors of our models.

In light of the questions raised in Section 1.1.3, the previous analysis of the spiked model X = pj " +
N gave insightful results regarding the original clustering problem. Firstly, it exhibited a threshold
value || ull2 v/¢ marking a transition between two distinct phases of the inference problem. If | yll2
V¢, the statistical information contained in X is not sufficient to reconstruct j and spectral clustering
fails to properly separate the x;’s ({ = 0). Conversely, if | u|? > \/c, the strength of the signal is sufficient
to distinguish it from the noise and the partial reconstruction of j from the observation X is possible
(¢ > 0). Moreover, the “amount of accessible information” in X is explicitly given by { as a function of
I yllz. Note that spectral clustering is information-theoretically optimal in this setting (Onatski et al.,
2013; Loffler et al., 2021), meaning that it achieves the best clustering performance as soon as it is
theoretically possible. In other words, there is no hard phase and we jump directly from the impossible
phase to the easy phase at |u|?> = /c. The study of such spiked random matrix models related to
clustering problems is the main topic of Part I of this thesis.

1.2.3 Random Tensors and Random Matrices

All the tools introduced so far are designed for the study of large random matrix models. Yet, modern
challenges in statistical learning concern not only large but also multidimensional data. Thus, we are
also interested in large random fensors. The statistical analysis of the latter is rather new — it essen-
tially started with the work of Montanari and Richard (2014) — and there is still no proper “random
tensor theory”. Nonetheless, we can rely on the powerful concepts and tools of the well-established
random matrix theory to provide a better theoretical understanding of statistical inference on tensor
data.

The careful reader may have noticed that the random tensor model in Equation (1.2) corresponds
to what we could (and will) call a spiked tensor model. Once again, we shall consider signal-plus-
noise models: the observed tensor is expressed as J = P + N € R™**"d, modeling a low-rank signal
P perturbed by an additive noise N. Reconstructing P from the observation J consists in finding a
solution to

min [|T - X1 (1.9)
Xet

where ./ is a set of low-rank tensors which shall be properly defined in Section 2.4.2. How can we
tackle this optimization problem involving a random tensor with our set of tools from the theory of
large random matrices?

A first idea is to study the unfolded tensor, that is, a matrix constructed by “flattening” the original
tensor J. This operation is usually performed along a given mode. For example, the unfolding of I
along the first mode, denoted TW, is an ny x H;izz ny matrix whose i-th line is made of all the entries
of J, in a certain predefined order, obtained by fixing the first index to i. Therefore, we are left to
study a random matrix instead of a random tensor. However, this operation comes at a high cost, for it
essentially wipes out the structural information in the data, which was precisely our main motivation
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for considering multidimensional arrays! Moreover, as the tensor is “large”, we assume that all dimen-
sions grow at a similar rate 7ny,...,ng = ©(N) — +oo. Hence, the second dimension of TV grows at a
faster polynomial rate © (N9~1) than the first one © (N), which is different from the standard random
matrix regime where both dimensions have similar sizes.

In fact, the structural information can be preserved if we consider all the unfoldings T\, ..., T®
as a whole. Hence, instead of a random tensor we study a set of d long random matrices (Ben Arous
et al., 2023). This approach will allow us to analyze the reconstruction performance of standard tech-
niques designed to provide low-rank tensor approximations, namely a truncated version of the multi-
linear singular value decomposition (De Lathauwer et al., 2000b) — which is an extension of the com-
mon singular value decomposition for matrices — and the higher order orthogonal iteration (HOOI,
De Lathauwer et al., 2000a). Among the various algorithms designed to estimate a solution to Problem
(1.9), HOOI is among the ones having the lowest critical signal-to-noise ratio value required for a non-
trivial estimation — i.e., with non-zero alignment — of the perturbation P (Montanari and Richard,
2014; Hopkins et al., 2015). However, it does not reach the information-theoretic lower bound estab-
lished by Perry et al. (2020) and it is therefore conjectured that this problem exhibits a hard phase and
that HOOI (among other algorithms) actually reaches the computational threshold (Ben Arous et al.,
2019). The “tensor unfolding approach”, which we develop in Part II of this thesis, is thus useful to
study the reconstruction performance near the transition between the hard and easy phases.

In order to complete the picture, the following natural question concerns the analysis of Problem
(1.9) near the statistical threshold, that is, near the transition between the impossible and hard phases.
The recent works of Goulart et al. (2022) and Seddik et al. (2022) showed that the study of a spiked
tensor model can be reduced to that of an equivalent spiked random matrix model. In particular,
Seddik et al. (2022) considered the rank-one asymmetric spiked model consisting in a perturbation
P =0xVox?®ex® e RM*%2*Mm with ¢ > 0 controlling the signal-to-noise ratio and x©) € $"¢1,
¢€{1,2,3}, observed as T = oxV @ x@ @ x® + ﬁN where N; j M 40,1) and N = 1y + 1y + n3. In
this particular setting, Problem (1.9) becomes

. D) g v@ gy 2
P e

Given a solution (6,1, £?, £®) to this problem, Seddik et al. (2022) are able to recover the asymp-
totic behavior of & and the alignments (x'), #©)2, through, notably, the analysis of an associated
symmetric random matrix ® defined by blocks as

Onlxnl 7())-%(3)) T(yx(m))
=T 0T Oppn,  TGED,0).
7(')~£(2))')T T(i\:(l),',')—r 0n3><n3

Recall that, as J describes a 3-linear form on R™ x R"2 x R"3, the contraction of I on a single vector
describes a bilinear form, which we identify as a matrix. This model has a complicated structure be-
cause the vectors £V, #?,£®, on which T is contracted, actually depend on the noise N. Yet, relying
on the Stieltjes transform and resolvent approach, its analysis is still amenable to precise asymptotic
results near the statistical threshold. This interesting approach leading to unusual new random matrix
models is a promising direction to complete the results of Part II.

Remark 1.4. In fact, as it was mentioned in Remark 1.2, the results found with this approach are valid
for all values of o such that there exist an informative local optimum, even if this is not the global one.
Hence, it predicts positive alignments even (slightly) below the actual statistical threshold! The precise
characterization of the latter requires different tools which we shall not discuss here, see Jagannath
et al. (2020); Zdeborova and Krzakala (2016).
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1.3 Practical, Societal and Environmental Challenges of the Big
Data Era

Before delving further into mathematical considerations, let us take a step back in order to reflect on
the physical reality of what is at stake here. This (relatively short) digression is meant to serve as a
warning against potential excessive usage of the technology, on which machine learning inherently
relies, in the context of drastic environmental changes caused by human activities since the industrial
revolution. We do not intend to argue in favor or against the use of machine learning, nor to propose
solutions, but simply to provide some elements of the background behind the mathematical questions
in this thesis. For a general presentation of the current trends of global warming, we naturally refer
to the 2023 Synthesis Report on Climate Change of the Intergovernmental Panel on Climate Change
(IPCQ).

In 2014, at the request of the United Nations Secretary-General, the Independent Expert Advisory
Group on a Data Revolution for Sustainable Development prepared a report gathering recommenda-
tions on how the data revolution can be mobilized for sustainable development. In particular, the
introducing words of its executive summary state:

Data are the lifeblood of decision-making and the raw material for accountability. Without
high-quality data providing the right information on the right things at the right time;
designing, monitoring and evaluating effective policies becomes almost impossible.

The document shows how the increasing volume of data should be used by policy makers to achieve
their “sustainable development goals” announced in the 2030 agenda of the United Nations. Recalling
the origins of statistics, the report claims that demographic data allow to “know more about the state
of the world”. However, it never mentions the high environmental footprint of the data revolution,
which undeniably threatens sustainable development (Meadows et al., 1972).

1.3.1 The Physical Reality of Big Data

The past decades have seen a rapid development of Artificial Intelligence (AI), and machine learning
in particular. This is allowed by the dazzling enhancement of computational resources and the mas-
sive growth of available data, notably via numerous sensors, mobiles phones, digitization of processes
and services. The fast processing and intensive storage of data has been ground-breaking in many so-
cietal domains — the processing of transport and travel preferences allows to predict and avoid road
congestion and accidents, the analysis of consumers’ preferences allows more targeted and effective
marketing strategies, information about students’ progress and learning habits allow the understand-
ing of learning patterns and the design of more effective educational programs, etc.

Yet, the unstoppable pursuit of enhancement of Al models creates a voracious demand in comput-
ing power, which has significant consequences on global climate change (Wu et al., 2022). Although
data appears to the user as a virtual object stored in a “cloud”, it has a very real physical existence,
notably via invisible data centers, “the central nervous system of the 215 century” (Whitehead et al.,
2014). This equipment stores, manages and processes digital data, as well as it provides applications
and services for data processing. Thus, data centers consume an increasing amount of energy to run
their operations and cool down their servers, resulting in a heavy environmental footprint (Whitehead
etal., 2014; Williams, 2011). The growing use of internet, online services and connected objects raises
the demand for data and service availability which in turn requires that data be stored in servers in
multiple sites and centers. Hence, there are also broader ethical questions about the desirability of
such a data revolution requiring attention, see Lucivero (2020).

Moreover, the increasing demand for new hardware puts pressure on the construction of new de-
vices, which also represents a threat for the environment, and human rights as well. Indeed, the min-
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ing of ore needed for high-tech devices, benefiting for the most part to the richest people on Earth, is
essentially performed in poor countries, where working conditions are less restrictive. The quest for
these precious resources causes widespread deforestation and the chemicals used for mineral separa-
tion pollute streams and rivers, releasing substances harmful to aquatic life and human health. Chil-
dren are not exempted from the labor, which is performed under dangerous conditions. Moreover,
it often contributes to fomenting tensions in the concerned countries, as in the Democratic Repub-
lic of Congo, where the land grab of Chinese companies for coltan mining nourishes a war between
rebel groups and the Congolese army, perpetuating a cycle of poverty and violence (Constantine and
Wolff, 2023). Manufacturing of new hardware suffers from similar issues as it is also conducted in poor
countries (mostly south-east Asia), with a low cost of manpower, in tragic working conditions.

But a larger production of devices also means a larger amount of waste to handle. Here again, poor
countries are at the mercy of the richer ones. In 2022, 62 billion kg of electronic waste were produced
worldwide, among which only 13.8 billion were formally collected and recycled in an environmentally
sound manner (Baldé et al., 2024). The rest is either handled outside formal systems in high- and
upper-middle-income countries (16 billion), in low- and lower-middle-income countries (18 billion)
or disposed as residual waste (14 billion). The biggest producers of electronic waste are in Europe,
Oceania and Americas but they are not those who suffer the most from it. Indeed, the disposal of
computing hardware produces harmful emissions and is environmentally detrimental, particularly in
low- and middle-income countries, which have lower environmental controls and where recovery of
valuable materials such as copper and gold in hardware through practices like incineration results in
aggravated environmental pollution (Williams, 2011; Baldé et al., 2024).

The insatiable hunger for new technology and capitalistic growth fuels an environmental and hu-
man crisis worldwide. While investment in Al development keeps soaring, research in data science
cannot pretend to be independent from this disastrous situation.

1.3.2 Sustainable Big Data Initiatives: Myth or Reality?

In view of this alarming reality, several works propose new tools and methods for a frugal Al relying,
e.g., on tools monitoring energy consumption (Jay et al., 2023), edge computing promoting locally
distributed computations (Angelelli et al., 2023) or compressive learning (Gribonval et al., 2021). In
essence, frugal Al seeks to minimize resource usage but under the constraint that it achieves a certain
performance. This allows to execute competitive learning tasks under limited memory or computing
resources. In other words, performance is no longer the only metric to evaluate a given model, it has
to be combined with an evaluation of its need for resources. For example, even if GPT-4 (OpenAl,
2024) is among the best current large language models according to the sole measure of performance,
its exorbitant size (1.76 trillion parameters) and the enormous cost of its training* certainly place it
among the worst models according to the resource-usage metric.

However, simply reducing the energy consumption of AI models does not necessarily mean that
less energy is spent for the same result after all. In fact, it is more commonplace that this improve-
ment is used to do more with the same amount of energy as before — this is the well-known rebound
effect (Thiesen et al., 2008). Too often, such user-related effects are neglected in assessments of the en-
vironmental impacts of information and communication technologies (Pohl et al., 2019). By naively
seeking to do more with less, the basic conception of frugal Al may therefore only promote a business-

4Although this is not yet known, studies on the previous GPT-3 model give an idea of what this could represent. The training
of GPT-3 required 1287 MWh of energy, that is 552 tons of net CO2eq emissions (Patterson et al., 2021). Knowing that it had
“only” 175 billion parameters, a simple application of the rule of three gives an estimated 13000 MWh of energy (6 000 tons of
net CO2eq emissions) for the training of GPT-4, which is equivalent to the energy consumption of almost 3 000 “typical” French
households during a year! In fact, this quick calculation assumes that the energy consumption depends linearly on the number
of parameters, this dependence is more realistically expected to be exponential. Thus the actual training cost should be even
bigger.

26



1.4. Outline and Contributions

as-usual scenario, where the central place of technology nourishes a human and environmental crisis.
Despite its admirable motivating intentions, frugal Al fails to trigger a profound paradigm shift.

From a broader perspective, Al is not just a very powerful tool which is unfortunately also very
energy-demanding — it deeply changes our way to live and relate to others. Relying on high-tech de-
vices, the technology required to run AI models leaves users with a very low power of action on their
own tool and it creates a high level of dependence. Moreover, technological devices are so sophisti-
cated that they are often replaced by new ones instead of being repaired, which creates a greater need
for resources. In this context, Couillet et al. (2022) promote a resilient Al that takes into account a
broader set of metrics — in addition to performance and resource usage, it also considers robustness
and repairability, power of action of the user, level of dependence to the tool and environment preser-
vation and accessibility. In essence, resilient Al seeks a certain degree of simplicity in the final tool. As
a striking example, instead of a black-box neural network working on a computer, a simple decision
tree written on a sheet of paper may achieve a (slightly) smaller performance but it is a more versatile
tool which gives a much bigger power of action to the user.

1.3.3 The Ambiguous Position of This Work

This thesis is concerned with the mathematical aspects of random matrix and tensor models moti-
vated by machine learning and statistical signal processing applications. After what has been said,
the strange situation in which the reader may find himself with regard to the latter gives a glimpse of
the psychological context in which the author was during the preparation of this thesis. Nevertheless,
it is a crying passion for mathematics which carried it to this result, in the hope that it will do more
good than harm at a time where information could become the new deadly weapon of the 21% century
(Nguyen Hoang and El Mhamdi, 2019; Nguyen Hoang and Fourquet, 2024).

Now I am become Death, the destroyer of worlds.
Bhagavad Gita, Chapter 11, Verse 32

1.4 Outline and Contributions

Chapter 2 presents the main technical tools used in the following chapters. In particular, the central
tools and results of random matrix theory are stated and followed by an introduction to the “Gaus-
sian method” which is extensively used throughout this thesis. Notably, we present a comprehen-
sive demonstration of the spectral analysis of a standard signal-plus-noise model (convergence to the
Marcenko-Pastur distribution, confinement of the spectrum, position of spike eigenvalues and align-
ments of spike eigenvectors) in the real case, which lacks in the current literature. This chapter ends
with basic notions on tensors and their decompositions.

Part I: Resource-Efficient Spectral Clustering

Firstly, we consider random matrix models related to spectral clustering. Chapter 3 establishes a cen-
tral limit theorem on the distribution of the entries of spike eigenvectors. This result is crucial to
accurately predict the clustering performance of spectral clustering methods and we rely on it in the
following chapters. Its proof relies solely on the rotational invariance of the noise and can easily be
extended to any standard spiked model other than the signal-plus-noise model.

In Chapter 4, a new random matrix model — namely, a “banded” Gram kernel matrix — is intro-
duced to study the performances of spectral methods on data stream clustering. Our random matrix
analysis allows to characterize the spectral behavior of the model and therefore the detectability of a
signal in a data stream. Besides the study of a non-standard random matrix model exhibiting an exotic
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spectral behavior, these results give precious insights into the online clustering problem. Then, rely-
ing on this analysis, we describe the reconstruction performance of this spectral method and show
how, with an astute memory management, it outperforms batch clustering under limited memory
constraints. These results are supported by numerical experiments.

Lebeau, Chatelain, and Couillet (2024a) Asymptotic Gaussian Fluctuations of Eigenvectors in Spec-
tral Clustering (IEEE Signal Processing Letters)

Lebeau, Couillet, and Chatelain (2022a) Une analyse par matrices aléatoires du clustering en ligne :
comprendre l'impact des limitations en mémoire (GRETSI)

Lebeau, Couillet, and Chatelain (2022b) A Random Matrix Analysis of Data Stream Clustering: Cop-
ing With Limited Memory Resources (ICML)

Part II: Algorithms for Tensor Approximation

In the second part of this thesis, we study random tensor models through the random matrices cor-
responding to their unfoldings. In particular, Chapter 5 proposes an analysis of a simple low-rank
tensor approximation which generalizes the truncated singular value decomposition on matrices to
higher-order tensors. The main results show that, after a proper rescaling, the unfoldings behave like
the well-known spiked Wigner model (see Section 2.2.1). Therefore, we can precisely characterize the
reconstruction performance of the truncated multilinear singular value decomposition on a signal-
plus-noise tensor model. Despite not being optimal on tensors of order d = 3, this quasi-optimal
solution is easy to compute and is an efficient initialization for a numerical scheme estimating the op-
timal solution: the higher order orthogonal iteration (De Lathauwer et al., 2000a), whose performance
we characterize as well. In particular, we prove that this algorithm is asymptotically optimal, in the
sense that its number of iterations converges to 1 as the size of the tensor grows large.

Relying on a similar approach, we study in Chapter 6 the performance of multi-view clustering
via a nested matrix-tensor model. This newly-introduced model generalizes the standard rank-one
spiked tensor model in that it adds a third term mixing a signal vector with a noise matrix. Our ran-
dom matrix analysis of the unfoldings describes under which setting a reconstruction of the signal
is possible, depending on the difficulty of the problem and the informativeness of the views. These
results are compared with the performance of the maximum likelihood estimator derived by Seddik
et al. (2023a). Thereby, we bring to light and precisely quantify the computational-to-statistical gap in
this problem.

Lebeau, Couillet, and Chatelain (2023) HOSVD Tronquée : Analyse d’'une Approximation Tensorielle
Rapide (GRETSI)

Lebeau, Chatelain, and Couillet (2024b) A Random Matrix Approach to Low-Multilinear-Rank Ten-
sor Approximation (accepted to JMLR)

Lebeau, Seddik, and Goulart (2024c) Performance Gaps in Multi-view Clustering under the Nested
Matrix-Tensor Model (ICLR)
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Chapter 2

Technical Tools

UNDAMENTAL random matrix tools and the basic concepts needed for the study of random ten-
F sors are presented in this chapter. We start by introducing the basic objects and identities on
which we rely throughout this thesis in Section 2.1. Central random matrix results such as the Wigner
semi-circle law and the Marcenko-Pastur distribution are presented in Section 2.2. Then, Section 2.3
illustrates the “Gaussian method” on a standard spiked signal-plus-noise model. This case study gives
the elementary intuitions behind the analysis of more involved spiked models. Finally, Section 2.4 is a
short introduction to tensors as multi-way arrays and their main decompositions, namely the canon-
ical polyadic decomposition (CPD) and the multilinear singular value decomposition (MLSVD).

For a general introduction to random matrices, we refer to any of the following books: Ander-
son et al. (2009); Bai and Silverstein (2010); Pastur and Shcherbina (2011); Tao (2012); Potters and
Bouchaud (2020); Couillet and Liao (2022).

2.1 Elements of Random Matrix Theory

Throughout this section, we consider a random 7 x n symmetric matrix S. The set of all its eigenvalues

is its spectrum Sp S < R. We denote 1;(S) = ... = 1,(8) its eigenvalues in non-increasing order and

u1(S),..., u,(S) € R” the columns of U € @,,(R) such that S = UAU " with A = Diag(1:1(8),...,A,(8)).
We start by defining the central object to study the spectral behavior of S in the global regime.

Definition 2.1. The resolvent of Sis Qs:z€C\SpS— (S—zI,)~ "

Notice that Qg(z) is a symmetric (but not Hermitian unless z € R\Sp §) matrix. It also has the useful
property that its spectral norm is bounded.

Proposition 2.2. Forallze C\SpS, ||Qs(z)|| =1/Dist(z,SpS) < 1/|3z|.

Proof. From the definition of the resolvent, ||Qs(z) 1% = max,lespslﬂt —z|™2 < |Dist(z, Sp S)| 72 < |3z| 2.
O

Remark 2.3 (Sequences of matrices). Each time we consider the limiting behavior of a random matrix,
we implicitly deal with a sequence of random matrices indexed by their size. The same goes for the
related objects (resolvent, Stieltjes transform, eigenvalues, etc.). This has the double advantage to
ease the notation (by removing the index n) and to be closer to what this large-dimensional regime
actually models (in practice, matrices are large but remain finite).
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2.1.1 Global Behavior of the Eigenvalues

Often, we want to characterize the limiting global behavior of the eigenvalues of S as n — +oo. Thus,
we consider its empirical spectral distribution (ESD).

Definition 2.4. The empirical spectral distribution of § is % Y AespsOa-

Probability distributions are studied through their Stieltjes transforms.

du()

Definition 2.5. The Stieltjes transform of a real probability measure pis m: z € C\Suppp— [ =,

where Supp ¢ < R is the support of .

An important property is that the Stieltjes transform of the empirical spectral distribution is the
normalized trace of the resolvent.

Proposition 2.6. The Stieltjes transform of % D aespsOa is % Tr Qs.

Proof. Letu= % Y resps 0. Its support is the spectrum of §. Hence, forallze C\Sp S,

/_du(t):l Z ! :lTrDiag(
RI=-2 n,ggh-z n

1
= —TrQs(z).
n

=)
Ai(8) =z ) e

We give the following interesting properties of the Stieltjes transform without proof.

Proposition 2.7 (Properties of the Stieltjes transform). Let u be a real probability measure and m be its
Stieltjes transform.

1. m is an analytic function on C \ Supp u.

k! k!

; (k)
2. Forallinteger k=0 andz e C\Suppy, |m'"(z)| < Dist(z Supp I FT < o

3. Sign(S[m(z)]) = Sign(Sz).

4. Supppc [0, +oo[ <= Sign(S[zm(z)]) = Sign(Fz).

5. limy— s —iyml(iy) = 1.

6. x— m(x) is an increasing function on all connected components of R\ Supp p.

The following theorem gives criteria to identify a complex-valued function as the Stieltjes trans-
form of a probability measure.

d
Theorem 2.8 (Herglotz). If the function m is analytic on C* :ef{z € C| Sz > 0} and satisfies

1. Sm(z)=0forallzeC™,
2. Im(2)|<1/Sz forallze C*,
3. limy— 400 —iyml(iy) = 1,
4. m(z) =m(z) forallze C*,
then m is the Stieltjes transform of a unique probability measure on R.

Proof. See Weidmann (1980, Theorem B.3). O
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As the Stieltjes transform of the empirical spectral measure of S is a random quantity, it is often
easier to study its expectation. We have the following important corollary to Theorem 2.8.

Corollary 2.9. [E[% Tr Qs] is the Stieltjes transform of a unique probability measure on R.

Proof. my, det %Tr Qs is the Stieltjes transform of the empirical spectral distribution of S (Proposi-

tion 2.6). Let us show that E[m,] is analytic. Let zg € C* and € €]0,3zy[. Our choice of ¢ is such

def _
that %B(zg, €) = {zeC||z—zy < € = C". We have SUD e (z0,6) | M (D) < (S — €) 1 and, because

my, = %Tr Qg, SUP e (20,6) | M0 (D) < (S20 — €)~2. With these two upper bounds, we can apply the stan-

dard theorems of continuity and differentiation of integrals depending on a parameter (see, e.g., The-
orem 2.12 and Theorem 2.13 of Le Gall (2022)). Hence E[m,,] is differentiable for all z € %(zp, €) and
thus analytic on C*. Then, from the properties of m,, it is easy to check that SE[m,(z)] = 0 and
|E[mn(2)]] < 1/Sz for all z € C*. Finally, lim)_. o —iyE[m,(iy)] = 1 by the dominated convergence
theorem (Le Gall, 2022, Theorem 2.11) and E[m,,(2)] =E[m,,(z)] forall ze C*. O

The weak convergence! of the empirical spectral distribution of § can be characterized via the
pointwise convergence of its Stieltjes transform.

Proposition 2.10 (Convergence of Stieltjes transforms). Let (u,) =0 be a sequence of real probability
measures and, for all n = 0, m,, be the Stieltjes transform of .

. d .. . .
(a) If there exists a subset & < C* =ef{z € C| Sz > 0} containing an accumulation point® such that,
forallze &, m,(z) — m(z) as n — +oo, then there exists a measure fi such that ii(R) < 1 and

m(z):fM forallze &.
R I—2

(b) Moreover, iflimy_.. —iym(iy) = 1, then i(R) = 1 and p, — fi weakly as n — +oo.
Proof. See Geronimo and Hill (2003). O

When p, is the empirical spectral distribution (ESD) of S, f1 is called its limiting spectral distribu-
tion (LSD). It can be recovered thanks to the inverse Stieltjes transform.

Proposition 2.11 (Inverse Stieltjes transform). Let u be a real probability measure and m be its Stieltjes
transform.

1. Ifa,beR, a< b, are continuity points of 1, i.e., u({a}) = p({b}) = 0, then,
1 b
u(la, bl) :lim—f S[m(x+1iy)] dx.
ylo T Ja

2. If u has a density at x € R then,

1. .
—(x) = = limS[m(x +iy)].

T ylo

3. Ifu has an atom at x € R then,
p(xh = li%l —iym(x +1iy).
y

1A sequence of probability measures (1) >0 is said to converge weakly to fz if S fdpn — [ fdjas n — +oo for all bounded
continuous functions f.
2z0 € C is an accumulation point of . if, for all € > 0, there exists z € . \ {zg} such that |zp — z| < €.
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Proof. See Couillet and Liao (2022, Theorem 2.1). O

A common way to study the asymptotic behavior of the spectrum of a random symmetric matrix
§ is to show the existence of a limiting spectral distribution by proving the pointwise convergence of
the Stieltjes transform of the empirical spectral distribution (Proposition 2.10). Typically, the asymp-
totic analysis of the resolvent Qg and Proposition 2.6 give a fixed point equation characterizing the
Stieltjes transform of the limiting spectral distribution. The sought probability measure can then be
reconstructed thanks to Proposition 2.11.

However, the existence of a limiting spectral distribution fi does not necessarily mean that every
eigenvalue of § must lie within Supp j for n large enough. Indeed, a o(n) number of eigenvalues can
stay outside the limiting measure without affecting it since it has a o(1) mass. In order to prove that
no eigenvalue stays outside the support of the limiting spectral distribution, a powerful tool is often
the following formula.

Proposition 2.12 (Helffer-Sjostrand formula). Let u be a probability measure on R and m be its Stielt-
jes transform. Let f : R — R be a compactly supported function which has a continuous (k + 1)-th

derivative (k = 1). We define @[ f], the quasi-analytic extension of f on C* {z eC|Sz>0}as

OL1f1(2) = Z (32’ =2 f DRy (S2)

i I

where y : R — [0, 1] is an infinitely differentiable even function such that® y(y) =0 ifly| = 1 and x(y) = 1
iflyl <6 for some 6 €]0,1]. Then,

_2 [ 0Plf]
fRfdp—ﬂéﬁfU > @ml2) dz
d

where i = l( 1i) is the Wirtinger derivative.
oz 2\omz " '53 &

Proof. The support of @[] is compact therefore an integration by parts gives

+0o +oo
gmf 6®k[f]( ym(z )dz——SR[ f (f Gq;k[f] (x+iy)m(x+iy) dx)dy
C+

7

+00

+lf (f 0P f] (x+iy)m(x+iy) dy)dx
2J- o oy

2 [-if.. _ _ o
ZR ?le;Illol{CDk[f](xﬂy)m(xﬂy)} dx_foq)k[f](z)g(z) dzl.

Since m is an analytic function, the Cauchy-Riemann equations give dm/dz = 0 and the second in-
tegral of the right-hand side is zero. Then, as the limit of a product is the product of the limits and
limy o ®[f](x+iy) = f(x), we have

6<Dk [f]

2
—R
T ct

(&)ym(z) dz = 8‘%[ /f(x)(hmm(xﬂy)) dx|.

Finally, observing that R[-iz] = Sz and %limﬂo S[m(x +1iy)] = du(x) (from Proposition 2.11) con-
cludes the proof. O

{ exp(-1/u) ifu>0
0

3 An example of such function is y : y — g(%)g(}:—g) with g(u) = fu){w and f(u) = fu<o -
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ik
Remark 2.13. Since y is constant on ]0,5],0< 3z<§ = % (z) = %%f(k“) (Rz). The greater k,

the faster the convergence to zero of % as Sz | 0. This is particularly useful to evaluate quantities

suchas [ fdu;— [ fdu, from the knowledge that the Stieltjes transforms m;y, m; of u1, yy (respectively)
satisfy |m; (z) — ma(2)| = 0(Sz|7%) as Sz 1 0:

2 0d
[ram-[ram=2n [ LD G0m@-me oz
n Jo+r 0z

=6(1) as 3z]0

The smoothness of f compensates for the divergence of m (z) — m2(z) near the real axis.

The next lemma is a handy result to evaluate some integrals which appear after using the Helffer-
Sjostrand formula.

Lemma 2.14. Let % be a compact subset of R and h be an analytic function on C\ X such that
1. lim‘z|_,+oo h(z) = 0,
2. h(z)=h(z) forallze C\ X,

3. there exist an integer ng = 1 and a constant C z > 0 such that |h(z)| < C_z max(Dist(z, £)~",1)
forallze C\ %.

Then, limy o [ S[h(x+iy)] dx =limy_ .0 —iyh(iy).

Proof. According to Theorem 5.4 of Schultz (2005) (see also Capitaine et al. (2009, Theorem 4.3);
Loubaton (2016, Lemma 9.1)), k& is the Stieltjes transform of a compactly-supported Schwartz dis-
tribution (Rudin, 1991, Chapter 6) and therefore satisfies the stated result. O

2.1.2 Isolated Eigenvalues and Eigenvectors

In the perturbed random matrix models we will consider, a finite number of eigenvalues may converge
outside the support of the limiting spectral distribution. Once the latter is accurately characterized,
our attention moves to these isolated eigenvalues in the spectrum of § and their corresponding eigen-
vectors. Given that Qs : z+— (S — zI,,)~! is defined for all z € C which is not an eigenvalue of S, the set
of asymptotic positions of isolated eigenvalues is

limsupSp $§

n—+oo

\Supp fi

where f1 is the limiting spectral distribution of S.
Let us recall two useful results to study the corresponding eigenvectors of S.

Proposition 2.15 (Cauchy’s integral formula). Let U be a simply-connected subset of C, f : U — C be
a holomorphic function andy < U be a positively-oriented simple closed contour. Denotey the open
subset of U delimited byy. Then,

1
__?{ TE 4z s (20)1 {zye3-
Y

2in Jy zp—z

Proposition 2.16 (Residue theorem). Let U be a simply-connected subset of C, f : U — C be a mero-
morphic function andy c U be a positively-oriented simple closed contour which does not contain any
singular point of f. Let # be the set of singular points of f inside the open set delimited byy. Then,

1
Eﬁf(z) dz= ) Res(f,s)

ses
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whereRes(f, s) is the residue of f at the order-n pole s,

n-1

Res(f,s) = L jim 2 [(z—9)"f(2)].

m—
(n—1)! z—s gz""!

To see why these results are useful, observe that

= T_ -1_ _ ATV u; (Su;(S)"
Qs(z)=(UAU' -zI,) =UWA-zI,)"'U _i:Zl—A,-(S)—z

Thus, according to Proposition 2.15, for all a, b € R",

1
a'Tlb = - aTQs(z)b dz with II= Z uj(S)uj(S)T
2im Jy; 1<j<n
A;(8)=2;(S)

where I1 is the projection matrix on the eigenspace associated to A;(8) (if the eigenvalue has multiplic-
ity one, this is simply u; (S)u;(S) T) and y; is a well-chosen positively-oriented simple closed (complex)
contour circling around A;(S) and leaving all the other eigenvalues outside. Furthermore, the integral
on the right-hand side can be evaluated using residue calculus (Proposition 2.16),

L § aTQsbdz= lim (z—1:(8)a"Qs(2)b.
217 Jy, z—Ai(S)

At finite n, this is the limit at a random point of a random quantity. However, if 1;(S) is an isolated
eigenvalue with a deterministic limit as n — +oc0, the asymptotic analysis of the resolvent Qg allows to
characterize the limiting behavior of a ' TIb for all deterministic a, b € R".

2.1.3 Asymptotic Analysis of the Resolvent

It appears that the asymptotic analysis of Qg is crucial to characterize the limiting spectral behavior of
S. To that end, we introduce the central notion of deterministic equivalent.

Definition 2.17 (Deterministic equivalent). Let X be a random n x n matrix and X be a deterministic
nx n matrix. We write X — X if, for all (sequences of) deterministic @, b € R"” and A € R"*" of bounded
norm (respectively, Euclidean and spectral norm), we have,

1 S a.s

a"(X-X)pb—"—-0 and —TrA(X-X)———0.
n—-+o0o n n—+oo

The matrix X is called a deterministic equivalent of X.

A deterministic equivalent Qs(z) of the (random) resolvent Qg(z) has the same scalar observations
as its random counterpart. Therefore, it is entirely sufficient to study the limiting spectral distribution
(% Tr(Qs — Qs) — 0) as well as the alignments of the isolated eigenvectors (fy aT(Qs —Qs)bdz — 0)
of S. Hence, exhibiting a deterministic equivalent of the resolvent is key to characterize the limiting
spectral behavior of S. The “Gaussian method” exposed in Section 2.3 presents a powerful approach
to derive such deterministic equivalents.

In particular, the following “Gaussian integration by parts” lemma, due to Stein (1981), is exten-
sively used to show the convergence in mean of the resolvent.

Lemma 2.18 (Stein, 1981). Let Z ~ A (0,1) and f : R — C be a polynomially bounded differentiable
function such thatE[| f'(Z)|] exists and is finite. Then,

E[Zf(2)] =E[f'(2)].
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XZ
Proof. Since limy—_.10|f(x)e” 2 | =0, an integration by parts yields

xz x2
E[Zf(2)]= xf(x)e” 7 dx= \/%fwf’(x)e_T dx=E[f"(2)].
¥/

Vo

O

The almost sure convergence of bilinear forms and traces of the resolvent (Definition 2.17) is jus-
tified by the following powerful Poincaré-Nash inequality (Chen, 1982; Ledoux, 2001) together with
Lemma 2.20, which is a standard way to prove almost sure convergence relying on Markov’s inequal-
ity and the first Borel-Cantelli lemma.

Lemma 2.19 (Poincaré-Nash inequality). Letz ~ A (0p,Ip) and f : RP — C be a differentiable function
with polynomially bounded partial derivatives 0 f,...,0, f. Then,

Var(f(z)) < [E[”Vf(z) “2] = i[E“aif(Z)lz]
i=1

whereV =01 ... Op]T.
Proof. See Pastur and Shcherbina (2011, Proposition 2.1.6). O

Lemma 2.20. Let (X,) =0 be a sequence of random variables on C. IfE[X,] — L€ C as n — +oco and
there exists an integer x = 1 such that ) 5o E[| X, — E[X,]|¥] < +oo, then X, — L almost surely as n —
+00.

Proof. Let € > 0. By Markov’s inequality (Billingsley, 2012, Equation 5.31),

Y P(X,—E[X,ll =€) < 1 3 E[I1X, —E[X,1[¥] < +o0.
K

n=0 n=0

Thus, by the first Borel-Cantelli lemma* (Billingsley, 2012, Theorem 4.3),

P(limsupIXn —-E[X,ll=€|=0.

n—+oo

This implies the almost sure convergence of (X},) ;>0 to L:

P|limsup|X, — L| = 5) < P(limsup[an —E[X,]|+|E[X,]-Lll=€|=0.

n—+oo n—+oo

The next elementary result is useful to compare inverse matrices and, in particular, resolvents.
Proposition 2.21 (Resolvent identity). Let A, B be two invertible matrices. A~ —~B~' = A"'(B- A)B~.
Proof. A”-Y(B-A)B'=A"'BB'-A'AB"'=A"'-B. O

We state another elementary result allowing to turn an n x n determinant into a k x k one. This is
especially interesting when n is large but k is small.

Proposition 2.22 (Sylvester’s identity). Let A€ C"™k and B e Ck*", det(I, + AB) = det(I} + BA).

4Given a sequence of events (Ay) ;>0 in a probability space (Q, «,P), if ¥ ;>0 P(A;) converges then P(limsup,,> Ap) = 0.
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I, A
-B I

I, 0,xk
B I

In Ok
B I

I, A

Proof. det(I,, + AB) = det _B I

:det[

] — det(I, + BA). O

Then, the Woodbury matrix identity (Guttman, 1946, Equation (13)) is particularly convenient to
express inverse of perturbed matrices as, notably, in signal-plus-noise models.

Proposition 2.23 (Woodbury identity). Let Ae C"™", C e C*** and U,V € C"™** be such that A, C and
A+ UCV?T areinvertible. Then,

(A+ucvT) '=a —al(c' +v A D) VAT
Proof. Simply check that (4+UCVT)[4™1 - a7U(C™ ' + VT a7 0) VT ATl | = I, O

In essence, the Woodbury identity states that the inverse of a perturbation of A is the inverse of A
plus a perturbation whose expression is explicitly given.

We conclude this section with an important theorem which informally states that knowing an an-
alytic function locally is enough to know it globally.

Theorem 2.24 (Vitali). Let (f,,) =0 be a locally bounded® sequence of analytic functions on a connected
open subset 9 c C. Assume that there exists a countable set of points & c @ having an accumulation
point in 2 such that the limit of the complex sequence (f;,(2)) n>0 exists for all z € &. Then, (fu)ns0
converges uniformly on compact subsets of 2 to an analytic function.

Proof. See Titchmarsh (1939, 5.21) or Schiff (1993, 2.4). O

Theorem 2.24 can be used to extend the domain of a deterministic equivalent. If the resolvent
Qs is defined on a domain 2 (usually C\ % where £ is a compact subset of R) and its deterministic
equivalent Qg is only defined on a subset .¥ c 2 with an accumulation point, then, provided that
the functionals a' (Qs — Qg)b and %TrA(Qs —Qg) are analytic and bounded on 2, their almost sure
convergence on . can be extended to any compact subset of 2 by Vitali’s convergence theorem and
the domain of the deterministic equivalent Qg can be similarly analytically-extended.

2.2 Central Random Matrix Results

In this section, we present some well-known results regarding the limiting spectral behavior of stan-
dard random matrix models, which we shall occasionally refer to in the following chapters.

2.2.1 Wigner Semicircle Law and Spiked Wigner Model

We call a Wigner matrix an n x n symmetric matrix W such that, for all i, j € [n] with i < j,

iid. 1

iid 1
%y and W =W K —4
d i,j Joi \/ﬁ od

W.
1,0 \/ﬁ

where E[%4] =0, Var(%£y) < +oo and E[Z,q] =0, Var(Z,q) = 1. The particular case where £y = A4 (0,2)
and Zyq = A(0,1) is of particular importance and is known as the Gaussian orthogonal ensemble
(GOE). Such matrices have a density g over the set of symmetric matrices given by

L o imw?
W)y=—e 4"
§W) Zn

5That is, for all 20 € 9, there exists M > 0 and a neighborhood 7 @ of zp such that | f(z)| < M forall ze 7.
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where Z, is a normalizing constant such that [ g(W)dW =1.
The following theorem, originally due to Wigner (1955), can be considered as the starting point of
random matrix theory.

Theorem 2.25 (Wigner, 1955). Let usc be the semicircle distribution given by
dusc(x) = L [4-x2]"dx
5¢ 27 '

The empirical spectral distribution of a Wigner matrix converges weakly in probability to usc, that is,
for all bounded continuous function f and € >0,
> 5) =0.

Remark 2.26. The proof of Wigner (1955) assumes that all moments of Z3 and £,q are finite but this
is not needed for the result (Anderson et al., 2009, Theorem 2.1.21).

- fm)—ffdusc

. 1
lim [P’(
n—teo n AeSpw

Of especial interest to us is the corresponding spiked Wigner model
X =fxx" +W e RV

where, without loss of generality, § > 0 (otherwise multiply by —1), x € $"~! and W is a Gaussian
Wigner matrix with £4 = %,q = A4(0,1). X is a rank-one perturbation of the random matrix W. As
it was emphasized in the introduction and the previous section, our favorite approach to study the
spectral properties of this kind of signal-plus-noise model is through its resolvent.

Theorem 2.27. The resolvent Qx : z— (X —zI,,)~" has a deterministic equivalent Qx as n — +oo which
satisfies
msc(2)Qx (2) + z2Qx (2) + I, = fxx " Qx(2)  forallze C\[-2,2]

where mgc is the Stieltjes transform of usc.

Proof. This is proven with the same method as in Section 2.3. O

Since the limiting spectral distribution of X is psc (the LSD is not altered by the addition of a low-
rank perturbationﬁ), we find, using Proposition 2.6 and the fact that %Tr(QX(z) - Qx(2)) — 0 almost
surely as n — +oo (Definition 2.17), that its Stieltjes transform satisfies

mi.(2) +zmsc(2)+1=0  forallze C\[-2,2]. @2.1)

Moreover, we have the following explicit expression of the deterministic equivalent,

-1
Qx =|pxx" +

1
msc(z) "

where we have used the fact that m(z) + z = according to Equation (2.1).

__1
msc(2)

Corollary 2.28. Iff>1,

1 1
A1(X) njjoo ﬁ+5 and  (x, ul(X))Z%J—E.

SThis can be verified by comparing % TrQx and % Tr Qw with the resolvent identity (Proposition 2.21).
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Figure 2.1: Left: Empirical spectral distribution (ESD) of X = fxx' + W, the semicircle distribution
and the almost sure limit of A, (X). Right: Asymptotic alignment between x and u; (X) as a function
of the position of the dominant eigenvalue of X. Experimental setting: 7 = 1000 and 8 = 3.

Proof. Since fxx' + ml” is singular if § = —m, the asymptotic position of 1; (X) is found by
injecting this expression in Equation (2.1). The asymptotic alignment —ﬁ 9%, x" Qx(2)x dz is com-
puted by residue calculus with a positively-oriented simple closed complex contour v circling around

A1(X) and leaving all other eigenvalues outside. O

If B < 1, the random matrix model X is statistically equivalent to W (Péché, 2006; Féral and Péché,
2007), that is, the perturbation fxx' has no impact on the limiting spectral behavior. Hence, Corol-
lary 2.28 exhibits a phase transition phenomenon: as soon as f§ > 1, it explicitly gives the asymptotic
position of the isolated eigenvalue and the alignment of the corresponding eigenvector with x.

2.2.2 Sample Covariance Matrix Model: Marcenko-Pastur and Friends

Recall the sample covariance matrix model considered in the introduction: € = %X X" isa px p matrix
where X is a p x n matrix with i.i.d., zero-mean and unit-variance entries. Here, we formally state the
results regarding its limiting spectral behavior. € is a symmetric positive semidefinite matrix thus
its eigenvalues are real and non-negative. Its limiting spectral distribution is characterized by the
following theorem.

d
Theorem 2.29 (Marcenko and Pastur, 1967). As p,n — +oo withp/n =efc €]0, +o0l, the empirical spec-
tral distribution of C converges weakly in probability to the Marcenko-Pastur distribution

VIx—E "B - 2"

1 +
tmp = |1- —] Op+vV with dv(x) =
c 2mex

and Ey = (1+/¢)%.

The Marcenko-Pastur distribution is composed of an absolutely continuous part v and a Dirac
mass at the origin which only exists if ¢ > 1. As explained in the introduction, it describes the law of
the eigenvalues of a sample covariance matrix 1—17X X" or a Gram kernel matrix %X T X in the particular
case where X has i.i.d., zero-mean and unit variance entries. The following theorem generalizes this
result to a broader class of matrices.

Theorem 2.30 (Silverstein and Bai, 1995; Couillet and Liao, 2022, Theorem 2.6). Let X be a p x n matrix
with i.i.d., zero-mean and unit variance entries. Let C be an n x n symmetric positive semidefinite

38



2.2. Central Random Matrix Results

matrix with bounded spectral norm and whose empirical spectral distribution converges weakly almost

d
surely to a probability distribution n as p — +oco. Then, as p,n — +oo with p/n =efc €10, +o0[, the

empirical spectral distribution of %X TCX converges weakly almost surely to a probability distribution
[t whose Stieltjes transform m satisfies

-1

i, 3 _
m(z) = _Z+Cf[mrn'1(z)dn(t) forallze C\Supp fi.

This result defines the Stieltjes transform 7 of the limiting spectral distribution of %X TCX viaa
fixed-point equation depending on 7, the limiting spectral distribution of C. From Theorem 2.30, the
corresponding Stieltjes transforms for the Gram kernel matrix %X TCX and the sample covariance

matrix 2 C'"2XXTC'"? can be deduced. Indeed, for the Gram kernel matrix, notice that

1 -1 1 -1
(—XTCX—zIn) = f(—XTCX—len
n p\p p

and, since the Stieltjes transform is the normalized trace of the resolvent (Proposition 2.6), we find that
the limiting spectral distribution of %X TCX has its Stieltjes transform given by z — %rh(%). Then, for

the sample covariance matrix, observe that, denoting y the empirical spectral distribution of %X Tcx,
that of %Cl/ 2xX"C'? is given by % u— n;ppéo. Thus, the Stieltjes transform of the limiting spectral
distribution of the sample covariance matrix is z — % m(z)+ I;CC % In particular, if C = I, the empirical
spectral distribution of %XX T converges to the Mar&enko-Pastur distribution yp (Theorem 2.29).
Taking n = 6; in Theorem 2.30, we find that its Stieltjes transform myp satisfies

zcmﬁ/lp(z)— A1-c—z2)mpp(2)+1=0 for all z € C\ Supp ump- (2.2)

Figure 2.2 depicts the empirical and limiting spectral distributions of a sample covariance matrix
%Cl/ 2XX7CY? when C has 3 distinct eigenvalues. The numerical computation of the LSD is per-
formed by computing 7 with a fixed-point iteration on the equation given in Theorem 2.30 near the
real axis so that the corresponding density can be computed with the inversion formula (Proposition
2.11). We see that each eigenvalue of C creates its own “bulk” in the spectrum of 1 C/2XXTC'/? and
the size of the latter is proportional to the multiplicity of the corresponding eigenvalue. These bulks
may merge if they are too close, as in the left panel of Figure 2.2.

The results of Theorem 2.29 and Theorem 2.30 describe the asymptotic global behavior of the
eigenvalues by specifying their limiting distribution. Yet, they say nothing about the possibility that
a few eigenvalues lie outside it. Indeed, since only the weak convergence of the empirical spectral
distribution is guaranteed, there may be a o(n) number of eigenvalues staying outside the limiting
support. The following result indicates when such a phenomenon can occur.

Theorem 2.31 (Bai et al., 1988; Bai and Silverstein, 1998). Under the setting of Theorem 2.30, further
assume that
max Dist(1;(C),Suppn) 2 0.

1<isp p—+oo

1. If[E[IX,-,j|4] < 400, then for all connected component .¥ < R\Supp i, |J NSp %XTCXi —* 0.

p,n—+00

a.s.

2. IfE[|X;,j|*] = +o0, then 1, (1 X T CX)

+00.
p,n—+00

This theorem states that the presence of eigenvalues outside the limiting support in the large
p, n regime is completely determined by the finiteness of the fourth moment of the entries of X. If
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Figure 2.2: Empirical spectral distribution (ESD) and limiting spectral distribution (LSD) of
112X XTC"? computed by inverting the Stieltjes transform found with Theorem 2.30. Experi-
mental setting: p = 300, n = 3000, X has i.i.d. .4(0,1) entries and C is a diagonal matrix with ESD
%51 + %53 + %65 (left) or éﬁl + %53 + ?—)67 (right).

E[1X;, j|4] is finite, there is asymptotically no eigenvalue outside the support of ji. Conversely, if X; ;
has no fourth moment, there is at least one eigenvalue outside Supp ji and the dominant eigenvalue
of %XT CX diverges as p, n — +oo.

Remark 2.32 (Exact separation). This result can be refined in the case of finite fourth moment by stat-
ing that the number of eigenvalues of %X TCX lying in each bulk is exactly proportional to the num-
ber of eigenvalues of C (repeated with multiplicity) that “generated” this bulk, see Bai and Silverstein
(1999).

2.2.3 Signal-plus-Noise Models

A signal-plus-noise matrix model is a particular case of spiked model in the form X = P + N where
N is a random matrix (the noise) and P is a finite-rank perturbation (the signal). Since the rank of P
remains finite while the size of X grows, we say that P is a low-rank perturbation (comparatively to
the rank of N which diverges almost surely as the matrix grows).

In this thesis, we mostly consider settings where the sought information is contained in the dom-
inant right singular subspace of P. Thus, it is convenient to represent P as LV where Lis a p x K
matrix (K is the rank of P) and V is an n x K semi-orthogonal matrix’ whose columns are the right
singular vectors of P.

Then, we are concerned with the study of the random matrix X consisting of a zero-mean random
matrix N perturbed by a low-rank matrix P = LV or, equivalently, a low-rank signal corrupted by
additive noise. In particular, depending on the strength of the perturbation — the singular values of P
—, we are interested in the alignment between the right singular subspace of P and the K-dimensional
dominant right singular subspace of X, that is, the dominant eigenspace of the Gram kernel matrix

def 1
p

1
K= —X"X=~=[P"P+P'N+N'P+N'N].
p

This matrix has the great advantage that it is symmetric and the tools presented in Section 2.1 directly
apply to it.

Regarding the noise, the random matrix N is often assumed having i.i.d. Gaussian entries (see the
discussion below). In this case, the “Gaussian method”, which we detail in the next section, allows the

"Thatis, VIV =1 k- The set of such matrices is the Stiefel manifold Vi (R™).
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precise characterization of the limiting spectral behavior of K. In particular, we have the following
(now expected) result.

Theorem 2.33 (Limiting spectral distribution). The empirical spectral distribution of K = %X TX con-

verges weakly almost surely to unp defined in Theorem 2.29 with parameter c~' = n/p (instead of c).
Moreover, if P = 0,x, (no signal), no eigenvalue stays outside Supp pnvp almost surely as p, n — +oo.

Proof. See Section 2.3. O
Furthermore, with the additional assumptions that
1. there exists a diagonal matrix A = Diag(A1, ..., Ax) with non-degenerate eigenvalues® such that

|ZL7L-A] =0

,n—+00 1<i<n
1<sk<K

2. the entries of V are delocalized (i.e., not sparse) in the sense that lim max \/ﬁViZIC =0
p i )

and, denoting vy, ..., vx the columns of V sorted in decreasing order of the corresponding singular
value of P, we can describe the limiting behavior of spike eigenvalues and eigenvectors.

Theorem 2.34 (Spike behavior). Forall k € [K],

S. lr+o)lr+1) a.s. lp+c
Ar(K) —= d : 2 -
k() p,n—+oo lrc an (v, (KD p,n—+oo Cr(lr+1)
where ¢ = max(y/c, A (A)).
Proof. See Section 2.3. O

Remark 2.35 (Non-trivial regime). The assumption %LTL — A implicitly states that the spectral norm
of LpP is bounded. This is an important point because it precisely places us in the non-trivial regime
where the problem is neither too easy (the signal can be perfectly recovered) nor too hard (it is impos-
sible to reconstruct the signal), which is just the interesting regime in practice. Indeed, Theorem 2.34
exhibits a phase transition between impossible and possible reconstruction of P. The “too hard” and
“too easy” regimes correspond to A;(A) — 0 and A (A) — +oo respectively.

These results are illustrated in Chapter 3 (see Figure 3.1 and Figure 3.2).

On the i.i.d. Gaussian Noise Assumption

One could easily criticize our choice of Gaussian noise by saying that this is not a realistic assump-
tion because Gaussian noise is rarely observed in practice and therefore the results found with the
Gaussian method are too specific to be really useful. Still, there are several reasons which make us
confident with our assumption and make us believe that the results derived with it are, in fact, very
general.

Firstly — and this is probably the most important point —, following the lines of Jaynes (2003),
the Gaussian probability assignment is not an assumption on the real physical phenomenon behind
our observation but it is a description of our state of knowledge about the noise. Given that the only
prior information we have about the noise is its mean and variance (and nothing else), the Gaussian
distribution is the only maximizer of Shannon’s entropy — which measures our “level of uncertainty”
— under the constraint that the mean and variance are known. Moreover, the fact that the entries of N
are independent is not an assumption that no correlation exists in the data but it is simply our way to

8Thatis, k# k' = A #A - This assumption is not needed but often verified in practice and simplifies the result.
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recognize that we have no prior information about such correlation. There may well be a correlation
but, without any prior knowledge about it, an i.i.d. noise is the most reasonable choice of model. It is
the only way to honestly acknowledge our ignorance.

Thus, by saying that the entries of N are i.i.d. .4(0,1) random variables, we are only making an
assumption on the mean and the variance of the noise. While the zero-mean assumption on the noise
is fairly acceptable (otherwise there is a signal that our model does not take into account), there is,
however, no reason that the variance be 1 and we should instead assume 4 (0,02) entries, that is,
X = P +0N. But then 0 becomes a parameter of our model (recall Remark 1.3) and we could as well
consider %X = %P + N. Therefore we are back to a model with .47(0, 1) noise where the “strength” of
the perturbation sf (P)/0? rightfully appears as the signal-to-noise ratio.

Although this is not the focus of this thesis, there may be situations where further prior knowledge
leads us to consider different distributions for the noise. In such cases, the results of the Gaussian
method can be generalized to i.i.d. entries up to a control on the moments of the distribution thanks
to an “interpolation trick” (Lytova and Pastur, 2009, Corollary 3.1), as it is done, e.g., in Pastur and
Shcherbina (2011, Theorems 18.4.2 and 19.2.1) and Merlevede et al. (2015); Banna et al. (2015). In the
non-i.i.d. setting, the works of Benaych-Georges and Nadakuditi (2011, 2012) show very general results
with the milder assumption that the noise is rotationally invariant. Similar spectral behaviors are
observed under the very broad assumption that the noise is concentrated (Talagrand, 1995; Ledoux,
2001). More general results can thus be proved relying on measure concentration tools, such as those
developed by El Karoui (2009); Louart and Couillet (2021). We should also mention that, in a machine
learning context, concentrated random vectors encompass a large set of very realistic data (Seddik
et al., 2020).

2.3 A Primer on the “Gaussian Method”

In order to illustrate concretely how the tools presented in Section 2.1 can be used to analyze a signal-
plus-noise matrix model, we prove in this section the results of Theorem 2.33 and Theorem 2.34 on
the model X = P + N € RP*" with N having i.i.d. .4(0,1) entries and P = LVT as described in Section
2.2.3.

The proof is performed in three steps.

1. Firstly, we show the concentration around its expectation of the resolvent Q(z) = (K — zI,,)~!,
where K = %X TX is the Gram kernel matrix, and we find an equation giving access to the
asymptotic behavior of E[Q(z)]. To achieve this, we prove that E[Q(z)] is a deterministic equiva-
lent of Q(z) with the Poincaré-Nash inequality (Lemma 2.19) and Lemma 2.20. Then, we rely on
Stein’s lemma (Lemma 2.18) to exhibit a simple equation for E[Q(z)].

2. The previous equation allows us to characterize the limiting spectral distribution of K through
the deterministic quantity [E[% TrQ(z)] as p, n — +oo (Proposition 2.6). At this point we obtain
the result of Theorem 2.33. We also show that no eigenvalue of %NTN (the model without sig-
nal) stays outside the support of the limiting spectral distribution almost surely as p,n — +o0
thanks to an expansion of [E[% Tr Q(z)] and the Helffer-Sjostrand formula (Proposition 2.12).

3. Finally, we exhibit the asymptotic positions of the spike eigenvalues in the spectrum of K by
studying the singular points of z— (K — zI,,) ™! outside the limiting support and we formulate a
simple deterministic equivalent Q(z) of the resolvent. With Cauchy’s integral formula (Proposi-
tion 2.15) and residue calculus (Proposition 2.16), the alignments between the spike eigenvec-
tors of K and the columns of V can be characterized as well. This results in Theorem 2.34.
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2.3.1 Asymptotic Behavior of the Resolvent

Let Q: ze C\SpK — (K — zI;)~! € C"™" be the resolvent of K%' %XTX. In order to ease the notation
we drop the subscript K and we will also often drop the dependence in z so we simply write Q instead
of Qg (2). In Sections 2.3.1 and 2.3.2, we consider z€ C\R, i.e., Sz # 0. Moreover, we use the notation
un(z) = 0,(vy) if there exist two polynomials P, Q with nonnegative coefficients and an integer ng
such that |u,(z)| < ﬁz}‘)g%lvnl for all z € C\R as soon as n = ny.. This allows the control of possible

divergences of resolvents and Stieltjes transforms near the real axis.

Preliminaries

As derivatives of Q with respect to the entries of N will appear regularly in our computations, we
derive their expression here once and for all. Since Q~'Q = I,,, we have Q = —-Q(0Q")Q and, since
Q! = K + zI,,, this gives

aQab n L aK;J
—xas _ _ Qu, Qr,
ON¢q e; ]; “ ONeq P
1A 22 0Xg e (‘)Xg’f
S Que| =25 Xy  + Xgo 2L |5,
p & B E Qo e e, O
1A PP
=-— Z Z Z Qa,e(ég,cae,ng,f +Xg,25g,c6f,d)Qf,b
P e=1f=1g=1
12 12
="_'§: Qud)ganfh"_'}:(QmeX@eQdﬁ
P P e=1
0Qap 1
m =~ [QualXQlep + Qp(XQlea]- 2.3)

Concentration around E[Q]

It is more convenient to show first that E[Q] is a deterministic equivalent of Q, so that we can rely on
this afterwards.

Firstly, for two deterministic vectors a, b € R” with bounded norm we show the almost sure con-
vergence to 0 of the quadratic form a' (Q —E[Q])b. In order to apply Lemma 2.20, we need to find an
integer k = 2 such that [E[IaT(Q —E[Q]b|*] = @Z(n‘z) as p, n — +oo. To that end, we use the Poincaré-
Nash inequality (Lemma 2.19). We start with x = 2.

[E“aT(Q - [E[Q])b\z] =Var(a' Qb) <
i=1j=1

The derivatives can be computed using Equation (2.3),

0aTQb 1 0
-V Y a Q1 1
ONij jZiizi ONij
1 n n
=—— ) ) ar[Qk;IXQli 1 +Qj1XQl; k] by
Pi=11=1
1 n n
= Y. Y [[XQli kaxbiQpj +[XQli biaQy,j]  since Qj;=Qy;j
k=11=1
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1
== [XQ(ab" + baT)Q]i’j.

Thus, using the fact that |a + b2 <2(lal? + |b|?), we have,

'OaTQb z

2
6Ni,j 2

> S

i=1j=1

i é[E“ [XQabTQ],,j)2 + ‘ [XQba' Q)

]

2 4
= ?E[llxoalﬁon% |xQbaT Q|l;| < el b E[1QI*1XI1]

where the last inequality is obtained using the property || AB|lr < |All||B|lp, the sub-multiplicative
property || AB|| < || Al B|| and the fact that lab' g = llallbll. Since ||allb| = @ (1) from our assump-
tions, | Q| < |Sz|™! from Proposition 2.2 and \/Lﬁ I Xl = @ (1) in the non-trivial regime9 , we find that
[E[IaT(Q - [E[Q])bIZ] = @z(n_l). Unfortunately, this is not enough to apply Lemma 2.20 so we need to
evaluate the moment of order x = 4.

2
E[la"(@-EtQnb|*| = Var((a” @~ ElQ)D)") + |E[(a” @ EIQDB)’][ .
The rightmost term is upper bounded by E[|a’ (Q — E[Q])b|*]? = §,(n~2) from Jensen’s inequality

(Le Gall, 2022, Theorem 4.3). We use again the Poincaré-Nash inequality (Lemma 2.19) on the vari-
ance of (a' (Q —E[Q])b)2.

Var(( Q- [E[Q])b) ii[E

i=1j=1

0
’2(aT(Q—fE[Q])h)

Similarly, we find that

[\/]:

Var(( (Q—E| Q])b Z[EH a’ (Q—-EIQ)b)[XQ(ab” +ba")Q],

—2||a|| Il [E[|a (@-E[Q)B| 1QI*IXI?|

)
L
L
‘SIN

i“ Q- [E[Q])b| (| XQabTQ]i'j‘er“XQbaTQ]i,jr)]

E “mloo

where the last inequality is obtained similarly to the case x = 2. Then, with the Cauchy-Schwarz in-
equality,

2
var((aT (@~ EIQND)’) < (;) lal*1BI*E[1QI°NX 1] (Var((a” (@-EIQDD)") + €. (n?)

=0,(n"2?)

which shows that Var((aT(Q —E[Q)b)?) = @Z(n’z). Therefore aT(Q —E[Q])b — 0 almost surely for all
zeC\Ras p,n — +oo by Lemma 2.20.

9We have "\;%" "\% + H\I/\%H with ”\ﬂ 0 (1) by assumption (see Remark 2.35) and ”\1/\%" = 0 (1) almost surely as proven by

Geman (1980) or as a particular case of a general concentration result proven independently in Chapter 5 (Lemma 5.10). Note
that we can avoid the necessity of this result by writing p—lz IIXQabT Q||12: = % Tr(le—r Q(zQ+ In)ubT Q) since (%XTX—zIn)Q =

I,. Thus we have an upper bound depending only on |la]|, [|b|| and [|Q].
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2.3. A Primer on the “Gaussian Method”

Secondly, given a deterministic matrix A € R"*” of bounded norm, we show the almost sure con-
vergence to 0 of the normalized trace %Tr AQ. Once again, this is performed with the Poincaré-Nash
inequality (Lemma 2.19).

]

2 n n
[EH%TrA(Q—[E[Q]) ] Var( TrAQ) LZZZ

’ dTr AQ
ON;

With Equation (2.3), we have,

0TrAQ o &
=3 ) Api—
ONij (=i ON;,j

__1
pkzll:
1 T
=-—[XQ4Q+XxQa'Q]; ;.
p
Hence,
1 & & [|0TrAQJ? 2 non "o
_zgg ' N, nnglZIJZI[E[|XQAQ],]| +|[xea"q], | ]

2 4) y 2 2 4 y2] — -2
<n2—pzllAIIF[E[I|QII 11Xl ]Sn—pzllAll E[lQIIXI*] =0, (n™)

and, with Lemma 2.20, we find that %TrA(Q —[E[Q]) — 0 almost surely for all ze C\R as p, n — +oo.
Remark 2.36. In passing, we have shown that Var(a' Qb) = G,(n™!) and Var(: Tr AQ) = G, (n"?).

Derivations with Stein’s lemma
From the observation that Q-'Q = I,,, i.e., %XTXQ —zQ = I,, with X = P+ N, our starting point is the
following equation,
1 1
“P'XQ+~-N"XQ-zQ=1,. (2.4)
p p
Using Stein’s lemma (Lemma 2.18) and Equation (2.3) for the derivatives of Q, we seek expressions for
the expectations of %PTXQ and %NTXQ.
Let us start with %N TXQ.

1 P&

—E[NTXQ|; ;=— ) ) E[NgiXiiQu]

p k=11=1
P n 6Xkl Ql]
>y Nk s ——Qpj+ EIGN

M=
M=

AN
E[6,,Q1,;] - 2 Z > E[ Xk, [QuilXQlk,j + Qi j1XQk1]]
k=11=1

=
Il
—
~
Il
—

A gl g+ ‘slH
tand
ﬂ‘
D

1
[Ql;; - - —E[QX"XQ+QTr(X'XQ)] L

Here, recall that, from Q_IQ = I,,, we have %XTXQ =zQ+ I,,. Hence,

1 T 1 1
—E[N'XQ]=E|Q-—Q(zQ+1I,)- —QTr(zQ +I)
p p p
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1 n 1, 1

=E||1-—-—|Q-2z|—Q°+—QTrQ||.
p p p p

Thus, the expectation of Equation (2.4) becomes

%[E[PTXQ] ~E[z¢ ' mp(2)Q-(1-¢c' - 2)Q] + %[E[Q +2Q%| =1, (2.5)

where m,, (z) 1 - Tr Q(z) is the Stieltjes transform of the spectral distribution of K.
Then, we con31der —PTX Q using, again, Stein’s lemma and Equation (2.3).

1 1 12
;[E[PTXQ]I',]' = ;[E[PTPQL',]""; Z Z[E[Pk,iNk,lQl,j]

12 0Q;
=—E[P"PQ];  + [E[ i
| Jis k;z; “1ONk
1 1 &
= ;[E[PTPQ],-,,-—F ) Z[E[sz[Ql 11XQlk,j+Q1,j1XQlk1]]
k=11=1

1 1

=E|=P"PQ-—P'XQTrQ- —ZPTXQz] )
p p p ij

Hence %[E[(1+c‘1mn(z))PTXQ] = %[E[PTPQ]—#[E[PTXQZ] and, recalling that | m,,(z)—E[m,(2)]| — 0

almost surely for all z € C\R, we have || ’1](1 + c‘l[E[mn(z)])[E PTXQ] - ;[E PTPQ 1l — 0as p,n — +oo.

Moreover, since E[m,] is the Stieltjes transform of a probablhty dlstrlbutlon on [0, +oo[ (Corollary 2.9

1 lal
and Proposition 2.7), we can see that R E @] S < e z[E[m,,(z)]]l thus T E @l S < 5g
and

1. 1 1+
—E[P ' XQ] - T+ Em.alp —P'PE[Q]| —— 0. (2.6)
p 1+ cE[m,(2)] p p,n—+00

2.3.2 Limiting Spectral Distribution
Expansion of E[11,,(z)]

In order to study the limiting spectral distribution (LSD) of K, we consider the simpler setting where
P =0px,. Indeed, since P is a deterministic low-rank perturbation, its addition does not change the
LSD: denoting Qo the resolvent of %N TN, the resolvent identity (Proposition 2.21) yields

1 1 1
~TrQy-—TrQ=—Tr[Qy(P'P+P'N+NP')Q]=0,(n"")  almostsurely.
n n np

Then, applying %Tr to Equation (2.5), we find that E[m,,(2)] satisfies

zc 'Emu (212 - (1-c ' = 2)Elmu(2)] +1= —%[E[mn(z)] - %[E[m’n(z)] +0,(n"?)

where we have used the fact that 1 TrQ? = m},(2) and E[m?(2)] = E[m,(2)]* + @, (n"?) (recall Remark
2.36). We know that the Stieltjes transform myp of the Marcenko-Pastur distribution is characterized
by
-1,2 -1 _
ze  myp(2) - (1-¢ ' —z)mmp(2) +1=0. 2.7
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2.3. A Primer on the “Gaussian Method”

Subtracting the last two equations and factorizing E[m,(z)] — myp(2) yields

1
Elmu(2)] — myp(2)) (z¢ Elmu(2)] + myp(2) = (1 - ¢ = 2)) = —;E[mn(z)] - gm[m;(z)] +0,(n").

Hence, E[m;,(2)] — mmp(2) = %gn(z)[E[mn(z) + zm;(z)] + @Z(n‘z) where

-1

gniz— -
z(l + ¢ YE[m, (2)] + c imyp(2) — I_Z” )

satisfies |g;,(2)| < ISz|™! because Sz and S[z(c L E[m,,(2)] + ¢ L myp(2) — 1_;71 )] have the same sign

since E[m,] and myp are Stieltjes transforms of probability distributions on [0, +oo[ (see Corollary 2.9
and Proposition 2.7).

1

—ZmMP(Z)(f1 myip(2)— 1751 )

Lemma 2.37. E[m;(2)] = mup(2) + %h(z) +6’Z(n‘2) with h(z) =

_c-1)2
22(1+2c‘1mMp(z)—1§ )

Proof. Our goal is to show that %gn(z)[E[mn(z) +2zm),(2)] = %h(z) +@Z(n‘2). Since |g,(2)],|my(2)] <
ISz} and |m),(2)| < |Sz|72, we have %gn(z)[E[mn(z) +2zm),(2)] = O,(n') and E[m,(2)] = myp(z) +
@’Z(n‘l). Moreover, we have the following results, which we prove below.

-1

z(l +2c Ympp(2) - l’zc_l)

gn(2) = +0,(n™h, 2.8)

—(1+ ¢ mmp(2)) mmp (2)

21+ 26 mp(2) - =)

E[m;,(2)] = +0,(n7Y). 2.9)

1-

Then, we find the stated result by observing that |z(1 +2c™ myp(z) — < 1)1 < |3z~! because Sz

z
and S(z@2c 'myp(2) — 1_2_1 )] have the same sign since myp is the Stieltjes transform of a probability

distribution on [0, +oo[ (Proposition 2.7). Indeed,

1 -1
gn(DE[my(2) + zm)y(2)] = — mup(2) + 2L+ e me () mvie (2

S +0,(n7")

el _
Z(l +2c Y myp(2) — 12— zc ) Zz(l +2c Y myp(2) — 1—;: 1)

=h(z2)+0,(n™).

Proof of Equation (2.8). Since E[m(2)] = mump(2) + @’Z(n‘l), we have

-1 0,(n™h

gn(Z) = — 2
re2ctmp@ - ) (142 myp(a) - =2

-1
z(1+2¢:’1 e (2)—

and the modulus of v

) is bounded by |3z|™! therefore the last term is @, (n™1).

Proof of Equation (2.9). Since m), = %Tr Q?, using the Poincaré-Nash inequality (Lemma 2.19) we
find that

16
Var(m!, (2)) < n—pztE[nxuznonﬁ] =0,(n"?).
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Taking %Tr of Equation (2.5) with P = 0, yields

E

zc m?(z) - (1 —c! —z)mu(2) +1+ %mn(z) + %m;(z) =

In order to differentiate this expression, we must swap % and E, which is possible because z —
lze Tt m2 (2)—(1—c = 2)my(2) +1+ % my(z)+ % m,,(z)| can be upper bounded on every compact subset
of C\R. Hence, we find that, for all ze C\R,

E

¢ 'm3(2) +2z¢ 7 my (2)my (2) + my(2) — (1 - ¢ = 2)m),(2) + %m’n(z) + %m',;(z) =0

Then, we use the relations E[2m}, () + 2m;};(2)] = 0,(n™"), Elm}(2)] = Elmp(2)]* + 0,(n?) as well

as E[my,(2)m),(2)] = Elmy,(2)]E[m),(2)] + @,(n~?) — from the Cauchy-Schwarz inequality with the fact
that Var(m,(z)) and Var(m’n(z)) are @Z(n_z) — and our previous equation becomes

(2zcillE[mn(z)] -(1- cl- z))[E[m' (@] =-(1+ cil[E[mn(z)])[E[mn(z)] +0,(n™").

Finally, noticing that | z(1+2¢™'E[m,(2)] - 1= 1)) < 132]! because Sz and S[z(2¢~ E[my (2)] - 1=5)]
have the same sign since E[m,,] is the Stieltjes transform of a probability distribution on [0, + ool (Corol-
—(1+c7 Elm, (2)])Elmy (2)]
z(1+2c-1[E[mn(z)]f%)
recall that E[m,,(2)] = mpmp(2) + @Z(n‘l) to conclude. O

lary 2.9 and Proposition 2.7), we have E[m),(z)] = +0,(n"1) and we just need to

Confinement of the Spectrum

We have just found the following expansion: E[m,(2)] = myp(2) + %h(z) + @Z(n’z). Note that this
shows that the limiting spectral distribution of %N TN (and therefore that of %X TX) is the Mar&enko-
Pastur distribution with parameter ¢~!. We will now use this expansion to prove that, almost surely,
no eigenvalue of %NTN stays outside the support of the Marcenko-Pastur distribution as p, n — +oo.
Thatis, for all € > 0, there exists an integer ng such that max; g, LNT N Dist(4, Supp pmp) < € as soon as
n=nyp.

Let € > 0 and .%; = {x € R | Dist(x, Supp ump) < €}. Let ¢ : R — [0, 1] be an infinitely differentiable
function which equals 1 on Supp pupp and 0 on R\.#;. We also define ¢ = 1 — ¢. Then, we must show
that Tru/(%NTN) =) Aesp LNT N ¥ (A) — 0 almost surely as p,n — +oo. This implies the confinement
of the spectrum (otherwise, we would have ) ¢, INTN w) =1).

From the Helffer-Sjostrand formula (Proposition 2.12), we have

00
[E[ Tr(p( NN ) zgmf "_["’](z)[E[mMzn dz

q[(P]

] ]

=—8? ——(2)h(z) dz+ — SRf ——— (@) x0,(n” 2 dz.

—— (2)mmp(2) dz+——8?f —
T Jc+ 0

The first integral is fR ¢ dump =1 (from Proposition 2.12 and the fact that ¢ is constant equal to 1 on

Supp ump) and we can chose ¢ large enough so that (i3z)7 in the expression of 2 " ) compensates for

the divergence of the @,(n2) in the last integral (see Remark 2.13), which is therefore a0 (n~?). The
main difficulty lies in the evaluation of the second integral. With an integration by parts, we find

0D +00 +00 P
E?Rf q[tp]( Yh(z) dz = l/ (f al¢ ](x+1y)h(x+1y) dx)dy
T Jc+ 2 Jo —00 0x

i oo +00 0<Dq[ ]
+—f (f (x+iy)h(x+iy) dy)dx
2J-x \Jo oy
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fhm{cbq l(x+iy)h(x+iy)} dx— f(Dq[(p](z)%(z)dz.
C+

Since h is analytic on C* (as a product of analytic functions), we have dh/3z = 0 from the Cauchy-
Riemann equations. Moreover, if x € R\ Supp ump, we see, from the definition of & that limy o S[h(x +
iy)] = 0. Therefore, using the fact that limyo ®@4[p](x +1iy) = ¢(x) = 1 if x € Supp ump and the relation
R[-iz] = Sz, we have

2 0D,l¢]

—§R (2)h(z) dz = hm Sh(x+iy)] dx
T 0z y10 7T JSupp pmp

Now, we use Lemma 2.14 to evaluate this integral: & is analytic on C\ Supp pmp, h(z) — 0 as |z| — +00

1 1-c! -1
myp(2) —
z z(1+26’1mMp(z)—

and z —

and h(z) = h(z). Furthermore, since z — ¢~

—~ are two
1-c )
z

Stieltjes transforms of probability distributions on Supp pmp, we have

|z| < E, + Dist(z, Supp ump)

| h (Z) | < . 4 = . 4
Dist(z, Supp timp) Dist(z, Supp tmp)

< (E4 + 1) max(Dist(z, Supp pvp) *,1)

where E, is the right-edge of the Mar€enko-Pastur distribution. As a consequence,

gsf{f Pqly] (2)h(z)dz = llm —1yh(1y)
T Jc+r 0z

Thus, we have E[1 Tr(p(’lgNTN)] =1+0(n~?%) and therefore [E[Tru/(%NTN)] =0 Y.
In order to conclude on the almost sure convergence of Trw(%NTN) to 0, we just need to show

that Var(Tru/(% NTN)) =0 (n~?) and apply Lemma 2.20. As usual, this is performed with the Poincaré-
Nash inequality (Lemma 2.19).

0Tr(p(%NTN) ’
N;

1
Tr(qo’(—NTN)
p

Var(Trt//(%NTN)) =Var(Tr<p(%NTN)) < f i E

]

P

|

N,

1 2 1 2
=—2 ) E Tr(‘ﬂ/(—NTN) e(.")egp)TN+ NTegp)e(,")T])’ ]
P iz1j=1 p J ]
2
1 P22 1
== )E [Zth’(—NTN) ]
P izij=1 p ij
4
St
p p
4 1
=—E Tru(—NTN)
p p

where u : x — x[¢'(x)]? is an infinitely differentiable function with compact support which equals 0
on Supp pump- Hence, applying similarly the Helffer-Sjostrand formula (Proposition 2.12), we have

00, [u s
= éﬁf = L DEma @) dz=0(n D)

4 1 T
—E|Tru|—N' N
p p

for g chosen sufficiently large.
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Intermediate Conclusion

The limiting spectral distribution of %X TX is the Mar¢enko-Pastur distribution with parameter ¢!

and, almost surely, no eigenvalue of %N TN stays outside the support of this limiting spectral distri-
bution as p, n — +oco.

2.3.3 Spike Behavior

We are now interested in the “spike” eigenvalues and eigenvectors. That is, the eigenvalues of %X X
(and their corresponding eigenvectors) staying outside Supp pyp and which are due to the presence
ofasignal P=LV',

Isotropic Marc¢enko-Pastur

As preliminaries, we must show a useful result for the upcoming analysis — the almost sure conver-
gence a' Qob— myp(z){a, b) — 0 as p,n — +oo for all (sequences of) deterministic vectors a, b € R"
with bounded norm and z € C\ Supp pymp. Recall that Qg is the resolvent of %NTN therefore, from
the confinement of the spectrum of the latter, if x € R\ Supp ump, Qo(x) is properly defined for p, n
sufficiently large. Given the concentration of the resolvent proven in Section 2.3.1, we only need to
show that a "E[Qg]b — mpp(2){a, b) — 0.

From Equation (2.5), we have

—zc 'E[mp(2)a’ Qob] +(1-c' - 2)a'EQolb+C,(n"") = (a, b).
Then, since Cov(m,(z),a' Qub) =@, (n~3'?) and E[m(2)] = myp(2) + @, (n~1), this simplifies into
~(z¢ ' mpp(2) - (1- ¢ - 2))a " EQolb = (a,b) + G, (n").

Finally, notice that —(zc ' myp(2) - (1—-c" 1 - 2)) = m, hence a"E[Qo]b = myp(2){a,b) + G, (n7").

Isolated Eigenvalues

An eigenvalue of K = 1 XX is isolated if it stays outside Supp up as p,n — +oo. Thus, let us seek
¢ € R\ Supp pmp such that det(K — ¢1,) = 0. After developing K in terms of P and N, we find that ¢ is
characterized by

det| I, + % [PTP+P N+ NTP]Qo(f)) det(%NTN—fIn) =0

and, from the confinement of the spectrum of %NTN, we can assume p, n sufficiently large so that
det(%NTN— &I,) # 0. Using the decomposition P = LV, the sum of matrix products PTP + PN +

LT
n
NTP can be written as [vaV vaV ZNTL] | LiTn | and we can use Sylvester's identity (Proposition
vav?

2.22) to turn the n x n determinant into a 3K x 3K determinant:

LTIV Q@®V LTIVIQ@V +LTIVIQ@EN'L
L'TNQy&)V  LTNQ@&V  +LTNQy&N'L
nViQu@&V — nVTQu@)V VIQ@éNTL

det(Is3g+ M) =0 with M=—

We have V' Qg (&)V — myp (&) Ix almost surely as p, n — +oo (from the convergence of bilinear forms
proven in the previous paragraph and the fact that V' V = Ix with K finite) therefore the blocks (3,1)
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and (3,2) of M converge to ¢ UVmpp (&) Ix and the blocks (1,1) and (1,2) converge to c U mpp (O A (recall
that ZLTL — A). The block (2,3) can be handled with the co-resolvent Qo (¢) = (%NNT —&I):

11 1 1 1
;;LTNQO(@NTL = ;LT(pNNTQo(E))L— ~LT(EQu) + Ip) L —==— (E/vp() + DA

where iyvp (&) = ¢ mvp () — 1= “L(Emmp () + DA. The blocks (1,3),
(2,1), (2,2) and (3,3) of M vanish almost surely as p, n — +oo as per the following lemma.

Lemma 2.38. For all bounded (sequences of) vectors a € RP, b e R", \/%7 la” NQy(&)b| — 0 almost surely
as p,n — +oo.

Proof. Let N = GZH' be the singular value decomposition of N with = = Diag(s; (N), ..., Smin(p,n) (V).
Then NQo(¢) = GZ(;Z? = {Imin(p,n) ' H'. Hence, —1a" NQo(©)bl < INQo(@)lla’ GH' b| where
\/LﬁIINQO(«f)II = 0(1) almost surely so our goal is to show that la" GH" b| — 0 almost surely. Ac-
cording to Chikuse (2003, Theorem 2.2.1), G (resp. H) follows a uniform distribution on the Stiefel
manifold Viinp,n) (RP) (resp. Viinep,n) (R™)), that is, the set of orthonormal min(p, n)-frames in R?
(resp. R"). Therefore, a' GH'b = a'0,0,GH' 0] Oyb = | a| ||b||e(mTOaGHTOZe§”) for two well-
chosen orthogonal matrices O, € G,(R), Oy € Oy, ([R), and this quantity is identically distributed to
lall IIbllegp )TGHTeY’) by the properties of the uniform distribution on the Stiefel manifold (Chikuse,
2003, Theorem 2.2.1). Moreover, if n < p, then Vyinp,n R™) = 0,[R) thus GH' is uniformly dis-
tributed on V,,(R”) so GH' e\ is uniformly distributed on V;(®”) = SP! and (e\” ' GH e{™)?2 fol-

lows a beta distribution!® with parameters %, pT_l. Consequently, we have [E[(e(p a HTeﬁ’”)Z] = ’—17

and Var((el” ' GHT e{)2) = ;z(fp;lz))» which shows, by Lemma 2.20, that (¢!’ GHT e{™)2 — 0 almost

surely and therefore |a" GH b| — 0 almost surely. If p < n, then with the same reasoning we find that

(e (")TH G'e (p ))2 follows a beta distribution with parameters 1 hence the same result. O

Eventually, from the continuity of A— det A in the entries of A, we have asymptotically

Ix+c tmp©OA ¢ tmvp©A OxxK
det Ok xx Iy c L Empp &) + DA
c I mmp (@) I c P mmp () Ix Ix

and, using twice the fact that det[é g] =det(AD — BD~'CD) when D is invertible, we find
det(Ix + ¢ map (@A - ¢~ mp (&) Emmp (©) + DA) =

Then, notice that Equation (2.7) can be written as (zm; + 1)(1 + ¢~ myp(2)) — mmp(z) = 0 therefore

— _mw@ ; :
zmyp(2) +1= e and the previous equation becomes

¢ myip ()
det IK+ m/\ =0. (2.10)

Hence we find that 1 + %Akm) =0 = myp@) = AT (A)+1 for some k € [K]. At this point,
we must ask for which values of 1 (A) a ¢ verifying this relation may exist. From the properties of the

Stieltjes transform (Proposition 2.7), myp is an increasing function on all connected components of

~ &5 with X ~ 2 and ¥ ~ y2(p-1)

2
10This isbecause if z ~ A 0p, Ip) then ToT z" is uniformly distributed on SP~ Land iz " —

thus X+Y Beta( ).
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R\ Supp ump. Furthermore, myp(x) — 0 as x — +oo. Thus, if ¢! <1, then Supp pump = [E-, E4] and

myp must be positive on ] —oo, E_[ and negative on | E,, +ool. If ¢! > 1, then Supp pivp = {0} U[E_, E4]
and myp can also be negative on 10, E_[ but limyz_ myp(x) = —/¢/(1 — v/¢) hence, for all x €10, E_],
mpp(x) < —c < —c/(A(A) +1). As a result, an isolated eigenvalue can only lie on the right side of the

spectrum, i.e., ¢ > E,. But, since limy| g, myp(x) = —c/(v/c+1), myp maps 1E4, +oo[ onto | fc_il’o[ and

mymp (&) = A,JTC)H has a solution if, and only if, 1;(A) > v/c. Assuming this is verified, we can inject the
expression of myp(¢) into Equation (2.7),

2
- ¢ S c _ (AW + ) (A (A) +1)
¢ (Ak(A)H) ( ‘r)/lk(A)H Tl=0=¢= Ae(A)c )

Hence, for all k € [K],

a.s. def U +0)(lr+1)
$k =

Ak(K
k(K p,n—+o0o lic

with  ¢; = max(v/c, Ak (A)).

This shows the first convergence of Theorem 2.34.

Deterministic Equivalent of the Resolvent

From Equation (2.5), Equation (2.6) and the fact that E[m,,(2)] = myp(2) + @’Z(n’l), we have,
and (z¢ 'myp(z)—(1—c1=2) = - lip(Z) . Therefore, from the decomposition P = LV with 1 L"L —
A we can define the following deterministic equivalent (Definition 2.17) of Q(z):

1 1

e 1 | (-1 (-1 3
1+C_1mMP(Z)pP PE[Q] - (z¢ ' mmp(2) — (1 - ¢ - 2))EIQ] - I,

— 0
p,n—+00

_ -1
¢ myp(2)

Q(z) = mymp(2) m

VAV + In)

Remark 2.39. From the definition of Q and Equation (2.10) governing the asymptotic position of spike
eigenvalues, we see that their is an exact correspondence between the later and the singular points of
z— Q(2). In particular Equation (2.10) can be written as myp (&) det(V Q™1 (§)V) = 0.
Isolated Eigenvectors

(w0 T
Since Q(z) = Y. M, with Cauchy’s integral formula (Proposition 2.15), we have, for k € [K],

i=1~ L;(K)-z

a.s.

1
Vi, up (K)? = —— v Q(2)v, dz -——
(Wi, u(K)) 2in f),  Q(2) vk pi—tos 21 J,

v, Q2)vi dz
where y is a positively-oriented simple closed complex contour circling around A (K) and leaving all
other eigenvalues outside (which is possible by the confinement of the spectrum of % NTN). Assuming

Ar(A) > /c, the limiting integral can be computed with residue calculus (Proposition 2.16),

1 _ _
o d, v Qv dz =~ lim (2~ v{ Q2
-1

-1
=— lim (z - {) mmp(2) ¢ mp(2) O +1
Z—GCk

1+c impp(2)
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This last limit can be computed using LH6pital’s rule,

—1 -1

d
¢ myp(2) / +1] =_(_ )
dz 2=
[ ePmypr) mipEe
- 2kt —

(14 c 'mmp (Ex)) My (S

_ -1
¢! 1

1 tﬂk +
1+ c Imyp(2) muyp(2)

—zlimk(z &) myp(2) m

We already know that myp(&y) = —TCH. In order to find an expression for ml’vﬂ)(gt ©), we differentiate
Equation (2.7).

¢ mip(2) +2z¢  map (D) myyp (2) + mip(2) — (1— ¢ = 2)myp(2) =0

1,2
¢ myp(2) + myp(2)

!
<~ Mymp(2) =— .
MP 2zc  myp(2) — (1-¢c1 - 2)

2
With z = ¢, this simplifies into my, (&x) = ) and, skipping straightforward calculations, we

find that

1 lkc
€k+1

a.s. lp+c
p,n—+oco Ol + 1’

Uk, ur (K))?

This concludes the proof of Theorem 2.34.

2.4 Basic Concepts on Tensors and their Decompositions

We end this chapter by presenting basic notions on tensors and their decompositions. For a broader
introduction to tensors, we refer to Comon (2014); Landsberg (2011); Hackbusch (2012); Sun et al.
(2021); Bi et al. (2021).

2.4.1 The ABCs of Tensors

An order-d tensor J € R™**"d is a d-way array composed of elements T;, ;. € R with i, € [n,] for
all ¢ € [d]. Just as vectors (order-1 tensors) and matrices (order-2 tensors) define linear and bilinear
forms, J defines a d-linear form

RMx...xR%W — R
j’.

1) (d) — mo .y . 1d o -
(uD,..., ul®) Yo Xy Tinig oy 1y,
This operation is called the contraction of T on u'V,...,u'?. It can be extended to any d-uplet of
matrices: the contraction of I on A) e R**P¢, ¢ € [d], gives a new tensor T(AV,..., AD) ¢ RP1*-*Pa

whose (j1,..., jq)-entry is

nm ng d
d 1 d 14
A, e, Dy =T A AT = 3 oo B Ty [T A1
=1

=1 ig=1

The tensor contraction generalizes the matrix operation AVT MA® = M(AD, A®),
We can define the Frobenius inner product between two tensors T, J"’ € R™1*-*"d gg

7\ def 4l & !
<‘I"‘T>F = Z Z Jir,..., 1d711 ----- ia
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. . . f .
and the corresponding norm is the Frobenius norm || J||g de VAT, T)r. A second tensor norm is the

spectral norm, that is, the operator norm induced by the Euclidean norm on vectors

def
1T = max |3’(u(1),...,u(d))‘.

u®esSme1, te(d)

An ¢-fiber of T is the vector of R™ obtained by fixing all indices of J but the ¢-th. This is the
generalization of rows and columns of matrices, which are respectively 1- and 2-fibers. Similarly, an
¢-slice of T is the order-(d — 1) tensor obtained by fixing only the ¢-th index of J.

Unfolding (or matricization) is the process by which a matrix is built from a tensor. It is usually
performed along a given mode: T) denotes the unfolding of T along mode ¢ € [d] — it is an 1, x
[1¢7+¢ ny matrix whose columns are ¢-fibers of J in a certain predefined order!!.

The outer product ® of d vectors is an order-d tensor. This generalizes the operation by which

two vectors yield a rank-one matrix (x,y) — xyT = x® y. Given V) e R™, ..., x@ € R", their outer
productis the n; x...x ng tensor denoted xV ®...@x@ or ®?=1 x¥ whose (iy,..., ig)-entry is H‘;zl x}f).
Such a tensor is also said to have rank one.

Given two matrices A and B of respective sizes n; x np and p; x p2, their Kronecker product,
denoted AR B, is the nyp; x npp, matrix such that [AR By, ,-1)+j1,ps(ia-D+jo = Air,ip Bjy,j, Tor all
(i1,12) € [m] x [n2] and (j1, jo) € [p1] x [p2]. This product also applies to n-dimensional vectors, seen
as n x 1 matrices. The unfoldings of a tensor defined with outer products can easily be expressed with
Kronecker products. For instance,

[x®y®z](1] :x(ygz)T, [x®y®z](2):y(x®z)T, [x®y®z](3):z(x®y)T. (2.11)

Among the various properties of the Kronecker product (Abadir and Magnus, 2005, Chapter 10), we
highlight that it is bilinear, associative, non-commutative, (AXB)" = AT ®B" and (AxXB)(Cx D) =
(AC) ®x (BD) when the matrix products AC and BD are defined (this is known as the mixed-product

property).

2.4.2 Tensor Decompositions and Tensor Ranks

Tensor decompositions are necessary to reveal information hiding in large multi-way arrays. We re-
view briefly two fundamental decompositions, namely the canonical polyadic decomposition and the
multilinear singular value decomposition. Both generalize, in a sense, the well-known matrix singular
value decomposition. We also discuss how they relate to the low-rank tensor approximation problem
under a signal-plus-noise model. More details about tensor decompositions and low-rank approx-
imations can be found in Sidiropoulos et al. (2017); Kolda and Bader (2009); Cichocki et al. (2015);
Rabanser et al. (2017); Vervliet et al. (2014, 2019).

The singular value decomposition (SVD) of a rank-R matrix M € R™*"2 jg 25:1 o gy v; where
04 = $4(M) >0 is the g-th singular value and u, € sm-l vy € S"~1 are the corresponding left and
right singular vectors. Can we perform a similar decomposition with a tensor J € R"1>*"d?

Canonical Polyadic Decomposition (CPD)

A natural way to extend the previous matrix decomposition to tensors is to express J as

UThis order does not matter as long as other operations, such as the Kronecker product, are defined in a consistent manner.
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with o4 >0, || uﬁf) | =1 and R minimal, in the sense that it is not possible to express J with less rank-
one components. This decomposition is known as the canonical polyadic decomposition (CPD), CAN-
DECOMP or PARAFAC and dates back to Hitchcock (1927). It is essentially unique — i.e., unique up to
permutations — under mild conditions (see, e.g., Sidiropoulos et al., 2017, Section IV) and defines R
as the rank of the tensor J.

However, we have lost a very important property in trying to generalize the matrix SVD in this way:
the vectors {uif)}qe[R] are no longer orthogonal in general, (uﬁf), uﬁf)) # 0 for all g, q’ € [R]. Further-
more, the set {X € R™*-*" | Rank X < R} of tensors with rank at most R is not closed as soon as R = 2.
This observation is disturbing in a context where we seek a low-rank approximation of a tensor — the
best rank- R approximation may not exist!

Multilinear Singular Value Decomposition (MLSVD)

Another way to extend the matrix SVD is, instead of keeping the diagonality and irretrievably loosing
the orthogonality, to keep the orthogonality, but this also implies loosing the diagonality. Specifically,
the multilinear singular value decomposition (MLSVD) of J is

SR L () def ) ()
T=Y ) SqaQuy) E[G0",.. . 0]
q1 qa=1 /=1

where Gisan ry x...x ryq core tensor and U9 = [uig)

columns (UXTU® = 1,.)), i.e., it belongs to the Stiefel manifold V,,([R™) (Chikuse, 2003; Absil et al.,
2009). (ui[), el u(ri)) forms an orthonormal basis of the subspace of R spanned by the ¢-fibers of T,
that s, the left singular subspace of the unfolding T'”). Moreover, although G is not diagonal, it keeps a
“sub-diagonality” property in the sense that, if the columns of U are the left singular vectors of T,
then two distinct slices of G along a mode ¢ € [d] are orthogonal (for the Frobenius inner product)
and the Frobenius norm of each slice along this mode is a singular value of T\©. This decomposition,
introduced by Tucker (1966), is also called higher-order SVD (HOSVD, De Lathauwer et al., 2000b) and
defines (ry,...,14) as the multilinear rank of J.

This second notion of rank seem better suited to low-rank approximation problems since the set
{X € RM*~*"d | Rank X < (ry,...,14)} is closed whatever the value of (r,...,7;). Hence, the best low-
multilinear-rank approximation is well-defined. Note that, in the matrix case, both notions of rank
coincide: (r1,72) = (R, R).

u(ri)] is an ny x rp matrix with orthonormal

Remark 2.40 (Uniqueness of the MLSVD up to isometries). For all orthogonal matrices 09 ¢ o, ([R),
¢ € [d], we have the equivalent decomposition

ﬂg; 7 U(d)ﬂ _ ﬂg Mo, ...,U(”’)O(d)]l with G=60",..., 0.
Nevertheless, up to isometries, the multilinear singular value decomposition is unique (De Lathauwer

etal., 2000b, Property 4).

We call a Tucker decomposition the decomposition of ' in the general form [G; UW, ..., U@ ] where
G is a tensor and U, ..., U@ are matrices. The multilinear singular value decomposition (MLSVD)
thus corresponds to a particular case of Tucker decomposition where U is the matrix of left singular
vectors of T, for all £ € [d].

Remark 2.41 (Contraction and Tucker decomposition). If T = [G;UW,...,U@] then

FAD, .. AD) = HT;A(I)T’M,A(a’)Tﬂ _ HS;A(I)TU(I)W_,A(d)TU(d)H_
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Remark 2.42 (CPD and Tucker decomposition). The canonical polyadic decomposition is also a par-
ticular case of Tucker decomposition where G is diagonal.

The unfoldings of J can be expressed with matrix and Kronecker products between the factor
matrices and the unfoldings of the core tensor G. For instance, if T = [G; U, V, W],

W =v6cYwvaw)', T®=v6e?waw)", T =we®Wwxv)'.

Note how these expressions generalize (2.11).

Signal-plus-Noise Models

Similarly to signal-plus-noise matrix models, a signal-plus-noise fensor model has the form T =P +N
where N is a random tensor (the noise) and P is a finite-rank perturbation (the signal). Again, we
say that P is a low-rank perturbation since its rank remains finite while the rank of N diverges almost
surely as the tensor grows.

The CP-rank R of the CPD and the multilinear rank (ry,...,r;) of the MLSVD are constrained by
the following inequality,

max re <R< 11;1512‘1[];[[ re. (2.12)
Hence, low CP-rank implies low multilinear rank and vice versa. Thus, we can generally speak of a
low-rank perturbation P without mentioning which rank it actually refers to.

Yet, in order to estimate P from I = P + N with a low-rank approximation, it is much more conve-
nient to consider a multilinear rank to avoid ill-posedness of the problem. Problem (1.9) mentioned
in the introduction is well-posed if the minimization is over a set of low-multilinear-rank tensors
M ={X e R"M**"d | RankX < (rq,...,7q)}.
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Chapter 3

Asymptotic Gaussian Fluctuations of
Eigenvectors in Spectral Clustering

Nota Bene. Although this chapter arrives directly after the introduction of the technical tools, it does not
represent the heart of this thesis and is meant to prove a fundamental CLT-like result on which we can
rely afterwards.

PECTRAL clustering is a popular unsupervised classification technique which finds applications
S in many domains, such as image segmentation (Shi and Malik, 2000), text mining (Brew and
im Walde, 2002), and as a general purpose method for data analysis (Ng et al., 2002; von Luxburg,
2007; Ding et al., 2001). It relies on the spectrum of a suitably chosen similarity matrix to perform di-
mensionality reduction before applying a standard clustering algorithm such as K-means. Consider,
e.g., the following toy example where n vectors x1,...,x, € R? are separated in two clusters €%, €~
centered around +p, —p respectively, i.e., x; = +p + n; where n; ~ A4(0,1,). Then, the dominant
eigenvector u; (K) of the Gram kernel matrix K = %[xiTx il1<i,j<n is an information-theoretically opti-

mal estimator (Onatski et al., 2013; Loffler et al., 2021) of the vector \/Lﬁj such that j; = +1 if x; € €*.

In this case, clustering is achieved with the trivial decision rule x; — €% if [u; (K)]; = 0.

The achievable performances of spectral clustering can be theoretically predicted thanks to the
study of random matrix models corresponding to similarity matrices. For this purpose, we have at
hand the powerful tools presented in Chapter 2. In particular, they allow to derive the limiting spec-
tral distribution of the kernel matrix and to predict the position of isolated eigenvalues in spiked ran-
dom matrix models (Baik and Silverstein, 2006; Benaych-Georges and Nadakuditi, 2011; Couillet and
Benaych-Georges, 2016). The latter are of particular importance as, in a wide range of problems, the
information of interest can be modeled as a low-rank signal corrupted with noise. In our previous toy
example, the data matrix X = [x1 xn] is a rank-one perturbation p jT of a noise matrix N with
iid. A4(0,1) entries. In order to theoretically predict the error rate of spectral clustering for a given
signal-to-noise ratio, one must therefore study the behavior of the dominant eigenvectors of the sim-
ilarity matrix. Tools such as the ones used in Section 2.3 or in Couillet and Benaych-Georges (2016);
Couillet et al. (2021) allow to express the quality of their alignment with the true underlying signal, i.e.,
I(\/Lﬁ J,u1(K))|. Although this tells us when an estimation of the signal is possible (depending on the
signal-to-noise ratio) and its efficiency, a precise characterization of the fluctuations of the entries of
spiked eigenvectors still lacks to rigorously predict the error rate of spectral clustering. Indeed, in our
toy example, the expected error rate °(j;[u; (K)]; < 0) cannot be expressed unless the law of u; (K) is
known.
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Yet, it is often stated that the entries of u; (K) have Gaussian fluctuations in the large-dimensional
regime, so that PP(j;[u;(K)]; < 0) is a Gaussian integral. In Kadavankandy and Couillet (2019), this
result is formally stated but no proof is given. Hence, we fill this missing gap with a rigorous proof of
this phenomenon for a general spiked random matrix model. Although we stick to a simple signal-
plus-noise model here, the proposed proof is not restricted to Gaussian noise (in fact, the noise only
needs to be rotationally invariant) and can easily be adapted to most standard spiked models (such as,
notably, the general model considered in Benaych-Georges and Nadakuditi (2011)). Our result and its
proof thus support a wide range of previous works studying the performance of spectral algorithms.
The demonstration can be summarized in two simple facts

(i) an eigenvector of the kernel matrix can be decomposed into the sum of a deterministic signal
part and a random noise part

(ii) the random part is uniformly distributed on a certain sphere, hence any finite subset of its en-
tries tends to a centered Gaussian vector in the large-dimensional limit.

Random matrix results on the performance of spectral clustering often (reasonably) assume a
Gaussian distribution of the entries of spike eigenvectors without ever providing a proof. The pur-
pose of this chapter is thus to do it once and for all. We consider a general signal-plus-noise random
matrix model and briefly recall known results regarding its limiting spectral distribution and the be-
havior of its dominant eigenvalues and eigenvectors. Then, we show that the entries of the kernel
eigenvectors indeed have Gaussian fluctuations in the large-dimensional regime. We present a short,
self-contained and general proof which is our main contribution. Finally, we illustrate this result with
numerical experiments on synthetic and real data.

Simulations. Python codes to reproduce simulations are available in the following GitHub reposi-
toryhttps://github.com/HugoLebeau/asymptotic_fluctuations_spectral_clustering.

3.1 Model and Main Result

3.1.1 Spiked Matrix Model

Consider the following statistical model introduced in Section 2.2.3,
X=P+NeRP", PpP=LV' 3.1)

with LeRP*Kand V=[v; ... wk]eR"K suchthat V'V = Ix. It models a low-rank signal P cor-

rupted by additive Gaussian noise N; ; bl (0,1). In a spectral clustering perspective, K represents
the number of classes and P = MJ" where M = [ ... pk]is a matrix gathering the K cluster
means and J; x = 1if x; is in the k-th cluster (i.e., x; = g + n;) and 0 otherwise. This is congruent with
model (3.1): define the K x K diagonal matrix D = Diag(n;,..., nx) where ny is the number of samples
belonging to the k-th cluster, then P = MJ" = LV" with L= MD"? and V = JD~'/2. This is precisely
the K-class generalization of Model (1.6) presented in the introduction.

Given model (3.1), we are interested in the reconstruction of V from the dominant eigenvectors of
the Gram kernel matrix K = %X T X. We study this problem in the asymptotic regime where p, n — +oo

. def . . .
at the same rate, i.e.,, 0 < ¢ = p/n < +oo. This models the fact that, in practice, the number of samples
n is comparable to the number of features p and they are both large. Moreover, we make the following
assumptions.

Assumption 3.1. All classes are of comparable size, i.e., liminfrni/n >0 as p,n — +oofor all k € [K].
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3.1. Model and Main Result
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Figure 3.1: Left: Empirical spectral distribution (ESD) and limiting spectral distribution (LSD) of K =
%XTX with the almost sure limits of 1;(K), k € [K]. Right: Asymptotic alignments between vy and
u;(K) as a function of the position of the corresponding eigenvalue of K. Experimental setting: p =
2000, n =1000, K =3, (11, n2, n3) = (333,334,333) and (lg1 I, | g2l lpes ) = (3,4, 5).

Assumption3.2. lim max VnV7 =0.
pn—+oo 1<isn ,
1<k<K

Assumption 3.3. There exist 1; > ... > Ag > 0 such that, with A def Diag(Ay,...,Ax), |l %LTL —-A|l—0
as p, n — +oo and the columns of V are ordered accordingly (i.e., vy is associated with Aj).

The fact that Ay # Ay if k # k' in Assumption 3.3 is only to simplify the presentation of the results
so it is not necessary, but often verified in practice. However, Assumption 3.2 states that V must be
delocalized, i.e., not sparse. It is naturally verified for spectral clustering as a result of Assumption
3.1 since V = JD~1/2, but the results presented below concern the statistical model (3.1), which is
more general and also encompasses PCA for example (Couillet et al., 2021). In a spectral clustering
perspective, since L = MD'? Assumption 3.3 implies that, as p, n — +oo, |l = ©(1) for all k € [K]
and (ug, pp)y — 0ifk # K.

3.1.2 Eigenvalue Distribution and Spiked Eigenvalues

We briefly recall known results on model (3.1) in order to set the ground for our main result in Theorem
3.4.

Firstly, the limiting behavior of the empirical spectral distribution of K, that is % Y aespk 0 is given
by Theorem 2.33: as p, n — +oo, the histogram of eigenvalues of K converges weakly to the Marcenko-
Pastur distribution uyp, as depicted in the left panel of Figure 3.1.

Then, Theorem 2.34 specifies the limiting behavior of the K dominant eigenvalues and eigenvec-
tors of K. Due to the low-rank perturbation P, the K dominant eigenvalues of K may isolate them-
selves from the bulk of Marcenko-Pastur if their corresponding signal-to-noise ratios (the eigenvalues
of A) are large enough — they are then called spikes. Theorem 2.34 states that 1 (K) leaves the bulk
as soon as Ay (A) > /c (this is a well-known phase transition phenomenon (Baik et al., 2005)) and fur-

Lo . - f f -
ther gives its almost sure asymptotic position de W where ¢ & max(y/c, Ag(A)). This is
illustrated in Figure 3.1 as well. Moreover, Theorem 2.34 indicates the almost sure asymptotic align-

ment defy _ f:(;:il) of the corresponding eigenvector u;(K) with the underlying signal v. This is

depicted in the right panel of Figure 3.1 and the top row of Figure 3.2.
As mentioned in the discussion in Section 2.2.3, these results are not restricted to Gaussian noise:
up to a control on the moments of the distribution, they can be generalized thanks to an “interpolation
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.10-2 Eigenvector 1 .10-2 Eigenvector 2 .10-2 Eigenvector 3

Density

-0.04 -0.02 O 0.02 -0.04-0.02 0 0.02 0.04 —-0.05 0 0.05

Figure 3.2: Dominant eigenvectors of K = %XTX . Top: Coordinates of u;(K) (blue) and the under-

lying signal /{ vy (orange) with { =1— %. The dotted orange lines are the +1o-error curves

deduced from Theorem 3.4. Bottom: Histogram of the entries of uy(K) — \/{ vy (blue) and probabil-
ity density function of A(0, %) (orange). Experimental setting: like in Figure 3.1.

trick” (Lytova and Pastur, 2009, Corollary 3.1). In addition, a similar spectral behavior is observed with
non-i.i.d. noise following the realistic assumption that it is concentrated (El Karoui, 2009; Louart and
Couillet, 2021).

3.1.3 Fluctuations of Spiked Eigenvectors Entries

The almost sure convergence of (v, u.(K))? to (. d:efl - [kl;%:‘:‘l) stated in Theorem 2.34 is an impor-
tant result which justifies the use of the dominant eigenvectors of K as estimators of the underlying
signal V. Yet, it is not enough to characterize their reconstruction performance. Indeed, the fluctua-
tions of the entries of uy (K) must be known to fully characterize how it is aligned with vy.

Consider, e.g., the multi-class spectral clustering problem with P = MJT. Here, [vi]; = Ji k! vk
Hence, x; is classified in the k-th class if [u;(K)]; > [uy (K)]; for all k' # k. The reconstruction per-
formance thus depends on the probability of correct classification P([ur(K)]; > [uy (K)1; | J; x = 1).
In the theorem below, we show that the entries of u;(K) asymptotically have Gaussian fluctuations
around those of vy with variance (1 — {§)/n, as illustrated in the bottom row of Figure 3.2.

Theorem 3.4. For all finite ordered set of indices % = (i, ..., i) c [n] and k € K],

v 2
Vil ) o 2
m[uk(m \/avk]y it N (041, I1.9)) 3.2)

with u(K) such that {vi, ui(K)) = 0 (otherwise, consider —u; (K)). Furthermore, the |.¢|-dimensional
vectors v/nluy (K)l g,...,V/nlux(K) ¢ are asymprotically mutually independent.

This result invokes the quantity {;, which quantifies the alignment of u;(K) with v (see The-
orem 2.34). Theorem 3.4 specifies that [u;(K)].s behaves like A (\/{k[Vk].s, 1=Cs I,4)) in the large-

n
dimensional regime. That is, the more u; (K) is aligned with vy (i.e., the closer { is to 1), the more its
entries concentrate around those of \/{ vk, since the variance is (1 — {})/n. Moreover, the entries of

Vnlug(K)].¢ are asymptotically independent for any finite ordered set of indices .#. In the multi-class
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3.2. Proof of Theorem 3.4

spectral clustering problem considered above, since v/nlui(K)] and /nlu (K)] are asymptotically
independent if k' # k, Theorem 3.4 yields

Ck

Plur(K)]; > [up (K | Jip=1)=® n—km

)+0(1)

where ® : x — \/%7 f_xoo e_é dr is the Gaussian cumulative distribution function.

We prove Theorem 3.4 in Section 3.2 below. The proof hinges on the rotational invariance of the
noise (Lemma 3.5). In fact, it does not need the entries of N to be distributed according to the Gaussian
law, but only that its distribution be invariant under isometries. This makes it a very general proof,
which can easily be adapted to most standard spiked models as those discussed, e.g., in Couillet and
Liao (2022, Section 2.5.4).

3.2 Proofof Theorem 3.4

Consider the tangent-normal decomposition

K
wp(K) = ) tev+\/1- I7l2ug (3.3)
k=1

f_ Ty up(K) . . ©
where u;, = (I, — VV')—==— is a unit-norm vector orthogonal to the span of V and T € [-1,1]
koo Vi-lz|? & P

with 7, = (v, ur(K)), x € [K], measuring the cosine between v, and uy(K). Let O € G,(R) be an

n x n orthogonal matrix such that OV = V —i.e., a rotational symmetry about the span of V.— and

R 0KOT. Then, since 1XTXand X=LVT +N,

K= %([OV]LTL[OV]T +[0VILT[NOT]+[NOT] LoV + [NOT]"[NOT])

Lemma3.5. N and NO" are identically distributed.

Proof. The entries of N form a Gaussian random vector (by the independence of the entries). Thus,
the distribution of [NO']; j = ¥}_, N; xOjx is A'(0,1) and Cov(INO']; ;,INOT ;1. ;1) = §; 6 jr is 1 if

(i, j) = (', j") and 0 otherwise. Hence [NO']; ; Hd 40,1) and NOT is identically distributed to N. O

According to the previous lemma, K follows the same model as K since OV = V. Therefore, its k-th
dominant eigenvector can likewise be decomposed as

K
we(K) = Y. Feve +\/1- 17123,
k=1

Lﬁ)lz identically distributed to u?c Yet, uy(K) = Oui(K).

V1-I7|
Thus, ugc and OugC are identically distributed for all O € G, (R) such that OV = V. Let n denote the
probability distribution of u?c and V1 ={aeR" | V" a = 0g}. We claim that 7 is the uniform distribu-

tion on $" 1 N VL. Indeed, given x € $"1 A vi we have shown that dn(x) = dn(0Ox) for all O € G, (R)

_ G-’
1-x'y

OV =V and Ox = y (it is the reflection with respect to the hyperplane orthogonal to x — y). Hence

dn(x) =dn(y) forallx,y e " ' nVv+, ie, u']ic is uniformly distributed on S~ ' N V+.

with 7y = (vy, u (K) and @@}, = (I, - VVT)

such that OV = V. Then, given any y € $""! n V-, the orthogonal matrix O = I, satisfies
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Remark 3.6. Notice that S ' n VT is isomorphic to $” '~X_ In the particular case where n = 3 and
K =1, this is simply the intersection between the 3-dimensional sphere and a 2-dimensional plane
containing the origin — it is thus the unit circle.

Then, ui can be written as Uwy where wy is uniformly distributed on s K-lcprKandUe
R (=K jssuch that U U=1I,_g and UV = 0(,-r)xk (the columns of U form an orthonormal basis
of V* in R™). We use the following theorem to identify the asymptotic distribution of /7 [ui}c] -

Theorem 3.7 (Schoenberg, 1938; Steerneman and van Perlo-ten Kleij, 2005). The characteristic func-
d .
tion of a vector w uniformly distributed on S"1 is given by ¢, (t) =ef[E[e‘tT“’] =Qu(ltl) with
r'(3) LI n=3
Qn:r>0—>—f er(1-12)7 dr.
—1
Vnl (nT) -1

2
. . _r_ .
Moreover, r — Q,,(rv/n) converges uniformlyinr =20 tor— e~z asn— +oo, Le.,

2

Q,(rvm)—e 7|=0.

lim sup
n=+0 >0

Let ¢ € R" be such that t; = 0if i ¢ .#. The characteristic function of /n [u?{] g is

. . _ i ntTka
(p\/ﬁ[ui]j(tll""’tlm)_[E e ]

— (VU]

and U] = VIEIZ=IVTE]2 = ] + G (IV T £]|?). According to Assumption 3.2, 7|V £]|> — 0 as
p, n — +oo, thus Qn,K(\/ﬁllUTtll) =Qu-x(Vn-K|t|l +€,) withe, — 0as p,n — +oo and

|Qn—K(V n—K|t| +€n)_e—%\|tllz| <

2
Qu_k(VI—KItl +e,) — -2 [11+en/Vn=K]

2
+ | zlltl+en/Vn=K]" _ =311t1%|

As p,n — +oo, the first term vanishes from the uniform convergence given in Theorem 3.7 and the sec-

ond term vanishes by continuity. Therefore, ¢ Vil ]y(t,-l,..., ti,) — e 2 and, by Lévy’s continuity

theorem (Billingsley, 2012, Theorem 26.3), we can conclude that

\/ﬁ[ui]y Z N (0.4, I).9)).

p,n—+oo

Finally, the decomposition given by Equation (3.3) yields
K
u(K) =/ { v+ \/1—(ku§c+£ with €= Z T U+ O (r1) x ut}c
k=1

where r = 74 if x # k and ri = 7 — /(. Thus, r,x — 0 almost surely as p,n — +oo for all x € [K]
from Theorem 2.34. In order to conclude our proof of the convergence (3.2), we just need to show

that /7€l » 0. It is already clear that O (ry) x \/ﬁ[ugc]y

\/ﬁrK[vK]ﬂ

0 so it remains to show that

p,n—+00 p,n—+00

0 for all x € [K]. We have! VarrZ = @ (n™!) and, by Assumption 3.2, /n[v,]% =

p,n—+00

1As shown in Section 2.3.3, (vx, ux (K))% = —ﬁ fyk v,IQ(z) vy dz thus Var(r,%) = [E[I—ﬁ fyk v,;r(Q(z) —E[Q(2)]) vk dzl?] <
ﬁ ~¢l}/1( E[l v,;r (Q(2) —E[Q(2)D vk |2] dz where the interchange between E and 3%/;( is allowed since the integrand is bounded. In
Section 2.3.1, we have shown that E[| v,;r (Q(2) —E[Q(2)]) vKIZ] = @z(n_l) therefore Var(r,%) =omn.

64



3.3. Numerical Experiments

o(1) for all i € .#. Therefore (v/nr«[vi];)? vanishes in quadratic mean as p,n — +oo and this implies

\/ﬁrK (vkls
Vaart, 1998, Theorem 2.3).

In order to show the asymptotic mutual independence of v/nlu; (K)l g,..., vnlux(K)] ¢, consider
the tangent-normal decomposition (3.3) for each k € [K] and, with the same arguments, construct
W =[w; ... wg| where the w;’s are such that u?c =Uw forall k € [K]. Let W = wW Tw)~1/2,
For all orthogonal matrix O € @,,_g (R), OW is identically distributed to W and therefore OW is iden-
tically distributed to W as well. Moreover, W W =1 K SO W is, in fact, uniformly distributed on the

Stiefel manifold Vi (R"~K) %' (4 € R""K*K | AT A = It}. From Theorem 2.2.1 of Chikuse (2003), W is
identically distributed to Z(Z T Z)~!/2 where Z is an (n— K) x K matrix with i.i.d. .4#'(0, 1) entries. Thus
VW is identically distributed to Z(Z" Z/n)~'/? and, by the strong law of large numbers (Billingsley,
2012, Theorem 6.1), %Z TZ — Iy almost surely. Hence, by Slutsky’s theorem (Casella and Berger, 2001,
Theorem 5.5.17), any finite set of the entries of /2 W converges to a set of i.i.d. .4 (0, 1) variables in the
limit p, n — +oo. Furthermore, since W = W(W ' W)"/2 and WTW — Iy almost surely by Theorem
2.34, the same reasoning shows that any finite set of the entries of /nW converges to a set of i.i.d.
A(0,1) variables in the limit p, n — +oo0.

0 by the continuity of x — /x and the continuous mapping theorem (van der

Then, let U* def u’i uH and U}; = [[ug]y [ui]]]. Consider the characteristic func-

tion of \/_Uu , that is, (p\FU” (T) = E[exp(iTr(v/nT ' U*))] where T is an n x K matrix whose entry Ti
is0ifi ¢ .#. Since U! = UW, we have ‘p\FU“ (T) = (pW(\/_UT T) where @w is the characteristic func-

tion of W, whose distribution is left- sphencal (OW is identically distributed to W) therefore there

exists a function fj_x : RX*K _, R such that ow(S) = fn_K(STS) for all § € R *K (13 1993). As a

result, ¢ N (T) = fu-x(n TTUU' T). Because any finite set of the entries of /nW converges to a
g

set of i.i.d. #(0,1) variables in the limit p,n — +oo, we have f,_x(nTTT) — exp(-3 T T) by Lévy’s
continuity theorem (Billingsley, 2012, Theorem 26.3). To conclude, recall that UUT = I,, — VV thus
nT"UU' T = nT' T+ \/ne, where €, is such that ||, || — 0 as per Assumption 3.2 and the fact that T
has a finite number of non-zero entries. Hence, ¢ v, (T) = fux(n(TTT+ 2 1)) — exp(—3 LTTT). This

shows that the entries of /71 U}; areii.d. A4(0,1) variables and concludes the proof of Theorem 3.4.

3.3 Numerical Experiments

To illustrate this result, we conduct a first experiment on synthetic data following model (3.1) with
K =3 classes of equal size and (|[g1 I, g2 I, |23 ll) = (3,4,5). The x;’s are ordered by class. The spectral
distribution of K and the alignments with vy, vy, v3 of its dominant eigenvectors are plotted in Figure
3.1. Figure 3.2 shows the dominant eigenvectors with the histograms of residuals uy (K) — v/{; vi.. We
, ljf") — the ur(K)’s
exactly correspond to a deterministic signal \/{;v) corrupted by additive centered Gaussian noise.
The signal-plus-noise structure of model (3.1) has been transferred to the spectral estimator of V.
Then, we conduct a second experiment on the Fashion-MNIST dataset (Xiao et al., 2017) consisting
of 28 x 28 images of clothes separated in 10 classes of size 7000 each. We select two classes k;, k» and
perform binary spectral clustering using the dominant eigenvector of K = X X X where the columns
of X are the 784 pixels of the images from classes k; and k». The dimension of X is thus 784 x 14000.
Here, we assume a similar model as our toy example in the introduction of this chapter: X = uj’ + N
where j; = +1 depending on the class of the i-th image. Thus, according to Theorem 3.4, the i-th

entry of the dominant eigenvector u; (K) asymptotically follows A (\/— NANT ) and, given j, { can be
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Observed
0.64 054 0.57 0.61 I T-shirt/top
0.61 0.72 0.54 | 0.81 0.69 0.71 |- Trouser
0.55 0.69 0.63 0.55 0.56 0.61 |- Pullover
- 0.56 0.54 0.63 0.7 0.59 0.58 |- Dress
£/ 061 076 0.54 0.69 - Coat
;O'E 09 097 09 092 0.95 Sandal
= 0.52 0.58 0.57 0.54 0.62 Shirt
0.83 0.86 0.84 0.81 091 Sneaker
0.5 0.67 0.56 0.59 0.61 Bag
0.52 071 0.59 059 0.66 Ankle boot
\@Q‘ &g}‘ 04@“ &@%‘ o ‘ o&b\‘ c}\&‘ &@"‘ %230‘ Qood

Figure 3.3: Observed (upper right, blue) and predicted (lower left, orange) classification accuracies of
binary spectral clustering on the Fashion-MNIST dataset (Xiao et al., 2017).

estimated with the squared empirical mean? (Y7 1 \]/—’ﬁ [y (K)] i)z. We can then compare the observed

i=
accuracy %Z?ﬂ 1;,(u,(x)1;>0 to the one expected from Theorem 3.4, P(j;[u;(K)]; > 0) = cD( 1_54) +

o(1). The results are presented in Figure 3.3 for each pair of classes ki, k».

We find a very good agreement between the observed and predicted accuracies, regardless of
whether the problem is easy (e.g., Trouser vs Sandal) or hard (e.g., Bag vs Ankle Boot). This observation
confirms the general scope of Theorem 3.4: starting from real data X which is clearly not Gaussian,
the normal distribution naturally emerges in the fluctuations of the entries of the large-dimensional
eigenvector u; (K).

3.4 Conclusion

After recalling known results on spectral clustering under a general signal-plus-noise random matrix
model, we have shown that the entries of spiked eigenvectors have Gaussian fluctuations in the large-
dimensional regime. This formalizes and clearly states a result which is often implicitly assumed in
many problems, without ever being actually proven. The proposed proofrelies solely on the rotational
invariance of the noise. It is thus very general and can easily be extended to most standard spike mod-
els. Numerical experiments have demonstrated the universality of this phenomenon: the Gaussian
behavior of the entries of spike eigenvectors can even be observed on real unprocessed data. This
allows to accurately predict the classification performance of spectral clustering.

In the next chapter, we consider a more exotic spiked model which brings a powerful approach to
spectral clustering under limited memory constraint. Our characterization of the fluctuations of the
entries of spike eigenvectors (Theorem 3.4), combined with the random matrix tools introduced in
Chapter 2, will be essential to thoroughly describe the performances of the proposed method.

2In practice, j is unknown and { can be estimated by maximum likelihood.
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Chapter 4

A Random Matrix Analysis of Data
Stream Clustering: Coping With
Limited Memory Resources

HE ever-increasing amount of data coupled with the need for a more sober use of computational
T power puts online learning in the spotlight, as a way to deal with numerous and very large data
with low memory resources. Be it because the volume of data is too high to be stored or because one
is restricted to the sole use of a regular laptop, online learning appears as a handy and frugal way to
process information. As data arrives in the learning pipeline, it is processed at a low computational
cost before being discarded altogether, thus inducing a limited memory footprint.

Numerous works have proposed various algorithms to cluster data streams in an unsupervised
manner (see, e.g., Ghesmoune et al. (2016); Zubaroglu and Atalay (2021) and references therein).
Among standard methods are the construction of a graph (Fritzke, 1995) or a tree of clusters (Zhang
et al., 1996) which is updated as new data arrives, or else, the formation of clusters using a distance
function, as in K-means, (Aggarwal et al., 2003) or a density-based method (Ester et al., 1996). Such al-
gorithms are often adaptations of existing offline algorithms, like OpticsStream (Tasoulis et al., 2007),
StreamKM-++ (Ackermann et al., 2012), online K-means (Liberty et al., 2015; Cohen-Addad et al., 2021),
etc. These techniques operate on the entire feature space and their performance deteriorate as the di-
mension of the data increases. Therefore, Aggarwal et al. (2004) propose to cluster data streams after
a projection on a lower-dimensional space. Sketching methods (Keriven et al., 2018; Gribonval et al.,
2021) are also convenient to perform large-scale learning on data streams with a limited memory bud-
get; the idea being to summarize the dataset into a single vector computed in one pass over the data.

Adapted from the standard spectral clustering algorithm (von Luxburg, 2007), techniques like in-
cremental spectral clustering (Ning et al., 2010; Dhanjal et al., 2014) have been proposed to handle
evolving data. Yet, they become quite memory-demanding when the number of samples grows large.
Better suited to streaming applications, the spectral clustering algorithm of Yoo et al. (2016) constructs
a spectral embedding of the stream in one pass by adapting ideas from matrix sketching (Liberty,
2013).

Spectral clustering has indeed remarkably good performances on high-dimensional data as it
manages to greatly reduce the dimensionality by keeping just a few leading spectral components. It
is therefore computationally less demanding than many other classical clustering algorithms. More-
over, it reaches the optimal phase transition threshold (i.e., it performs better than random guess as
soon as theoretically possible) (Onatski et al., 2013) and achieves the optimal clustering error rate in
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the Gaussian mixture model (Loffler et al., 2021).

From a random matrix theory perspective, spectral clustering is also of particular interest. Fol-
lowing the works of El Karoui (2010) and Cheng and Singer (2013) on the spectrum of kernel random
matrices, Couillet and Benaych-Georges (2016) propose an analysis of kernel spectral clustering with
numerous high-dimensional data. Then, Mai and Couillet (2018) demonstrate that many standard
machine learning algorithms in fact suffer from being ill-used when dealing with such data. Besides,
given some data matrix X = [ ... Xj] € RP*", Couillet et al. (2021) show that it is possible to get
huge reductions in computational and storage costs with almost no performance loss by puncturing
the data, i.e., keeping only a few elements of X and computing only a few elements of the Gram kernel
matrix K = %X T X. In addition, Liao et al. (2021) demonstrate that, when carefully employed, sparsifi-
cation and quantization of K incur negligible performance loss, while providing a great computational
gain.

In light of these numerous benefits of spectral clustering when dealing with high-dimensional
data, of the practicality of online learning to handle large data streams with limited memory, and of
the promising path shown by random matrix theory towards resource-efficient learning with perfor-
mance guarantees, this chapter introduces an “online spectral learning” algorithm to which we attach
arigorous performance analysis using random matrix theory.

The algorithm goes as follows: supposing that, due to memory limitations, only a small number L
of data points can be kept in the pipeline, the computation of the 7 x n Gram kernel matrix is limited to
the elements which are in a radius L around the diagonal of K. This results in the following punctured

kernel matrix model
XX
K; =
p

where © denotes the Hadamard product and T € {0, 1}""*" is a Toeplitz mask: Tij=1ji—j<r- A careful
adaptation of spectral clustering is then performed on K} to retrieve the class information.

In technical terms, the present analysis derives the limiting spectral distribution of K; and ana-
lyzes the behavior of a few isolated eigenvalues (spikes) which carry information (that is, indicators
for the data classes) in their associated eigenvectors. Two new interesting behaviors are observed:
unlike classical spectral clustering, due to the Toeplitz filter, the number of informative spikes can
potentially grow very large even in the case of binary classification. In addition, the eigenvectors are
strongly tainted (in a way “convolved”) by the eigenvectors of the Toeplitz mask, which then requires
some careful post-processing for classification. Our results particularly shed light on how the learning
performance is altered by the dimension of the data and the size of the pipeline, thus providing an
analysis of the performance versus cost trade-off of online learning.

In a nutshell, our main contributions may be listed as follows

oT

» we derive the limiting eigenvalue distribution of Ky as p, n, L — +oo for data arising from a Gaus-
sian mixture model: x; ~ X5_, A (i, Ip);

* for centered data drawn from a two-class mixture x; ~ A (+pu, Ip), we show that a phase transi-
tion phenomenon occurs: depending on the signal power |||, some eigenvalues of Kj, isolate
themselves and their eigenvectors carry information about the classes;

* we propose an algorithm to retrieve information from isolated eigenvectors, thus performing
high-dimensional “online spectral clustering”;

 simulations of online spectral clustering on Fashion-MNIST and BigGAN-generated images
confirm the predicted good behavior of the algorithm and support our theoretical findings.

The remainder of this chapter is organized as follows. Section 4.1 introduces the model and a cir-
culant approximation of the Toeplitz mask T, which will be used to derive our main results, presented

68



4.1. Online Learning Model and Problem Setting

in Section 4.2. The limiting spectral distribution of the kernel matrix is studied first (Theorem 4.6)
and a closer look is then given to the behavior of its isolated eigenvalues and associated eigenvectors
(Theorem 4.8). Based on the previous results, Section 4.3 presents some theoretical considerations
on the classification performance achievable on a data stream and proposes an online kernel spectral
clustering algorithm, which is tested on image clustering tasks. Section 4.4 gives some concluding
remarks.

Proofs and simulations. All proofs are deferred to the appendix. Python codes to reproduce simu-
lations are available in the following GitHub repository https://github.com/HugoLebeau/online
_learning/.

4.1 Online Learning Model and Problem Setting

4.1.1 General Framework

LetX =[x ... x,]|€RP*"bea collection of n data points of dimension p. They are noisy observa-

tions of K unknown classes whose means are [p1 ... k] 4t M e RP*K . Also define the 71 x K binary

matrix J such that J; ;. = 1 if x; belongs to class k and 0 otherwise. We make the following assumptions.

Assumption 4.1. The rows of J are independent realizations of a multinomial distribution with one
trial and K outcomes, i.e., the class of x; does not depend on the class of {x;} ;.

Assumption 4.2 (Non-triviality condition). M is uniformly bounded in spectral norm and does not

vanish asymptotically: 0 < liminf] M|| < limsupl|| M| < +oco.
p—+oo p—+oo

Assumption 4.3 (Additive noise model). X = P+ N where P = MJ " is a deterministic signal matrix
and N is a random standard Gaussian noise matrix with independent entries’.

Remark 4.4. The non-triviality condition (Assumption 4.2) places the work under scenarios of prac-
tical relevance, in the sense that the problem is asymptotically (as p,n,L — +oo) neither too easy
(I M| — +o0) nor too hard (|| M| — 0). The classification error rate is therefore not expected to vanish
asymptotically.

In the considered online setting, only the L previously seen data points are kept in memory. Thus,
the element Kj; j = %xiTx ; of the Gram kernel matrix can only be computed if |i — j| < L. This is repre-
sented by the entrywise application of a Toeplitz mask T = [1j;- ji<r]1<i,j<n Tesulting in

[1 ... 1 0
X'x .
K; = oT with T = 1 1]-
p
0 1 ...1

As standard (offline) spectral clustering is “optimal”?, we argue that spectral clustering on Kj
ought to achieve good performance at least for not too small L/n ratios. Our technical goal is thus

I Refer to Section 2.2.3 for a discussion on this assumption.
2In that it performs better than random guess as soon as theoretically possible (Onatski et al., 2013).
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Figure 4.1: Graph of v; on [0,27] (one period) with a plot of ¢ = VL(%) and 7y for 0 < k < n (respec-
tively, the eigenvalues of C and T). Experimental setting: n = 50, L = 10.

to first provide a description of the spectral behavior of Ky as p, n and L are large. To this end, we

place ourselves under the regime p, n, L — +ocowith p/n def e €]0,+ooland (2L-1)/n def e €10, +oo[.3

4.1.2 The Circulant Approximation

An important trick to derive our main results lies in the fact that the Toeplitz matrix T can be approx-
imated to some extent by its circulant “version” C = [1j;—ji<r + 1}i— j|>n-L]1<i,j<n (Gray, 2006). Indeed,
denoting {Ti}o<k<n and {W}lo<ik<n their respective eigenvalues (which depend on 7 and L), then for
fixed L and any continuous function f: R — R,

n—

1 1
lim — ) |fyr) - fp)]=0.

n—+oo n =0
Remark 4.5. Keep in mind that, in our case, n and L grow together at the same rate. Therefore, ap-
proximating T by C is reasonable only if € is sufficiently small.
The core advantage of C is that, unlike T, its eigendecomposition is well-known:

~ ~ ~ 1 2im (; :
C=F¥YF* with F;;j=—=¢ DU

Vv

i.e., Fis the n x n Fourier matrix, F* is its Hermitian conjugate and ¥ = Diag(y1)o<k<n is the diagonal
matrix of eigenvalues. The latter are a sampling of the Dirichlet kernel:

sin((2L-1)3)

=v (&) ith vi(x) =
Yi=VL n wi L(x) = sin()

As we will often prefer a real eigendecomposition of C, we introduce the matrix F = RF + QF. Itis a
real orthogonal matrix (FTF=FF" =1,)and C= FYF'.

In Figure 4.1 are superimposed to the graph of v; the eigenvalues of C and T.* The 7}’s roughly
follow the graph of vy, as if they were noisy versions of the 14 ’s.

3The provided results are asymptotic for theoretical convenience, modeling the fact that p, n and L are large. The conver-
gence rates being at least © (logn/+/n) as p, n, L — +oo, they remain valid for a large but finite horizon.

4Although there is a natural order for the eigenvalues of C given by r=vL( %), we use a small trick to get the correspond-
ing order for the eigenvalues of T: after numerically computing them in ascending order, we apply the same permutation that
maps the eigenvalues of C in ascending order to (yo,...,¥;—1). This yields the corresponding (79, ..., T5-1).
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4.2 Main Results

Following the random matrix approach presented in details in Chapter 2, the large dimensional spec-
tral behavior of K} is accessible through an analysis of the resolvent matrix

Q(2) = (K- zI,) ™"

defined for all z € C\ Sp(K}.), where Sp(K}) is the spectrum of K}, (the set of it eigenvalues). Notably,
the Stieltjes transform of the empirical spectral measure py, = %Z Aesp(ky) 02 of K, is the normalized
trace of its resolvent (Proposition 2.6):
du,(® 1
(e [ D - 2 1rqea),

R [—2Z n
The resolvent also encapsulates information about the eigenvectors of K;: given a simple closed
positively-oriented complex contour y circling around an eigenvalue A of K and leaving all the other
eigenvalues outside, — ﬁ fy Q(z)dz= uu', where u is a unit eigenvector associated to A5

4.2.1 Large Dimensional Spectral Behavior

Our main theorem provides a deterministic equivalent of the resolvent when the Toeplitz mask T is
~ =~ ~ T
approximated by its circulant version C, i.e., Q(z) = (K — zIn)_1 with Kj, = % oC.

Theorem 4.6 (Deterministic equivalent of Q(z)). Let fi,, be the empirical spectral distribution of K =

T _ ; i . . .
% o C and m,, be its Stieltjes transform. Under Assumptions 4.1 to 4.3, there exists a unique (deter-

ministic) Stieltjes transform m,, satisfying

n-1 mn(z)%
1+ 2iity(2) —¢ ) ————=0, zeC\R (4.1)
k—01+mn(z)7k

and such that \|my(z) — my(z)| — 0 almost surely as p,n,L — +oo with p/n dzefc €]0,+oo[ and 2L —

d
1)/n =ef5 €]0, +o0[. Moreover, we have the following deterministic equivalent (Definition 2.17) of the
resolvent Q(z),
1 PP !
- I,+——oC
My (2) p

Proof. See Appendix 4.A. O

Q2 QY

C -1
In"‘mn(z)—) ]
p

A first observation from Theorem 4.6 is that Q(z) is the inverse of a perturbation of the identity
which is not low-rank. This strikingly differs from standard spiked random matrix models (such as
the ones presented in Section 2.2 or in Baik and Silverstein (2006); Benaych-Georges and Nadakuditi
(2011)) where a low-rank perturbation of the identity in the “population” matrix (here P) usually re-
sults in the presence of only a few isolated eigenvalues in the “sample” matrix (here K;). Yet, in most
common settings, a majority of eigenvalues of # oCI,+my,(2) %)‘1 are too small and only a small

number of them causes the appearance of isolated eigenvalues in the spectrum of K.

SIn fact, this is only true if A has multiplicity one. In the general case, the integral equals the projection matrix on the
eigenspace associated to A (see Section 2.1.2).
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Figure 4.2: Empirical spectral distribution (ESD) and limiting spectral distribution (LSD) of K;. The
y-axis is in log scale. Top: noise only, x; ~ A (0p, I;). Bottom: two-class mixture, x; ~ A (+u, I,) with
el = 2. The green dashed lines are the asymptotic positions of the spikes ¢ given by Theorem 4.8.
Experimental setting: n = 2500, L =750 and p = 1250 (left) or p = 75 (right).

Remark 4.7 (Link with Mar¢enko and Pastur (1967)). In the particular case L > g, the mask becomes
C=1,x,and K; = K. Thus, since wo =nand yi =0 for 1 < k < n, Equation (4.1) becomes

ze 'mi(2) - (1-c ' = 2)mp(2) +1=0

which is the canonical equation defining the Stieltjes transform of the Marcenko-Pastur distribution
(Equation (2.2)). In other words, the closer ¢ is to 1, the closer to the Marcenko-Pastur distribution is
the limiting spectral distribution of Kj.

In practice, rather than computing 772(z) directly from Equation (4.1), it is easier to solve numeri-
cally the following fixed-point equation in 1¢(z),
-1 wi / pZ

pfl
no(2) = —
’ ”kzzo(l—z—no(z))+%

and deduce m,(z) = #770(2) ~

Figure 4.2 displays, in log scale, the empirical spectral distribution of K, under two different set-
tings (recall that ¢ = p/n and € = (2L — 1)/n) with its limiting spectral distribution computed by in-
verting the Stieltjes transform 1,, given by Theorem 4.6. Two kinds of data are presented: noise-only,
x; ~ N (0p,I,), (top row) and a two-class mixture, x; ~ A (+u, Ip), (bottom row). Notice how the
shape of the distribution on the left column resembles the Marcenko-Pastur one (yet, some eigenval-
ues are negative here) while the second distribution has a completely different shape (there even are
multiple bulks) for the same value of €. This reveals that the parameter c also affects the closeness of
the limiting spectral measure to the Marcenko-Pastur distribution. Also note that, under the two-class
mixture setting, more than one isolated eigenvalue pops out of the limiting support. It now remains to
give a close look to their associated eigenvectors to understand how to exploit the latter in a spectral
clustering perspective.
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4.2.2 Phase Transition and Spike Behavior

In this section, we focus back on our original clustering objective. We consider two classes €+, 6~
whose means are +y, i.e., P = uj with j; = +1if x; € €* and j; = -1 if x; € 6~. This corresponds
to a two-class mixture with globally empirically centered data. Consistently with the previous setting,
M=[+p -pl]and Ji, = [Ligeen  lmes].

Because of the rank-one structure, using the relation M © ab’ = [Diag a] M [Diag b], the determin-
istic equivalent of the resolvent given in Theorem 4.6 has a much simpler expression:

1

-1
-

- > ¥ S AN
Q(z) = [D;F| I+ | ;(In+mn(z);)

where Dj = Diag j is the diagonal matrix induced by the vector j. Now, Q(z) no longer involves a
Hadamard product and we already have its eigendecomposition since %(In + 1, (2) ¥)~1 is diagonal
and D;F is orthogonal. Note that the columns of D; F are simply the columns of F with their signs
switched at coordinates i such that x; € €.

With a deeper analysis of the resolvent Q(z), the following theorem provides the position of the
isolated eigenvalues and the shape of their associated eigenvectors.

Theorem 4.8 (Spike eigenvalues and eigenvectors). For all integer k € {0,...,n— 1}, define
_1)

Assuming Conjecture 4.32 on the global behavior of the spectrum presented and discussed in Appendix
4.B.1 is verified, iflimy, o Sy, ({ +1iy) = 0 (for p, n, L large enough) and y i # 0 then

* almost surely, & is the asymptotic location of an eigenvalue of K ;

e the matrix U, whose columns gather all the eigenvectors of K; whose associated eigenvalues con-
verge almost surely to & satisfies

UL} (¢ [D;F]A¢[D;F]"

where D j = Diag j and A = Diag(1y,—y )

O<l<n®

Proof. See Appendix 4.B. O

To better understand this theorem, recall that, after Theorem 4.6, we predicted the presence of a
few isolated eigenvalues in the spectrum of K;. Theorem 4.8 details this assertion by specifying the
positions ¢ of the spikes and their alignments (. with the signal. The quantity {; can really be seen
as an “indicator of spike” as it tells whether an isolated eigenvalue exists for index k (if {x > 0) and, if
it does, the closer ( is to 1, the better is the “quality” of the information carried in the corresponding
eigenvector, i.e., the greater is the signal-to-noise ratio (see Figure 4.3).

Another difference with classical spiked random matrix models is that each asymptotic spike ¢y,
which has the same multiplicity as the population spike vy, is rarely simple. In fact, the only simple
eigenvalues of C are v, and v, if n is even. However, for finite values of p, n and L, the corre-
sponding eigenvalues of K; are not necessarily degenerate (with probability one, they are not), but
they have the same limit: ¢y = ¢; for all [ such that ¢ = ¥;. The number of columns of Uy is equal to
the cardinality of {/ | v} = v}, which is the dimension of the limiting eigenspace associated to .
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Figure 4.3: Asymptotic alignment [{]" versus ||| for three values of k. The empirical alignment
is computed as the mean of (v, up)? on 10 realizations (error bars indicate the standard deviation).
Experimental setting: n = 2500, p =75, L = 750.

One also notices from Theorem 4.8 that the number of isolated eigenvalues could potentially grow
very large as ||| increases. Indeed, the value of | ¢ at which { changes sign (i.e, when one or more
eigenvalues isolate themselves from the bulk around ¢y at the phase transition) is given by

pi 2 ¥k |7
1-£ +1) 2k 1
nl;) (||ﬂ|| )wl

Therefore, potentially any eigenvalue could leave the bulk, but this is prevented by the non-triviality
condition (Assumption 4.2): ||u|| = @ (1). Moreover, since most 1 ’s are small (see Figure 4.1), the cor-
responding ¢’s fall into the bulk and there are only a few spikes visible in practice. Yet, it is common
to see negative isolated eigenvalues (see Figure 4.2). Indeed, since 14 can be negative, there can be
spikes on both sides of the spectrum.

When positive, the quantity { is the asymptotic alighment between the empirical eigenvector® u;,
and the corresponding eigenspace associated with &g, i.e.,

2
=0. (4.2)

a.s.

ul [D;jF|Ar[D;F] u (k.

p,n,L—+00

Thus, { measures the quality of the empirical eigenvector uy. In particular, with k = 0, this simply be-
comes (v, uo)2 — (o almost surely as p, n, L — +o0. Indeed, ¢, has multiplicity one and its eigenspace
is spanned by vg = [DjF].o = \/Lﬁ J- Said differently, u is a noisy version of the vector vy and the noise
level is indicated by 0 < 1 - < 1. In fact, each vy = [D; F]. ;. is the vector j — the information sought
— modulated by the k-th Fourier mode (recall that Fourier modes are the eigenvectors of C).

Figure 4.3 displays the value of [{;]* = max({t,0) as a function of || || for the setting correspond-
ing to the bottom right part of Figure 4.2. The empirical alignment of the dominant eigenvector
with vy = \/Lﬁ j fits perfectly with the curve of [{o]* predicted by Theorem 4.8. Moreover, notice the
interesting fact that ¢; has several phase transitions: as ||u|l grows, it appears once, then disappears
and appears once again! This is due to the limiting spectral distribution having several bulks under

6Note that, here, we use a different ordering of the eigenvalues and eigenvectors than the one used in the previous chapters.
Previously, we considered the non-increasing order of eigenvalues (11(K) = A2(K) = ...). In this chapter, it is instead more
“natural” to consider the order induced by the y;s. That is, u is the eigenvector corresponding to the k-th spike, induced by
the k-th Fourier mode.
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Figure 4.4: Same as Figure 4.2 but with a Toeplitz mask T instead of a circulant mask C. Predictions
(LSD and spike positions) are made with 14 replaced by 7; and Fourier modes F replaced by G, an
eigenbasis of T.

this setting (see Figure 4.2). The first time this spike appears, it is located between two bulks. It then
goes through the rightmost bulk (so it is no longer an isolated eigenvalue thus {; < 0), and finally goes
out on the right edge of the distribution.

This last result may sound awkward and possibly testify of the suboptimality of our approach
(when the signal-to-noise ratio increases, the information attached to some eigenvectors vanishes).
This conclusion is not so immediate though, as the classification information is still contained within
other eigenvectors which, as || p|| increases, do carry increasingly clearer information.

4.2.3 Discussion on the Circulant Approximation

The approximation of the Toeplitz mask T by the circulant mask C used in Theorem 4.6 and Theorem
4.8 can be seen as a way to remove undesired edge effects, whose size is governed by L (notice that
removing the first and last L — 1 rows and columns of C and T yields the same two Toeplitz matrices).
If L is chosen small compared to 7 (i.e., € is small), edge effects are expected to be negligible and the
previous results can plausibly be extended to the original setting, as observed empirically.

To adapt the previous results from C to T, one only needs to change the eigenvalues and eigen-

vectors, i.e., replace vy by 7 — the eigenvalues of T — and replace F by G def (80 ... 8&n-1], an
eigenbasis of T.

Very precise predictions on the original model can be made with these simple changes. Figures 4.4
and 4.5 compare simulations with a Toeplitz mask and the predictions of Theorem 4.6 and Theorem
4.8 with the w’s replaced by the 7;’s and F replaced by G.

Apart from extra mass around 0 in the second setting (¢ = 0.03 and ¢ = 0.6), the shape of the lim-
iting spectral distribution is very well predicted, as well as the position of the isolated eigenvalues.
Empirical alignments (v, uy)? also fit well the predicted curve. Note that, contrary to the circulant
mask, the eigenvalues of T are mostly simple (see Theorem 5 of Trench (1994)). Thus, we also repre-
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Figure 4.5: Same as Figure 4.3 but with a Toeplitz mask T instead of a circulant mask C. Alignment
curves are computed with ¥ replaced by 74 and Fourier modes F replaced by G, an eigenbasis of T.

sent [(,—1]" in Figure 4.5, which was confounded with [{1]" in Figure 4.3 (¢; = ¢ ,,—1 but 71 # 7,-1).

4.3 Online Spectral Clustering of Large Data

The previous results find direct applications to the online clustering of high-dimensional data streams.

4.3.1 Online Clustering Algorithm

Let us detail a clustering algorithm based on our previous results. We now use the banded version of
the kernel matrix: Kj = pr o T (the circulant mask is only useful for theoretical considerations) and
recall the notation of the eigenbasis of T: [go ... &n-1] L.

We consider a data stream oflength T (possibly infinite). At each time step, a new vector x; arrives
in the pipeline while x;_; is discarded (only the last L points are kept). The kernel matrix is then
updated:

1
t T
[Ki )] ij = pNimmei¥imneLizjist:

Remark 4.9 (Memory management policy). A different memory management policy — not restricted
to only choosing the previous L points to keep in memory — could be considered. However, we found
that having points spread over a greater period of time (i.e., discarding newer ones to keep older ones)
does not bring more information. To get a grasp, remark that the mean leaving time of the pipeline
cannot be different than L, whatever the policy.

Remark 4.10 (Choice of n, L and eigenvector localization). It is important to emphasize that n is not
the length of the data stream (given by the newly-introduced parameter T = n). As K; has size n x n,
one can “only” classify the last n points of the stream, even when discarded from the length- L memory
(older points are no longer classified though). The parameters n and L can be chosen by the user,
accounting for memory limitations (0 (Lp + Ln — %L(L —1)) space is needed to store the data and the
kernel matrix) and performance considerations, which we discuss in Section 4.3.2 below. Moreover, as
the graph associated to K; becomes sparser (¢ — 0), its eigenvectors tend to localize (Hata and Nakao,
2017), making classification more challenging. Therefore, € = (2L —1)/n should be neither too large
(for the circulant approximation to hold) nor too small (to avoid eigenvector localization).
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As per standard kernel spectral clustering, we use the dominant eigenvectors of K g) to estimate
the classes. The last n points of the stream are classified at each time step so each point is classified
n times. Then, the final class estimate can be chosen by a majority vote. However, standard cluster-
ing algorithms such as K-means — which are usually employed on spectral embeddings — perform
poorly here, because of the particular shape of the eigenvectors caused by the Toeplitz mask’ (see
Figure 4.7).

Remark 4.11. The eigenvectors of K i” can be quickly computed at a low cost with a warm start of the
power iteration algorithm from the previously computed eigenvectors of K Yﬁl).
In a binary setting with globally centered data, classification can be performed using only the dom-

inant eigenvector u’ of K.". Relying on the alignment of u.” with v" = gy © j” (Theorem 4.8) and
the fact that the coordinates of gy have constant sign, the class of x;_,; can be estimated from the

sign of [u(()t)] .. This online clustering procedure is summarized in Algorithm 1.
l

Algorithm 1: Online Kernel Spectral Clustering (binary)

Output: class estimators {%f) s @Ww bn<t<T

fort=1to T do

Get a new point x; into the pipepline

(£-1) & (1)

Update K; ' into K;

if t = n then
u((]n — PowerIteration(Kin, u(()t_l))
GV — 1xppai | ] 2 O}

end

end

The careful reader may wonder here whether the performance of the algorithm could be improved
by using eigenvectors other than just the dominant one. In fact, the dominant eigenvector already
contains all the information that can be retrieved. Since the classification is performed very easily with
the signs of the coordinates in the binary setting x; ~ A (+pu, I,), the use of other spike eigenvectors
does not bring more information. However, in a general setting x; ~ Zlk(:l 7N (i, Ip), we no longer
have an alignment result such as Theorem 4.8 and it can become much harder to distinguish the
classes from just the dominant eigenvector. In this case, the combination of several spike eigenvectors
can make the classification easier. The interested reader is referred to Appendix 4.C, where we propose
a— more complex and heuristic — online spectral clustering algorithm capable of handling K-class
mixtures and test it on Fashion-MNIST images.

Note that these algorithms can easily be adapted to a setting where more than one vector x; arrives
at each time step (and this quantity does not need to be constant in time). This will nonetheless mod-
ify the structure of the kernel matrix K and additional work may be necessary to recover theoretical
grounds.

4.3.2 Performance Versus Cost Trade-Off in Online Learning

One important question remains open in what we have presented so far: how to chose n and L? While
the dimension p of the data is fixed by the problem considered, users are free to chose n and L as they
wish. However, since we are concerned with memory-constrained settings, we introduce the memory

scale M %' Lp+Ln- %L(L —1), which decomposes into the memory allocated to the L data points kept

"The dominant eigenvector of T, for example, is not constant, contrary to the first Fourier mode with the circulant mask.
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in the pipeline (Lp) plus the memory allocated to the banded kernel matrix K g) (Ln— %L(L —1) due to
symmetry). Given that M and p are fixed, we seek the optimal way to chose n and L.

Recall Equation (4.2) defining the minimal value of || ﬂ||2 for a positive alignment between u;. and
vi. Taking k = 0, notice that,

. In .
2L-1 sinc(=-) sinx

Yo _ - = n ; with sincx =

v sin((2L-1) ) sinc((2L—-1) 7”) X
sin(%’)

and we have the following result.
-2
+o(1).

Ln/2] 2
i el +1
Proposition 4.12. Asp,n,L— +oo, )_ ——
=1 sinc((2L — 1)7”)

Proof. See Appendix 4.E. O

-2 [n/2]
(||u||2+1)%—1] -

=1

Hence, as p, n, L — +oo, the position of the first phase transition is solution to

Y DR i G Y
le|* & | sinclelm)
+00

where the term W stands for / = 0 and the sum must appear twice to account for “I small”

=1
and “n — [ small” (this can be understood by the fact that % behaves like sinc(elx) for [ < § and like
sinc(e(n — D)) for I > %, see Figure 4.1). This shows that, asymptotically, the position of the phase
transition depends only on the two parameters ¢ and €.

The constraint M = Lp + Ln — %L(L —1) can be translated into Lp = aM and Ln — %L(L -1) =
(1 - a)M where a €]0, 1] represents the portion of memory dedicated to the pipeline while 1 — « is the
portion of memory dedicated to the kernel matrix. The parameters c and € can then be expressed as

c= [le“ + %ar]‘1 and € = Zocr[le“ + %ar]‘1 where we have introduced r d=8fM/pZ representing the
amount of memory “normalized” by the dimensionality of the data p?.

Therefore, the position of the phase transition can be written as a function of @ and r as well. Let
¢(a, r) be this function. Since the value of r is already fixed by the problem considered, « is the only
free parameter. The best way to chose it is so that ¢(a, r) is minimal. Indeed, the earlier the phase
transition, the better the alignment between u and v, at a given signal-to-noise ratio || ullz. Thus, we

. _ def _14+,/ . _ . .
set ay = ming<g<a (@, r) where @ = # < 1. The constraint a < & is the translation of L < n.

The value of a, can be numerically computed and the corresponding optimal values of n and L can
be recovered: n, = l;f* p+ %(%’I ~1)and L, = &M,

The top panel of Figure 4.6 shows the value of a as a function of r (in log scale). It is instructing
to see that a is monotonically decreasing from 1 to 0 as r grows. This means that, under very restric-
tive memory settings, a larger part of it should be dedicated to the storage of data while, as memory
limitations become less constraining, a larger portion should be devoted to the storage of K;. As r
becomes large, most of the memory should be occupied by the kernel matrix rather than the data
pipeline (“small” L but big n).

The bottom panel displays the position of the phase transition as a function of r when »n and L are
chosen in the previously-introduced optimal way. It is compared with the phase transitions of batch

clustering and offline clustering.

 “Batch clustering” is the naive approach consisting in standard spectral clustering with an n’ x n’

kernel matrix such that n’ p+ w = M. Recalling Theorem 2.34, the phase transition happens
when ||[J,||2 =+/p/n’ and, given the memory constraint, this is —L ___4o(1).

V-=1+v2r+1
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Figure 4.6: Top: ay against r = M/p?. This represents the amount of memory L, p dedicated to the
pipeline depending on the total available memory. Bottom: Phase transition position of the domi-
nant eigenvector of the banded Gram kernel matrix K;, when (n,L) = (n,Ly) (green curve) and of
the standard n’ x n’ kernel matrix when performing batch spectral clustering with the corresponding
available memory (red curve). Non-trivial clustering is only possible above the phase transition. The
orange density map gives the predicted online clustering accuracy (with K ,) depending on the val-
ues of r and || yllz. The black dashed line shows the phase transition corresponding to the n, x n, full
Gram kernel matrix (not achievable in an online setting).

* “Offline clustering” corresponds to the best achievable performance with the same ratio p/n,
but without memory constraint, i.e., with a full n, x n, kernel matrix (L = n,). Hence, the

position of the phase transition is simply \/p/ny = [1;‘:* +3axr] 2 +0(1).

Below the green curve, {( < 0, no eigenvalue escapes the bulk and non-trivial clustering is impossi-
ble. After the phase transition, {y > 0 and the closer it is to 1 the closer u is to vy = \/Lﬁ j. Following The-
orem 3.4, the fluctuations of the entries of u; are asymptotically Gaussian and pairwise independent

with mean ++/[{o]*/n and variance (1—[{(]*)/n. Thus, the asymptotic classification accuracy is given

by CI)(\ / %), where @ is the Gaussian cumulative distribution function: ®(x) = ‘é dz.
This is represented by the orange density map.

From Figure 4.6, we see that, as r grows, i.e., as memory becomes less restrictive, the phase tran-
sition position of online spectral clustering reaches the optimal threshold || ull2 = /c under which no
information can be recovered (regardless of the method used and the data available). This is expected,
since increasing the memory size allows to encapsulate more information. Still, the green curve spec-
ifies how memory limitations impair performance. Although we lack some information-theoretic re-
sult, the distance between the green curve and the black dashed line yields an upper bound on the
difference between the performances of our method and an optimistic optimum (which, as wee see,
can get very close to 0). Moreover, with r fixed (fixed memory size), the classification error vanishes as
|l increases (the signal becomes more powerful).

Our method performs better (i.e., the phase transition occurs earlier) than a naive approach based
on standard spectral clustering performed by batches, in particular under very restrictive memory
settings. It is also able to classify the n, previous points at any time, although ny — L, of them have
already left memory!

1
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Figure 4.7: Left: Examples of BigGAN-generated images of collie dogs and tabby cats (top) and
Fashion-MNIST images from the classes Coat and Ankle Boot (bottom). Middle: Illustration of the

banded Gram kernel matrix K. ii) with the corresponding values of n, and L,. Right: Entries of the

dominant eigenvector u(()t Jof K ii) with each entry colored according to its class (ground truth).

4.3.3 Simulations on Real-World Images

We illustrate our findings with two applications on image clustering tasks. Firstly, we apply Algo-
rithm 1 on globally centered and scaled VGG-features (Simonyan and Zisserman, 2015) of randomly
BigGAN-generated images (Brock et al., 2019) of tabby cats and collie dogs (see Figure 4.7). The vec-
tors thus generated have dimension p = 4096 and simulate a stream of length T = 20000 with evenly
likely cats and dogs. This experiment is performed twice: once on the original computed VGG-features
and once on the same features perturbed with additive Gaussian noise. In addition, our algorithm is
applied to a stream made of T = 14000 centered raw images from the Fashion-MNIST dataset (Xiao
et al., 2017). Their dimension is p = 784 and we want to discriminate coat versus ankle boot in an
online fashion. In both cases, n and L are chosen in order to minimize the position of the phase tran-
sition given a fixed amount of available memory M. For the BigGAN dataset, we take M = 1000000
(4000 kB®) and, for the Fashion-MNIST data, we take M = 24000 (96 kB). This is a realistic choice of
parameters which can easily be run on most standard laptops. At each time step, L, images are kept
in memory and, from the n4 x n, kernel matrix K éi), we are able to classify the previous 7, images.

The shape of the dominant eigenvector uét) at a certain time ¢ during the execution of the algo-

rithm is depicted in Figure 4.7. We clearly see a separation between the classes. For both settings,
Figure 4.8 plots the mean classification error at 7y + At of a data point seen at f, (recall that a data
point arriving at % is classified at each time step between #y and #y + n—1), as well as the overall classi-

8This assumes that each floating-point number is stored on 32 bits.
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Figure 4.8: Classification error against delay At on BigGAN-generated images (left and middle) and
Fashion-MNIST images (right). This is the mean classification error at time f + At of a point arrived
at fp. The green dashed line indicates the overall classification error when the class is chosen by a
majority vote. The black dotted line is the classification error obtained with a T x T offline kernel
spectral clustering. Experimental setting: See Figure 4.7.

Limited memory No memory constraint
Stream Memory Online Batch Sketching KSC Sketching
BigGAN 4000 kB 4.10 4.07 36.14 4.07 -
BigGAN + noise 4000 kB 8.01 10.49 49.68 5.37 -
Fashion-MNIST 96 kB 3.31 3.38 14.29 3.25 5.36

Table 4.1: Classification error (%) on three image clustering tasks. KSC stands for kernel spectral clus-
tering. Sketching on the whole BigGAN-generated dataset is too memory-demanding for a regular
laptop.

fication error obtained after a majority vote (green dashed line), to be compared with the classification
error obtained with a standard T x T offline kernel spectral clustering for which optimality results are
known (black dotted line). Except in the setting where noise is added to the VGG-features of BigGAN-
generated images, the mean classification error remains constant with A, thus showing that our al-
gorithm does not lose any discriminative power between £, and f, + n— 1. Moreover, the classification
performances of our algorithm are very close to those of the standard (offline and costly) spectral clus-
tering but require much less memoryresources: ¢ (Lp+Ln— %L(L— 1)) against G (Tp+ % T(T+1)) space
for the storage of the data and the kernel matrix. The “BigGAN + noise” experiment shows an interest-
ing behavior: in a difficult (very noisy) setting, the lowest clustering error of a data point arrived at #
is achieved at ¢ = 1+ % This can be understood as a side effect of the U-shaped eigenvector used for
the clustering (see Figure 4.7). Yet, this does not impair the overall performance when the clustering
is performed by a majority vote over each time step (the green dashed line is near the bottom of the U
in Figure 4.8).

In Table 4.1, we compare the performance of our algorithm (Online), batch clustering and sketch-
ing (Gribonval et al., 2021) with limited memory and these three clustering tasks. As a reference,
we also give the performance of standard spectral clustering with the Gram kernel matrix (KSC) and
sketching achieved at once on the whole length-T dataset. Sketching is a general procedure which
consists in computing a sketch z = % Zthl ®(x;) € C" with a transformation ® : x — exp(—iQTx) where
Qisa px mmatrix of random frequencies and exp is applied entrywise (this is not the matrix exponen-
tial). The sketch can easily be computed in an online fashion and the clustering performed directly
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from it, see Gribonval et al. (2021) for details. However, this approach requires the storage of the large
matrix Q and the size m of the sketch is therefore constrained by M = m+pm <= m = M/(p+1) (this
is m = 244 for BigGAN images and m = 30 for Fashion-MNIST images). Hence, most of the memory is
dedicated to the storage of a non-informative matrix, which explains the relatively poor results of this
approach in our experiments®.

On the BigGAN-generated stream of images, our online spectral clustering algorithm has the same
performance as batch clustering, which is also the same performance as spectral clustering on the
entire dataset. This problem is in fact “too easy” and the addition of noise exposes real differences
in the performance (it places us closer to the phase transition by reducing the signal-to-noise ratio).
Similar differences can be observed on the raw Fashion-MNIST dataset. These observations are in line
with our predictions illustrated in Figure 4.6.

4.4 Concluding Remarks

Learning on large amounts of high-dimensional data is a challenging task requiring either large com-
putational resources or efficient data-processing algorithms. This chapter is concerned with the sec-
ond option: leveraging tools from random matrix theory and the circulant approximation of Toeplitz
matrices, the analysis of the “banded kernel matrix” K; = XTTX o T has revealed interesting behav-
iors of its limiting spectrum. Notably, it can exhibit multiple bulks, with isolated eigenvalues on both
sides, and even between the bulks. The characterization of the alignments of the corresponding iso-
lated eigenvectors with the (right) singular subspace of the perturbation P displays a phase transition
phenomenon: after a threshold value on the strength of the perturbation, isolated eigenvalues appear
in the spectrum of K} and their eigenvectors carry the sought information “convolved” with Fourier
modes. This random matrix analysis finds direct applications to the study of online data stream clus-
tering. Under limited memory resources, we have shown how to design the optimal banded kernel
matrix and specified the accuracy of our approach. Near-optimal performances on high-dimensional
data can be achieved with memory-limited systems using our online kernel spectral clustering algo-
rithm and simulations on image classification tasks support our findings.

Besides introducing a new algorithm for online clustering, these results also pave the way towards
large-dimensional learning on data streams with theoretical guarantees. This also raises several in-
teresting questions to further strengthen these theoretical grounds. Firstly, our results on the per-
formance of online kernel spectral clustering rely on the dominant eigenvector of K; which, under
the circulant approximation, is known to have asymptotic Gaussian fluctuations as per our results in
Chapter 3. However, similar guarantees on other eigenvectors than the dominant one are not straight-
forward because of their particular intrication with Fourier modes. Then, we still miss an information-
theoretic result of optimality for the proposed approach (which exists in the standard unbanded case),
this key direction requires further investigation — a conceivable approach is through the techniques
deployed by Nguyen and Couillet (2023) in the context of multitask learning. Finally, our analysis is
performed under an i.i.d. assumption on the data (Assumption 4.1) which rules out the trickier but
realistic situation where several points of the same class could arrive together in a batch and the data
distribution could change over time. It would be interesting to know how our random matrix tools
adapt to this kind of situation.

9Still, numerical methods exist to reduce this memory cost (Chatalic et al., 2018) and the purpose of sketching is not restricted
to clustering so it should not be too severely judged in the light of these results!
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4.A Proofof Theorem 4.6

4.A.1 Preliminary Results

Firstly, let us state a few useful results for the upcoming proof.

Singular Value Inequalities

Proposition 4.13 (Bai and Silverstein, 2010, Corollary A.12). For all n x n real (or complex) matrix A,
ITrA| < Z;’zl s;(A).

Proposition 4.14 (Bai and Silverstein, 2010, Theorem A.14). Let A and B be two real (or complex)
matrices of size p x q and q x r respectively. For any integer k € {1,...,min(p, q, 1)},

k k
Y si(AB)< ) si(A)s;i(B).

i=1 i=1

Hadamard Product Inequalities

Nota Bene. The (standard) matrix product has priority over the Hadamard product, i.e., A® BC =
Ao (BC).

We will often need to bound from above the spectral norm of Hadamard products. Thus, we state
the following submultiplicativity property.

Proposition 4.15 (Bai and Silverstein, 2010, Theorem A.19). Let A and B be two real (or complex)
matrices of size p x n. For any integer k € {1,..., min(p, n)},

k k
Y si(AeC) <) si(A)s;i(O).
i=1 i=1

Corollary 4.16. ||Ae BJ < | AlllBIl.

As we will be mostly interested in the case where B = C (the circulant mask) and ||C|| = 2L - 1, the
upper bound ||[A® C|| < (2L - 1)| Al is not satisfying (because L grows as fast as n). Instead, we have
the following upper bound.

Proposition 4.17. There exists a constant @ > 0 such that, for all real n x n matrix A, |Ao C|| <
alogn| All.

Proof. We use the complex eigendecomposition C = F¥F where F;, j= \/Lﬁe_%(i_l)(j “Uand ¥

Diag(yy,...,wp-1) with gy = VL(%) (see Section 4.1.2). We can write A® C as

n-1 n-1

AoC=) wiAoF F' =) y;Diag(F ;) ADiag(F, )"
k=0 k=0

using the useful relation A ab* = Diag(a)ADiag(h)*. Notice that ||Diag(f7.,k) 1% = maxX;e(p IIE,-,;CI2 =
therefore
1 n—1

= > |wil

ni=o

Ao Cll < Al
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The rest of the proof consists in showing that %ZZ;&W’H = O (logn). From the symmetry of vy,

Lyl =2 lec'illzj [y k| + @ (1). Moreover, notice that

sin((2L - 1)%)

. X
sin(%) —cos(Lx) =sin(Lx) cot(z)

v (x) —cos(Lx) =

and 0 < % - cot(%) < % for all x €]0, [, therefore vy (x) = ZSiLxLX) +© (1) for all x €]0, (. Hence,

1 nf|wk| _2 Ufj lve| +0 Q) = 4 Ufj —Sin(;a%) +0(1) < 2 L%ZJ 1 +0(1) =0 (logn).
n =0 n =1 n =1 = Tim k
O
In fact, we can state the following more general statement.
Proposition 4.18. n~9]|Ae C7*!| < (alogn)7*|| A| for all integer q = 0.
Proof. We proceed similarly to the proof of Proposition 4.17.
L [AeCT!| = L HwZ“ Diag(F. ) ADiag(F. ;)*
nf nliso
1 n-l 1 n=1 qa+l
S ( na+l Y vl |14l < - Y lwkl| 14l<(alogn)|Al.
k=0 k=0
O
Finally, this last inequality will be useful as well.
Proposition 4.19. Ao C ;C; |l <Al foralli, j € [n].
Proof. This is an elementary consequence of the relation A ab" = Diag(a) ADiag(h),
[AecC.;C;,.| = |Diag(C. ;) ADiag(C;.)|| < Al
since || Diag(C.,;) |l = IIDiag(C;,)ll = 1. =

4.A.2 Derivations with Stein’s Lemma

Let us define the resolvent of the kernel matrix with the circulant mask,

T -1 T

~ X'X X'X

Q(z)=( OC—zI,,) forallz€C\Sp( QC).

As usual, we will often drop the dependence in z and simply write Q instead of Q(z) to ease the nota-
tion.

In this section, we prove the two results gathered in the following proposition.

Proposition 4.20. Forall Ae R™*",

NTX ~ ~ 1 (~ X'Xx ~ 1( ~ XTx ~
[E( ®A)Q]=[E[(A®In)Q]—[E[(;A Qo p )C@In)Q —[E[;((QoA) oC)Q], 4.3)
PTN ~ 1 [(PTX ~ -1 1 [(PTX ~ -
E ( GA)Q] =——E ( @A(Q@In)C)Q] -—E ( (Q@C)@A)Q]. (4.4)
p p p p p
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The proofs of Equations (4.3) and (4.4) rely on Stein’s lemma (Lemma 2.18). Hence, we need the
following expression for the derivatives of the resolvent Q.

Lemma 4.21 (Derivatives of the resolvent).

00up 12 - ~
PYeEa Z (Qa,ch,eCd,eQe,b + Qa,eXc,eCe,de,b)-
aIVC,d P e=1

Proof. We have (XTTX ©C - zI,)Q = I,, therefore 4Q = —QO(XTTX 0 0)Q.

aéa,b_ LNRUSN
ONea e;];Q aN lesQri
n n - a
=== ) Qaezr— ZXgengCef Qrb
e=1f=1 cd [ g=1

'Gl'—‘ S R s R
g
~
l
oq
i

6a,e(6g,06e,dxg,fce,f + Xg,e(sg,c(sf,dce,f) 6f,b

M=
M=
M-~

n
adXe,fCarQrp+ Y Qa,eXc,eCe,de,b)
e=1

M=
el

—

—_——
M:?

(Qa ch eCd eQe bt Qa eXc eCe de b)

[
1l
—_

Proof of Equation (4.3)

We use successively Stein’s lemma (Lemma 2.18) and Lemma 4.21.

NTX . 1 & &
E ( OA)Q] Z—Z Z[E[erXrSAlSQS]]
i,j P r=1s21
1 & aer aésj
=— E|—=A X, sAj
p;; aN” szs;"' s tsaN”
_ 1 P n n
:[E[Ai,iQi,j] _P_ Z Z[E Xr,SAlSZ(QSertCl tQt]"’Qs tXrtCtle])]
—1s=1 =1
~ 1
:[E[Ai,iQi,j]—p—[E[((QoA)XTXoC)Q] ——[E[[A(QoXTX)C]”Q,]]
Proof of Equation (4.4)
Similarly,
PN ~ 1 & & -
[E( QA)Q] Z_ZZ Pr,iNr,sAi,st,j]
p ij Prais=1
(Lemma218)1 P& QSJ
E|P,iA;
pzlzi rl lSaNr’s

r S
(Lemma4.21) 1 P2
= p ZZ[E PrlAlSZ QSSXT‘ICSI’Qt]+QStXrtCtSQS])
r=1s=1
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L P X04@01,)00 LE(PTX(@0C) 00
==z [(PTX0AWQoI,) )Q],.,j—? (P X(QoC)0AQ]; ;.

4.A.3 Concentration Results

Concentration of Bilinear Forms and Traces of the Resolvent

Here, we show the following important result.

Proposition 4.22. E[Q] is a deterministic equivalent (Definition 2.17) of Q, i.e.,

a.s. a.s.

0.

a'(Q-E[Q))b 0 and %m((j—m[é])

p,n,L—+o00 p,n,L—+o00

for all bounded (sequences of) vectors a,b € R" and matrices A€ R"*",

Proof. Let us start this proof with a “two-in-one” computation. Consider a matrix B which will either
be ba' or %A. We can bound from above the variance of Tr BQ using the Poincaré-Nash inequality
(Lemma 2.19), Stein’s lemma (Lemma 2.18) and Lemma 4.21.

2

Var(Tr BQ) (Lemnéaz 19) Z E 'aTrBQ
i=1j=1 ONi,j
(Lemma 2.18) S, T
= E B .
1 P n n o n no_ _ _ ~ 2
Lemm b2 S S E||Y Y Brs Y (QsX,0CriQur + Qs X tCr Q) ]
P izij=1 [lr=1ss1 0 =1
1 P2 _ T~ 2
- Y3 E |[X(Q(B+B )Qo )] ; ]
P izij=1
1 ~ ~ 2
:F[E[||X(Q(B+BT)Q®C)||F].

Then, we use the inequalities (a + b)? < 2(a® + b®) and | AB|g < | Al | BlE,
~ 2 ~  ~ ~ ~
Var(TrBQ) < F[E[”X(QBQ@ O +1X@B Qo 0[]
2 21 8RA 2 21aRrTAH 2
< 2E[IXI?|@BGoCl; + 1X1°|@BT Qo Cl]
2 o U 4 _
< E[1XI7[ @B+ 1x17|QBT Q| < uBiEE[1x1°] Q]|
Since || Al < v/7l|Allg and |ba" ||r = ||al| || bll, we directly see that
o)< 2 2 21a04 -2
Var( 1. 10AQ) <~ 1AIE[1X1°@]'] =007
n np
~ 4 ~
and  Var(a"Qb) < ?||a||2||b||2[E[||X||2||Q||4] =o,(n™).

So we can already state that %TrA(@ - [E[6]) — 0 almost surely as per Lemma 2.20. In order to show
the concentration of bilinear forms, observe that

86



4.A. Proof of Theorem 4.6

E[|a” (Q-E[@)])b|'] = Var((aT (@~ E[Q])b)") + || (a7 (@~ E[Q])0)*|[
<Var((a” (Q-E[Q])b)") + Var(a" Qb)’

=0,(n"2)

and we can likewise bound from above the variance of (aT(G - [E[(’)'])b)2 with the Poincaré-Nash in-

equality (Lemma 2.19),

da’ Qb |’
6Nij

\—/
/)
[\’]E

~
1l
—

var((a” (Q-E[Q])b

i[g

1

WY

p
[a Q-E[Q))b|’|X(@ab" +ba")Qo O[]

‘2 (@—E[Q])b)

—

E||a"(Q-E[Q])b| ‘[X(Q(abT+buT)Q®C)] H

N

5 W W

2 lal?1bI%E]|aT (@-E[Q])b 1X1%| Q"] = 0.(n72).

Hence, [E[IaT(é - E[G])b|4] = ﬁz(n_z) and the almost sure convergence uT(G - [E[@)b — 0 is given by
Lemma 2.20. O

Remark 4.23. In the proof of Proposition 4.22, we have shown that

Var(a'Qb)=0G,(n™")  and Var(%TrAQv) =0,(n?).

Variance of a Particular Quantity

We also state here a result on the variance of a specific quantity which will be useful in the upcoming
analysis.

Proposition 4.24. Var([%c(é o) LPX)C] r,s) =0,(n"?) forallr,se[n].

Proof. We use the same technique as in the proof of Proposition 4.22 with the Poincaré-Nash inequal-
ity (Lemma 2.19), Stein’s lemma (Lemma 2.18) and Lemma 4.21.

1 (~ X'X
Var C(QO )C]

p p

T
* L1
p nSs
0

< E

Jj=

—_
—

2
aNl‘,j p : ‘

n p
Z[E ‘_Z Z ZcrtQtuthXquus
U:

=1j=1 |19Nij T4

2

I
—

E»bl —_
M-~

<

1
oy

1

n n p 6(5
Z Z Z Cr,t tuXUthuCus"' Z erQj qu uCus+ Z CrtQt]Xt tC] s
=lu=1lv=1 aN

E

|
M=
M=

|

=

=1

Il
—
[
Il
-~
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Let us deal with each term inside E[|-|?] separately.

n n p 0
ZZZCQ””&ﬁM

n n p no_ _ - -
Z Z Z Z (Qt,in,ij,wa,u+ Qt,in,wa,jQj,u)Xv,tXu,uCu,x
t=1u=1 w=1

=——[X(Q(X"X0CC,.+X'X0C,C;)Q0oC)] i

n n
and Y CjQjuXiuCus+ Y. CriQ1jXiiCjs = [X(QO C.5Cr) + X(Q0 C,;Cs)], ;
u=1 t=1

Hence,
XTx
Var C(Q@ )C
p p ns
1 X'x X'x - ~ ~ 2
<—4[E ” X( ( 0 C. sC). + ®C.',Cs,.)Q®C)+X(Q®C.13Cr’.)+X(Q®C.,rCs,.)
p p p F
2 o[ A(XTX XTX SN ~ 2
sF[E X1 Q( ©C.sCy.+ @c.',cs,.)ro +]|QeC.C..+QoC. Cs.||;
F
2 _(XTX XTX _|I? _ _
< S E|IX)? ”Q( ©C,Cr. + oC.,,Cs,.)Q +2(||Q||§+||Q||§))
p p F
2 ~14
< —E|IX]?(2 ‘ +4n
2 ¢fixi(elal ( . Jal’|
8n )
< SE[1XP|[Q el e

4.A.4 Limiting Spectral Distribution

In this section, we study the limiting behavior of the empirical spectral distribution of £-X 5 X o Cviaits
Stieltjes transform, which is the normalized trace of its resolvent (Proposition 2.6).

Let us define the resolvent of the “noise part”, Qy(2) def ( N;N ©C—-zI,) forall ze C\ Sp(g oC).
The following proposition shows that, in order to derive the limiting spectral distribution, we can
study the simpler resolvent Q. In other words, the addition of a signal P does not change the limiting
spectral distribution and so we can neglect it.

Proposition 4.25. %Tr Q- %Tr Q — 0 almost surely as p, n, L — +oo.

Proof. LetS= ? + P;N + =—=. Note that the rank of S is at most 3K =G (1).
1 ~ 1 ~ 1 ~ ~ . . e
> TrQy — > TrQ| = > TrQy(So C)Q| from the resolvent identity (Proposition 2.21)
1

3

n
— Z i(QQp)si(Seo ) from Propositions 4.13 and 4.14
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1.~ ~ n
<—lell] X sitse 0
i=1
n
< %” Qll Qllvry/ 3 s3(§@C)  from the Cauchy-Schwarz inequality
i=1

1 oy~ n ,
sﬁ”Q””QoH izlsl?(S) since |S© Cllr < ISI¢

s,/%”é””(}o”usu since Rank S < 3K.

Hence, |2 Tr Qo - 1 TrQ| =6, (n71?). .

Since 6(; 1 60 = I, we have

E = zE[Qo] + I,

(NTN )~
oC Qo
p

and, by Equation (4.3) when A = C and P = 0,x, this becomes

N'N
p

E[(Co I,)Qo] —E[(Hp © I,) Qo] —E[%((Go ©C) oC)O'o =zE[Qo] + I,

where Hy & 1C(Qo o 2X)C. In the left-hand side, Co I, = I, and |E[L((Qo © C) XX 0 €)@yl =

0,(n"'(logn)?) by Proposition 4.17. Moreover, E[(Hy ® I,)Qol;,; = E[[Hol;,i[Qol;,j] = E[Hol; ;E[Qo;,j +
Cov([Hpls,i,(Qol;,7) and |Cov([Hol; ;, [Qoli, )| < \/Var([HO]i,i)Val‘([éo]i, ) = 0,(n~3?) by the Cauchy-
Schwarz inequality and Proposition 4.24 (see also Remark 4.23 for the variance of [60]13 j). Hence

E[(Hp © I,,)Qoli,; = E[Hy © I,]E[Qo] + @)™ (n=3/2) where @)™ (n-3/2) is a matrix whose entries are
@Z(n‘3/2). Consequently,

E[(Ho © I)IE[Qo] + (z— DE[Qo] + I, = 6} 1™ (n=%2) 1 o1 (n~ (log m)?)
where @’2‘" (n~! (log n)?) is a matrix whose spectral norm |-|| is @’Z(n_1 (log m?). In particular,
(ElHol;; + z—1)E[Qo]; ; +1=0,(n"'(logm)*)  forallie [n]. 4.5)

Proposition 4.26. The diagonal entries of Qy are identically distributed.

Proof. Consider the permutation matrix

0 1 0 0
R-= .
1 0
0 ... 0 1
1 0 0

T T
Notice that R(%\’ ®C)R" = R%RT o C since the action of R[-]R" is to shift circularly all the entries
T
of the matrix towards the upper left therefore it preserves the diagonal structure of %V © C. More-
NTN] _1vyP s . - [NTN] _
over, | —= == Ny ;N ; is identically distributed to | =~ =
[ polij P L1 Nii N Y P lli-d-1)modn+1,[(j—d-1)mod n]+1
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RngTd . Thus, 60 is identically distributed to R4QuR™ and, in particular, [60]1,1 is identi-
i,j

cally distributed to [Qpl4,q for all d € [n]. O

According to Proposition 4.26, [E[G,',i] = %TIE[GO] =E[m,(2)] for all i € [n], where m;,(z) def % Tr 60

is the Stieltjes transform of the empirical spectral distribution of %V © C. Recall that E[m1,(2)] is also
a Stieltjes transform according to Corollary 2.9. Hence, Equation (4.5) becomes
(Mo(2) +z=1)E[Mn(2)] +1=0 (4.6)

where 1¢(z) is such that E[Hp]; ; = no(2) + 0, (n" ' (logn)?) for all i € [n]. ~
We will now study the entries of H to identify the quantity 1¢(z). Thanks to the relation [%A(Q o}

%V)C] ij= %Tr(@(%v ® [AZ, C; 1)), we can use Equation (4.3) in the expression of E[Hpl;,;.

1 N'N _
[E[HO]i,j = ETI'[E ( ) © [C.inj,.])Qo]
1 & [(NTN .
=—) E ( © [C~,iCj,~])QO]
P k=1 k. k
1 & 1 -~ N'N 1 ~ NN .
=—)E ([C.,iCj,.]GIn——[C-,iCj,-](QOG )CGIn——(QOG[C-,iCj,-]) GC)QO
P =1 p p kk
1 Z ~ 1 _(~(NT ~
= ; Y E{Ck,iCjrlQolik— ;TI(QO( o [[C~,icj,~];.ck,.]))[Qo]k,k +0,(n" logn)
k=1
12 _ »
= » Y (Ck,i — [Hol;, E[C} k[Qol k] + O (n” ' logn)
k=1
12 _ »
“p > (Cri —E[Hol; ) Cj kE[Qo] i + O, (n " logn)
k=1

where the G,(n"!logn) stems from the inequalities given in Propositions 4.17 and 4.19 and, in the
last equality, we have used the fact that E[[Hol;[Qolk k] = E[Hol; xE[Qol s,k + O,(n~*") as proven
above. Since E[Qolk x = E[m,(2)] for all k € [n], we have E[Hp] = E[m1,(2)](C — [E[HO])% + E where

E= @’!”mﬂx(n‘l logn). Let H be the matrix such that
o _C i _C _
H:[E[mn(z)](C—H); ~— H In+[E[mn(z)]; =[E[mn(z)]?.

The existence and uniqueness of such a His guaranteed if I, +E[771,,(2)] % is invertible, which is always

the caseif ze C\Rsince3z#0 — 1+ [E[ﬁzn(z)]% #0. Then,

_ C?
H=E[m,(z)]—
p

C -1
In+[E[ﬁ1n(z)]—)
p
- C N c\!
=C(In+[E[mn(Z)]——In)(InHE[mn(Z)]—)
p p
C —1
:C—C(InHE[ﬁin(z)];) )

As E[Hy] — H = —E[/1,(2)|(E[Hp] — H)% + E, we have
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-1

B C -1 n C
‘[[E[HO]_H]I'J)Z [E In+[E[ﬁ1n(Z)]_) ] = ZEi,k In+|E[ﬁ’ln(Z)]_]
ijl k=1 Pk,
-1 _1
_ logn H(1n+[E[mn(z)]9) — 108" (In+[E[r7zn(Z)]%)
1 oo

where k¥ > 0is a constant and |[|-||1, || lco are the induced matrix 1-norm and co-norm. The last equality
stems from the fact that I,, + [E[mn(z)] is symmetric. Moreover, from the inequality || < v7|-|l
between co-norm and spectral norm,

-1

c c\™!
”(InJr[E[ﬁin(z)]— <vn (In+[E[r7zn(z)]—) =vn max |1+E[/ =0,(vVn)
p . p 0<k<n-1
thus E[Hyl;,; = H; j + 0, (n"'"?logn). Hence,
172 n-l Vi
(2) = +0,(n"""“logn) with H; :—TrH—l— _
o H;; g i,i ]CX:‘E)I+|E[I’7I”(Z)]%
and Equation (4.6) becomes
n-1 [E[mn(z)] p 1o
1+ zE[m,(2)] — = =0,(n"""“logn). 4.7

M=ol +[E[mn(z)]

We will now show that there is a deterministic Stieltjes transform m,, such that |m,,(z) — m, (z)| — 0
almost surely as p,n,L — +oco. Let T, be the operator acting on the set of functions of a complex

variable such that 1

Tylml(z) =
Zk 0 1+m(z) a

Proposition 4.27. If m is the Stieltjes transform of a finite real measure, then T,[m)] is the Stieltjes
transform of a real probability measure.

Proof. We prove this result with Theorem 2.8. As the composition of analytic functions, T,,[m] is ana-
lytic on C*. Since m(z) = m(z), we also have T,,[m](z) = T, [m](z). Moreover, if Sz > 0, then

Vi 1 & W%C
1 lw (1+m(z) ) I N Ll
— — 2
n=k=0 ’1+m( ) Lk ’ n=k=0 ’1+m(z)w—pk’
STylml =S - = —>0
1yn-1 Yk _
‘" Lo 1+m(z) 2k
and ) ) )
| Ty [m](2)| = < _—
" H 1Szl
2
. Wi _1 1 \s[m(Z)]
since & Zk 0 —1+m(z)"’k Zk 0—|1+m(z)wk|2 < 0. Finally,
T ~1y 1
_ly n[m](ly) n-1 Vi iy y—+oo '
k=0 l+m(iy)w7k Y

because m(iy) — 0 as y — +oo and %ZZ:O Wi = 1. The assumptions of Theorem 2.8 are thus verified
and T, [m] is the Stieltjes transform of unique probability measure on R. O
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As a consequence to Proposition 4.27, Equation (4.7) is equivalent to E[/,](z) = Ty[E[/,]]1(2) +
0,(n"'"?log n). Moreover, we have the following result.

Proposition 4.28. There exists a unique real probability measure [1,, whose Stieltjes transform m,, sat-
isfies Ty [my,] = my,

Proof. This demonstration is in three steps: (i) we show the existence of a function 7, such that
my = Tylm,l, (ii) we establish that m,, is a Stieltjes transform of a real probability measure, (iii) we
prove its uniqueness.
o s . e . def
(i) Existence. For any given positive integer g = 1, define the alternative mask &€, = 14x4XC where X
c.cC

denotes the Kronecker product, i.e., €; = € R9"*4" Tt is also a circulant matrix. Notice that

¢c. ¢
the line of reasoning followed so far is unchanged if we consider instead a gp x gn random matrix N
and replace C by €. In particular, we can verify the following points.

* The eigenvalues of €, are qyy,..., qy¥ -1 and (g — 1) n zeros.

* We must only be careful that Proposition 4.17 becomes || A® Cll<a log n||A| (and not log(qn) .
This result comes with the same proof and the eigendecomposition (- 7a 14 ®F)(q¥) (T 14 =RF)T.

* The result of Proposition 4.19 remains true if we replace C by €.

* The equations derived in Section 4.A.2 remain true because we only use the fact that the mask
in symmetric.

e The concentration results in Section 4.A.3 remain true as well because the upper bound [|A®
€y llE < | Allg is still true.

* In the proof of Proposition 4.26, R can be replaced by its gn x gn version (or 14x4 X R as well).

Therefore, we can simply replace p, n, C by gp, gn, €, everywhere with the only exception that logn
does not become log(gn) but remains log . Notably, denoting m,, 4 the Stieltjes transform of the em-

£ N'N

pirical spectral distribution o a © &, (recall that N is now of size gp x gn), Equation (4.7) becomes

p ol E[Ain,q(2)] Lk 7

1+ zE[ i, q(2)] — — Z

P -1/2
=0,((gn) logn).
an 01+[E[mnq(z)]qq— z &

After simplification, we see that E[77,,4(2)] satisfies the same equation as E[#7,(z)] with an error term
0,((gn)~"?logn) instead of @, (n"'?logn), i.e, Elfity,q](2) = TylElfitn,q]1(2) * G,((gn)"2logn). Fix
z€ C\R. Since E[m,,4] is a Stieltjes transform (Corollary 2.9), |E[771,,4(2)]| < |JZ| thus the sequence of
complex numbers (E[#71,,4(2)]) 4=1 is bounded. Consider a converging subsequence (as ¢ — +oo but n
is fixed) and denote its limit 172,,(z). Thus, m,, is defined on C \ R and satisfies m,, = T),[m1,,].

(ii) Stieltjes transform. As per Proposition 2.10, m,, is the Stieltjes transform of a finite real measure
and, by Proposition 4.27, since m,, = T[], it is the Stieltjes transform of a real probability measure.
(iii) Uniqueness. Assume there exists another Stieltjes transform (of a real probability measure) 1,
such that i, = T,,[m,]. Then,

1 1
My (2) — My (2) = - =y(2)(mp(2) — My (2))

1
— _z — _
Zk 0 147, (z) Zk 0 145, (z)
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Lyn-l Vi v v
n=k=0 (1+n’1,,(z)w—pk)(l+rh,,(z)w—pk) p n-1 mn(z)jk ﬁln(z)Fk
where v(z) = == N VE y Vi
Z —_ Z ——z nk:01+mn(z)7l+mn(z)7
k= 0 1+, (z) k=0 1+mn(z)
Since my,(z), Mz — 0 as |z| — +oo, ¥ # 1 and we conclude that 1, = 7i1,,. O
Following Proposition 4.28, m,,(z) satisfies
n=1 mp(z)LE
Lm0 -2y P =9

k=0 1+ my(2) 7k

and we can subtract this relation to Equation (4.7),

1 n—1
Eln(2)] - Ma(2) |2— = Y Vi

= @Z(n_”2 logn) (4.8)
n i (1+[E mn(z)]”’k)(l + mn(z)W)

Let us state here the following lemma.

Lemma 4.29. Let z1,zy € C such that |z1|,|z2| < 1. If the signs of Sz, and Sz, are equal then the sign of
-1

N ,
\S[—(1+Z1)(1+Z2) is the same.

Proof. Let ay, az, by, by € Rsuch that z; = a; +iby and z; = ay +ib».
-1

o~ (1+a1—ib1)(1+ag—ib2) _(1+a1)b2+(1+ag)b1
1+2z1)(1+22)

11+ 21121 + 222 1421211 + 252

x

Since |z11,|22| < 1, the real numbers 1+ a; and 1 + a, are strictly positive. Hence, as the signs of b; and
b, are the same, it is also the sign of (1 + a;)b2 + (1 + a2) b;. O

| 2L—1 | 2L—1

< 1. Since E[m,] and m,, are

Stieltjes transforms of real probability measures, this is true at least if [Sz| > ZLp 1l -

Assume, for the moment, that |E[/7;(z)] <1 and |m,(2)

£. Moreover,

if 3z > 0, then E[m,(2)](2), m,(z) > 0 and the signs of \S[[E[mn(Z)]Wk] and \s[mn(z)w’“] are that of
-1

(1+[E[ﬁ1n(z)] u;k)(lern(z) “”C)

Wk. Then, according to Lemma 4.29, the sign of & is also that of ¥ and

g Vi is positive. Similarly, if 3z < 0 then & Lz is nega-
(1+E07 (201 2 ) (1417, (2) 2 P v (1170 (201 25 ) (1417, (2) 2 ) &
tive. Therefore,
1 1 1
< =13zl
Sz
1 vn-1 Vi n— 1 S Yk
z— -y Sz+ Z
7 =k=0 (L4, (21 2% ) 1+ (0) 25 (1+[E[ﬁln(z)]w7k)(l+ﬁ1n(z)w7k)

and Equation (4.8) simplifies into
El,(2)] = n(2) = O, (n""*logn).

In summary, then sequence of analytic functions z — E[m,(z)] — m,(z) converges pointwise to 0 (at
least) on {z € C | |Sz| > %}. But since they are analytic on C\ R, the pointwise convergence to 0 holds
on C\R as well, as per Vitali’s convergence theorem (Theorem 2.24).

Finally, |, (z) — m;(z)| — 0 almost surely as p, n, L — +oo by the concentration of 71,(z) around
its expectation proven in Proposition 4.22.
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4.A.5 Deterministic Equivalent of the Resolvent

In this section, we consider the “full” signal-plus-noise model X = P + N and derive a deterministic
equivalent of the resolvent Q(z) = (pr © C - zI,)"!. As shown with Proposition 4.25, the asymptotic
behavior of the limiting spectral distribution of XTTX o C is characterized by the deterministic Stieltjes

transform 1,,.
Since Q7! Q = I,,, we have

oC|Q|+E
p

E =zE[Q] +I,,

(N;Xec)é

and, by Equation (4.3), this becomes
P'X
——ocC|Q
p

where H = %C(G o) XTTX)C and E[(H © In)é] =E[Ho In][E[Q] + @!”m“(n‘glz) as for the model without
signal.

E +E[Q] —E((Ho INIE[Q] +6) (™% + G, | (n"" (logm)*) = zE[Q] +1,,  (4.9)

Proposition 4.30. H = Hy+ 06 m>(n1).

Proof. Recall the relation [1 A(Q© £X)Cl; ; = L Tr( QXX 0 (4] C; 1)). Then,

1. (~(XTX
H;;=—-Tr|Q o[C.,;Cj]

p p
1 P'P P'TN NP 1_(~(NTN

=—Tr|Q + + o[C.;C;.1||+=Tr|Q olC.;Cj.]
p p p p
1 ~

= ;Tr(Q(S@ [C.;C; 1))+ [Hol;

where we have introduced § = def p ;P +2 ;N + pP whose rank is at most 3K = & (1).

1~ P .
;Tr(Q(SO [C.;Cj.]))| = —|Tr(QDiag(C. ;)SDiag(C;,.))|
sk(QDlag(C i)SDiag(C;,.)) from Proposition 4.13

k(é) sx(Diag(C. ;)SDiag(Cj,.)) from Proposition 4.14

‘BI>—‘ ‘BIH‘B

< ; ”6“ 1;1 sx(Diag(C. ;)SDiag(Cj,.))
<X Q1 piagc. asDingc;)]  since Hanks <3¢

3K, ~ . . . .
< 7||Q|| ISI=0,(n"")  since |Diag(C.;)| = | Diag(C;.)| = 1.
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Combining Proposition 4.30 and the fact (proven above) that E[Hyl; j = H; j + 0,(n"'?logn), we
have E[H; ;] = 1o(2) + @,(n"*?logn) for all i € [n]. Thus, using Equation (4.6) in Equation (4.9) yields

(PTX )~
oC|Q|+
p

where the @)™ (,-3/2) in Equation (4.9) is absorbed in the 6! (n"121ogn) since @) Ime(,-3/2) =
o) (n=112) (in accordance with the inequalities || < ||llg < 72 % ||-lmax). Moreover, with the decompo-
sition P = MJ T (Assumption 4.3), we have

E

( S [E[Q] I,+0M" (" 210gn) (4.10)

Elrmy,

P’X PT ~
—oC Q — | CixQk,i
p ik
1 2 X ~
=— Y Y Ju|M'—=| CixQu;
Pi=11=1 l VPl l l
1 K X -
=—Y Jy|M"=—=@Qo0)
= VP i
where J;; € {0,1} and HMT X (Q@C)] | HMT X Qo0 ” 0,(logn) almost surely. Therefore,
E (PTTX o) C)é] . =0,(n""?logn) and, by Equation (4.10),
1,1
1 ~ _ ~ . _
|E[ffl—n(z)][E[Qi'i] =1+0,(n 1210gn) — E[Qi,i] =Eln(2)] + 0, (n 1210gn)

= 1my(2) +@Z(n_1/210gn).

In the proof of Proposition 4.22, we have shown that [E[I@,i - [E[(j,-,i] 4] = @’z(n‘z). Thus, by Markov’s
inequality (Billingsley, 2012, Equation 5.31),

P(1Qi ~E[Qui]| > ) < i x 0,017 = 0,2,

Then, according to the first Borel-Cantelli lemma ~(Billingsley, 2012, Theorem 4.3), @',i = [E[Qvi,,-] +
0,(n~%) almost surely for all § < l Consequently, Qi i = My(2) +G,(n~?) almost surely as well. This

observation is useful to handle the term [E[( X o C)Q] in Equation (4.10). Indeed, [E[(P X o C)Q
E[(22 pP 0 C)Q] +E[(2X pN ® C)Q] and we have the following result.

Proposition 4.31. For all integer q =0,
P'N Mn(2) \7\ < PTX } C\7 o
oC|- c| |Q o C|-mpu(z)— Q
p p p p

Proof. We use Equation (4.4) with A = C(—1,(2) %)q ,

[5ecl-mep))e

E =E +0!M(n0.

E

1 [(PTX ) C\7 . 1 1 [(P"X _ C\7\ ~
=——E ( QC(—mn(z)—) (Q@In)C)Q]——[E ( (Q@C)@C( mn(z)—) )Q]
p p p p
T q+ly T g+1
(el o] -] 2ot
_ ma(2)1

PTX _ q+1
[E( p Qo000 )Q]
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=E +0" ("% logm) 7 + 6! (n " logn)7+?)

PTX C q+1y _
p p

according to Proposition 4.18. Since this is true for all § < % and @ﬁ'” (n“s(log n)9+2) = @’ﬁ'” (n“s’) for all
&' < 8, therestis @’!”(n"s) forall§ < i. O

Following Proposition 4.31,

PTX ~ PP ~ P'N ~
E ( @C)Q] =E ( @C)Q +E ( @C)Q
p p p
PP ~ PP ) C\\ ~ PN ) C\\ ~
=E ( @C)Q +E ( @C(—mn(z)—))Q +E ( @C(—mn(z)—))Q
p p p
+0)1(n™)
q T qy _ T qy _
=YE (P Poc(—mn(z)g) )Q +E (P Noc(—mn(z)g) )Q +0!"Mn%
4o p p p p
T q q _ T 9\ _
o Pocz(—mn(z)g) )[E[Q]+[E (P N@C(_mn(z)g) )Q +0)1 (™)
p 4=0 p p

for all integer q = 0. If ||n'1n(z)%|| = |mn(z)|2LT—1

< 1 then we can make q grow to +oo, which yields

T T -1
E (ﬂ ® C)é] = (2 © C(I,, + mn(z)g) )[E[G] +0!"M 9.

p p
Finally, Equation (4.10) becomes

PP ~ q,—
E[Q] = I,+6)(n™)

( _ C)l 1
oC|In+mu(2)—| +——I,
p my(2)

so we have the following deterministic equivalent (Definition 2.17) of 6,

def[ 1 PP -
= I+

Q2) =

-1
oC|I,+ mn(z)—)
p

mp(2)

Notice that, although it is derived under the assumption Inhn(z)IZL—_1 < 1, the matrix Q is still well-

defined if this condition is not satisfied (as long as z € C\R). Furthermore, for all bounded (sequences
of) vectors a,b € R" and A € R"*", the functions z — a' (Q(2) — Q(2))b and z — L1 TrA(Q - Q) are
analytic and converge pointwise to 0 almost surely as p,n,L — +oo on {z € C | |3z| > £} (which is a
subset of {z€ C | |m,(2)| ZLT_I < 1} for all p, n, L). Therefore, by Vitali’s convergence theorem (Theorem

2.24), the almost sure pointwise convergence to 0 holds on C\R and Q(z) is a deterministic equivalent
of Q(z) forall ze C\R.

4.B Proof of Theorem 4.8

4.B.1 Conjecture on the Global Behavior of the Spectrum

Before delving into mathematical considerations, we must state that the study of isolated eigenvalues
T
and eigenvectors of X—pX o C raises a few technical issues. The model considered differs notably from
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.
standard spiked random matrix models in the fact that the rank of the perturbation P—pP o C scales

with n. Yet, it can still be seen as if it had a low rank because the majority of eigenvalues of PP, Care
negligible and only a small number (not scaling with n) of them are large enough to actually exceed the

expected threshold value of signal-to-noise ratio causing the presence of isolated eigenvalues outside
N'N

the spectrum of 5

in Section 2.3).

Nevertheless this “exoticism” comes with a cost: the tools presented in Chapter 2 (and, in partic-
ular, Section 2.3.3) are no longer quite suited to the study of the present model. Notably, the “trick”
consisting in computing the position of isolated eigenvalues outside the bulk by means of a small de-
terminant given by Sylvester’s identity (Proposition 2.22) cannot help us here. Therefore, we must go
through a simplifying assumption to work this out.

© C, just as in standard spiked random matrix models (such as the one studied

~ T
Precisely, we know that the resolvent Q(z) is defined for all z which is not an eigenvalue of % oC.
Therefore, we make the following conjecture where, by isolated eigenvalue, we mean an eigenvalue
lying outside the distribution characterized by m,,.

Conjecture 4.32. With probability 1, as p, n,L — +oo, the only isolated eigenvalues in the spectrum of

T . . . R . = .
X—px O C are the ones converging to the singular points of the deterministic equivalent Q, that is, { € R

such that mln + % ® C(In + m,,(é)%) is not invertible (with 1M, (&) d:eflimylo M (& +iy)).

This property is verified for the random matrix model X' X a5 shown in Section 2.3 and we argue
that adding a mask C — i.e., simply zeroing the entries which are far from the diagonal — is a soft
enough transformation and so it keeps these “nice properties” of the global behavior of the spectrum.
Furthermore, a large number of numerical simulations make us confident with this statement. The
reader is kindly invited to reproduce these simulations with the Python notebooks given in the GitHub
repository https://github.com/HugoLebeau/online_learning/.

Consequently, in the following sections, we exhibit the singular points of the deterministic equiv-
alent Q in the two-class setting (P = pj"). This guarantees that one or more (depending on the mul-
tiplicity) eigenvalues converge to this location if it is outside the support of the distribution charac-
terized by m;, and we conjecture that these are the only isolated eigenvalues. Then, we study the align-
ments of the corresponding eigenvectors with the signal j through the standard approach relying on
contour integrals presented in Section 2.3.3.

4.B.2 Deterministic Equivalent

Here P = uj' therefore we can simplify the expression of the deterministic equivalent Q given in
Theorem 4.6. We use the relation M ® ab' = [Diaga]M[Diagh] and the eigendecomposition C =
FYFT where F = RF + SF (see Section 4.1.2).

-1

- 1 PP ( } C)‘l]
Q(2) I,+ —— o C|I,+my,(z)—
p p

my(z)
1 2Jj _ c\
Y R A A In+mn(z);)

T
My (z) p

) L ||2D-£(1 +m (z)g)_ln]_l
71 (2) n u ]]9 n n P j

-1

1 b 4
e

vy -1
. In+ﬁln(z)—) F'D;
mp(2) p
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-1

= [D;F] In+||ﬂ||2%(ln+mn(z)%)l] [D;F]".

1
my(2)

Note that D; F is also an orthogonal matrix ([D; FI"''=[D j F]7), hence the last equality.

4.B.3 Isolated Eigenvalues
Given the expression of Q in the two-class setting, its singular points ¢ satisfy
2y
1 el
my(€x) 1+ mn(fk)%

=0 = 1+mn(£k)% v Hullzmn(éu% - 0.

-1

If yi = 0, there is no solution. If ¢ # 0, then m, () = Talzen7E
H 2

and we can inject this expression

into Equation (4.1),

-1 lnfl
Ay o,

1+—— ¢ d
() W= R oy

n-1
Vi
l;) 1— WP
(laall+1) &

= (”MHZ+1)%(1+CZ§[(“””2+ 1)% - 1]_1).

Since ¢, must not lie inside the support of the distribution characterized by 1, it must also satisfy
limy|o Sm, (¢ +iy) =0, atleast for p, n, L large enough.

S|~

= gk=(||ﬂ||2+1)%+

4.B.4 Eigenvector Alignments

Let us denote {(At, up)}o<k<n the eigenvalue-eigenvector pairs of K;. From the definition of the resol-
vent, we known that

- n=l wul
Q(z) = .
l; /11 —Z

Therefore, with Cauchy’s integral formula (Proposition 2.15) and a positively-oriented simple closed
contour Yy circling around A, and leaving the other eigenvalues outside, we have access to the quan-
tity
-1 [ =
Z uu =—-— Q(Z) dz
0<l<n-1 2im Yk
§1=Ck

which is simply uy u;cr when the associated eigenvalue has multiplicity one. Then, we can calculate
the alignment of any vector a € R" with the eigenspace associated to Ax:

1 _
> <a,uz>2=—.—j§ a'Qz)adz.
Oslsn-1 2im Yk

§1=Ck
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The asymptotic behavior of this quantity is therefore given by the deterministic equivalent Q. With
residue calculus (Proposition 2.16), we compute

-1

1 w)!
(2) dz = - lim (z— &) (D F] | ——1I, + —(I +m (z)—) ] (D;F)"
o Q ) Sk j 7in(2) n ”ﬂ” P n n j
141
. 1 2 _ L AR T
—[D;F]| lim (z - )[_—I + —(I +m (z)—) ] [D;F] .
j (Z—'fk Sk 17, (2) n ”ﬂ” » n n ) j
If1€{0,...,n—1} is such that ¥; # ¥, then
lim — 7% g
=6k lell® -
O
whereas if ; = ¥, LHOpital’s rule yields
; =& @l §0mn(@) g,
= e 2 @k
el 1B P ey
+mn(z)7 +mn(z)7 2=&;
— mn(fk)
(1+rmnn %)
2
P €)1+ 7 (€10 2% |
el 73, 60 25
Recalling that m, () = W,wehave1+m(g )‘//k H[!‘t‘||l2”+1 Hence,
I z— 8k _ “””2 1 mu(Cr)
o TR 2 1\ v R
=& lelP 5 || +1(||”|| +1)_ 0k
- + —7r p
Mn(2) " 141y, (2) 2K
I 111 A
| +1 M50
72
Let us calculate an expression of Z{’ g:; . Differentiating in z Equation (4.1) yields
el ()Y
My (2) + zm), (z)—cz
0 (14 ma(2) Y )
thus,
AN n=l ﬁ?n(ék)ﬂ
- fkmn(s‘khcz—
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m%(gk)_l n-1 ”hn(fk)%

My, (k) B =o| 1+ ﬁln(fk)%
. . - _ -1 .
Finally, since m; () = m, we obtain
2 _ 7 v
lim z—& _ ||p|| ~ n=1[  mp(Sy) p
& Yi 2 = [
=&k + Mg pk ””” +1 =0 1+mn(€k)7’
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Hence,

1 _
-—¢ Q(2) dz=[D;F|Diag(o,...,{n-1)[D;F]"
217 Jy,

; _ el ({_ .yt
VVlth(k—||”||2+1 1-c¥ )5,

(' is the asymptotic value of the alignment (uy, [D; F]., 2.

(”””2 + 1) % - 1] _2). This shows that, if {; is an isolated eigenvalue, then

4.C K-Classes Online Kernel Spectral Clustering Algorithm

4.C.1 General Presentation and Simulations

We use a set of spike eigenvectors {u,(f)} rer (with a set of indices %) to estimate the | Z |-dimensional
“trend” of each class. That is, denoting €[ ¢] the class of x;, we consider the following model
[u;t)]i = [h;ct,)%”[tfnJri] +ep ;

where, for ke 4, h;ct)(g € R" is the “trend” of class € and egc” is a centered noise vector. A deeper anal-
ysis of the deterministic equivalent of Theorem 4.6 is needed to properly understand the behavior of
the vectors h;flg From our general understanding so far, it is expected that they are linear combina-
tions of a few dominant eigenvectors of T. Using this approach, we are able to estimate the trends
from {u;f)} rew (see the left part of Figure 4.9). Each point is then associated to the class whose curve
is the nearest in the |.#|-dimensional space. The details of this algorithm are given in the following
subsection.

This algorithm is tested on a stream made of T = 21000 centered raw-images from the Fashion-
MNIST dataset (Xiao et al., 2017). Their dimension is p = 784 and we want to discriminate between
trouser, coat and ankle boot images in an online fashion. We choose n =n, =653 and L= L, =
226 and we use the 5 dominant eigenvectors of K itj for the estimation (thus | #'| = 5).

In Figure 4.9 are displayed the shape of the dominant eigenvector u(()t) at a given time during the
execution of the algorithm with the estimated trends of each class (this is only the first dimension of a
5-dimensional trend) and the mean clustering error at #,+ At of a data point seen at fy with the overall
classification error obtained after a majority vote. Surprisingly, the classification error curve has an
inverse-U shape: it is easier to discriminate between the trends on the edges of the eigenvector than
in the middle. The majority vote leads to an overall classification error which is close to the top of the
inverted U. Unfortunately, in practice, it is hard to determine whether we are in a U-shaped / stable /
inverted-U-shaped setting and, without this knowledge, a majority vote is the best decision policy.

Here, the overall classification error is 7.348% while a standard T x T offline kernel spectral clus-
tering has only a 3.671% error rate.
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Figure 4.9: Clustering on Fashion-MNIST images (trouser vs. coat vs. ankle boot). Left: Dominant
eigenvector of K; ( t) . Solid curves are the estimated trend of each class hm Right: Classification error
against delay At " This is the mean classification error at time to + At of a point arrived at ). The
green dashed line indicate the overall classification error when the class is chosen by a majority vote.
Experimental setting: 7 =21000, n, =653, p =784, L, =226.

4.C.2 Details of the Algorithm

We consider a set £ of indices of spikes and the following model for ugf), ke X,

o (1 (0 .
[uk]i [hk%”[t n+z]+€ l, 1<is<n

where hm € R" is the trend of class € and em is a centered noise vector.

Our goal is to estimate the trend h](ct)cg from the eigenvectors {u( D\ rex . Since we assume they are

linear combinations of a few dominant eigenvectors of T, we deﬁne a set of indices Z specifying the
eigenvectors {gi} re», Which we expect the h(t) 's to be linear combinations of.

We denote € [s] the class of X;_ s estlmated at time .

In order to compute an estimation (€D I}1<i<n of the classes at a given time ¢, we propose a two-
step algorithm. Firstly, we compute a rough estimation {ﬁ%” [il}1<i<n of the classes by following the
K paths with an exponential smoothing in the coordinates of the eigenvectors {ugf)}ke , this is called
the pre-clustering step. Then, we refine this estimation with projections on Span{gy}ke.x., this is the
clustering step.

In the following, we drop the time dependency when it is not needed to ease notations.

Pre-Clustering Step

Given the number of classes K and the eigenvectors {u;f)} e, we consider the set of 7 points in R¥'

defined by the coordinates of each eigenvector: [u z]; def ( [uk],-),CE wforl<is<n. Asigoesfrom1to
n, these points draw K paths. The goal is to guess which path (and therefore which class) each point
belongs to.

Iteration Let us suppose we have already estimated (1], ..., %y i — 1] and the first i — 1 coordinates
of the vectors {ftk} ke such that [flk] . is an estimation of [hk ol j]] (initialization is discussed later).

As for {u} en, we see {By} pe.x asasetof n points in R, which have to be estimated. The estimation
of the i-th point [h 1] is induced by the class estimate %pli] — the corresponding path is updated
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with an exponential smoothing:

~ - . aluyl;+0 ﬁl P
(b ], = 8ali,uz, b, GoliD) < ’ a[+0 o

1-a 1+ l_a(l—(l—a)i_“%m‘”_l)],
i—I[%olil, i] @

where 0=

I[€li), i) =max{l < j <i—1|%,lj] = Golil} is the index of the last seen point in €,[i] and a € [0,1] is
the smoothing parameter. The reasons for such a formula are detailed in Appendix 4.D.
However, 6, ] is chosen as the class which minimizes the growth of the corresponding path:

Hg’a(i, uy, hy, €) - [ﬁl’]l[ﬁ%,il ”

Gely,... 0} i—I[€,1]

Indeed, by doing so, we minimize the Lipschitz constant of the estimated trend and ensure some
regularity.

Initialization From the regularity of the true trend, hy « is almost flat on its very first coordinates.
Therefore, we can initialize the values 6p[i] for 1 < i < h with a standard clustering algorithm applied
to {[ux1;}1<i<n- M is a parameter which should be taken as small as possible to stay in a domain where
the trends are almost flat while still having a few representatives of each class. The computation of
{[fl ¥e ;}1<i<n follows from the class estimates, as presented above.

We found that a hierarchical clustering algorithm and % = 10K worked well for the initialization.
As for the smoothing parameter, a good value is @ = 0.15.

The pre-clustering step is summarized in Algorithm 2.

Algorithm 2: Pre-Clustering

Input: K, {ui}ren, b, a

Output: {©olilh<izn

Set 6yli] for i = 1 to h with agglomerative clustering

fori=1to hdo

| [hx]; — Eali,uz, ha, Goli)

end

fori=h+1tondo

”éaa(i,uzjtzfg)—[i'-]o’]z[%,i] “
70 61y K i—1[6,1]
[hj//]l. —&qli,uy, hy, 6ylil)

end

Clustering Step

The class estimates obtained after the pre-clustering step are usually not very satisfying but still re-
main a good basis to estimate hy ¢ with regressions.

In the second step of the algorithm, we are given a set {gi}re#, of eigenvectors of T. It is supposed
that the trends {hj ¢} e are mixtures of these eigenvectors.
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4.D. Exponential Smoothing with Missing Data

From the class estimates {Cg[i]}lsis n, We can compute an estimation h  » ¢ of the trend of each
estimated class 4 with a linear regression

A

h.o=8x.Pry where By =argmin|luly - [gx. ] B
ﬁeR\Jl*\

where we use the notation [-]; to represent the restriction to €.
Then, new class estimates can be computed by associating each point to the class whose trend is
the closest:

We repeat this process until convergence of the class estimates. The classification step is summa-
rized in Algorithm 3.

@il = _argmin “[ul’]i_ [fljg,cg]i
Gel{b,...ex}

Algorithm 3: Clustering

Input: K, (%ol ilh<i<n, (Ui (Vidker.
Output: {€[ilh1<i<n
fori=1tondo

| €li] — Goli]
end
repeat

for 6 € (€, ..., 6x} do

g (lan ) plen)) lex gl
end
fori=1tondo

‘ €lil — argmimge{%wﬁk} H luzl;— [ftj/,(g] i’
end
until convergence

Final Algorithm

In an online fashion, pre-clustering can be performed as a warm-up during the first n time steps.
Then, as t = n, only the clustering step is needed: the classes {‘@”‘U [sI}1<s<n estimated at £ —1 (or
during pre-clustering if = n) serve as a good basis to estimate the classes at time ¢ (both @ D[s+1]
and €9 [s] are estimates of the class of x;_,. ). Moreover, the few interesting eigenvectors u&? of K i”

can be quickly computed with a power iteration algorithm starting at u}?” (they do not differ much
from one time step to another). The final algorithm is presented in Algorithm 4.

4.D Exponential Smoothing with Missing Data

Let (y1) =0 be a time series. Assume we want to compute its trend (s;) ;>9. A common technique is to
perform an exponential smoothing:

$0=1J0 and Sir1=ayr1+(1—a)s; forallt=0

where « € [0, 1] is the smoothing parameter. It acts as a low-pass filter which removes high-frequency
noise.
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Algorithm 4: Online Kernel Spectral Clustering

Input: K, %, {8k} ke, Iy @
Output: {€;[s]} 1<s<n

n<t<T

fort=1to T do
Get a new point x; into the pipeline
Update K it_l) into K it)
u((/g — PowerIteration(Kin, ug,_l))
if1 <t <nthen

| Do an iteration as in Algorithm 2
end
if £ = n then

| Compute {7 [s]}
end

according to Algorithm 3 with {€"V[s]}, _._

1sssn

end

Let us now assume that we do not have access to (y;) ;>0 at each time step and we want to compute
S¢+n (h=1) with y,,, and s, only. Expanding the recurrence relation, we have

h-1
St+h=AYrenta Z (1- a)kJ’Hh—k +(1- a)hst-
k=1
We propose to replace the unknown values y;, i for 1 < k < h—1 by the linear interpolation of
the trend:
h-1

k
St+h=QYpan+a Z A-a)f|=s +

+(1-a)
N (1-a)’s;

St+h

a h-1
:ayt+h+h(st2k(1 a) +st+h2k(1 ) k)+(1 a)s;.

Using the following formulae,

i k(1 - a) ——“(1—11(1 ) 1)+(1?Ta)2(1—(1—a)h‘1)

3‘??‘
._‘

-1 l1-a 1-a)?
_ h—k aird AU AU el 1 _nh-1
and E: k(l1-a) p (h-1) ( p ) (1 1-a) ),

we have
1-— —

l1-a « _
1+T(1—(1—a)h 1)])st+h—ayt+h+

a+—— 1+T(1_(1 ")

St.

4.E Proof of Proposition 4.12

-2

sinc(%
(3) —1] . Then,

sinc((2L - 1)%)

(”””2+ 1)%_ 1]2 rf fL(Zlﬂ)

Let fi: x € [0,7] — [(H””2+1)

ln/2]
b
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Forall § €] %, % [, we can split this sum into

2l o\ P2l opn Ln/2] 2ln
i E B o R vy
I1=|n%/2]+1
-2
Al e @((Z_f[)z)]_l . "Z/ZJ fL(zm)
=1 |sinc(2L-1)1Z) n I=n/2]+1

Ln® /2] 2.4 2l (12 n/2) 2]
_ L_ll S @((_ﬂ))+ 3 fL( n)
i=1 | sinc(RL-1)7) =1 n I=|n%/2]+1

R I 7 S B

=1 | sinc(@L-1)1I)

w2l ol
+o(n2)+ Y fL(—)
I=(nd /2] +1 n

where we have used the Taylor expansions sincx = 1+@ (x?) and (1+x) 2 = 1+ (x) as x — 0. In order
to control the last sum, notice that, for all x €]0, 7], we have,

_ ) sinc(2L-1%) ]~ sinc(¥)  17°
o0 =l +1) - sinc(3) sinc(@L-1D3)
and, since —Sincs(i(nch(;) 2 Zi(ﬁ) <1,
f< sin(L-1D$) 1% _ 1
U el ler-nsin L uffer-nzsintg)
Hence,
trfi f(zm) ln/2] - 1nfr2) Ln/2] - n®/2] ,=0(n)
I= 10 12)+1 n e || (2L- 1)251n( “”“ @L- 1)2( TG (n30- 6)))
Finally, with § = 2, we have,
Ln/2] s wo 7% 2l ] +1 -
> (o) e-1| =3 | B o)
i=1 (4 i=1 [ sinc(@L- 1))
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Part 11

Tensor Unfolding Approaches: Insights
Into the Computational Limits
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Chapter 5

A Random Matrix Approach to
Low-Multilinear-Rank Tensor
Approximation

NFORMATION retrieval from large amounts of data has become a common task of signal processing
I and machine learning in the past decades. Often, these data have several modes as they may come
from various sources, modalities, domains, and so on. Tensors (multi-way arrays) are therefore a nat-
ural representation for such datasets — they appear in multiple areas such as brain imaging (Zhou
et al., 2013), neurophysiological measurements (Seely et al., 2016), community detection (Anandku-
mar et al., 2013), compression of hyperspectral images (Li and Li, 2010), spatio-temporal gene expres-
sion (Liu et al., 2022), recommender systems (Karatzoglou et al., 2010; Rendle and Schmidt-Thieme,
2010; Frolov and Oseledets, 2017) and topic modeling (Anandkumar et al., 2014). Indeed, tensors as
multi-way arrays provide a more detailed representation of data than mere matrices (two-way arrays)
as they convey a structural information. For instance, the modes of a data tensor can represent pixel
x pixel x wavelength x sample in hyperspectral imaging (Zhang et al., 2013; Kanatsoulis et al., 2018),
time x spatial scale x electrode in the EEG analysis by Acar et al. (2007) or neuron x time x stimuliin
the study of the visual cortex by Rabinowitz et al. (2015).

In an information retrieval context, it is common to make use of tensor decompositions in order to
estimate a sought signal. In their fMRI study, Hunyadi et al. (2017) perform a blind source separation
via a joint tensor decomposition on a channel x time x patient array, whereas Williams et al. (2018)
use a low-rank tensor approximation on a neuron x time x trial array as a dimensionality reduction
technique to study neural dynamics. In fact, supposing that the signal has a low-rank structure is
a natural sparsity assumption (Kadmon and Ganguli, 2018; Anandkumar et al., 2014), and low-rank
tensor approximations are key tools to extract information from multi-way data.

In the present chapter, we propose a random matrix analysis of a general low-rank information
+ noise tensor model and precisely quantify the amount of information which can be recovered with
a low-rank tensor approximation depending on the signal-to-noise ratio (SNR). For a more general
introduction to tensors than the elements we gave in Section 2.4, we refer the reader to Comon (2014,
2009); Landsberg (2011); Hackbusch (2012) and, for an emphasis on statistical learning applications,
Bi et al. (2021); Sun et al. (2021). In the remainder of the introduction, the main concepts and chal-
lenges behind low-rank tensor estimation are presented in Section 5.0.1. Then, Section 5.0.2 intro-
duces some important related works. Our main results are finally summarized in Section 5.0.3. Recall
that tensor-related notations, operations and decompositions are properly defined in Section 2.4.
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5.0.1 Low-Rank Tensor Estimation

What is meant by a low-rank approximation of a tensor? And how is the rank of a tensor actually
defined? Let us start with a familiar matrix case: a matrix M € R™*" is a two-way array (or order-2
tensor). A singular value decomposition (SVD) allows us to write M in a compact way as the sum of R
rank-1 terms, M = Zle oiu; vl.T =UXV" where U, V are respectively n; x R and ny x R matrices with
orthonormal columns and X is the R x R diagonal matrix of singular values. The rank of M is here
the minimal number of rank-1 terms in which it can be exactly decomposed. Extending this notion to
tensors therefore seems straightforward: a tensor! J € R *"2*"s has rank R if it is the minimal num-
ber of rank-1 terms in which it can be exactly decomposed, J = Zf: ,0ia; ®b; ® ¢;. What we have just
described is the canonical polyadic decomposition (CPD) of T, it dates back to Hitchcock (1927) and
is unique under very mild conditions (Kolda and Bader, 2009). However, we have lost an important
property in this process: the unit vectors a; (resp. b;, ¢;) are, in general, no longer orthonormal. Con-
versely, retaining the orthonormality property inevitably results in the loss of the diagonality property,
T=YL, X% X, Sijkui ®vj@wy. This latter decomposition is called a Tucker decomposition and
dates back to Tucker (1966). In fact, the best way to represent J with a Tucker decomposition is to
choose the u; (resp. v;, w;) as the left singular vectors of the unfolding of J” along mode 1 (resp. 2, 3)2.
This is called the multilinear SVD (MLSVD, De Lathauwer et al., 2000b) and gives rise to a new defini-
tion of rank: the multilinear-rank (r1, 2, r3). Note that, in the matrix case, r; = r» = R since both the
diagonality and orthonormality properties are verified. However, 1, 12, 13 are, in general, not equal in
the tensor case, but max(r1, r2, r3) < R < min(ry 79, 1213, 11 73) (Equation (2.12)). See, e.g., Sidiropoulos
et al. (2017) for details. Other relevant references for the reader interested in tensor decompositions
are Kolda and Bader (2009); Cichocki et al. (2015); Rabanser et al. (2017).

Given an order-d tensor J € R™**" of possibly very high rank, we are interested in finding a
low-rank approximation, i.e., an nj x ... x ng tensor X which minimizes the distance |J—X||r on a
set of low-rank tensors. Yet, the problem of the best rank-R approximation of a tensor is ill-posed as
soon as R > 1 because the set of rank-R tensors is not closed (Kolda and Bader, 2009). Instead, we shall
consider the best low-multilinear-rank problem, which is always well-posed,

min [T X2, 6.1
Rank(X)<(ry,...,7q)

It is well known in the matrix case that the best rank-R approximation can be easily computed by
truncating the SVD to its R most energetic terms (Eckart and Young, 1936; Mirsky, 1960). Could this
also be true for the MLSVD? Unfortunately, counter-examples exist (Kolda, 2003), showing that there is
no tensor equivalent of the Eckart-Young-Mirsky theorem. Worse still, Problem (5.1) is in fact NP-hard
(Hillar and Lim, 2013). Nevertheless, despite not being the best low-multilinear-rank approximation,
the truncated MLSVD T remains a very good “first guess” as it verifies | T— T« lp < |T - j’llp <Vd|T -
J & llr where T, denotes a solution to Problem (5.1) and d is the order of the tensor (Grasedyck et al.,
2013; Hackbusch, 2012). It is a cheap (it consists only in d standard matrix SVDs) and quasi-optimal
low-multilinear-rank approximation of J. Moreover, it is often used as an initialization of numerical
methods which estimate a solution to Problem (5.1), among which the most common is the higher-
order orthogonal iteration (HOOI) algorithm (Kroonenberg and de Leeuw, 1980; Kapteyn et al., 1986;
De Lathauwer et al., 2000a).

Another motivation for the analysis of the low-multilinear-rank approximation problem is that it
has also a practical interest for the numerical computation of the canonical polyadic decomposition
(CPD). Indeed, when dealing with large tensors, it is computationally more efficient to first compress
the tensor with a low-multilinear-rank approximation and then compute the CPD on the smaller core

Ut is chosen of order 3 for simplicity of exposure.
2This is properly defined in Section 2.4.2.
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tensor rather than computing the CPD of the large tensor directly (Bro and Andersson, 1998). This is
done, e.g., by the cpd function of the MATLAB toolbox Tensorlab (Vervliet et al., 2016).

5.0.2 Related Work

Multilinear SVD (MLSVD) has a wide range of applications and is often used to extract relevant infor-
mation from multi-way arrays. For instance, it has been used in human motion recognition (Vasilescu,
2002), face recognition (Vasilescu and Terzopoulos, 2003), handwritten digit classification (Savas and
Eldén, 2007) but also genomics (Omberg et al., 2007, 2009; Muralidhara et al., 2011) and syndromic
surveillance (Fanaee-T and Gama, 2015).

The analysis of spiked tensor models —i.e., low-rank perturbations of large random tensors — has
started with the introduction by Montanari and Richard (2014) of the rank-1 symmetric spiked tensor
model, J = ,Bx®d +Nwith [|x|| = 1, N Gaussian noise and f§ a parameter controlling the signal-to-noise
ratio (SNR). They show that estimation of x from J is theoretically possible as soon as f is above a cer-
tain threshold B, behaving like y/dlogd, which is reminiscent of the now well-known spiked matrix
model where signal reconstruction is only possible above a critical threshold (Péché, 2006) — a phe-
nomenon called the BBP phase transition (Baik et al., 2005). The behavior of singular values and sin-
gular vectors of spiked matrix models is comprehensively studied by Benaych-Georges and Nadaku-
diti (2012). Contrary to the matrix case however, Montanari and Richard (2014) make the disturbing
observation that none of the polynomial-time estimation algorithms among tensor unfolding, power
iteration and approximate message passing (AMP) succeed unless 3 diverges as the dimensions of the
tensor grow large. The results of Hopkins et al. (2015, 2017) suggest that no polynomial-time algo-

rithm can succeed unless § 2> N ¥, where N scales as the dimensions of the data tensor. While Perry
et al. (2020) show that the information-theoretic threshold is of order 1, this indicates the existence
of a computational-to-statistical gap in spiked tensor estimation, as in a myriad of other problems
(Bandeira et al., 2018; Zdeborové and Krzakala, 2016).

The landscape of the rank-1 symmetric spiked tensor model is studied by Ben Arous et al. (2019),
who show that the number of local optima to Problem (5.1) grows exponentially with the size of the
tensor, but all lie close to a subspace orthogonal to the sought solution, except for one if  exceeds
a critical threshold .. Completing this analysis, Jagannath et al. (2020) show® the existence of two
close but different thresholds B < B, such that the solution aligned with the underlying signal is a
local minimum of Problem (5.1) as soon as 8 > f; but becomes a global one only if § > .. Relying
on the Kac-Rice method, Ros et al. (2019) thoroughly study such high-dimensional landscapes and
classify the different behaviors and phase transitions which can occur.

So far, we have only referred to works dealing with the rank-1 symmetric case, but there are also
some studies on higher-(low-)rank spiked models. Chevreuil and Loubaton (2018) give a sufficient
(but not necessary) condition for the non-detectability of a rank-R asymmetric signal perturbed by
an additive Gaussian noise. Chen et al. (2021) also discuss signal detectability in the rank-R sym-
metric case. The statistical inference of finite rank tensors is studied by Chen et al. (2022) who iden-
tify the limit free energy of the model in terms of a variational formula. Zhang and Xia (2018) con-
sider a general low-multilinear-rank signal P + Gaussian noise N model and bring to light the same
statistical-to-computational gap: if | P||g is above a statistical threshold of order 1 then Problem (5.1)
has a solution which is aligned with the signal but is computationally intractable unless || P|| is above

d-2
a computational threshold of order N 7 . In this strong SNR regime, the higher-order orthogonal it-
eration (HOOI) algorithm (De Lathauwer et al., 2000a) is minimax-optimal. In fact, it is also proved by
Ben Arous et al. (2020) that, with Langevin dynamics and gradient descent, the algorithmic thresh-
old behaves like N* with @ > 0. Other algorithmic thresholds have been shown as well for semi-

3The setting considered by Jagannath et al. (2020) is more general than the one of Ben Arous et al. (2019) because the noise
in their model is not necessarily symmetric but the perturbation is still a rank-1 symmetric tensor.
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definite and spectral relaxations of the maximum likelihood problem (Hopkins et al., 2015, 2016; Kim
et al., 2017). AMP and tensor power iteration algorithms achieve N o (Lesieur et al., 2017; Huang

et al., 2022) while tensor unfolding methods (truncated MLSVD and HOOI algorithm) achieve N G
as already conjectured by Montanari and Richard (2014) and later proven by Hopkins et al. (2015);
Ben Arous et al. (2023) in the rank-1 case. The convergence of the HOOI algorithm towards a local
maximum for a sufficiently close initialization is proven by Xu (2018) and Feldman and Donoho (2023)
show that it achieves exact recovery of a rank-1 perturbation in the large N regime when it is initialized
with the dominant singular vectors of the unfoldings.

Recently, a new approach relying on tools from random matrix theory has broaden the under-
standing of spiked tensor models. In particular, Goulart et al. (2022) study the rank-1 symmetric case
and are able to recover explicitly the same 3 threshold as Jagannath et al. (2020) as well as to pre-
cisely quantify the alignment between a solution to Problem (5.1) and the signal. A similar analysis
is carried out by Seddik et al. (2022) for the more general asymmetric case, relying solely on classical
techniques from random matrix theory. Such tools show promise for the theoretical understanding of
learning from tensor data (Seddik et al., 2023b). In particular, the results of Ben Arous et al. (2023) and
Feldman (2023) on long random matrices, similar to those considered in this work, provide instructive
insight into the recovery performance of tensor unfolding methods.

5.0.3 Summary of Contributions

In low-rank tensor approximation, tensor unfolding methods achieve the best known performance
among polynomial-time algorithms. Motivated by several works suggesting that such method could
actually reach the computational threshold (Hopkins et al., 2015, 2017; Zhang and Xia, 2018; Wein
et al., 2019), we propose a thorough random matrix analysis of the low-multilinear-rank tensor ap-
proximation problem.

Consider the general spiked tensor model,

1 P
T=P+ \/_NN eRM N Ny 0,1, (5.2)

where d = 3 is the order of the tensor, N is an additive Gaussian noise, N is a parameter controlling
the size of the tensor such that the ratio 7,/ N is constant* (at least for N above a certain threshold
value Np) for all ¢ € {1,...,d} (for instance, N = n; or N = Z?:l ny) and P is a low-multilinear-rank
deterministic tensor, i.e., which can be decomposed as

1 T'd
def
P=Y ) Hopg el o xil) < 36X, x9), (5.3)
n=1 qq=1

with 3 e R"1**"d and X© an ny x ry matrix with orthonormal columns x;l;). The range of X¥) is the
£-th singular subspace of P. This decomposition is illustrated for the case d = 3 in Figure 5.1. Model
(5.2) with P as in Equation (5.3) is the most general spiked tensor model — i.e., low-rank perturbation
of a large random tensor. Indeed, any of the models referred to in the previous Section 5.0.2 fall into
this definition since decomposition (5.3) always exists and low CP-rank is equivalent to low multilinear
rank thanks to the inequality max,{r,} < R < ming{[[¢ ., 1} (Equation (2.12)).

In the regime where N — +oo — representing the fact that, in practice, the dimensions of the
tensor are large compared to its rank —, we study the estimation of P from J with a truncated MLSVD,

4This ensures that the spectral norm of —= N is of order 1 (Tomioka and Suzuki, 2014).
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Figure 5.1: Illustration of the Tucker decomposition (5.3) of an n; x n, x n3 tensor P with multilinear
rank (r,72,13). J is the r; x rp x r3 core tensor and X, X@ X® are matrices with orthonormal
columns spanning the singular subspaces of .

which serves as initialization of the HOOI algorithm. In particular, we reveal that the interesting non-
a-2
trivial regime is characterized by the © (N "z ) quantity® oy = % H?Zl NS

o If|PIE/oN

recover P.

0, then the noise completely masks the signal, and truncated MLSVD fails to

N—+o00

o If|PI2/0
IPIE/oNn N
P with a truncated MLSVD is easy.

+00, then the signal clearly stands out from the noise, and reconstruction of

o If ||fP||12:/UN =0(1) as N — +oo, then we are precisely in the non-trivial regime between the two
previous situations, and truncated MLSVD may partially recover P.

It is the analysis of this last regime which is of practical interest. Given the low-multilinear-rank ap-
proximation J = [§; 0D, ..., 0@)] obtained with a truncated MLSVD of I, we quantify how well T
reconstructs P in this non-trivial regime. To do so, we study the spectral properties of the unfoldings
(i.e., matricizations) of the tensor T, i.e., the ny x [[,+¢ ny matrices T whose columns are mode-¢
fibers of I and the columns of U are its dominant left singular vectors. Such long matrices (the
second dimension grows faster than the first one) have already been studied by Ben Arous et al. (2023)
in order to analyze the properties of tensor-unfolding methods in the particular setting of a rank-1
spike. Here, we tackle this problem with a highly different approach relying solely on classical tools
from random matrix theory (Couillet and Liao, 2022) and give very general results on the spiked tensor
model that go beyond the specific rank-1 one case. Moreover, we justify the practical use of truncated
MLSVD as an initialization of the HOOI algorithm by showing its optimality in the large N regime.
Although the spectrum of TOTOT, ¢ € {1,...,d}, diverges as N — +oo, we show that its eigenval-
ues (i.e., the squared singular values of T¥)) gather in an interval (1) + 20 y] with p) = L [Ty npr =
©(N%2). More precisely, the empirical spectral distribution of the centered-and-scaled matrix
=T TOT -1 O1, (,] converges weakly to the semicircle distribution on [-2,2] (see Figure 5.3, The-
orem 5.1 and Corollary 5.2). Furthermore, we show that a BBP phase transition phenomenon occurs:
for each singular value of P) (the unfolding of P along mode ¢) which is above the threshold vON,an

5Note that this corresponds to the regime of the algorithmic threshold but, here, our measure of the signal power is HIPH%

d-2 d-2
(and not | P|lg) hence the ®(N 2 ) instead of O(N 7 ).
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Figure 5.2: Alignments between singular subspaces (see Section 5.1.2) of the observation I = oP, +

ﬁN and of the signal P,, with IIfPOIIIZ: = —”"INW, as a function of the signal-to-noise ratio w. The-

oretical alignments (Theorem 5.5) achieved with truncated MLSVD are compared with simulations
and those achieved with the HOOI algorithm. Empirical results are averaged over 10 trials, with er-
ror bars representing standard deviation. Experimental setting: d = 3, (n;, ny, n3) = (100,200, 300),
N =ny1+ny+ngand (r1,r,r3) = (3,4,5).

eigenvalue of TY T)T isolates itself on the right side of the bulk (see Figure 5.3) and its correspond-
ing eigenvector (i.e., left singular vector of T(?)) is aligned with the corresponding singular subspace
of P. The position of the isolated eigenvalue and this alignment are efficiently predicted by Theorem
5.5 (see also Figure 5.3).

As a result, Figure 5.2 plots, for an order-3 tensor, as a function of the signal-to-noise ratio (SNR)
w= IITII%/ o n, the alignments between the singular subspace of the signal P spanned by X©) and the
dominant singular subspace of the observation I spanned by U). Solid curves are the alignments
predicted by Theorem 5.5 while dotted curves are empirical alignments computed on a 100 x 200 x
300 tensor with signal-rank (3,4,5). If the SNR w is too small, there is no alignment, meaning that
truncated MLSVD fails to recover P — the signal is masked by the noise. When it exceeds a critical
value (see Theorem 5.5 and Section 5.1.2 for details), a phase transition phenomenon occurs®: the
alignment starts to grow — i.e., truncated MLSVD now partially recovers » — and converges to 1 as
W — +00.

Besides, Figure 5.2 also plots the empirical alignments between the singular subspaces of P and
those estimated with the HOOI algorithm (De Lathauwer et al., 2000a) given in Algorithm 5, whose
truncated MLSVD serves as initialization. This yields much better alignments, especially close to the
phase transition. In fact, we show in Theorem 5.11 that the HOOI algorithm converges to a solution
to Problem (5.2) as soon as its initialization sufficiently preserves the underlying signal. This provides
new insight into the computational barrier: initialization is the limiting factor here. Had one prior
information on the solution, one could initialize the HOOI algorithm in the right basin of attraction
and still be able to perfectly (i.e., with alignment 1) reconstruct the signal in the regime 1 <« |P||f <«

da-2
N7, which is computationally hard but statistically easy (see details in Section 5.2.1 and discussion
in Section 5.2.2).
In a nutshell, our contributions can be summarized as follows.

61n fact, we will see in Section 5.1.2 that there is one phase transition for each principal direction of the singular subspaces of
P, resulting in Z?:l ry phase transitions. Their positions corresponds to sudden changes of slope in the solid curves of Figure
5.2.
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* We characterize, in the large N limit, the behavior of the singular values of the unfoldings of
the tensor T — denoted T'”), ¢ € {1,...,d} — when it follows the general spiked tensor model
(5.2) (Theorem 5.1 and Corollary 5.2). This is performed through the analysis of the limiting
spectral distribution of the symmetric matrix T TYT using standard tools from the theory of
large random matrices.

* We give a precise condition, depending on a ® (N %) threshold on the signal, for the detectabil-
ity of a principal direction of the ¢-th singular subspace of P from the unfolding T'”). This cor-
responds to the presence of an isolated eigenvalue in the spectrum of TV TYT with associated
eigenvector aligned with the sought singular subspace. We find similar formulae as Feldman
(2023)7 for the asymptotic position of this isolated eigenvalue, as well as the quality of the align-
ment (Theorem 5.5).

* Relying on our random matrix analysis, we characterize the performance of truncated MLSVD
in the reconstruction of the signal P from the observation J (Section 5.1.2).

¢ We show that exact reconstruction of P from J is possible in the large N regime with the HOOI
algorithm (De Lathauwer et al., 2000a) as long as [|P |z > 1 and it is initialized in the right bassin
of attraction (Theorem 5.11). Without prior information, this depends on the detectability of P
in the truncated MLSVD of J, which is only possible above the © (N %) computational thresh-
old. Moreover, as N — +o0o, the number of iterations needed for the convergence of the algo-
rithm converges to 1.

In section 5.1, we present the random matrix analysis of long matrices emerging from the unfold-
ings of tensors following the general spiked tensor model (5.2). These results are presented in the
context of truncated MLSVD and exploited to quantitatively explain its reconstruction performances.
Then, relying on these results, Section 5.2 deals with the numerical estimation of a solution to Problem
(5.1) with the HOOI algorithm. We show its asymptotic optimality and provide insight into the lim-
iting factors for numerical estimation below the computational threshold. We conclude and discuss
our results in Section 5.3. Most proofs are deferred to the appendix.

5.1 Analysis of Truncated MLSVD under the General Spiked Tensor
Model

This section presents a random matrix analysis of the general spiked tensor model introduced in Equa-
tion (5.2) using tools presented in Section 2.1. We give precise results on the spectral behavior of the
unfoldings of the observed tensor J, and specify the achievable performance in the estimation of the
underlying signal P with a truncated MLSVD. Although, as explained in Section 5.0.1, this approach is
only quasi-optimal, it is very easy to implement and represents an excellent “first guess” to initialize a
numerical scheme converging to a solution to Problem (5.1), which is discussed in Section 5.2.

5.1.1 Random Matrix Results on the Model

Under the general spiked tensor model (5.2), we consider an n; x...x ng tensor I = P + ﬁ]\f of order
d = 3, modeling a low-rank deterministic signal P corrupted by an additive Gaussian noise tensor

"Feldman (2023) studies the spiked model associated with long random matrices within a similar framework as Benaych-
Georges and Nadakuditi (2011). Our approach is different in that it mostly relies on a deterministic equivalent which is intro-
duced in Theorem 5.1.
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N whose entries are independent A4 (0,1) random variables®. We denote by (ry,...,rq) the multilinear
rank of P and study this model in the asymptotic regime where N — +oowith ny, = ©(N) and rp, = ©(1),
Celd].

The estimation of P with a truncated MLSVD on T is simply the computation of the dominant
singular subspaces of T. Specifically, U¥) € R"*"¢ gathers the r, dominant left singular vectors of T
—and thus, 0VT0Y = I,,. Then, a low-multilinear-rank approximation of T is J' = [G; O,..., 0@]
with an ry x...xrg core tensor G = T(OWV,...,0@). An equivalent expression explicitly showing that I
is the projection of J on its dominant singular subspaces is? T = [T 00007 g@Dg@T]. Thus,
the quality of this estimation hinges upon the alignments between the singular subspaces of P and

the dominant singular subspaces of J. Namely, denoting a9, for qe € [r¢], the columns of U¥ =

qe’
ﬁié) ... ﬁﬁf) and given that P = [J(; X, ..., X(9], the quantities of interest are | X )TIZE,? |2 since

they represent how much of ﬁfﬁ) is in the #-th singular subspace of the signal P.

In order to understand how the singular subspaces of P are perturbed by the addition of noise,
we study the spectral properties of the unfoldings T) = P + ﬁN @ In fact, since we are only
interested in the left singular vectors of T'¥), it is more convenient to consider the n, x n, symmetric
matrix T TOT . Note that this is different from standard spiked matrix models (Benaych-Georges
and Nadakuditi, 2011) because the second dimension of T'”) grows at a faster polynomial rate than the
first one (O (V! d‘l) versus O (N)). Hence, it is easy to see that the spectrum of TOTOT ghould diverge
as N — +oo: set P = 0y, «...xn, for simplicity and consider the expected mean of the eigenvalues,

1
ne

1
—E
ny

A
AeSpTOTOT

E

1
== ny +00.
N [l;[[ N—+oo

Tr(lN([)N(f)T)
N

Hence, we need to consider instead a centered-and-scaled version of our random matrix TOTOT 19
properly study the behavior of its spectrum. The quantities u%) and o introduced in Theorem 5.1

neither diverge nor vanish but stay at a

below are such that the eigenvalues of ;- [Tw TOT - 071,
®(1) scale as N — +oo.

Theorem 5.1 (Deterministic equivalent). For ¢ € [d], define the following quantities,

o 1 1
Ilﬁv):ﬁnneu ON=— ]_[ ng.
%0 teld]
As N — +oo, if the ratio IIIPII'f:/ on is bounded, then the resolvent of the centered-and-scaled matrix

= TOTOT — O 1, | has the following deterministic equivalent (Definition 2.17), for all Z€ C\R,

~ d 1 -1 _ d 1 1 -1
Y (— [T(’) TOT - p) zn,] - zrn,) —QVaY (_ pOPOT L g,
ON ON m(2)

1 ~
where m(2) d:eleim P Tr Q¥ (2) does not depend on ¢ € [d] and satisfies the following equation,
—+00 Ny

% (2) + zim(Z) +1 =0. (5.4)

Proof. See Appendix 5.A. O

8Regarding this Gaussian noise assumption, the universality result of Gurau (2014) shows that, as N — +oo, the distribution
of a random tensor with i.i.d. entries has the same limit than that of a tensor with i.i.d. Gaussian entries. Moreover, recall our
discussion in Section 2.2.3 on the generality of this assumption.

9In the more familiar matrix case (d = 2), the expression [T; 0 oW g@p@Ty s equivalent to gWgWOTTg@ T,
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This theorem is fundamental. It gives a deterministic equivalent Q')(Z) of the resolvent of the
centered-and-scaled matrix ;- [T([ )TOT — O, |, which is our entry point into the precise charac-
terization of its spectral behavior, following the approach presented in Section 2.3. First of all, notice
that the “scaling parameters” ,u%) and o are respectively ©(N%~2) and © (N %), meaning that the
eigenvalues of T TT grow at a speed N%2 and spread over an interval whose length grows as
v N4-2 and does not depend on the mode ¢.

Moreover, the relation given in Equation (5.4) characterizes m, the Stieltjes transform of the limit-

ing spectral distribution (LSD) of 5 [T(” ITOT - 401, |. We see that this LSD is the same regardless

of the low-rank perturbation P PT  as it is expected that the perturbation should only cause the
presence of a finite number of isolated eigenvalues in the empirical spectral distribution. Notice that,
if P =0, 11,1, n,i» we simply have Q”)(2) = /(2) I, As a corollary, we recover the limiting spectral
distribution of long random matrices, which was first characterized by Bai and Yin (1988).

Corollary 5.2 (Limiting spectral distribution). As N — +oo, the empirical spectral distribution of the
centered-and-scaled matrix 3 [ TOTOT O né] converges weakly almost surely to uisc, the semicir-
cle distribution on [-2,2],
def 1
dusc(x) o [4-x2]"dx.
2n

Proof. Following Equation (5.4), m(z) = % [—z +Vz? - 4] where the + sign is chosen so that 7 satisfies

the properties of a Stieltjes transform, in particular $[z]3[772(2)] > 0 for all Z € C\R. Then, the result
follows from the Stieltjes transform inversion formula introduced in Proposition 2.11. O

This result states that the limiting spectral distribution of # [T(é) TOT u%) IW] is, in fact, the
very-well-known semicircle distribution, first observed by Wigner (1955, 1958) in the study of certain
special classes of random matrices arising in quantum mechanics. It indicates that, as N — +oo, the
density of eigenvalues of T TOT is a stretched semicircle on [p') + 20 y]. This phenomenon is il-
lustrated in the first row of Figure 5.3, where the empirical spectral distribution (ESD) of TOTOT jg
represented with the corresponding stretched semicircle for every mode ¢ of an order-3 tensor of size

300 x 500 x 700 following the general spiked tensor model (5.2).
Remark 5.3 (From Marcenko-Pastur to Wigner). Given arandom matrix X € RP**P2 withi.i.d. A4(0, %)

entries, it is well known that the empirical spectral distribution of XX converges weakly to the
Marcenko-Pastur distribution as p;, p2 — +oco with p;/p2 = ¢ > 0 (Theorem 2.29). On the other hand,
the standard semicircle distribution pgc is known to be the limiting spectral distribution of symmetric
p x p random matrices with i.i.d. (up to symmetry) .4 (0, %) entries (Theorem 2.25). Here, Corollary

5.2 shows that if p, grows at a faster polynomial rate than p;, the matrix XX " behaves asymptotically
(up to a deterministic rescaling and shift) like a Wigner matrix, even if its entries are not independent.
Experimentally, we observe that, if n, and n3 are chosen small compared to n; (in contradiction with
our assumption np, 1z, n3 = O(N)), e.g., (n1, n2, n3) = (1000, 40,40), then the empirical spectral distri-
bution of TW TWT is better modeled by a Maréenko-Pastur distribution than by a Wigner semicircle.
Remark 5.4 (Confinement of the spectrum). The weak convergence of the empirical spectral distribu-
tion to ugc stated in Corollary 5.2 could allow for a negligible amount of eigenvalues to stay outside
the support of the limiting spectral distribution. In fact, in Appendix 5.A.5, we show an even more
precise statement on the global behavior of the eigenvalues of & N N”T (the model without sig-

nal): for all € > 0, there exists an integer Ny such that Dist(# A - ,u%)], [-2,2]) < € almost surely for

all 1€ Sp 4 N NOT as soon as N = Ny. This means that no eigenvalue of # LNONOT O],
stays outside the support of the semicircle distribution [-2,2] almost surely as N — +oo.
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Figure 5.3: Top: empirical spectral distribution (ESD) of TOT)T. The orange curve is the density

of the stretched semicircle on [um + 20 ] (Corollary 5.2). Green dashed lines represent asymptotic

positions of spikes p%) +ONGy, ) (Theorem 5.5). Bottom: Observed alignments between the dominant

eigenvectors of T TOT and P(Z)P([ )T (purple bars) with their predicted asymptotic values (g, O+
(red curve, Theorem 5.5). Experimental setting: d = 3, (11, nz, n3) = (300,500,700), N = nj + ny + n3,
(r1,72,13) = (3,4,5) and [|P|% /o = 15.

The empirical spectral distributions of Figure 5.3 also show isolated eigenvalues on the right side
of each semicircle. They are caused by the low-rank perturbation P which, in this setting, has multi-
linear-rank (3,4,5). The estimate of P given by a truncated MLSVD on J has its singular subspaces
spanned by the dominant eigenvectors of T T()T  i.e., precisely those associated with these isolated
eigenvalues. Hence, a precise characterization of the behavior of these spikes is needed to plainly un-
derstand the recovery performance of this estimate. As explained in Section 2.1, this can be achieved
with the deterministic equivalent given in Theorem 5.1.

Theorem 5.5 (Spike behavior). For ¢ € [d] and q, € [r/], define the following quantities'°,

2 (p)
o0 Sq. P FO = p© 4 and
qe onN qe P NG)

(0= 1
qe [ Pgq,

0)?

As N — +o0, if the ratio ||fP||2 /o N is bounded and p([) > 1, then

and “X(")T w)” a.s. (w)

1
S an (1) - w) 5(/)
ON

where u([) is the q,-th dominant left singular vector of T,

Proof. See Appendix 5.B. O

The first quantity defined in this theorem, p(ql?, should be understood as a signal-to-noise ra-

tio (SNR). Indeed, the squared g,-th singular value of P (i.e., the g,-th eigenvalue of PO P)T),

10We recall that the notation s; (A) denotes the i-th singular value of A in non-increasing order.
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s,zi . (P, measures the “strength” of the signal in its g,-th principal direction, whereas oy measures

the spread of the noise, as seen in Theorem 5.1. The two quantities & (q‘? and ¢ (q? depend only on

the value of this SNR and indicate respectively the position of an isolated eigenvalue in the sprec-
trum of TWTOT and the alignment of the corresponding eigenvector with the sought signal. In fact,

we observe a phase transition phenomenon: if the SNR is large enough, i.e., if pﬁfl) > 1, an eigen-

value of T TT isolates itself from the semicircle'! around ) + o n¢ (fi). Moreover, recalling that

P = [FH;XD,..., X D], the eigenvector associated with this isolated eigenvalue is aligned with the
subspace spanned by X©), which is the ¢-th singular subspace of P. The quality of this alignment is
given by 0 < (ﬁf; <1

Most importantly, this result reveals the non-trivial regime for the estimation of P with a truncated

e
MLSVD. Since oy = O(N“7"), it shows that P2 = Z;"Fl sfn (P)) must also be of the same order.

Indeed, if ||T||12: <N a2 , then pgﬁ) — 0, the SNR is too small and no signal can be recovered, whereas if
IIfPII% > N %, then pfﬁ) — +oo, the SNR is very high and recovery of P is easy. It is precisely between

these two regimes, i.e., [Pl = O (N ¥), that the recovery is non-trivial. Note that this observation is
in line with the results of Ben Arous et al. (2023) and Zhang and Xia (2018). In this non-trivial regime,
the quantities { (,f[) given in Theorem 5.5 precisely quantify how well the dominant eigenvectors of
TOTOT are aligned with the sought signal, i.e., the singular subspaces of 2. In section 5.1.2 below,
this result is used to study the reconstruction performance of truncated MLSVD.

Remark 5.6 (Link with the spiked Wigner model). The expressions of & Ef; and ¢ Efl,) given in Theorem
5.5 are similar to those given in Corollary 2.28 for the spiked Wigner model. Indeed, given a symmetric

p x p random matrix W with i.i.d. (up to symmetry) .A4'(0, %) entries, the spectrum of [pxx ' + W] with
x|l = 1 follows a semicircle distribution as p — +oo with an isolated eigenvalue at p + % if, and only

if, p > 1 (Féral and Péché, 2007; Edwards and Jones, 1976; Fiiredi and Komlés, 1981). Moreover, the
corresponding eigenvector u is such that (x, u)? — 1 - p_12 almost surely as p — +oo (Benaych-Georges

and Nadakuditi, 2011). As discussed in Remark 5.3, up to a deterministic rescaling and shift, TV ()7
asymptotically behaves like a spiked Wigner matrix.

Theorem 5.5 is illustrated in Figure 5.3. In the first row, asymptotic positions of isolated eigenval-

ues u%) +on¢ ﬁf; are represented by the green dashed lines. In our experiment, P has multilinear rank

(3,4,5). Hence 3, 4 and 5 isolated eigenvalues are expected in the spectrum of TOTOT for ¢ = 1,2
and 3 respectively. This is indeed the case for ¢ = 1 and ¢ = 2 but not ¢ = 3 where there are only 4
spike eigenvalues. In fact, s5(P®) is not “energetic enough” to extricate itself from the bulk of eigen-
values, i.e, the SNR pé?’) is below the phase transition threshold. Hence the fifth dominant left singular
vector of T® is not informative as it is not aligned with the third singular subspace of P, spanned
by X®. The second row of Figure 5.3 depicts the alignments of the spiked eigenvectors ftiﬁ) with the
corresponding singular subspaces of P as well as the asymptotic alignment given by Theorem 5.5 as
a function of the position of the associated eigenvalue. It appears that the higher is the SNR pgﬁ), the
farther is the isolated eigenvalue from the bulk and the more is the corresponding eigenvector aligned
with the span of X“). This assertion can be intuitively understood in terms of “energy” s%, (P“)) of
a given principal direction. More energy pushes the eigenvalue farther from the bulk and aligns the
corresponding eigenvector with the corresponding singular subspace of P.

11 ) £(0)
Indeed, note that py, >1 = ¢,/ >2.
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5.1.2 Reconstruction Performance of Truncated MLSVD

Our random matrix results allow to accurately study the reconstruction performance of truncated
MLSVD. Given a data tensor J following the general spiked tensor model (5.2), we consider its low-
rank approximation J = [G; OV, ..., 0@] where U is the ny x r, matrix whose columns are the r,
dominant singular vectors of T and § = T(0W, ..., 0@). J is the projection of T on its dominant sin-
gular subspaces, hence the name truncated MLSVD as it generalizes the truncated SVD of matrices.
Given Model (5.2), the underlying signal estimated by TisP = H;xW,...,x (d)]]. The reconstruc-
tion performance of J hence depends on how well the subspace'? spanned by U) estimates the one
spanned by X¥),

Metrics between singular subspaces are often expressed in terms of principal angles (Bjorck and
Golub, 1973; Stewart and Sun, 1990, I1.4), which generalize the concept of angle between lines. Given
two subspaces (here, Span X ) and Span U9), one can define a set of mutual angles which are invari-
ant under isometric transformation.

Definition 5.7 (Principal angles). The principal angles 057? € [0, 5] between the subspaces spanned by
X and 0¥ are recursively defined for g, = 1,..., 1, by

) _ :
cos,, = (xq,, ug,) with (xg,,u,)€ argmax  (x,u).
(x,u)ESpanX([) xSpan oo
xTx% =0, uTuq/I:O, 1<q,<4qr

Moreover, we have the following useful property.

Proposition 5.8 (Bjorck and Golub, 1973). The q,-th singular value of X'YT0© in non-increasing
order equals the cosine of the q,-th principal angle,

o XOT0V)=cos0),  Celd)l, qrelr.

In fact, information about the alignment between the subspaces induced by X©) and U are
contained entirely in the ry x r, matrix X OTGW . Following Definition 5.7, we know from Theorem

5.5 that, as N — +o0, cos? 9;? [((8) almost surely , since pff; >1 < (ff;

Proposition 5.8,

> 0. Hence, using

1 4 +
”XWU“) H Z cos?6lf) 2 — 3" [¢f) (55

qe
N—+o00 T[q_l

Therefore, the quantity = -1 X OTPD)2 € [0,1] appears as a relevant measure of alignment between

the singular subspaces of P and J and does not depend on the chosen orthonormal bases X¥) and
U9, More details on metrics between subspaces can be found in Stewart and Sun (1990, 11.4).

In Figure 5.2 are represented the alignments between the singular subspaces of F and P = VoP,
with |P.|I2 = o as a function of the signal-to-noise ratio w. The fact that 1P, 112 = oy ensures that
the estimation problem is non-trivial (neither too easy nor too hard) as pw) ©(1). Plain curves are
the alignments given by Theorem 5.5 as N — +oo (right-hand side of Equation (5.5)) whereas dotted
curves are simulation results at finite N (left-hand side of Equation (5.5)). In this setting, P, has mul-
tilinear rank (3,4,5). Hence, its “energy” || P, 12 is spread among 3, 4 and 5 directions along modes
1, 2 and 3 respectively. Each break in the plain curves correspond to a value of w such that p([) =1,

12The object of importance is indeed the subspace and not the matrix U/ @ since any other matrix U 000, with 0¥ € 6, (B,
would span the same subspace and therefore give the same approximation.

13 : ) ) : i 2 : ot
Indeed, since (1 =>...= ( , observe that, in Definition 5.7, <xqé,, uqé,) is asymptotically bounded by (W
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that is, w = o N/sf] v (PCE[)). In other words, there are r, phase transitions along mode ¢ whose posi-

tions depend on the singular values of Py). If w is too small (here, w < 2), truncated MLSVD fails to
recover any direction of the singular subspaces of P,. As w passes the first phase transition (here, at
w=opn/ sf(Pé”) =~ 2), afirst principal direction is partially reconstructed. Then, more and more phase
transitions occur, corresponding to more and more principal directions being recovered as w grows.
Simultaneously, the reconstruction of previous directions keeps improving. Eventually, as w is large,
subspace alignments approach 1, indicating that truncated MLSVD accurately recovers the singular
subspaces of P,.

The reader has not missed the dashed lines in Figure 5.2 showing much better subspace align-
ments than truncated MLSVD. They result from the numerical estimation of the best rank-(3,4,5) ap-
proximation of J with the HOOI algorithm, which is discussed in the next section.

Remark 5.9 (Reconstruction of J(). Guarantees on the recovery of the core tensor JH can be deduced
from Theorem 5.5 as well. Without loss of generality, we can assume that X7 U¥) is, up to an almost-
surely vanishing additive term, a diagonal matrix with entries m,...,( (r? (otherwise replace U by
00" for a well-chosen orthogonal matrix 0¥)). Then, § = T(@Y,...,0@) is the corresponding

estimator of H and

G=FCr - N@W,...,.0@) with F= ﬂfJ{; oVTxW 0‘d)TX‘d)ﬂ.
VN

We will see in Lemma 5.10 below that || ﬁN(lA]m, .., 0@y lg = © (1) almost surely as N — +oo. On the

other hand, we know that |JH|g = |Plg = @(N%) > 0 (1) as soon as d = 3 and the entries of F are
proportional to those of H:

d
i 0
:qu,...,qd = g'(ql,...,qd l_[ C(q[) +€L]1,...,qd7 [ € [d]) QZ € [r[])
/=1

up to an almost-surely vanishing additive term e, .. 4, as N — +oo.

Moreover, regarding the reconstruction of J, we know from De Lathauwer et al. (2000b, Property
10) that

N2 d ny ) ’ d ) Iy ’ ¢
|7-7]. <X ¥ Sa=Yimi- ¥ a9
0=lip=rp+1 /=1 qr=1

2

and the asymptotic behavior of s,

. (T([)) is given by Theorem 5.5.

5.2 Numerical Estimation of the Best Low-Multilinear-Rank
Approximation

In search of an efficient estimator of the planted signal P, one naturally considers the best low-
multilinear-rank approximation of J, that is, a solution to Problem (5.1). As explained in the intro-
duction, this is NP-hard in general but numerical schemes can compute it in polynomial time above
the computational threshold (Montanari and Richard, 2014; Zhang and Xia, 2018). In this section, we
examine the most standard of these numerical schemes, namely the Higher Order Orthogonal Itera-
tion (HOOI) algorithm (De Lathauwer et al., 2000a; Kroonenberg and de Leeuw, 1980; Kapteyn et al.,
1986), and discuss the numerical difficulties faced in the computation of a solution to Problem (5.1).
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5.2.1 Higher-Order Orthogonal Iteration

Following De Lathauwer et al. (2000a, Theorem 4.2), the maximum likelihood estimation formulated
in Problem (5.1) is equivalent to

1 2
(U",....u") e argmax —Nfr(U(”,...,U(d’)“ (5.6)
U(Z)EV,[ (R™), ¢e(d] 2 F

where V;,R™) = ({UY e R | yOTy® = 1.} is the set of r; x n, matrices with orthonormal
columns, known as the Stiefel manifold (Chikuse, 2003; Absil et al., 2009). Then, since the Frobenius
norm of F(WW, ..., U?) is equal to the Frobenius norm of any of its unfoldings,

U([)T T([) & U([’)
O£

“:T(U(”,...,U(d))HFz teld.

F

And we see from Problem (5.6) that Uff) is the matrix gathering the r, dominant left singular vectors
of TOX >, Uff ). This is precisely what motivates the HOOI algorithm presented in Algorithm 5. It
performs fixed-point iterations to compute a solution US), oo Uid) satisfying the previous property'.

Algorithm 5: Higher-Order Orthogonal Iteration (De Lathauwer et al., 2000a)

for/=1,...,ddo U(()g) — ry dominant left singular vectors of TO

repeat
!
‘ for¢=1,...,d do U, — r, dominant left singular vectors of T) X1, U""

until convergenceat t =T
Snoor — TWY,..., U

The HOOI algorithm is initialized with U\", ..., U(gd), the truncated MLSVD'® of J. Given the results
of Section 5.1, this is indeed a very good and easily computable first guess. Then, fixed-point iterations
are repeated in order to find a solution UV, ..., U,((d) such that U,(f) spans the left r,-dimensional dom-

inant singular subspace of T® Xerze U)(f,) for all ¢ € [d], which corresponds to a solution to Problem
(5.6). In practice, the stopping criterion can be chosen as a negligible change in the norm of the esti-
mated core tensor, IIiT(Uﬁl), s U;d)) Ilg.

Xu (2018) showed that the convergence of this algorithm towards a local minimum of Problem
(5.6) is guaranteed as long as its initialization is sufficiently close to this local minimum. In light of
our previous results, we can provide further insight into this “sufficiently close” property. Indeed,
in Theorem 5.11 below, we show that an initialization with non-zero alignment with the signal P is
sufficient to ensure that the HOOI algorithm perfectly reconstructs it after a single iteration.

Before introducing Theorem 5.11, we formulate an important preliminary result which essentially
states that, given A“) €V, (R"), ¢ € [d], the quantity \/LN INAWY,..., AD)|g is almost surely bounded
as N — +oo.

Lemma 5.10. With probability at least1 -0,

d re+1
Y relne- 5

/=1

2
sup HN(A“),...,A“”) H <16
AVeV,, R"?), Leld) :

Cd 1 1rd
log —— +1og| = 1,e2 =y el )
) og log3 og( max( ez'le=1 ) ]

where C > 0 is a universal constant.

141n fact, this property corresponds to first-order optimality conditions of Problem (5.6), with the squared singular values as
Lagrange multipliers.
15C0nsistently with the notations of Section 5.1, this is O, ... s @,
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5.2. Numerical Estimation of the Best Low-Multilinear-Rank Approximation

Proof. See Appendix 5.C. O

This result is crucial to handle the behavior of the noise in our analysis of Algorithm 5 (Appendix
5.D), which leads to the following result on the alignment between the singular subspaces of the sig-
nal P (spanned by X « )y and those estimated from the observation T after the first iteration of HOOI
(spanned by U{[)).

Theorem 5.11 (Asymptotic optimality of HOOI). As N — +oo, if [Pl > 1 and

min
Celd], qpelry]

:P(U(l) X (q[[)' U(d))” L > ”?”1/2

where xw) is the gy -th column of X'©, then,

1 2 P
— ”X([)T v ” =1+0 IPlle almost surely.
re Pl Ly

Proof. See Appendix 5.D. O

It is important to carefully understand the assumptions of Theorem 5.11. Firstly, it assumes that

IPllg > 1 as N — +oo, that is, the signal is not necessarily in the non-trivial regime @ (N %) but
can be smaller or bigger as long as | Pl — +oo, regardless its speed. Then, the second assumption
IIfP(U(l), L X Ef;), U(d))IIF > IIiI’Il”2 means that each principal directions of the ¢-th singular sub-
space are sufficiently preserved after contraction on {Uém }er2¢. When these assumptions are verified,
Theorem 5.11 states that the matrices U{l), e U{d) computed after the first iteration of HOOI perfectly
reconstruct the singular subspaces of the sought signal P as the dimensions of the tensor, ny,..., ng,
grow large. More formally, as N — +oo, the alignment %IIX @ )TUI([) ||12: approaches 1 almost surely.
Furthermore, the speed of this convergence behaves like | P||g/ L2

Theorem 5.11 does not assume a particular choice of initialization U.”, .,Uéd) and gives a suf-

ficient condition for it to ensure the convergence of the algorithm. Nevertheless, as it is presented
in Algorithm 5, truncated MLSVD is a standard choice of initialization. In this case, the assumption
Ly = O(|IP]) is verified as soon as enough principal directions are recovered. According to Theorem
5.5, this is only possible if [P = \/oN = @(N r ) since a necessary condition is pm >1forall ¢ € [d],
while a sufficient condition is pw) > 1forall ¢ € [d] and gy € [d]. In other words, convergence at speed
||fP||F as assured above a critical signal-to-noise ratio lying between the first and the last phase tran-
sition of each mode, and which depends on the particular structure of the core tensor J. Yet, in most
cases, this happens quite early, right after the first phase transitions, see for example Figure 5.2.

We emphasize the fact that the assumption of Theorem 5.11 can already be verified as soon as
ming pgé) > 1. That is, there is no need for all the principal directions to be reconstructed at initial-

ization. In fact, it could very well be that max, pm

< 1. If the singular subspaces of P are sufficiently
preserved with the initialization U(l) Uéd) —ie., if Ly > |PY2 —, then the other principal direc-
tions still emerge after the first iteration.

In the simpler rank-1 case, these technical considerations vanish and we recover the result of Feld-
man and Donoho (2023, Theorem 4.2): if P = Bn Qe(a) x© then a necessary and sufficient condition
for Ly = O(IP|g) is simply ﬁz > op. Indeed, p(l) ﬁN/aN for all ¢ € [d]. Moreover, when this as-
sumption if verified, Theorem 5.11 ensures the asymptotic exact reconstruction of x,...,x@ in a
single iteration with a |P||;! = B speed of convergence.
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Initialization First iteration First iteration (rescaled)
! A\ 1 W 0.4
0.8 7‘1 WM}»WM 0.8
} } 0.3
0.6 [ W] 0.6
0.4+ Mode ¢ — 1 2 3 0.4 0.2
0.2 Observed — —_ 0.2 0.1 4
Predicted - - -- : M’\N\Ww
0 T T 0 T T T T
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
N N N

Figure 5.4: Alignments between singular subspaces of the observation I =P + ﬁj\f and of the signal
P, with IITPII%/ oy = 10, at initialization of Algorithm 5 (i.e., truncated MLSVD) and after the first iter-
ation, as a function of the size of the tensor given by the parameter N. Left: % [ xOT Ué[) I1%. Middle:

%[IIX([)TUI([) . Right: (l—ri[IIXmTU{[) I2)x /o n. Experimental setting: d =3, (3,72, ) = (3,%,3),
N =n; +ny+ngand (r,r,13) = (3,4,5).

Remark 5.12 (Practical implications). In practice, one should still run several iterations of Algorithm
5 until a certain stopping criterion is verified as this effectively improves the final estimate and con-
verges to a solution to the maximum likelihood estimation (5.1) (Xu, 2018). Theorem 5.11 states that
the reconstruction performance of HOOI after the first iteration increases as we consider larger ten-
sors, until it reaches perfect recovery in the large N limit. In other words, the number of iterations re-
quired to achieve a specific level of accuracy in maximum likelihood estimation tends to 1 as N — +oo.

Theorem 5.11 is illustrated in Figure 5.4. As a function of N — the size of the tensor — we represent
the subspace alignments observed at initialization and after the first iteration for a fixed signal-to-
noise ratio II?II%/ oy = 10. The left panel compares the observed alignments achieved with truncated
MLSVD (initialization of Algorithm 5) with the asymptotic alignments predicted by Theorem 5.5. As
N grows, the observed alignments remain around their asymptotic values, with only a decrease in
variance. The middle panel presents the alignments after the first iteration. Here, as N increases, we
observe an increase in the values of the alignments, which approach 1, consistently with Theorem
5.11. This is specified in the right panel where the value (1 — r—lz IIX([)TU{Z) ||12:) x /o is plotted. Ac-
cording to Theorem 5.11, this value should be & (1) since Ly = O (|Pllg) = ©(y/on) here. The observed
behavior confirms the IIfPIII; 1 speed of convergence asserted in Theorem 5.11.

5.2.2 Discussion on Signal Reconstructibility

Our results on truncated MLSVD (Section 5.1) and HOOI (Section 5.2.1) bring insight into the compu-
tational-to-statistical gap observed in the low-multilinear-rank approximation problem. Truncated
MLSVD can only work efficiently if | P||f is at least © (N %) and its reconstruction performance has
been discussed in Section 5.1.2. However, Theorem 5.11 suggests that it is possible to perfectly recon-
struct the signal P from the observation J as long as || P||g > 1 and HOOLI is accurately initialized. Yet,
it is known that, without prior information on P, maximum likelihood estimation (5.1) is NP-hard be-
low the ® (N %) computational threshold (Zhang and Xia, 2018), which lies precisely in the non-trivial
regime of truncated MLSVD.

In fact, what can be understood from Theorem 5.11 is that it suffices to have an initialization Ué[),
¢ € [d], slightly aligned with the underlying signal P to be in the right basin of attraction and allow
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the convergence of Algorithm 5 towards a solution to Problem (5.1). This complements the results
of Xu (2018) on the conditions of convergence of HOOI. Furthermore, a solution to Problem (5.1) is
aligned with P as soon as ||P| g = ©(1) (Ben Arous et al., 2019; Jagannath et al., 2020; Zhang and Xia,
2018). Hence, as the HOOI algorithm is meant to compute a maximum likelihood estimator, with the
assumption | P||g > 1 made in Theorem 5.11, it is expected that these iterations allow to perfectly
recover the signal asymptotically. Maximum likelihood estimation is indeed (theoretically) trivial if
|Pllg — +oo. It is more surprising however that this already happens at the first iteration.

As said previously, the choice of initialization Ué[), ¢ € [d], does not matter in Theorem 5.11. In fact,
without prior information, a truncated MLSVD is the best choice as it allows to partially reconstruct
the signal at the © (V %) computational threshold. Nevertheless, had one prior information allowing

such a reconstruction in the regime 1 <« P <« N ‘7 __ where truncated MLSVD would not be fruitful
—, HOOI would still be able to perfectly reconstruct the signal P given this initialization.

Hence, HOOI initialized with a truncated MLSVD, as it is presented in Algorithm 5, allows to nu-
merically compute a maximum likelihood estimator (solution to Problem (5.1)) but only above the
phase transition of truncated MLSVD. Indeed, its initialization plays a determining role: it must place
Ué[), ? € [d], in the right basin of attraction, which, without prior information, is only possible above

the O (IV ¥) computational threshold.

Finally, we highlight the fact that these results concern the large N limit. In practice, it makes
no sense to talk about ©(1) or O (N %) regimes at finite N. Figure 5.2 also depicts the subspace
alignments achieved with the maximum likelihood estimator computed with Algorithm 5 on J =

VoP., + \LFNN. Although |Ps|lr = /oN = O(N 43), HOOI does not achieve perfect recovery of P as
one might expect from Theorem 5.11 (even if several iterations were performed here). In fact, at fi-
nite N, perfect recovery is not feasible. But, as NV grows, the dashed line would approach 1 above the
(computational) phase transition determined by the truncated MLSVD and stay close to 0 below.

5.3 Concluding Remarks

The analysis presented in this work yields theoretical and practical insights into the estimation of a
low-rank signal from an observation ' = P + ﬁj\f following the most general spiked tensor model.
While Zhang and Xia (2018) gave a general overview of the different regimes governing the estima-
tion of P with a low-multilinear-rank approximation of I — thereby confirming the existence of a
computational-to-statistical gap —, our results shed light on the non-trivial aspects at stake around
the ® (N %) computational threshold. This is of particular importance as practical applications lie in
this non-trivial regime where signal and noise have the same magnitude and must be decoupled. In
particular, truncated MLSVD and HOOI are very standard and efficient algorithms to compute low-
multilinear-rank approximations. Performances of the latter rely strongly on the quality of its initial-
ization, which is usually performed with a truncated MLSVD in the absence of prior information. This
approach allows the detection of the underlying signal as early as the computational threshold con-

da-1
trary to other methods such as AMP or tensor power iteration, which are efficient above a (N 2 )
algorithmic threshold (Montanari and Richard, 2014).
Relying on standard tools and methods from the theory of large random matrices, we have char-
acterized the spectral behavior of the unfoldings of J in the large N limit. Specifically, our first main
result shows that, when properly centered and scaled, the eigenvalues of T’ TYT asymptotically

follow a semicircle distribution. The rescaling exhibits their mean ,u%) = O(N%2) and a quantity

onN=0(N %) governing their spread. From our denoising perspective, o indicates the strength of
the noise. Indeed, while the global behavior of the eigenvalues is controlled by the noise, the addition
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of a low-rank signal causes the presence of a finite number of eigenvalues outside the limiting semi-
circle distribution with corresponding eigenvectors aligned with the singular subspaces of the sought
signal P. Yet, the existence of these outlier eigenvalues hinges on the values of the signal-to-noise
ratios pifg) = sf] ’ (PY) /0, manifesting a BBP phase transition phenomenon. When they exist, the po-
sitions of these isolated eigenvalues and the quality of the corresponding alignments are completely
determined by pff;. These results justify the use of a truncated MLSVD to estimate P from the obser-
vation J and allow the precise characterization of the achievable reconstruction performances in the
non-trivial regime, i.e., close to the computational threshold. In particular, we have seen that each
singular value of P\ determines the position of a phase transition corresponding to the detectability
of the corresponding principal direction.

Although truncated MLSVD does not yield the best low-multilinear-rank approximation —i.e., a
maximum likelihood solution —, it serves as an excellent initialization to the HOOI algorithm, which
converges to such an estimator if it is initialized sufficiently close to it (Xu, 2018). In fact, we precise
this last assertion by showing that, as long as the initialization preserves the singular subspaces of P in
a sense precised in Theorem 5.11, HOOI converges to a maximum likelihood solution in a number of
iterations which tends to 1 as N — +oco. Hence, when it is initialized with a truncated MLSVD, it shares
the same phase transition, whose position depends on the singular values s;’? (P) of the unfoldings
of P. Yet, given prior information, HOOI can still reconstruct the maximum likelihood solution below

the computational threshold | P||g = O (N %), where its success depends entirely on the quality of its
initialization.

This work gives a comprehensive understanding of the low-multilinear-rank approximation prob-
lem near the computational threshold, which has both practical and theoretical implications. Besides,
from a theoretical perspective, the behavior of the maximum likelihood estimator is still unclear near
the statistical threshold — that is, in the regime where |P||z = ©(1). Several works have studied the
rank-1 symmetric case (Ben Arous et al., 2019; Jagannath et al., 2020) and the approach developed by
Seddik et al. (2022) in their analysis of the rank-1 asymmetric case may be an attractive direction to
consider. Relying solely on classical tools from random matrix theory, they bring the study of the best
rank-1 tensor approximation down to that of a structured matrix defined from the contractions of the
data tensor on its dominant singular vectors. Extending this procedure to our general spiked tensor
model (5.2) presents no conceptual difficulty, despite being computationally cumbersome due to the
multiple dimensions of the singular subspaces. It is an interesting line of investigation to refine our
understanding of the statistical limits to low-rank tensor estimation from spiked models.
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5.A Proofof Theorem 5.1

The resolvent of TWTT is defined forall ze C\Sp T TOT as
def -1
Q% (Tw) TOT _ZIW)

We will often drop the dependence in z to simplify notations.
Since Q([)‘IQ([) =1I,, and TO =pO 4 \/LNN([)’ we have,

1
O OT o) O pOT ) o _
pPOTOTQ +WVN rTQ¥ -2QY = 1,,,. (5.7)
5.A.1 Expressions with Stein’s Lemma
Using Stein’s lemma (Lemma 2.18), we find the following expressions.
[E[P(”) Tw)TQw)] _ [E[P(I)P(Z)TQ(I)] _ %[E[P([) TOTQO T Q® 4 p©) T(Z)TQM)Z], (.8)

[E[NmT(QO]:% [Qm] \/_[E[(ng+1)Q(f)+z(Q(é)2 Qw)TrQw))] (5.9)

Derivatives of Q)  Firstly, we need to show that

@]
aQa,b _ _L(
aN" VN

Qm]d,b * [ Q([)) (5.10)

Indeed, using the fact that 0Q\© = —QWa(T VO TOT)Q¥), we have,

Q) T oTOT
2h _lo0ll_ 7 TOTQO| _|oOr® QY
GNc’d 6N b od b

; 0) — p0) L _1_pr(0)
and, since T’ =P +\/NN ,

®
09T _ 10T oo

~UN Qw)]d,b’

a,b

aTOT ¢
Q(f)T([)_Q( ) =—|Q
[ oN") \/N[
) a,b

) T([)] Qw)
c,b’

Proof of Equation (5.8) Since T\¥ = p( 4 ﬁN ) we have,
EPOTOT Q) = [ pOpOT QO]+ _LE[pO NOT Q).
VN
To deal with the rightmost term, we successively use Stein’s lemma (Lemma 2.18) and Equation (5.10).

l’#i Ny ng

ElpOnOT m] - [Pw) N®Q w)
"], = % ¢
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ey np 0 (é?
_ f;éXZ: [% ([) Ql,]
o)

6Nl,k

1 Hezene ne

__ (é) O pOT o
- = & yepef[re”], |

k=1

[y
_\/LN “Zg ‘ ""[E[Pw)[Qme] 0
k=1

1
- [E[P(mTw)T O 0® 4 pOTOT (m] )
VN Qe ? i

Proof of Equation (5.9) We proceed similarly with Stein’s lemma (Lemma 2.18) and Equation (5.10).

[E[N“) Tw)TQw)] B

Hegehe ne o o o) )
= Z Z[E[Ntlek
[yt s npr ([) (Q
~ o'#0 My nz OT o, (f)a L]
= ) (z)Q ©
k=1 1:1 0 aN
_Hezene ne [ % 1 Hﬂi’nwﬁ Q0 TOT Q0
fieatelgo], - L8 $elrnag[rmac],
N k=1 I=1

1 Megene "" O[O @] O
_ [E[T [Q T ] Q¥
VN kz::1 "

[erze ne ¢ 1 0 () p(OT o€ ¢ O m(OT o€
=_[E[Q( )]. ___[E[Q( ' TOTOTQO 4 QO T TOTOT )]_ .
VN VN i

Since TVTYT Q) - z2Q¥) = I,,,, we find the result stated in Equation (5.9).

5.A.2 Asymptotic Behavior of the Resolvent

Taking the expectation of Equation (5.7) and injecting Equation (5.9) yields
O 0T o0, ezene ow]_1 G 02 ) G o] _
[E[P TOTQ ]+ = [E[Q ] N[E[(ng+1)Q +z(Q +QOTQ )] z[E[Q ]—IW.
We rearrange this expression into the more convenient following form,

1
+|z+ E[Q©] + 1., :—N[E[Q([)+ZQ([)2] +E[POTOTQY].

I’l[[E Q([) TIQ([) ng—]'[[/# n;;) [
n N
l

Here, the divergence of the spectrum of T TYT becomes problematiC' its resolvent Q) vanishes
asymptotically, allowing the presence of the diverging coefficient ~ [0 ne inthe previous equation.
To bypass this difficulty, we proceed to a rescaling,
-1

=onQ"“(2),

2= —,

&) ) p(OT 0)

z— T - I

LA Qe )def( il ”f—zm)
ON

(Y
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1 1
with ﬂ(l) = Ny ON = — H ny.
N )
N 040 NV sejay

This changes our equation into

) 5 N0 @)
+0NZn ~n IT ny — 129 Npr ~
By 7 on= B PG N L e TR [E[Q(”]un
oy N ny ON oNN
1 'um 1
- E|QY + |2 42|92 + [E[P“) TOTQO|.
UNN ON ON
Q)

12— i TrQ'“)(2), the Stieltjes transform of the empirical spectral distribution of
p©

. With this definition, and using the fact that £ 'Il\f = 1, we can rewrite the
N

Let us define m N

ON

1 [Tw) TOT 4O,

previous relation as
[E[ﬁa%)(Z)éw] +Z[E[6‘”] +IW_UL[E[PM)T(@T6<Z)]
N
- elmtnjor)- 2 L] L fer] o

where we have kept only the non-vanishing terms on the left-hand side.

5.A.3 Concentration of Bilinear Forms and Traces

Let us show that E[Q'”] is a deterministic equivalent of Q¥ (Definition 2.17). That is, for all bounded
(sequences of) vectors a, b € R’ and matrices A € R"¢*",

a’(Q“-E[@”])p—*~0  and lTrA(Q(” E[Q@]) —=2—o.

N—+o00 N—+o0

To that end, we use the Poincaré-Nash inequality (Lemma 2.19) to prove that

Var(aTémb)Sévllallzllbllz[E[”ém”4HT([)H2 6.,

E |uT(6“)—[E[6")])

——llal?IblI*E
2
crNN

N

o(o-cl0 [ |l

=0;(N"?)
4

and Var( Tr AQ([))
No N

oo | || = o0

Then, we conclude with Lemma 2.20. The computations are similar to those performed in Section
2.3.1 therefore we skip them for brevity.

5.A.4 Expansion of the Mean Empirical Stieltjes Transform

Let Q¥ denote the resolvent of |y NONOT - p91,,|. Using the resolvent identity (Proposition
2.21), we can see that nif Tr(Q(()[) - Q([)) = 62 (N1 therefore the low-rank perturbation P does not
change the limiting spectral distribution and we can consider P(¥) = 051/ x[1y1 ., n, from now on.
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Applylng 7, 1T to Equation (5.11) and using the fact that - Tr Q2 = m([)’ as well as E[m (m(z)]
ELAO (P +Var(0 (2) with Var(70 (2) = 0,(N2), we find

[E[rTa%)(Z)]2+Z[E[ﬁz%)(Z)] +1

G
1
__ ”f[E[ww)z(szw)(Z)] '“1; [~(l)/(z)]+@> (N-MnE2) (512
ON N UN

where the 0, (N~ min(£.2)) stems from oy = O (N2 ). We know that the Stieltjes transform msc of the
Wigner semicircle distribution on [-2,2] satisfies méc (2)+zZmgsc(2)+1=0"forall Ze C\[-2,2] (see

Section 2.2.1). Let us subtract this relation to Equation (5.12) and factorize by [E[fﬁ%) (2)] — msc(2)
using the relation a® — b? = (a— b)(a+ b).

[E] 0 @] - msc@) ([ A% @] + msc @ + 2)
—L%E[Eﬁ’t%)z(znm‘”(z)] Ly [E[~W(z)] +O,(NTINED),

) S
z+mgc(D)+EIMY (2)]

Igw)(z)|<|\s[z+msc(z)+[E[ O@117! <13z|"! therefore

Let gm Z— . Since, mgc and E[m N)] are Stieltjes transforms (Corollary 2.9), we have

E|m 2)| - msc()

([)
1n in(4
(O, = 0|~ ~ (02 (4] My ~ (0) (5 - (5,2)
i (Z)[EW[E[zm @ +m{ (z)] = [y @] | o, mnED) (513)
=g\ (2 )iﬂm[zm“’”(zum“’)(z)]+@(N ) (5.14)
N ON N
= 0, (N™in(F* D) (5.15)

Notice that the dominant term in the difference [E[ﬁa%)(Z)] — mgc(Z) differs depending on whether

d=3,d=4o0ord=5Dbecause oy = @(N%). The higher d, the faster the convergence of the empir-
ical spectral distribution to the semicircle distribution. Indeed, at this point, Equation (5.15) already
shows the pointwise convergence of [E[m( )(2)] to msc and therefore the weak convergence of the cor-
responding distributions (Proposition 2. 10) Yet, in order to show the confinement of the spectrum
below, we need an explicit expansion of [E[ﬁq%) (2)] with all the terms not dominated by N ~1 which we
state in the following lemma.

Lemma5.13. E[m\(2)] = msc(2) + h\(2) + O, (N~ min($.,2)) itk

0 () = 7O 02 (02, o (0)= 1 NN msc(Z2)
i =Ty )( N(ZtN (@+iy (Z)) N 02, Z+2msc(2)

~ 2 i~ -
-1 1 ny 2mg-(2) + msc(Z)
where T([)(Z) ( — = SC

Z+2msc(2) on N (Z+2mgc(2)?

1 n, 2m2.(2) + msc(2)
and t](\f)(Z) msc(Z) — — S¢
onN N Z+2mgc(2)
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5.A. Proofof Theorem 5.1

Proof. Firstly, with the Poincaré-Nash inequality (Lemma 2.19), we can show that

ng Hprge e

var(m\' (2)) < Z Z 1

— 2
1 aTrQ(Z)Z §
I’l[U N2

ny aNlF”]?

[letwer] oo

Taking nlf Tr of Equation (5.11) with P©) = 0,, ¢xT1,r .0 np and differentiating with respect to the complex
variable Z under E (which is possible because the integrand can be upper bounded on every compact
subset of C\R), we find

E|(2m @+ 2)m{"2) + m 2

(5.16)

o _ Oos
L e '“N 2 monz 2m'Y'(2)
= N my (z)———|.

oN

m?z) +2zm @m? (2) + m;{;”(a) e

N
Then, since Varm((2) = 0,(N"?) and Varm{”'(2) = 0,(N"?), we have E['0%(2)] = Elm (2)1 +
@ (N~2) and E[/n ~("ﬂ) (z) ~(‘])’(z)] = [E[ﬁ’tw)(Z)][E[ﬁ@(”ﬂ)’(z)] +@_(N 2 (using the Cauchy-Schwarz inequal-
ity to upper bound the covariance). And, with the fact that E[/\(2)] = msc(2) + 0, (N ~min(452,1)y
(Equation (5.15)), we obtain from Equation (5.16) that

~ (0)1 _ _mSC(Z) —min(ﬂ 1
= SCE g,(vmin(T
[ (Z)] Z+2mgc(2) 2 )

since |2+2msc(2)|_1 < IZI‘1 < I%Zl_l. Moreover, using Equation (5.15) in Equation (5.14), we find

[E[fflw)(Z)] msc(Z)+gm(Z)_W[(zmsc(z)+mSC(Z))+@ (N7h. (5.17)

We can now inject the last two relations into Equation (5.13):

U

2
N —(z2m.(2) + msc (2)))
ON

E|m(2)] = msc(2)+ g (Z)—W[(msc(z)+g([)(z)

Q) ny = 0= Ne . o _
+gy (2) —UN ~ (msc(z) +gy (2) —UN ~ (zm5-(2) + msc(z)))
&) ~
1 .
3 g%) 3= Hy  msc(?) @,Z(N—mm(g,m). (5.18)

Nam

We only need to handle the asymptotic behavior of gm (2) to conclude the proof. With Equation (5.15)

and the fact that |Z + 2mgsc(2)| 7! < |SZ|7!, we have gm (2) = +0,(N -min(“Z2,1)) ‘We can then

use this relation in Equation (5.17):

z+2msc(z)

~ 2 - -
_ (0] o _ 1 ngZmgc(2) + msc(2) 4
[E[mN (z)] msc(@) =~ = 0N,

Therefore, we have

-1
1 1 E|m 2)] - msc(

(!)
(&)= =— _ ! ~
z+msc(2)+[E[ﬁ1%)(2)] Z+2msc(2) Z+2msc(2)
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() 7
i ) ( [E[ (z)] msc(Z2) LGN min(d—Z,Z)))

Z+2msc(2) Z+2mgc(2)
__ -1 _ Lﬂzméc(z)+m~sc22) +O, (N,
Z+2mgc(2) on N (Z+2mgc(2)

Eventually, Equation (5.18) becomes

~0) 5] o (0,5 % Ty _Lﬂzmsc(z)ﬂnsc(z)
[E[mN (Z)]—msc(z)ﬂ (2) NN(msc() on N zi2me®

n[( 1 ng ZmSC(Z)+msc(Z))
msc(Z) ———
N N Z+2msc(2)

1 4 .
1Ot “1;1 msc(Z) £ O, (NG,
N oy, Z+2msc(2)

with Ty

©. 1 1 ng Emi(2)+msc(?) 0
™~ Z+2msc(®) oN N (Z+2msc(2))?

5.A.5 Confinement of the Spectrum

The confinement of the spectrum is proven in the same manner as in Section 2.3.2. Lete >0, ¢ : R —
[0,1] be an infinitely differentiable function which equals 1 on [-2,2] and 0 on R\ [-2 —¢,2 + ¢] and
¥ =1 - ¢. We want to show that Tr(w(# [%N([)N(hT - u%)ln,])) — 0 almost surely as N — +oo.

First of all, we show the convergence in mean with the Helffer-Sjostrand formula (Proposition
2.12).

1 171 2 0D, ]
il S O OT _ 0 _Z ‘7 ~ ()
el Tr((p(UN[NN NOT -l IWD) R = — = E| ) 2)| d2
o0
PN f ”:[(p] (Bmsc(?) dz+ 2R "[(p]( Hh0 (2) dz
T Jc+r 0Z n Jcr 0z

_% 004lp]

— Tz @’(N‘m'“( 2) dz.
n Jor 0%

where we have used the express1on of [E[m([) (2)] given by Lemma 5.13. The ﬁrst integral is [ dusc =
q ‘P]

1 while the last one is @ (N~™"(%2)) with ¢ chosen sufficiently large so that 224?!(z) cancels the di-

vergence of O,(N~ min(§ 2)) near the real axis. In order to evaluate the second 1ntegral, we perform an
integration by parts:

2 q[‘/’] (3 dz 1 f W( f YR 0glpl 0 )
n% . —=—(@hy' (&) dz= n% >, . ox (x+iy)hy (x+iy) dx|dy
i [too +oo 9P
+lf (f q[(P]( +1y)hw)(x+1y) dy)dx
2 J-00 \Jo oy
N hm{d) [ ](x+iy)hm(x+iy)}dx—f 1013 2 az
712 Jaylo U1 N ct 7 0z '

Since h%) is an analytic function (as sums and products of Stieltjes transforms), we have 0h/dz =
0 by the Cauchy-Riemann equations. Moreover, we have lim o ®,[¢](x +iy) = ¢(x) and, from the
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5.A. Proofof Theorem 5.1

definition of h%), limyo i‘s[h%) (x+1iy)] =0for all x € R\ [-2,2]. Therefore,

2 0%qlel - 0 1 f S

—R| —=—@hy(®dz=lim— | Slh, (x+iy)]dx

el (2 hy' (2) dz ;10 - _26[ N (x+iy)]
We use Lemma 2.14 to show that this integral equals limy, . ;.o —iyh%) (iy) = 0. The function h%) is ana-
Iyticon C\[-2,2], lim|z|— +o0 7(Z) = 0 and h%) (2) = h(2) for all Z € C\[-2,2]. Thus, we just need to show
that there exist an integer ny and a constant C > 0 such that Ih%) (2)] < Cmax(Dist(z,[-2,2])"™,1)
for all Z € C\[-2,2]. Firstly, we find an upper bound for tz(\f) (2). Since Z — Wlsc(z) is the Stieltjes
transform of a probability measure on [-2,2] and —(Zmsc(2) + 1) = mgc(Z), we have
1 nyzmsc(2) +1

1- —
on N Z+2mgsc(2)

1 ( 1 ng 1
A —
S Distz, =220 ' T on N Dist(z, (=2, 21)°

|1 @ =1msca

1 ny . - 4
<1+ — — |max(Dist(z,[-2,2]) 5, 1).
ON N

Moreover, since |Z| < Dist(Z, [-2,2]) + 2, we also have

20 @] <14 s (1 o e e <314 5 e | maxise 2,207,
N Dist(Z, [-2,2]) on N Dist(z,[-2,2])3 on N
Similarly,
‘Tm (2)‘ _ - 1 ngmsc(®)(Emsc(@+1)| _ ( . iﬂ)max(Dist(Z, (=2,2)75.1).
N Z+2mgc(2) on N (Z+2msc(2))? oN N

Hence, we can upper bound Ih%) 2]

msc(Z2)
Z+2msc(2)

)

1 n 1
3(1+——”)+1]+—”—N
oy N N i]

(z )hw)(z) dz=0and

)h%)(z))s|T§$)(z)|($%|t](5)(2))(|2t](5)(2)‘+1) ;ZN
< (1 + iﬂ)
on N

Therefore we can conclude that %8‘% f@

max(Dist(Z, [-2,2]) "4, 1).

1 I’lg( 1 n[)
_ |l ——
oy N oy N

6(1)14 lp]

1 1 1 .
E —Tr((p(— [NNW)N(I)T —H%)In;]))] = 1+@(N—m1n(g,2))’

ny ON

1 - de
NN(Z)N(Z)T _N%)In;]))] (NI

ie., [E[Tr(w —

ON

Secondly, we prove the almost sure convergence of Tr(w( [ LNONOT ,um I, ] )) to 0 by show-

ing that its variance is O (N ~min(§ 2)) (and Lemma 2.20 implies the result). With the Poincaré-Nash
inequality (Lemma 2.19), we have

1 1
—NONOT_ u%)lnz]))) = Var( (‘p(_ [_ NONOT—p o ] )))

il

onN|[N oN
ng Mprze gt GTI‘((p( [ yNONOT - ([)I ]))
< l; ng E aNl(g])
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2
) 0 [ L1 yoyor
GNM) on N
2]
()

4 11
N _”_N[E[Tr(pe(_ [_NmN(m _”%)I"”m
N %, on|N

TI'( ( [ NN(Z) N([)T u%) In{

ne H[I#[ n[r

FEZE

i=1  j=1

1 1
! ) ar(O)T ) (£)
[Z‘P(E[NN N ‘“N’"f])’v ]

ij
1

1
Tru(a NN([)NM)T _,U'%)In[

where 1 : x — x¢'?(x) and ¢'? are infinitely differentiable functions with compact support which equal
0 on [-2,2]. Hence, applying similarly the Helffer-Sjostrand formula (Proposition 2.12), we find

1 4 1 1 4 ny 2 0D, [
— " Flm - _N([)N([)T_ (Z)I ])] :__[_mf L] E ~ () dz
on N ru(O'N N K Tne onN Nnm Jer () [ N(Z)] ‘
_ @(N—min(d—l,%z))
and
(@]
4 Hy /2( 1 [1 O NOT (0 ])] ny 'uN 2 f 0041¢'] _ ()
———[E|T —|—=N"“N - I 4———§R E d
Nai,[r(p oN [N Hifne N oj n Jer 0z ()[ ()]z
:@(mem(é,Z))

for g chosen sufficiently large. Thus, Var(Tr(u/( [ LNONOT O IW]))) - @ (N-™in(5.2),

5.A.6 Deterministic Equivalent

With the rescaling (z, Q¥ (2)) ~ (z,Q"¥)(2)), Equation (5.8) becomes

1 ~ 1 ~ 1 [n ~ 1 ~
—[E[P([) T(NQM)] - _[E[P(l)P(me)] - _Z[E[_fm%) @HPOTOTQO ¢ — pOTOT G2
ON ON G'N N N

1

d—
where | — — 0as N — +oosince [P = ¢ (N“T°) and
N

ng ~(0) = @) OT &) 1 p)pO)T )2
1m0z pOTOTQO + LpOTOTQ ]

ITO| =6 (NZ). Hence, with Equation (5.11) and Equation (5.15), we have

H msc (Z)IE[GM’] + Z[E[Gw)] + 1, - %P(’)P“”T[E[ém] 0

’ N—+o00

and, since mgc(2) +zZ = ﬁl(z), we can define the following deterministic equivalent (Definition 2.17):

-1
def
30 %) 003 e( pOPOT | _ IW) _
oN msc(2)

5.B Proof of Theorem 5.5

Recall that Q1 is the resolvent of # [T([ )TOT ,u%) I,, | while 6(()[) denotes the resolvent of the same

model without signal, # [%N(!J NOT _ M%) In, ]
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5.B. Proof of Theorem 5.5

5.B.1 Convergence of Bilinear Forms

First of all, we must show the almost sure convergence aTQ((f)b — mgsc(2){a,b) — 0 for all bounded
(sequences of) vectors a, b € R™. Given the concentration result proven in Section 5.A.3, we just need
to show that aT[E[Q(()[)]b — mgc(2){a, by — 0as N — +oo.

Let us multiply Equation (5.11) when P = 0,,,x1q,,,, n,, by @ on the left and b on the right.

B[ (2aT Qb+ 2E[a” Qb + (a, by = 6, (N~ D),

Then, using the fact that [E[fﬁ%) (&)1 = msc(2) +05(N~ min(“5%0y and mg(3) + 2 = we obtain the

desired result: E[a” Q\” b] = msc(2)(a, b) + O, (N~ min(42,1);

-1
msc(2)’

5.B.2 Isolated Eigenvalues

which stay outside the support of the semicircle dis-

We seek eigenvalues of # [T([) TOT - ,u%) I,
tribution [—2,2]. That is, we seek & € R\ [-2, 2] such that

1 -
det(a [T([) T([)T _,u%)ln[] - flnl) =0.

Using the expansion T\¥ = P + ﬁN @) this is equivalent to

1 1 1 ) -
det(—(P(”)P“’)H—P(”N(”)H—N(’)P“’)T)Q(’)(au )
oNn VN VN 0 "
11 ~
O) A (OT (0) —
xdet(UN NONOT -y O, —:EIW)—O

where the second determinant is non-zero for N large enough from the confinement of the spec-
trum proven in Section 5.A.5. Then, we know that P = [J; XV, ..., X @] therefore P(¥) = X'V LY with
O - go (enT ite L (p@Op@OT L 1 p@pNOT 1 @ pOT i
LY =H (®[r#X ) and we can write on (P P+ \/NP N¥' + \/NN p ) as the matrix
1L gOHOTxOT

ON

@ xO _1_NOpOT . s . .

product [ X X oy VL | ﬁ ~LONOT |, Thus, with Sylvester's identity (Proposition 2.22),
xOT

we are left to evaluate a 3r, x 3r, determinant:

1 g0 gOT xOT 3l £y () 1 g gOT xOT o) & x () 1 O gOT xOT 5@ (FYNO 7 (OT
e HOHOTXOTQV X 41, F-HOHOTXOTQP )X U%V\/NH HOTXOTQOGNOL

1 O NOT O (Fyx () 1 O NOT O (Fyx (O 1 O NOT RO EAN O T (OT _
det| LFLONOTQ X ROV OX O, FTLONOTRPONL =0.
X([)T 6(()[) (E)X(f) X(Z]T 6(()[) (E)X(!) oNl\/ﬁX(l)T 6(()/) (E)NM)L([)T+I,—[

From the convergence of bilinear forms and the orthonormality of the columns of X©, we have

x¢ )TQ(()[) OXY — mgc (&)1, almost surely. Moreover, we can see that - lme INU )Té(()[) & XY van-
N

ishes almost surely as N — +oo since | L] = O(NF) and [IN©a| = 6 (VN) almost surely'® for all

16Thyis fact is not so easy to see (note that it does not depend on d!). If we naively upper bound IIN([) a||2 by IIN(@ ||2 ||a||2 =

d-1
O (N 2 ),wedo not find the desired upper bound. Instead, we can remark that IIN([) aHz =a'NOTNO g = aTvDVT awhere
D= Diag(/ll(N(’)TNM)),...,)LW (NOT ND)) (we assume N large enough so that [[y14, n, > ny thus /’ll-(N(’)TNw)) =0 for

i > ny) and V follows a uniform distribution on the Stiefel manifold V;, ¢ ([R{H? #0710y (Chikuse, 2003, Theorem 2.2.1). Therefore
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bounded (sequences of) vectors a € RII¢# "¢ The only term which remains to evaluate is the block
(2,3):

L VO @ XN gy _es

1 ~p) = 1
. N“ LONOT Q(()!) & N L(m” < —

ON ON N N—+00

Eventually, as the determinant is a continuous function in the entries of the matrix, we have, in the
large N limit,
msc@ py(0) gOT msc@ py(0) o7
W HYH +1 re W HH Or XTIy
det 01‘[)11‘@ Il‘g Or[XTg
mSC (f) Ir; mSC ({) Il‘f Ir;

Using twice the relation det[ 2 8] = det(AD™! — BD™'CD) when D is invertible, this simplifies into

msc (&)
oN

det| —=HOYHOT +1,|=0

Thus, we seek 5 EO) e m\ [-2,2] such that

msc@y) 0
U— l,(P )+1=0, qe € lrel.
N
. . . z(0) z(0) 7(0) z(0) :
Injecting the expression mgc (¢ q0) = —2 ) into the equation msc(f ) +§ msc( ,)+1=0 yields
o z0)__ON Z(0) _ s P oN
4 (p0) a3 poy T1= 0 Sar o 2 (p0)y”
Sq, (P*) g, (P)) N g, (P*)

Asé (q[; > 0 by definition, it must be strictly greater than 2 (the right edge of the semicircle). This is true

$2 (P )
) def aq, 1
ON

onlyif p,

5.B.3 Eigenvector Alignments

Let @; ) iy € [ny), denote the i,-th left singular vector of T”) (sorted in non-increasing order of its
correspondlng singular value). From the spectral decomposition T 7T = Z. 1 l[(Tw Nald A(f)T
we have,

)

ny
Q([)(Z) .
1;1 L2 o) -] -z

If pm > 1, gy € [r¢], then sf”(T([)) is an isolated eigenvalue in the spectrum of TOTOT and

2T - pd | 22— &% Hence, for any positively-oriented simple closed complex contour
N—+o0o

ngr)
% ||N Ja|? < 'UN +20N)aT VvV a. Without loss of generality, we can assume that a = || a|| e Merzene (replace @ and V by Oa

and OV for a well-chosen O € @H!’ (R)). From Mardia and Khatri (1977), we know that [VVT] 1,1 follows a beta distribution

#01e!
. ny H[/¢g Ngr—ng Tk np+2r ..
with parameters -, —X——— S0 its moments are given by E[[VV ] 1] = ]'[r 0 71-[”#” o7 for all k = 1. This is enough

to see that (;ﬂ) +20 NEIVV T 11,10 = O 420 =6(1) and (p(’) +20 AEIVV T —ENVV T D4 = 6(N2),

[, [n ’
whence the almost sure statement N ||N all2 =0(1).
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5.B. Proof of Theorem 5.5

)

Yq, circling around &0

qe’
integral formula (Proposition 2.15) yields, for N large enough and any a € R,

<a ‘([)> —ng Q([)(z)adz

2im

leaving all the other ¢ (, , 4, # qe, outside and not crossing [-2,2], Cauchy’s

1
- Q([) (2)adz
N—+oco  2i7m
by the dominated convergence theorem since, for all Ze v/, TG([ )(Z)a — a" Q) (Z)a almost surely
as N — +oo by definition of the deterministic equivalent (Definition 2. 17) and Z € )/w) IuTQ([ )(Z)al
is almost surely bounded for N large enough because we can choose Y ) such that Dlst(f 3% , }/m) =£>

0 and therefore |a” Q¥ (2)al < |al?1Q'¥ (2)| < ||al?/e almost surely.
Using residue calculus, we can compute,

-1
| a

1 1
i §,a"Q"@adz=~ lim (Z 5(@)) (UNPw)P(/)TJr —

%)
2in Yo zﬁf

Note that PO POT = x(O O gOT x(OT and there exist an ry x I’g orthogonal matrix 0¥ € @, (R)
such that HO HOT = 0 WA 09T with A¥) = Diag(s>(P“), ..., 57, (PY). Hence,

1
aT(_P(me)T N _
oN msc(2)

-1 -1
1 1

n[) a:aTX(é)Om( A0, L In,) 00T x0T 4
oN msc(z)

Let us therefore compute the following quantity,

-1
_JoO if q,[ Z4qe /
{ (w) ifq,=q, q,€lrel,

Sq (P(é))
_ l- ~_~(€) 14
im (z fq[) on

msc(2)

where we have used the fact that msc(gg Ef,)) =— In order to handle the case q[ qe, We use
l

W
L'Hépital’s rule,
-1
o |4 S P 1
e dz| on msc(@) | ,_go
ar
B Sc(f(f)
- Sc(f(e)
TN

4 OV (FON'
Sqe POYmgCqp)
In order to compute msc(cf (8)) let us differentiate the relation msc(z) +Zmgc(2)+1=0,

2m§(2)msc(2) + msc(2) + 2mg:(2) =0
msc(Z2)

! ~
Mgr(Z2) = ———.
sc(?) 2msc(2) + 2

Hence,

___ON
2 (0)
Sg, (P

(i)
m (é
SC
s5,(P)

2 s (P(f) oo $5, (P©)
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B 1
NG 0))
e _q

2
ON

Back to our previous expression of ( go» We now have,

2
(w)_ 9N
4 oy’
sq[(P( ))
Therefore, for all a € R™,
1 TAO 50 45 — AT w0 o0 70 oOT x(OT
-— a QY (2adz=a' X0 ZWO X "a

2im Jy )

where Z ) is an ry x rp matrix with all its entries equal to 0 except [Zo(li)]qwf ( 59 . Thus, summing
the ahgnments of um with each column of X yields

“X(m - (0) ” ((f) Z 012 _((1)

N—+o0 d=1 l] e

5.C Proofof Lemma5.10

Our proof of Lemma 5.10 uses the notion of e-covering. An e-covering of a compact set & for the
norm ||-|| is a finite set € < & such that for all x € #, there exists X € ¢ such that ||x — X|| < €. We also
define the covering number N(¢, £, ||-||) as the smallest possible number of elements in €.
Moreover, we recall the definition of the Gamma function I'(s) = f0+°° t5"le~tdt and the (upper)
incomplete Gamma function I'(s, x) = [/ r*"te~d¢ for s > 0 and x > 0.
For our proof, we need to introduce a few preliminary results which are stated and proven below
(except Lemma 5.16 for which a reference is given).

Lemma 5.14. For ¢ € [d] and e >0, let A¥) e R"*"¢ be such that |A)|| < £ and V¥ € V,,([R™) be the
matrix of its left singular vectors. For all AY") e R"*Te' ' # ¢,

HN(A(U,...,A‘”,...,A(d))HF < e”N(A‘”,...,V‘”,...,A(d))HF.

Proof. Let VIOZOWOT be the singular value decomposition of A). We have,

HN(A(D""'A((})"”’A(d))H =[AOTNO [ 4
F

0'£e

F
= ” wOTzOyOTNO [ A¢) H wOTs© H vOTNO 5 A
0140 VAEYA
=€ d
=[|N@W,..., Vo, A@) ||
usin e fact tha F< F-
g the fact that | AB||r < || A|l| B =

Lemma5.15. Given A(¢) € V;,(R"™), ¢ € [d],

HN(A(”,...,A("”)”i ~XZ( I rg).

Celd]

138
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Proof. Firstly, observe that, for all (qy,...,q4) € Xye(ayrel,

ni,...,n

INAY, .., ANy = Z Niig A AL~ 4 (0,1)
i1,.. ,ld 1
since Y. A2 —1forallle [d]. Then, we show that all the entries of N(AY, ..., A¥) are indepen-
ip=1""ip,qp P

dent because their covariance is identity,

B[N, AD) g, g, NAY, . aD) e
ni,..,ng nNi,.. J’ld
= [E[N,l iaNig o | AL 4D AP AD
h Lq i,y ladai,q,
wig= 111, ld 1
ny,..,ng
_ M AN A@ 4@
. = "Gy i da” i, q),
i1yenig=1

_J 1 if(qr.... 90 =Gy, q))
“ 1 0 otherwise ’

Hence, the result follows from the fact that IIN(A(U,...,A(d))IIIZ: is the sum of [y¢(4) r¢ squared inde-
pendent .4(0, 1) variables. O

Lemma 5.16 (Hinrichs et al., 2017, Lemma 4.1). For 0 < € < 1, we have the following upper bound on
the €-covering number of the Stiefel manifold V. (R") for the spectral norm |||,

r(n-51)

N, VR, I <

where C > 0 is a universal constant.

Lemma 5.17. T'(s,x) <max(l,eS")I'(s)e "2 forall x =0 and s > 0.

Proof. Given s > 0, consider the function f : x € [0, +oo[— géff,)z with C > 0. Our goal is to show that

0 < f <1 when C is well chosen. f is continuously differentiable on [0, +oo[ and

1 1
fl(x) = Co iz x5l  + Er(s, 0|20 < T'(s,x)-2xle*=0.

Consider the function g : x € [0, +oo[— I'(s, x) — 2x°~ lo—x, g is also continuously differentiable on
[0, +oo[ and

g =xle ¥ -26-Dx e 20 = x=2(s-1).

We distinguish two cases.

1. If 0 < s <1, then g increases monotonically on [0, +oo[. Since lim,_, ;- g(x) = 0, we necessarily
have g(x) < 0for all x € [0, +oo[. Hence, f(x) < f(0) = m) and we can choose C =T'(s).

2. If s> 1, our conclusion stems from the following table.

X 0 2(s—1) +00
g'(x) - 0 +
T'(s) 0
gR2(s—-1))
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Since g is strictly increasing on [2(s—1),+oco[ and limy_. 1 g(x) = 0, we necessarily have
g(2(s—1)) < 0. Hence, since I'(s) > 0, the equation g(x) = 0 has a unique solution on [0, +oo
and it lies between 0 and 2(s — 1). Let xo(s) € [0,2(s — 1)] be this unique solution. Then,

T'(s, x0(8))
sup [ = f(0(9) = o ko

[0,+00(

and we can choose C = I'(s, x9(5))e™®/2. The final result follows from I'(s, xo(s)) < I'(s) and
exo(s)/z < es—l_

O

We are now ready to prove Lemma 5.10.
Lete >0 and 6, be an e-covering of V;, (R") for the spectralnorm ||-||, £ € [d]. Since X e (q) V;, (R™)

is compact, it contains an element (Ail), e A&d)) such that

sup HN(A(”,...,A("”)”F = ”N(A(*”,...,Aid))”F.
A([)evr[ (R™), ¢e(d]

Let A) € 6, be such that A = A + A with [|A)|| < £. Then, using the triangle inequality, Lemma
5.14 and the optimality of (A(l) .,A&d)), we have,

HN(A(U+A(1’,...,A(d)+A(d))HF<HN(A(” A(d))” +S“N(A(” .,A‘f’))HF

thSdEszﬂ( )5 \Zk 18 k, <e£d 1. Hence, choosing € = 110g%,we get,
[NAD..... D) <2|NAD.,..., 4
F F

and, from the union bound, for any ¢ =0,

p(|~al,. .,A(j))‘|F>t)snw( U {”N(A(“,...,A(d))”FBé})

AW eE,, leld]

< ¥ P(”N(A(”,...,A(d))” zf).
A0, veld) Fo2

Thus, combining Lemma 5.15 and 5.16, we have,

Ccd
log

_Igrl
P(HN(AES) A(d))” ) i f(ng & )IP(XB %2)

where X is a random variable following a )(Z(ng[d] rp) distribution. Eventually, the probability on the
right-hand side can be bounded using Lemma 5.17,

1 2
< max(l, ez leclaiTe=1yp=17/16

2
2 F(% [eetar e, %)
plxs £) < ifhaare )
4} T(31ceia re)
We get the result stated in Lemma 5.10 with

4 re+1 Ccd 1 1r7d
E - log—— +log| = 1,e2 =y 7e1 ) .
( rg(n[ 2 ) og log% 0g(5 max( e 1 )

?=16
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5.D. Proofof Theorem 5.11

5.D Proofof Theorem5.11

Recall the decomposition P = [F(; XV, ..., X(¥]. We use the following lemma whenever we state that
IPWD,..., UD)|p =0 (IPlr) as N — +oo.

Lemma 5.18. Forall (AY,...,A9) € Xye(q Vs, R"),

H?(A“),...,A(d))HF <Pl ] HX(l)TA(l) ”
leld]

Proof. The proofrelies on the property | ABlr < Al Bllg.

d
H?(A(n A(d))H — [ A0T x0 g IXIXM)TAM)
.
¢=2

F

< ”A(I)TX(I) ”

d
‘H(l) lEX(Z)TA(«,’)
(=2

F

— ||A(1)Tx(1) ” A(Z)Tx(z) H(Z) Ir1 X %X([)TAM)

(=3

F

<[0T X V] 42X

d
‘H(z) (Ir = &X([)TA([)
1
(=3 F

<

d
I ”A(mx(w “) '
/=1

d
(d)
HOR1,
/=1
=Hle=1Plr
O

!
Given ¢ € [d], U{m gathers the r, dominant left singular vectors of T [X 1., Ué[ ), i.e., itis solution
to

2
max  |UOTTO KUl . (5.19)
Uev;, ®") e, 0 -
Consider also a solution 17{‘7) to the following related problem
2
max  |UOTPORJul| . (5.20)
eV, R") e, 0 F
Observe that, using the property | AB|¢ < | All | Bllg, we have,
2 2
OT p0) @) _ OT y(0) g0 T gyl
vTPO o =0T xOHY K] x DTy
0'£0 F £ E
) 2 2
! ! !’
< ”U(mxw) H ' HO X X([')TU(E“ < | H©® X X([)TU(()f)
O£ F O£ F

and this upper bound is only reached with U = X¥ 0, for any r, x r, orthogonal matrix 0.
Hence, Ulm = XY 0, The strategy of our proof is to show that, as N — +oco, Problem (5.19) has the
same solutions as Problem (5.20), which are known.
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o o, _ L
With the decomposition I =P + \FNN’ we have,

2 2 2
! ! 1 /
(OT (0) @y — OT p&) " (OT n7(0) ("
v TO o =|u?" P XU ] AR X u;
0'#0 F 010 F 0'#0 F
2 A A
+ <U([)TP([) & U(()[),U([)TN([) & Ué[)> .
VN 0'#¢0 00 F
From Lemma 5.10, 3 | U0 TN X, Ué[’) I% = @ (1) almost surely and
2 ' ’
g ©OT p© & ut) gt N© & ut )>
0’ 0
VN ’< o2t 07l F
2
< OT p® lE Uéf’) gOTN©O X’ Uéf’)
070 . 070 B
~6 Pl —o0/W
Therefore, for all U € V,, (R™),
2 2
! !
gOTr® X Ué“ =g p® X Ué[) +0(|Plg)  almost surely. (5.21)
£l F %24 F
In particular,
2 2
! !
vOTTOKQul| = |uTPO UL +0UPlr)  almost surely,
0'#£0 F 0'#0 F
2 2
! ~ !
Ulw)TTw) & Ué“ = U{[)TP([) |X| U(()“ +0 (IP1g) almost surely,
07l . 0# s

where the first equation is simply Equation (5.21) with U = Ul([) and the second equation stems
from the maximum over U*) V;, (R"?) of both sides of Equation (5.2 1)'7. Hence,

2 2
! ~ !
U{Z)TP(Z) |X] Ué“ = HU{[)TP([) |X| U(()“ +0 (IPlg) almost surely. (5.22)
00 F 0#0 F
: : s OTg70) _ v Te @ &), (OT
Then, consider the singular value decomposition X' ' U;"" = do=15%a; Vo, Wq, -
2 2
OT pO) | _ OT % (0) gg(O) T pyeh
v PO o =0 xOHY K] XD,
0'£0 F £ F
0,0, OT o) ) ’
= X sq/wg vg, HO X X0
qe=1 Y E
2l O o g
=3 sq, |vg, HO X xuy
de=1 Y F

! !
17max{||U([)T T @e’# Uég ) H%} < max{IIU([’TP([] &[/# Ué[ ) II%} +max{0O (|| g)} where each max is over U e Vi, (R™).
! ~ !
Thus, 09T TO R, UL 121007 POR L, UL 12 = 6 (1P 1) almost surely.
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2 2
Ty ¢
_ OT g(0) @)T @) @2\|[ ,(OT g0 T (e
= Y (v THO R X OTUO| - Y (1-552) [0l THO [ X O]
=1 e Fodel o7 .
2, 2
_lgo 0T (0 @2\|[ (T g0 @) T (&)
=[|HO XXy - X (l_sw ) vy, HO X XU
434 F 4c=1 £l F

Therefore, because || HY) X1, X7 U(gm 12=109TPORy ., Ué[’) 12, Equation (5.22) yields,

2
e ,
Y (152 v THO R X OTUY | =0(PIr)  almost surely.
qr=1 1 F
i ition v =y (0], xOT £
Using the decomposition v, =3 g,=1 (g, 1q,X xq} , we can see that

OT ¢y(0) (T gy
vg, HO X X0y
O£

2,
= 3 W2 P, x| =edd).
4

qac'q,
F o q,=1 ‘

2
F

Hence,

Te g)

> (1 - sﬁf?z) =0 (w almost surely,
- 13

qr=1 N

which is the result stated in Theorem 5.11:

1 2 1 [t P
— ”X(’)T Ul([) H == sﬁ,m =1+ @’( ” ”F) almost surely.
r Forp =% 12

4 ¢ qe=1 N
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Chapter 6

Performance Gaps in Multi-View
Clustering under the Nested
Matrix-Tensor Model

N the age of artificial intelligence, handling vast amounts of data has become a fundamental as-
I pect of machine learning tasks. Datasets are often high-dimensional and composed of multiple
modes, such as various modalities, sensors, sources, types, or domains, naturally leading themselves
to be represented as tensors. Tensors offer a richer structure compared to traditional one-dimensional
vectors and two-dimensional matrices, making them increasingly relevant in various applications, in-
cluding statistical learning and data analysis (Landsberg, 2011; Sun et al., 2021).

Yet, in the existing literature, there is a notable scarcity of theoretical studies that specifically ad-
dress the performance gaps between tensor-based methods and traditional (matrix) spectral meth-
ods in the context of high-dimensional data analysis. While tensor methods have shown promise in
various applications, including multi-view clustering, co-clustering, community detection, and latent
variable modeling (Wu et al., 2019; Anandkumar et al., 2014; Papalexakis et al., 2013; Wang et al., 2023),
little attention has been devoted to rigorously quantifying the advantages and drawbacks of leveraging
the hidden low-rank tensor structure. Filling this gap by conducting a thorough theoretical analysis
is crucial for gaining a deeper understanding of the practical implications and potential performance
gains associated with tensor-based techniques.

In the specific case of multi-view clustering, Seddik et al. (2023a) recently proposed a spectral
tensor method and carried out a precise analysis of its performance in the large-dimensional limit.
Their method consists in computing a best rank-one (tensor) approximation of a nested matrix-tensor
model, which, in particular, generalizes the classical rank-one spiked tensor model of Montanari and
Richard (2014), and can be described as follows. Assume that we observe m transformations ofa p x n
matrix M = uy ' + N representing 7 points in dimension p split into two clusters centered around +p,
with y € {—1,+1}" and N a Gaussian matrix encoding the “inherent” dispersion of individuals (that is,
regardless of measurement errors) around the center of their respective cluster. Mathematically, each
view is thus expressed as

Xe=filpy  + N+ W, k=1,...,m, 6.1)
where f; models the transformation applied to M on the k-th view and W}, is an additive observation

noise with i.i.d. entries drawn from .4°(0,1). The nested-matrix tensor model then arises when we
take fi.(M) = hi M, meaning the function f} simply rescales the matrix M by an unknown coefficient
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hieeR. With h=(h; ... hm)T € R™ and ® denoting the outer product, this gives
X=(uy"+N)oh+W eRP*"™"™, (6.2)

By seeking a best rank-one approximation of X to estimate its latent clustering structure, Seddik
et al. (2023a) showed empirically that it outperforms an unfolding approach based on applying an
SVD to an unfolding of X (as in Ben Arous et al. (2023) and Chapter 5), which is a matrix obtained by
rearranging the entries of a tensor (see Section 2.4). However, the tensor-based approach hinges upon
solving a problem which is worst-case NP-hard, unlike the unfolding approach. A natural question is
thus: what is the exact performance gap that exists between these two approaches, as a function of
some measure of difficulty of the problem (typically, a measure of signal-to-noise ratio)?

Here, in order to answer this question, we rigorously study the unfolding method by deploying
tools from random matrix theory. Specifically, our main contributions are

 within the framework of the general nested matrix-tensor model, we derive the limiting spectral
distribution of the unfoldings of the tensor (Theorems 6.1 and 6.5) and precisely quantify how
well the hidden low-rank (tensor) structure can be recovered from them in the high-dimensional
regime (Theorems 6.2 and 6.7);

» we perform a similar random matrix analysis of the model when the vector spanning the third
mode is known (Theorems 6.9 and 6.10), providing an optimal upper bound on the recovery
performance;

* in the context of multi-view clustering, we compare the performance of the tensor and unfold-
ing approaches to the optimal one and specify the gap between them thanks to our theoretical
findings (Theorem 6.11), supported by empirical results!.

Although the above described model arises from a rather particular choice of view transformations
fx it is amenable to a precise estimation performance analysis, either by means of a tensor spectral
estimator as recently done by Seddik et al. (2023a), or via a matrix spectral estimator as we consider
in the present chapter. Moreover, from a broader perspective (that is, beyond the multi-view cluster-
ing problem considered here), this model can be viewed as a more flexible version of the rank-one
spiked model, incorporating a nested structure that allows for versatile data modeling, deviating from
a pure rank-one assumption. A common low-rank structure encoding the underlying latent cluster-
ing pattern is shared by all slices X}, which represent distinct views of the data. In particular, when
the variances of the elements in N approach zero, the rank-one spiked model is retrieved. Hence, we
believe that the nested tensor-matrix model (and extensions) can be a useful tool in other contexts in
the broader area of statistical learning.

Related work. In the machine learning literature, the notion of “view” is fairly general and models
data whose form may differ but all represent the same object seen from different (and complemen-
tary) angles (for instance, multiple descriptors of an image, translations of a text or features of a web-
page such as its hyperlinks, text and images). Various approaches have been considered to address
multi-view clustering problems. For instance, Nie et al. (2016, 2017b,a) consider a graph-based model
and construct a similarity matrix by integrating all views with a weighted sum before applying spectral
clustering. Other approaches, relying upon a space-learning-based model (Wang et al., 2017; Zhang
et al., 2017; Wang et al., 2019; Peng et al., 2019), reconstruct the data in an ideal space where cluster-
ing is easy. Zhang et al. (2019) suggest a method which is more suitable for large datasets by mixing

INote that these numerical results are only meant to illustrate our theoretical findings, showing their implications in practice.
However, our work does not purport to explain the performance gap between any tensor-based and any matrix-based multi-
view clustering methods.
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binary coding and clustering. Tensor methods have also been considered: Wu et al. (2019) propose an
essential tensor learning approach for Markov chain-based multi-view spectral clustering. Further-
more, Liu et al. (2021, 2023) design simple yet effective methods for multi-view clustering relying on
multiple kernel k-means. Our work differs from these previous contributions in that it is focused on a
tensor model having the specific form of Model (6.2). Even though this model corresponds to a rather
particular case of the general setting given in Equation (6.1), our results represent a first step towards
precisely understanding how tensor methods can contribute to addressing the latter.

Regarding the analysis of performance gaps between tensor- and matrix-based methods, we can
mention the recent work by Seddik et al. (2023b), where the authors proposed a data model that
consists of a Gaussian mixture assuming a low-rank tensor structure on the population means and
further characterized the theoretical performance gap between a simple tensor-based method and a
flattening-based method that neglects the low-rank structure. Their study has demonstrated that the
tensor approach yields provably better performance compared to treating the data as mere vectors.

Proofs and simulations. All proofs are deferred to the appendix. Python codes to reproduce simu-
lations are available in the following GitHub repository https://github. com/HugoLebeau/nested
_matrix-tensor.

6.1 Random Matrix Analysis of the Nested Matrix-Tensor Model

Before presenting its practical applications in Section 6.2, we define the nested matrix-tensor model
in a general framework. Consider the following statistical model,

1
N e RM*"2, (6.3)
Ny

1
iT:,BTM®z+—nTW eR™M 2N M= Buyxy! +

where ny; = ny + np and ny = n; + np + n3, x, y and z are of unit norm and the entries of W and N
are independent Gaussian random variables?: W; ik . A(0,1), N; iLd. A(0,1). Misarank-1 signal
Buxy" corrupted by noise N, modeling the data matrix, whereas J models its multi-view observation
BrM ® z corrupted by noise W. The positive parameters 85, and S control the signal-to-noise ratio

(SNR). Our interest is the statistical recovery of x, y or z in the regime where n,, ny, n3 — +oco with

0<cy def ne/nt <1 for all £ € [3]. This models the fact that, in practice, we deal with large tensors
whose dimensions have comparable sizes.

Seddik et al. (2023a) have studied the spectral estimator of x, y and z based on computing the best
rank-one approximation of J, that is, by solving

(X5, Yy Zx) = argmax (T, uevew).
(u,v,w)eSM "1 xS§n2-1xgn3-1

Concretely, they used random matrix tools to assess its performance in the recovery of x, y and z,
by deploying a recent approach developed by Goulart et al. (2022); Seddik et al. (2022). In this work,
we study instead the performance of a spectral approach based on computing the dominant singular
vectors of the (matrix) unfoldings of J, aiming to precisely quantify the performance gap between
these different approaches.

Because M has the structure of a standard spiked matrix model (Benaych-Georges and Nadakuditi,
2011; Couillet and Liao, 2022) with a rank-one perturbation Sy;xy ' of a random matrix \/%N, we
shall assume B); = ©(1) since we know that it is in this “non-trivial regime” that the recovery of x
or y given M is neither too easy (too high SNR) nor too hard (too small SNR) and a phase-transition

2See our discussion on the Gaussian noise assumption in Section 2.2.3.
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phenomenon (Baik et al., 2005) between impossible and possible recovery can be observed. However,
we shall see that the algorithmic phase transition related to the unfolding approach takes place when
Br =©(ni/* inlieu of f7 = O(1). This is different from the tensor spectral approach for which both
B and Br are ©(1) in the non-trivial regime, supposing a better performance of the latter method,
although, practically, no known algorithm is able to compute it below 1 = @(an/ 4) (Montanari and
Richard, 2014).

6.1.1 Unfoldings Along the First Two Modes

We start by studying the recovery of y (resp. x) from the unfolding T® (resp. TV). In a multi-view
clustering perspective — which motivates our work and which will be developed in Section 6.2 — we
are especially interested in the recovery of y since it carries the class labels. Therefore, we present our
results for T® only. As x and y play a symmetric role, it is easy to deduce the results for T from
those presented below. The recovery of z from T® is dealt with in Section 6.1.2.

Following the model presented in Equation (6.3), the unfolding along the second mode of J de-
velops as

1

T® =,6TﬁMy(x|zz)T+;%_MNT(I,”&Z)T+\/T_TW(2). (6.4)
Hence, a natural estimator j of y is the dominant left singular vector of T or, equivalently, the dom-
inant eigenvector of T® T T, The latter being symmetric, it is better suited to the tools presented
in Chapter 2. Our first step is to characterize the limiting spectral distribution of this random matrix.
However, similarly to the model studied in Chapter 5, one must be careful with the fact that the di-
mensions of T? € R"2*™" do not have sizes of the same order, causing the spectrum of T® 17?7
to diverge as nj, ny,n3 — +oo. In fact, its eigenvalues gather in a “bulk” centered around a ©(nr)
value and spread on an interval of size ©(,/n7) — a phenomenon which was first characterized by
Ben Arous et al. (2023). For this reason, in Theorem 6.1, we do not specify the LSD of T®@ T@T per
se but of a properly centered-and-scaled version of it, whose spectrum no longer diverges. Moreover,
it is expected that the rank-one signal S7Byy(xXz)' causes the presence of an isolated eigenvalue
in the spectrum of T® T®@T with corresponding eigenvector positively correlated with y when it is
detectable, i.e., when BB is large enough.

Our second step is thus to precisely specify what is meant by “large enough” and characterize the
asymptotic position of this spike eigenvalue and the alignment with y of its corresponding eigenvec-
tor. It turns out that the signal vanishes if S does not scale with nr. Precisely, ,BZTnT/ V71 nzng must
converge to a fixed positive quantity, denoted pr, to reach the “non-trivial regime” — that is, one
where the signal and the noise in the model have comparable strengths. However, because the noise
in N is also weighted by (7, this affects the shape of the bulk. Hence, the value of pr influences the
limiting spectral distribution of T® T®T and shall appear in its defining equation®. Having said all
this, we are now ready to introduce the following theorem.

Theorem 6.1 (Limiting Spectral Distribution). As nj, nz, n3 — +oo, the centered-and-scaled matrix
—AL_ 7@ T@T - B _ 1 has a limiting spectral distribution Vv whose Stieltjes transform m sat-

Viinang Viinang
isfies
ﬂﬁi3(§)+ 1+§ﬂ)m2(§)+(§+M)ﬁq(§)+1:0, §e C\Suppv
1-c3 1—-c3 —C3
ﬁgl,l’lT

where pr = NOTE Moreover, if By = 0 (no signal), no eigenvalue stays outside SuppVv almost surely

as ni, nz, n3 — +0o.

3This may be at first surprising because p relates to the strength of the signal while the LSD stems from the noise. We see
that N plays an ambivalent role of both a signal and a noise term.
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Figure 6.1: Empirical Spectral Distribution (ESD) and Limiting Spectral Distribution (LSD) of
TATAT (left) and T® T®T (right) with n; = 600, n, = 400 and n3 = 200. Both spectra show an
isolated eigenvalue close to its predicted asymptotic position, represented by the green dashed line.
Left: pr =2, By = 1.5. The centered-and-scaled LSD ¥ and spike location ¢ are defined in Theorems
6.1 and 6.2. Right: o =4, By = 3. The LSD is a shifted-and-rescaled semicircle distribution and the
normalized spike location is g + é as precised in Theorems 6.5 and 6.7.

Proof. See Appendix 6.A. O

As mentioned in Section 2.1, the LSD v is characterized by its Stieltjes transform, uniquely defined
as the solution of a polynomial equation?. The influence of p7 on the LSD of T® T®T is made explicit
in this equation and it is interesting to remark that, if o7 = 0 (i.e., in the absence of signal), this equality
reduces to m?(8) + §M(3) + 1 = 0, which is a well-known characterization of the Stieltjes transform of
the semicircle distribution (Equation (2.1)). Note also that the condition pr = ©(1) amounts to saying
that Br = @(n” 4), which coincides with the conjectured “computational threshold” under which no
known algorlthm is able to detect a signal without prior information (Montanari and Richard, 2014;
Ben Arous et al., 2023).

The ESD and LSD of T® T® T with parameters (o7, B3) = (2,1.5) are represented in the left panel
of Figure 6.1. We observe a good agreement between the actual and predicted shape of the bulk. As
expected, we see an isolated eigenvalue on the right which only appears for sufficiently high values of
pr and Bjs. The following theorem specifies this behavior and quantifies the alignment between the
signal y and the spike eigenvector y = u; (T@ T@T).

Theorem 6.2 (Spike Behavior).

Let &= ,62( .BM)( C3+,BM) m
and (=1- 1 P 2+ - (1 c3 'BM)'

2 2 %) 2 1-c
B2 (7% + 8% |\ or (1% +82) 3
nyns
Vv hinang
asymptotically located in & almost surely. Furthermore, in this case, the alignment between the corre-

sponding eigenvector j = uy (T® T®T) and the true signal y converges to { almost surely, i.e.,

If{ > 0, then the centered-and-scaled matrix \/: TOTOT _ I,, has an isolated eigenvalue

a.s.

(v.9)°

ny,nz,n3—+oo

4Although this is not the only solution to this equation, it is the only one that has the properties of a Stieltjes transform, such
as J[35]3[m(8)] >0 for all §€ C\ R (see Proposition 2.7).
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Figure 6.2: Asymptotic alignment [(]* = max((,0) between the signal y and the dominant eigenvector
of T® T®T, as defined in Theorem 6.2, with ¢; = 1, ¢, = 1 and ¢3 = &. The curve { =0 is the position
of the phase transition between the impossible detectability of the signal (below) and the presence
of an isolated eigenvalue in the spectrum of T® T®T with corresponding eigenvector correlated with
the signal (above). It has an asymptote Sy = ({£2)"/* as pr — +oo, represented by the red dashed
line.

Proof. See Appendix 6.B. O

Naturally, we must assume pr, B > 0 for & and ¢ to be well defined. The location of the isolated
eigenvalue in the spectrum of T® T®T predicted from the expression of £ is represented as the green
dashed line in the left panel of Figure 6.1. In fact, Theorem 6.2 reveals a phase transition phenomenon
between impossible and possible recovery of the signal with the estimator y = u; (T® T®T). This is
precisely quantified by the value of [(]* = max({,0): the closer it is to 1, the better is the estimation of
y. The precise dependence of { on pr and B, is hard to interpret directly from its expression. Figure
6.2 displays [{]* as a function of pr and ;. The expression of the curve { = 0 marking the position of
the transition from impossible to possible recovery is given by the following proposition.

B

2 4 _cc
(1 03+ﬁ ) ﬁ T 1-c c3

Cl 5'2

Proposition 6.3 (Phase Transition). If ﬁ4

,then{ =0 < pr=

We see that, if ﬁ4 < flccz , itis impossible to find pr > 0 such that { > 0. This is due to the fact that
ﬁ4 = Clcz corresponds to the position of the phase transition in the estimation of y from M. If the
signal i 1s not detectable from M, there is obviously no chance to recover it from J. Moreover, as pr

grows, the value of ;s such that { = 0 coincides with (%)” 4 but it goes to +oo as pr approaches 0.

This shows the importance of having fr = @(n” 4) (in which case it is more convenient to work with
the rescaled version p7 of B7): if Br is an order below (pr — 0) then we are stuck in the “Impossible
recovery” zone while if 87 is an order above (o7 — +00) then estimating from T is just like estimating
from M. It is precisely in the regime 1 = @(n” %) that this phase-transition phenomenon can be
observed, thereby justifying its designation as “non-trivial”.

Remark 6.4. It should be noted that the aforementioned impossibility of (partially) recovering the
sought signal in a given regime refers only to the case where such a recovery is carried out by the
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6.1. Random Matrix Analysis of the Nested Matrix-Tensor Model

unfolding method. In other words, our discussion concerns algorithmic thresholds pertaining to such
method, and not statistical ones.

6.1.2 Unfolding Along the Third Mode

For the sake of completeness, we study in this section the recovery of z from the third unfolding of J.
Following the model in Equation (6.3), the expression of T® is

1
T(3) — ﬁszT + W(3) (65)
vir

where m=[M;,. ... Mnl,.]T eRM"2,

This unfolding has the peculiarity that the rank-one perturbation Srzm' mixes signal (the vector
z) and noise (contained in M). Still, as for the previous unfoldings, the dominant left singular vector of
T® remains a natural estimator of z and we study the asymptotic spectral properties of T® T® T, Be-
cause of the long shape of T® (one dimension grows faster than the other), the spectrum of T® 7®T
diverges in the same way as that of T® T®@T, Therefore, we must proceed to a similar rescaling. The
following theorem states that, after proper rescaling, the distribution of eigenvalues of T® T®T ap-
proaches the semicircle distribution.

T

Theorem 6.5 (Limiting Spectral Distribution). As nj, ny, n3 — +oo, the empirical spectral distribution

of the centered-and-scaled matrix \/n?—nTW T TOT - \/Zl—sﬁ I,, converges weakly to the semicircle dis-

tribution on [-2,2] given by
1
dusc(x) = o [4-x?] *dx.

Moreover, if BT = 0 (no signal), no eigenvalue stays outside [—2,2] almost surely as ny, ny, n3 — +oo.
Proof. See Appendix 6.C. O

The ESD and LSD of T® T®T are plotted in the right panel of Figure 6.1. The result of Theorem 6.5
is not surprising: the “non-trivial” shape of the LSD of T® T®T (Theorem 6.1) is due to the presence of

“ s . » PBr T T. . ) .
a “signal-noise JTWN (I, ®z)" in the expression of T® but, when fr is set to 0, we have observed

that the LSD of T® T®@T is simply a semicircle. This is coherent with the case that interests us here: in
T®, the “signal-noise” is restrained to the rank-one perturbation and therefore does not impact the
LSD of T® T®T which is then a semicircle.

Because of the rank-one perturbation Srzm', the spectrum of T® T®T exhibits an isolated
eigenvalue which can be observed in the right panel of Figure 6.1. Our next step is to characterize
the behavior of this spike eigenvalue and the correlation with z of its corresponding eigenvector. Be-
fore introducing the formal result in Theorem 6.7, let us have a close look at the expression of T® 7®T
to understand, with hand-waving arguments, what should be the non-trivial regime in this case.

1
@ T®T :ﬁ2T||M||%ZZT+ﬁ(zmTW(s)TJrW(s)mZT)JF_W(s)w(3)T
VAT nr

Starting from the right, the term ;.- W® W®T is already understood thanks to Theorem 6.5 and yields
a semicircle as limiting spectral distribution. The crossed-terms in the middle have zero mean and
are expected to vanish. On the left, remains the rank-one term zz" weighted by ,62T||M 12, which is
a random quantity because of the noise N in M. However, the quantity | M ”12: is expected to rapidly
concentrate around its mean % + ﬁ%\/[' Hence, guessing from the results on the previous unfoldings,

nr (mnz

we would need the quantity ﬁZT\/m—nW o

+ ,Bfw) to converge to a fixed positive value denoted p.
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Chapter 6. Performance Gaps in Multi-View Clustering under the Nested Matrix-Tensor Model

Indeed, this is precisely what is found when this analysis is rigorously carried out (see Appendix 6.C),
meaning that fr = G)(n‘““) In other words, if 7 is a constant (87 = ©(1)), we are above the non-
trivial regime and therefore should expect (asymptotically) exact recovery. This is because the strength
of the signal is “boosted” by ||M||2 =0(nr).

Remark 6.6. p is defined as the value of ,BT which, since fj; = ©(1), is the same

niny 2
‘/nlngn ( +ﬁM)

2 mnp _ ny . aps A
as that of 7, NG However, we keep the f2 %, term in the definition of g as it yields better

predictions in our simulations.

Theorem 6.7 (Spike Behavior). Ifp = %f \/%(”; ;2

_nr @ p@T __mn . . 1
\/W T'T T I,,; has an isolated eigenvalue asymptotically located in p + 0 almost surely.

Furthermore, in this case, the alignment between the corresponding eigenvector z = u; (T® T®T) and
the true signal z converges to 1 — 0—12 almost surely, i.e.,

+ B2 ) > 1, then the centered-and-scaled matrix

1
(2,8 —=——1-—.
ni,ng,n3—+oo Q
Proof. See Appendix 6.D. O

Once the quantity p is defined, we recognize in Theorem 6.7 the same results as that of the spiked
Wigner model (Section 2.2.1).

Remark 6.8. In practice, we work with large but finite tensors. Hence, it makes no sense to say that
Br= @(n” Y orBr= ®(n‘1/ 4). In fact, the characterization of the “non-trivial” regime is only impor-
tant here to reveal the relevant quantities, i.e., pr and p, which we will use in practice without worrying
on whether 7 is in the right regime or not.

6.1.3 Estimation with Weighted Mean

Before diving into the application of the previous results to multi-view clustering (where we will be
interested in the estimation of the class labels contained in y), we propose an analysis of a related
matrix model corresponding to the optimal estimation of y when z is perfectly known. These results
will give us an optimistic upper bound on the performance of the estimation of y from J.

In case z is known, y can be estimated with the following weighted mean of J” along mode 3,

n3

_ 3

T=Y 2T . r=PrBuxy +——2Z (6.6)
kgl Vv nM

where Z; ; iid. A4(0,1) and cz = ﬁzT + ’r’l—]‘;’ It is well known that the dominant right singular vector of
T is an optimal estimator of y under this model (Onatski et al., 2013; Loffler et al., 2021). Hence, we
study the spectrum of LTTT, which is a sample covariance matrix — a standard model in random
matrix theory (Pastur and Shcherbina, 2011; Bai and Silverstein, 2010). Its eigenvalue distribution con-

verges to the Marcenko-Pastur distribution (Marcenko and Pastur, 1967), as expressed in the following
theorem.

2
Theorem 6.9 (Limiting Spectral Distribution). LerE. = (, / 15—163 +4/ 133) . Asny, np — +oo, the matrix
CLZ T T has a limiting spectral distribution [1 — o180 +n withn explicitly given by

1
dn(x) = ——V/[x— E_]*[E, — x]*dx.
27[1_63)6
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6.2. Performance Gaps in Multi-View Clustering

Similarly to the previous spiked models, the rank-one information 878 xy " induces the presence
of an isolated eigenvalue in the spectrum of CLZ TTT. The following theorem characterize its behavior
and that of its corresponding eigenvector.

4
Theorem 6.10 (Spike Behavior). If (M) > %, then the spectrum of L TT T exhibits an isolated

eigenvalue asymptotically located in 2 s

ﬁ2 B
case, the corresponding eigenvector uy (T T) is aligned with the signal y,

2
(ﬁTﬁM + C—l)(ﬁTﬁM + 2 ) almost surely. Moreover, in this

2
2 LT
=T i\ 2 as. S 2 2 1—03
(ym(T'T)) 5 2 :
n1,12,113—+00 ﬁ 1-c3 ﬁTﬁM -
1-c3

These results follow from the “standard” signal-plus-noise model presented in Section 2.2.3.

6.2 Performance Gaps in Multi-View Clustering

We shall now illustrate our results in the context of multi-view clustering. As explained in the in-
troduction, we consider the observation of a tensor X € RP*"*™ following the nested matrix-tensor
model,

N; ;o e o, L
X=(uy"+N)@h+W  with { R [0-54) ©.7)
Wik (0,50
The two cluster centers are +p and jy; = _— depending on the class of the i-th individual. The third

vector h encodes the variances along the different views of uj " + N. The clustering is performed by
estimating the class labels with the dominant left singular vector j of X?). Itis thus a direct application
of the results of Section 6.1.1, where (||ull, | k) plays the role of (B, B7). In fact, the behavior of the
alignment (y, )2 given by Theorem 6.2 can be further precised with the following theorem.

Theorem 6.11 (Performance of Multi-View Spectral Clustering).

_ (p,n,m) g2 tntm
) 2
and ¢=1-— ! ( le] ) e Pt 41
el (e + 1el®) Lo (e + o)) Cm A2

Then, /1% (y] \/—y]) —Z . ,/V(O 1) for all j € [n], i.e, §; approximately follows JV(\/—y], - )
Therefore, the clustering accuracy of the estimator y converges almost surely to @(\ [ == ( ) where®: x —
\/77[ [ e*7 dt is the standard Gaussian cumulative distribution function.

Proof. The proof is similar to that of Theorem 3.4 given in Chapter 3. O

Figure 6.3 compares the performances of the unfolding approach predicted by Theorem 6.11 with
that of the “tensor approach” (Seddik et al., 2023a) which performs clustering with a rank-one approx-
imation of X. Moreover, an optimistic upper bound on the best achievable performance, given by
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Figure 6.3: Empirical versus theoretical multi-view clustering performance with parameters
(p,n, m) = (150,300, 60), varying ||g|l and two values of | k| : 0.5 in blue and 1.5 in orange. The solid
curve (O) is an optimistic upper bound given by Theorem 6.10, as it can be reached when the vari-
ances along each view are perfectly known. The dash-dotted curve (T) is the performance achieved
with a rank-one approximation of X (Seddik et al., 2023a). The dashed curve (U) is the performance
predicted by Theorem 6.11 with the unfolding approach.

the solid curve, can be derived from Theorem 6.10. Empirical accuracies are computed for both ap-
proaches and show a good match between theory and simulation results. It appears that the unfolding
approach has a later phase transition and a lower performance than the tensor approach. This was
expected since they do not have the same non-trivial regime (® (an/ %) against ©(1)). As | k| increases,
the performance gap between both approaches reduces. The performance of the tensor approach
rapidly comes very close to the upper bound: the two curves almost coincide for | k| = 1.5.

These results show the superiority of the tensor approach in terms of accuracy of the multi-view
spectral clustering. In particular, by contrast with the unfolding-based estimator, the tensor approach
has near-optimal performance, as quantified by Theorem 6.10. Nevertheless, when considering “not
too hard” problems (i.e., for which ||p|| and || k| are not too close to the phase transition threshold), the
performances of both methods are close and the unfolding approach may be more interesting given
its ease of implementation and lower computational cost.

6.3 Conclusion and Perspectives

In the context of multi-view clustering, we have conducted a thorough random matrix analysis of the
unfoldings of a newly-introduced nested matrix-tensor model, which is an extension of the classical
rank-one spiked tensor model. Our results shed light on the behavior of the distribution of the sin-
gular values of the unfolding in the large-dimensional regime. Moreover, we have characterized the
alignments of their dominant eigenvectors with the sought signal, thereby describing the frontier be-
tween possible and impossible recovery in the corresponding non-trivial regime. In a previous work,
Seddik et al. (2023a) studied the recovery performance of the best rank-one approximation on the
same model and showed empirically that it performs better than the unfolding approach. Our analy-
sis completes the picture by studying the performance of the latter. A natural avenue to delve deeper
into this analysis of multi-view clustering is to extend our results to more general view functions f.
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6.3. Conclusion and Perspectives

From a theoretical standpoint, we have shown the superiority of the tensor approach in terms of
signal recovery. In particular, the latter can, in principle, recover the signal at a © (1) signal-to-noise ra-
tio, while the matrix approach needs this ratio to diverge as an/ % as shown in Theorem 6.2, consistently
with our results from Chapter 5. However, the tensor approach is based on an NP-hard formation and
itis conjectured that no polynomial-time algorithm is capable of succeeding at a ® (1) signal-to-noise
ratio. In practice, for a sufficiently large ratio, one may combine these approaches by initializing a ten-
sor rank-one approximation algorithm (such as HOOI in Algorithm 5) with the estimate given by the
unfolding method. Although this procedure allows to compute the best rank-one approximation and
therefore reach the optimal performance, it is only efficient above the computational threshold (The-
orem 5.11). Therefore, the results illustrated in Figure 6.3 are indicative of the existing computational-
to-statistical gap. The “tensor approach” consists in computing the best rank-one approximation of
the observed tensor as estimator of the sought signal. Although, this is not always feasible because of
the practical limitations we have just mentioned, the analysis of this problem provides many insight
into the statistical limits of the estimation.
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6.A Proofof Theorem 6.1

Denote Q@ (s) = (T T®T —sI,,,) " the resolvent of T® T®T defined forall se C\Sp T@ T,

6.A.1 Computations with Stein’s Lemma

Before delving into the analysis of Q®, we will derive a few useful results thanks to Stein’s lemma
(Lemma 2.18). They are gathered in the following Proposition 6.12.

Proposition 6.12.
E[w® @7 Q® mns E[Q®] - E[(2+1)Q®? + s(Q@ TrQ® + Q2 6.8)
| = 2 elQ®] - ——k| ( )}
,BT[E[MT(Inl R z) T(Z)TQ(Z]] = BAE[M"MQ?) (6.9)
1
_ _[E[SQ(Z) TI.Q(Z) +SQ(2)2 +In2 TI.Q(Z) + Q(Z)]
nr
1
+ n—sz[(mn3 1, -2) QP TrQ® + (n1n3 — ny —4)Q¥?|
T
_ iZ[E[4Q(2)3 +20(2)2 TrQ(Z) + Q(Z) TI'2 Q(Z) + Q(Z) TI'Q(Z)Z],
n
T
E[NTMQ®]| = ——E|(n; — n, - 1)Q? _( mns )(Q(Z)T Q@ +Q22) (6.10)
4O nr
__ S [E[4Q(2)3+2Q(2)2TrQ(2)+Q(2) TrQ®?%+ Q21 Q?]
nr+/ Ny
E[(n2 +2)Q®P TrQ® + (np +4)Q®?
-t |
E[lyx' NQ¥] = —ﬁ—nT[E[y(x®z)TT(2)T(Q(2) TrQ¥ + Q#?)]. (6.11)
M

In order to prove these results, we will need the following expressions for the derivatives of Q.

Proposition 6.13.
Q(Z) ( )
R Q(Z) T(Z)TQ(Z)] + Q(z) [T(Z)T Q(Z)] (6.12)
(2) d,b b d,a
ow,, Vi ¢
aQ(Z) F;
N d \/L (Q(Z) [Q(Z) T(Z) (In] ‘zz)]h . + Q(Z [Q(Z) T(Z) (Im gz)]a,c) (6.13)
¢

Proof. Since 0Q@ = —Q@o(TP T®T)Q?,
Q(Z) np np n3 np

0T
__ @ fegg— i T f,h,g) @)
Wi jk ezllegzlhle ( P+ Ihes gy, ) O

= ——(Z Qi Tink Qi + Z Qe Tie, ko(”)

0Q, 1
Wik vnr

(QEIZ)] [TPTQ®], 4+ Q(Z) [T?7Q?] [i,k],a)
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Likewise,

aQ(az)b np np n3 ng 67 aT
—= @ =S8 fhg) @
T netJ Q%
ONca eﬂf:lélhgl (GNC, fhe™ fe8 g N
=— Br nsz z‘IhQ(Z)+ZZQ T ZQ(Z)
VM g=1i=1 a,d“8 ong S5 aevceglg
Quy__ P
b @ 1@ 7@ @ (0@ T@
== QP T (1 m2)),  + O [QP T (1 22)], )

O

The identities in Proposition 6.12 are proved using Stein’s lemma (Lemma 2.18) and Proposition
6.13.

Proof of Equation (6.8)

[E[W(Z) T(Z)TQ(Z)]i,j _ ann:3 i [E[W(Z) T(z)Q(Z)
k

=1 I=1
S T(Z) @ , 7@ 0 ;2])
:k:”; 6W(2)Q lka @
_ Ml @) B e[ r@ QR [TOT Q@ @[ 72T o)
'm—TE[Q kz”zl[E[T,( J(17Q],  + QP [T Q] )|
1
_ @1 _ @@ 7@T A o 0@ To(T@ 7T 0@
_\/_ E[Q ] \/n_T[E[Q 79T Q¥ +Q9 T (TVT” Q )]i,j
_mns o0y @ @ @, @2
—\/_[E[Q ij \/_[E[(n2+1)Q +5(Q9TrQ™ + Q™)) ;
where the last equality comes from T® T@TQ®@ =1, + sQ®.
Proof of Equation (6.9)
[E[MT(In1 xz)TT(Z’TQ(Z)] N
ij
Taro® 1 P& T T @ @
= B1E[MTMQ ]’”+TT,CZIZ[EHM (I, ®2) ]l_ woP]
=1 [=1
@
1 mns m 0Q,
_ T MO® T T
= FrE(MMQT, \/_kzll 1[E [M (I &) ]i'kawz(zk)
TMQ?)| 15 & T( @ ,(Z)T @)
=BrE[M'MQ .——Tkzllzl HM (I, 2 2) ]]kQ”[T Q ],w.]
1 nyng np T
“r & =) e
=ﬁT[E[MTMQ(2)]ij—n—[E[MT(Inl&z)TT(Z)T(Q(Z)TrQ(Z)+Q(2)2)], .
) T L,
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We have T = Br M (I, @2) " + ﬁwm and T@T@TQ®@ =5Q? + I,,, thus

ﬁT[E[MT(Inl Izz)T T(Z)TQ(Z)]

— ﬁZT[E[MTMQ(Z)] _ _[E[(T(Z) _ \/?Tw(Z)) T(Z)T(Q(Z) TI.Q(Z) + Q(Z)Z)
1
= B1EIMMQ® |~ B[4 + 1) (1, Q% + Q)] + ———E[WO T (QVTrQ® + Q)

1
= BFE[M"MQ®] - —E[sQ® TrQ® +sQ®? + I,,, Tr Q¥ + Q']
nr

Elw@T@T (0@ 1r 0@ + 0?2
o \/—[ (Q¥TrQ® +Q®?)].

We use Stein’s lemma (Lemma 2.18) again to handle the last term.

E(Ww?TOT(Q?TrQ? + Q®2)],

nins f Zz [E[W(z) T (Q(Z)Q(Z) + Q5 Qf?})]

u:] =1 w=1

ij

(2)

ning nz np

(Q(Z) Q(Z) Q(Z) Qﬁ)])]

u=1 v=1w=1 aVVvl(,zu)
2) (2) @ @
R Sl o o ) Y 0Q, 02 1w uw 0w o | o 0Qu,
u=1 v=1w=1 i 0 i(sz o vj 0Wi‘2 0]/\/1(,214) Wy U'wawﬁ)
_ing @ @, @2
[E[Q TQ“ +Q ]
VAT
_ nlf‘f f f [Tm (Q(ZJ[T(Z)TQ(Z)] +Q(2)[T(2)TQ(2)] )Q(z) ]
VAT y=1 v=1w=1 vt il
_ an f % [ 7@ Q(z)(Q(z) [T(Z)TQ(Z)] +Q§2) [T(Z)TQ(Z)] )]
VIT y=1 v=1w=1 Lw ww
_LWB RS [T(Z)(Q(Z’[T‘Z)TQ(Z)] +Q® [T(Z)TQ(Z)] )Q(z).]
VAT (21 01 wm ot b wv)Twl
n ny ny
- T2Q2 (Q(z) TOTQR] 4+ Q@ [T@T Q@ )]
\/n_TuZI ’/2,1;1 u,u WI[ ] u,j 1,][ ]u,w
_mns e @, n@2
—E[Q¥TrQ¥ +Q ]
- Vnar
_ E0?TOTOT 0@ 0@ + 0@ Tr TP T@T 0@ Tr0@)] . .
—E[Q Q?T1rQ? +Q Q¥ TrQ™]; ;
2

1
3 E[QP2T? T T Q)] T E[QY TP TOTQR2 4 22Ty T TAT Q)] g

VT
1
_ E[0@2T@T@T 0@ L 0@ Tp 7@ 7@T @27
— [Q Q? +Q?Tr Q%]

And, again, with T @ T(Z)TQ(Z) = sQ(Z) +I,,,, we obtain

E[WwOTOT(Q?TrQ? + Q®?)]

158



6.A. Proof of Theorem 6.1

ning @ @ ., 22
=—E[Q”TrQ” +Q

1
—— E[sQ??TrQ® + QP TrQ? + sQ? T2 Q2 + n,Q? Tr Q? |
VAT

2

E
vnr

1
VT
1 2)

_ E SQ(2)3 + Q(Z)Z + SQ(Z) TI.Q(Z)Z + Q(Z) TI'Q(
VT [ ]

1
= —E[(mns—n2-2)QP Tr Q® + (n1n3 — n, —4)Q??]

N

S
_ [E[4Q(2)3 + 20(2)2 TI.Q(Z) + Q(Z) TI'2 Q(Z) + Q(Z) TI‘Q(Z)Z].

N

[SQ(Z)?) + Q(Z)Z] [E[SQ(2)3 + Q(Z)Z + SQ(Z)Z TI.Q(Z) + an(Z)Z]

Eventually, this gives,

1
ﬁT[E[MT(Im gz)TT(Z)TQ(Z)] - BLE[MTMQY] - n_[E[SQ(z) rQ? +5Q2? + I,, rQ? + Q2]
T
1
+—E[(min3—ny - 2)QPTrQ® + (mins — np — 9Q¥?]
n
T

_iZ[E[4Q(2)3+ZQ(2)2TrQ(2)+Q(2)Tr2 Q(2)+Q(2)TI'Q(2)2].
n
T

Proof of Equation (6.10)

ny np
E[NTMQY), =) ). [ Nii M QP
=11[=1

@

__ [E[Q(Z)] +§ f[E M Lj
2074 R k’laNk,i

__m @)

= nM[E[Q ]i,j

ﬁ ny np
- 3 3 M Q10T (1 )]+ 0 (VT (1, 2] )

ny ﬁT T T
:—[E[Q(Z)]l.’j—\/T_M[E[Q(Z)MT(I,“IXZ) TOTQ® + QP Tr(M (I, 12) T(Z)TQ(Z))]M.

VD

and, since ﬁTMT (In1 &z)T =7T® - \/L’TTW(Z), with the relation T® T@TQ® = sQ® + I, we have,

TyMo®) —_ ™M @ __1 22 @ @@ @7,
E[N"MQ ],-']-—W[E[Q ij \/W[E[SQ +Q? +5Q®TrQ® +n,Q?], ;
1
+ E[Q¥WPT?TQ? + QP (W@ T?TQ?)], .

nynr
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__m @ 1 @ @1 0@ 4 o2
__TM[E[Q ]i,j__/W[E[(n2+1)Q +5(Q¥TrQ™ +Q™7)], ;
(2) @)
1 Nz ning np 0 2 2 5 ) aij
+ ZZZ[E (2)Q() Q() Q() Q()L(g)v ’
Vi i 25 2| awiz, T Qs Qg Qs+ s e
@) (2) )
(2) 6 w,u

1 f mZm f 2, @02, +Q? T @ +Q?
L E v Qi+ Qpj 5 Qi + Qi
VIAMAT =1 3=1 w=1 0W152) How, [2) K w,vawli'zl)}

where we have used Stein’s lemma (Lemma 2.18) again. Hence,

E[(n2+1DQ? + s(Q? TrQ? + Q??)], J.+%[E[Q(2)2+Q(2) TrQ(z)]i,j

= \/T_M [Q(z)]”_\/—_
1 B & @ (7T Q@) @ [7@T @ @ @
nT\/n_uzlyzlwzl[E[(Q’”T Q?],,+QZ[T?7Q®], ) 12,02,
A S . @ [7@T @
I’lT\/_u 1 0= 1wz— [E[Q,uva( wul T Q ] Qu:j[T Q ]V'w)]
nyng (QEZL[T(Z)TQ(Z)] + Q(z) [T®TQ®], )TIS?,)

ning mnp
RS ——

i,j w,v

which bunches up into

[E[NTMQ(Z)]“
__m ) 1 2) ( m 3) () ) (2)2]
= E(Q*|. . — E((no+1)Q +|s— Q-TrQ +Q

viM [ ]l] O 2 nr ( ) ij

2)2mn(2) p(2)T (2 2 2)p(2)T 02 2
E[Q?T®T?TQ® + QP T T?T Q¥ T1Q?)],

1
nry/nym
1

nry/nm

1
E [ Q(2)2 T(Z) T(Z)T Q(2) + Q(Z) T(Z) T(Z)T Q(Z)Z] iy

nr+/ny
1
nrvnm

and, using again the relation T® T®T Q@ = sQ® + I,,,, we get,

E[Q22T@TOTQ? + QP2 Ti(TP T TQ?)], -

E[Q? Tr(QP TP T®TQ®) + Q¥ QP (TP T®T Q)] ,

[E[NT MQ(Z) ]

1
= [E[Q(Z)]——nM[E (nz+1)Q(2)+(s—

nns )(Q(Z) TrQ®? + Q22)
N nr
[sQ?% + QP2 + Q2T Q® + QP Tr Q? + sQ®3 + QP2 + QP2 Tr Q2 + 1,Q?2]

1
-——E
nry/ny
1
_ E SQ(2)3+Q(2]2+SQ(2)3+Q(2)2
e ]
1
- E[sQ?TrQ®? + Q? TrQ? + sQ? T Q? + n,Q? Tr Q|
nry/ny
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n @) 1
= L E[Q®]- —E
NN

E[s(4Q?% +2Q?2TrQ? + QP TrQ?? + QP T2 Q?)]

(n2+1)Q® + ( ”;TB )(Q(Z) TrQ® +Q»?)

1
~nrym
E[(n2 +4)Q®? + (n2 +2)Q¥ Tr Q?].

1
nry/ny
Proof of Equation (6.11)

[E[yxTNQ(Z) = ”Zi[E[[yxT]lkalQ(z)

mom (2)

‘ZZ[E

=11=1

LS S e[ lyxT]k (@102 T (1 m2)] e+ 0[P T (1 m2)], )|
M k=11=1
= —ﬁTTM[E[y(xxz)TT(Z)T(Q(Z) Tr Q¥ + Q¥?)]

[J’xT]lk

6N

i,j°

6.A.2 Asymptotic Behavior of the Resolvent

Since Q@1Q@ = I,,, we have TOTEOTQ?P _5Q?@ = I,,,. Hence, using Equation (6.4) and taking the
expectation,

ﬁT[E[M (In, 02) T(z)TQ(Z)] [E[W(z) T@TQ?] - sE[Q?] =1,,
and, injecting Equation (6.8), this yields

rE M I, Xz Tth)TQ(z)
1

nl ns

[E[Q(Z)] L E[n,+1Q? + s(Q?1rQ® + Q¥%)] - sE[Q?] = I,
nr

Then, we use Equation (6.9) to develop SrE[M (I,,, ®z)' T®TQ?]. After rearranging the terms and

using the decomposition M = Spxy ' + \/+T4N’ we find

E[QP] +1,,

no — N N
ZE[Q? TrQ?] + (s+ L L 3)
nr nr

2
_ _niT[E[Q@) + QP2 + B2 puE[yx  MQ®)] + —\//;LM[E[NTMQ(Z)]

1
_ _[E[SQ(Z) TI.Q(Z) + SQ(Z)Z + In2 TI.Q(Z) + Q(Z)]
nr
1
+ n_z[E[(m”?' -1 -2)QPTrQ® + (my1ns — np — Q%2
T

—i[E[4Q(2)3+ZQ(2)2TI'Q(2)+Q(2)TI'2 Q(2)+Q(2)TI'Q(2)2].
n2
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We can now use Equation (6.10) to develop E[NT MQ®].
i[E[Q(Z)TrQ(Z)] N (s+ nz—nms)[E[Q(z)] + 1,
nr nr

—-E[Q +5Q | + f} fuklyx MQ®)
2
—T[E
ﬁ2

nTnM

(m-n,-1)Q® - (s n;rng )(Q(Z) TrQ® + Q¥?)

IE[4Q(2]3+ZQ(2)2TI.Q[2)+Q(2)TrQ(2)2+Q(2)Tr Q(Z)]

2
__f E[(n2 +2)QP Tr QP + (np +4)Q®?]
nrny

1
- —E[sQ¥ Q¥ +5Q®? +1,,11Q® + Q]
T

1
+ n—z[E[(nlns -12-2)QPTrQ® + (nyn3 — np - 9Q??]
T

F4Q®3 +20@2TrQ? + QP T2 Q@ + QP Tr Q2.
n
T

After a few rearrangements this becomes

2
(s—M3—M—ﬁ—(n1—n2 )[E[Q(Z)]+(i[E[TrQ<2)]+1)1n2
nr ny nr

2 2
2 ning—np—2 1
+(5(ﬁ+_)_L(ﬁ+_))ﬂ0mﬁ0(2)]
nvM o nr nr nm o nr
2 2
2 —ny—4 1
+(s(_r+_)_u(&+_))wz>z]
ny AT nr ny o nr
2
( +_) (40?3 +2Q?2TrQ? + QP Tr Q% + Q@ 112 Q?] = 2By E[yx MQ®?).
nr\nm nr

Here, we must be careful that, due to the 1, x nj n3 rectangular shape of T, the spectrum of T 17?7
diverges in the limit n;, 71y, n3 — +oco. In order to bypass this obstacle, we shall perform a change
of variable (s,Q®) ~ (5,Q?). Let § = 2

-1
~2) nrTATOT —myngl, . .
NV and Q¥ (3) = (—\/W 2 —5§I,,| . With this
rescaling, note that we have Q@ (s) = \/WQ(Z) (8), and the previous equation becomes
(§+ rat2 —Pr Mo 1)[5[6(2)] + —[E[TIQ(Z)] + I)In
NS Ny Vg ng 2
2 1 Ny +2 1 ~ -
e e 3 B e
ninyn ninpns ninyn

pT 2 1 ny+4 PT 1 ~(2)2

—_—t V|t —— [ — + — [E[Q ]

ny V12 n3 nyo vViingng \ np Vv 1no2n3

S Por 1 ~(2)3 A221. A2 L AT AR2 , A2 T2 A2)
4 +2 Tr + Tr + Tr

(\/mnzn )( \/”llnzn ) [ Q Q Q ¢ Q ¢ Q ]

+

= prBmE[yx" MQ®]
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ﬁ%nr
Viingng”
Remark 6.14. We see, here, that p7 must be bounded to avoid any diverging coefficient in the previous
equation. In fact, we must chose 1 = G)(an/ 4) (implying p7 = ©(1)) in order to place ourselves in the
non-trivial regime where both the noise and the signal are ©(1). This is different from the estimation
of y with a rank-one approximation of J, where S could be kept ©(1) (Seddik et al., 2023a) (but at
the cost of an NP-hard computation (Hillar and Lim, 2013)).

Let us reformulate the previous equation by keeping only the non-vanishing terms on the left-
hand side of the equal sign.

"2 e 6(2)(TTQ( ))

where we have introduced the @ (1) quantity pr =

n ~ TrQ®@
+(1+§pT—2)[E[Q(2)L
ny ny

+ (§+anZn;Mm)[E[6(2)] +1

nz
B n2+2 )[E[Q(Z)] ny E Tré(z)
AW varngns | onp |

2n nyg+2 n n ~ o TrQ®
—(§ 2,2 (PT—2+—2))[E Q(Z)L
vmnang  \/ningng Vnmnang ny

e

ny 1
o+ i)

(E(PT 2 ) 1+ ny +4 (pT 1 ))[E[G(Z’z]
Viihang vmnznz\n Vminzng

o e

—(5—”2 +1)(pT ! ) [26(2)2TTQ(2) +6(2)Tr6(2)2]
Vhninyns V12 Nn3 ny ny

+prBmE[yx"MQ®@]. (6.14)

6.A.3 Concentration of Bilinear Forms and Traces

We have the following concentration results

T@-E@Dh— 0 and  LTA@Y-EQ) —E—0  615)

ni,n2,n3—+0o ny,nz,n3—+oo

for all bounded (sequences of) vectors a, b € R"2 and matrices A € R"2*"2,

The proof relies on the use of the Poincaré-Nash inequality (Lemma 2.19) and Lemma 2.20. Be-
cause of the “double-noise” structure of our model, the computations can be quite cumbersome but
present no conceptual difficulty compared to those performed similarly in Section 2.3.1 so we just give
the main steps.

Recall that we assume 7 = © (n;'/*) in the non-trivial regime.
For bilinear forms, we find

- 4 2
Var(a'Q®'b) < A (ﬁ ! )n P1bIPE[ [ 72 || @2 )] = 5n7 "), (6.16)

ninans\ Ny
Ela”(@® -E[Q®])b]"]
16n2. (ﬁZT

ninyzns

- )IIaIIZIIbIIZ[E“aT(G(Z)—[E[G(z)])b|2|| T@|*[Q®["] + Var(a” @?b)*
ny nr
=05(n7),
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E[la"(@® - E[@?))b|']

2 2
< 6 (ﬁ . niT)||u||2||b||2[E[|aT(6(2) ~[@¥))el'| 7|2 | +E[|a" (@2 ~E[@®)b[*]

= nmnypns\ ny
=0, (n‘3/2).
For traces, we find
2 2
1 4 n BT 20 A2) 14 _
Var( TrAQ(Z)) —I ( — ||A||2[E[||T(2)|| Q@ ]zﬁg(nTW). (6.17)
no nz ninzng\ ny

We also note here two results which are not needed for the concentration (6.15) but will be useful
below and are derived with the Poincaré-Nash inequality (Lemma 2.19) as well.

g@2) < 16 —nZT ﬁZT 1 @121 8 -3/2
Var( rQ ) o [E[”T I"1Q"] ]=@’g(nT ), (6.18)
np ninpn3 nM nr
2 2 2 52 2
Var( iTrQ(Z)] )S 16 np (ﬁ L)[E TrQ I T® ||2||6(2) “4] =@’§(n}3/2)- (6.19)
np No ninang \ ny nr ny

6.A.4 Expansion of the Mean Empirical Stieltjes Transform

Let 6(()2) denote the resolvent of the model with s = 0 (no signal). Using the resolvent identity (Propo-
sition 2.21), it is easy to see that - Tr(é(z) - Q¥) = 0(n7"), which shows that the rank-one signal

does not change the limiting spectral distribution of ﬁ TOTAT -2 [, | and we can assume
B =0 from now on.
def

Define m,, (5) = 1 S Tr Q™ (5). We seek an explicit expansion of E[7m1,,(3)] up to a term dominated
by nTl. Let us apply niz Tr to Equation (6.14) and keep explicitly only the terms which are not domi-
nated by n;!.

pT—M[E[ 3, (5)] + (1 +§pTﬂ)[E[m§l2(§)] + (§+pT T2 — )[E[ﬁznz(g)] +1

:_( 2nz +—)[E[m §)] - —2 (2§+ 12 —)[E[ 2.9)]
NI RO "2 \/l’llnzl’lg NI tor

(ot e o
NIGYPYE P nm BYAR "2

_(gp_T+ )[~;12(§)] 3—[E[*n2(§)mn2(§)]+@(n‘3’2) (6.20)
nyg ny

where the derivative of 77, appeared because - Tr Q¥2 = i, (). From Equations (6.17), (6.18) and
(6.19) together with the Cauchy-Schwarz inequality, we have

E[1},, (8) i, ()] = E[1},, ()] E[in, (5)] + Cov(},, (3), fiin, (8)) = Elt}, (DIE[in, ()] + O5(n>"?),
E[/2, (s)] = E[ ltn, (9] + Var(iin, () = E[in, 9] + O(n7?),
E[ 7715, (8)] = E[ i, ()] +E[ fiin, (5] Var(iity, ()) + Cov(iiiZ, (5), fin, (3)) = E[in, (3)]° + O5(n7>"?).

Hence, Equation (6.20) becomes
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P12, (5))° + 1+§pTﬂ)rE[ﬁ1nz(§)]2 (s+pT )rE[mn2 9] +1
ny ny

B L B 1 T2
- (\/W nM)[E[m”Zm] W( \/7 T )[E[”’”z@]

T (1o T JE O
T3 'OTn N1 N3 My

(L el 0] -3 2L, (9l 9] + 0,7
2

n2 nl

Consider the equation pT%ﬁ3(Q +(1+3pr n2 V25 + (5 + or )ym(3) + 1 = 0. By expliciting the
roots of this polynomial in m(3), one can show t that, forall §e C\ R it has a unique solution satisfying
the properties of a Stieltjes transform (in particular, 3[3]S[m(3)] > 0). Moreover, we define in this way
the Stieltjes transform of a compactly supported probability distribution on R, which we denote v. Let

us now subtract the relation pr % m 3+ + spT ”; Y2+ E+pr — "‘ )m(§) + 1 =0 to our previous
equation in E[771,, (5)]. With the relatlons - =(a-b)(a®+ab+ bz) and a? =(a-b)(a+b), we
find

(E[2, (9] = 7(3)

P12 (E[ i, (9] + E[ i, (9] 7205 + 7 (9))
ny

n ~ o ny—n
+ 1+§an—2)([E[mn2(§)]+m(s))+s+pT 2”1
M

_ _( 21’12 )[E[m 5)] ny (2§+ ny i E)E[ﬁ’l (5)]2
\/nlngng ny "2 Vi1nonsg Vinznsg pTI’lM "2
_L(1+§( 2+n—))[|g[m (g)]
Noon YN Y "
(P, e 91-3P% ~3/2
(snM+n2)[E[mn2(s)] 3nM[E[ , D E[10, ()] +O5(n7°%).  (6.21)

-1

R — — o as well as
7 2 (EL iy (5)12+E Ly ()] 75)+ 2 (3)) + (14307 22 | (ELy (5114 (5) + 5+ "2

Let us define gy, (3) &f

Ay, (3) def E(y,(8)] — m(8). Then, simply replacing E[/71,,(8)] by m(3) + Ap, (3) in the expression of

&n, (8), we obtain

np—m

no ~2 - ny ~ ~
&n, (8§ = —|3pr—m"(3) +2(1+5pT—)m(§)+s+pT
ny nm

-1
+PT_(3m(§)A(2)(§) +A2%(9) + 1+ §PT:;_2)A(7122)(§)]
M

1
1- AR ) pr 22 (3m() + A7 (9 +5) +1)

=g(d x (6.22)

-1
3pT ,Z\ZJ ~2(s)+2[1+spT v )m(s)+s+pT

where g(3) def TEm and, differentiating the relation verified by m with
m' (8)

mS+pr 131 m2(3 "

prove that g(§) = 0.(1), that is, there exist two polynomials P, Q with positive coefficients such that

g(d) < \%;I)(()%' In fact, in Lemma 6.15 below, we show a slightly stronger result which will also be

useful later.

respect to the complex variable §, we can also remark that g(8) = Here, we want to

max(2|§],Cop)

Lemma 6.15. There exists a constant Cy > 0 such that, |g(5)| < Dists,Supp )2

forall§e C\ SuppWv.
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_ ' (8) =1 fr( ~\—2 .
Proof. g(3) = Ty % 70 and we know that |’ (5)| < Dist(§,SuppVv) ™ (from the properties of

Stieltjes transforms, see Proposition 2.7) so the only difficulty is in bounding |7(5) + pT%ﬁ2(§)l

df_(? where v is a compactly supported probability distribution on R,

from below. Since m(3) = [y
we have |§(m(85) + pT:—;[ﬁz(ﬂ)l — 1 as |§| — +oo. Hence, there exists a constant M > 0 such that
5= M = ﬁ < |m3) + pTr'll—zﬁ12(§)| < % Conversely, § — (3) +pTr':—;4r712(§) never equals 0 on
{z € C\SuppV | |z| < M} and has anon-zero limit as § approaches Supp v with |§| < M (these statements
are not straightforward but can be verified trough a study of the function x — 772(x) on R\Supp v, which
requires to derive an explicit expression of 7 from the cubic equation it satisfies) therefore there exists

a constant Cy > 0 such that |72(8) + pT,:L—; m2(3)| = CLU for all § € C\ Suppv such that |§| < M. In the end,

211 . Co .
DIt Supp7)? if|§|= M and |g(8)| < DSt Supp7)2 otherwise. O

we have |g(3)| <

From Equations (6.21) and (6.22), we have
An2(§)(1 - g(smglz;(s)(m:—;(m(g) + AP (5 +5)+ 1)) = g(5) x O,(n7"?)

thus, since |7(3)| < |$§7! and gl® =0.0) by Lemma 6.15, this implies that A, (5) = @’g(n}l/z). We
can then use this relation in Equation (6.22) and find that g, (3) = g(5) + @g(n}“ 2).

Remark 6.16. A, (3) = @g(n}l/z) shows that E[771,, (5)] converges to 1(3) for all §€ C\R and therefore

~. e . .. . nr 2)pr@2)T _ nin3g
that v is the limiting spectral distribution of T TYT =g Anz |-

In Equation (6.21) there are also [E[r7z;12(§)] appearing in the last line. To handle these expecta-

tions, consider the relation obtained after applying nlz Tr to Equation (6.14) and differentiate it with
respect to the complex variable § (differentiation under E is possible because the integrand can be
upper bounded on every compact subset of C \ R), this yields

ny—mn

3072 E[ ity ()] +2(1 +§pTﬂ)[E[n~an2(§)] +5+pr )[E[ﬁa’nz(@]
ny ny
- —([E[ﬁzm )] +pT—:2 E[in, (9)]* | + O (n7?)
M

where we have also used the relations

E[2,(3)] = E[ i, 3] + 05 (n7>2),  E[), (8)7in, (9] = E[ iy, (D[ Fin, (9] + O5(n7>'?)

and  E[m), (@5, ()] =E[m), O]E[M2, (D] +Os(nF>'?).
Hence, since E[m1,, (8)] = m(5) + O (n}”z), we find that
B[, (9] = gn, (5)(:%(3) +pT:—2m2(§)) + 047"
M

and Equation (6.21) becomes

B[, (9)] = () + ﬂﬂ’i)g (E[ i, ()]
2 Vinanz  ny )™ 2
+L(2§+pTﬂ+L)gn (E)[E[ﬁln (g)]z
N ny  yaingnz)°" ’
np ~ np np ~ P ~13
— 1 — E
i n1ﬂ2n3( +s(anM+ nlnzns))gnz(S) [mnz(s)]
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+|mE +pr = ~2(§))( (3[E[mn2(9]+s)+—)gn2(s")+@(n‘3’2) (6.23)
nyr

or, more simply,

E[ i, ()] = (5) + ——2— g0, (E[ 0 (5)1+L(2§+ 2) OE[ i, (O
ny = TR 8ny na \/W anM 8n, ny
na
+—n1n2n3 (1+SPT )gflz §)[E[mn2 §)] +@ (n ) (624)

Let us now replace every E[771,,, (3)] in the right-hand side of Equation (6.24) by 7(3) + @’ (ny 112y,

E[7in, (3)] = m(3) 1+n—gn2(§)(2+(2s+pT—)m(§)+(1+spT—)m (§)) +0. (n}l) (6.25)

N nm ny

We can now inject Equation (6.25) in Equation (6.23). After a few simplifications, this yields

E[ 7, (9)] = () + \/m"—:l_znsgnzmm(@q(s)

+ 2 2 (ms) (5)(2+2
nlnngZ q

< ng | . - N2\ _,
25+pT—)m(§) +3(1+spT—)m (s))
ny ny

2_ (s + §r712(§)))

+gnz(§)ﬁa(§)(ﬂ +
ny nins

+ nigiz(ﬂ(ﬁim + pT:—Zmz(s))( T—(Sm(§) +9+ 1) +0,(n73%).  (6.26)

M

where q(s) )+ (25+ PT = )m(§) + (1 +Spr5= )m2(§).
We just need to find an expansion of g, () up to a @’g(n}l) term to conclude this section. From
the fact that A, (3) = 6,(n;''%), Equation (6.22) becomes

8n, (8) =g(3)

1+g(HAY (a(pT:—;(smm +AD (3 +3)+ 1) +04(ny ))

=g

1+g(AR (5)(pT:—;(3ﬁ1(§) +5)+ 1)) + 07"

Let us use Equation (6.25) (with gy, (5) replaced by g(§) + @}(n}”z)) to develop the Agfz) (8) in the last
equality.

8, () =8g@®|1+

M 2 e -1
Wg (s)m(i)q(i)(pr Bm(8+3) + 1)) +04(n7).
We can now inject this relation in Equation (6.26).
E[in, ()] = M(3) + h(3) + O5(n7>'?) (6.27)
with

def ny ~ n; 4 _9 2 no _
h(8) = ———=g(®mB)q(8) + ——g > (Hm(3) (5)( —(3m(§)+§)+1)
—nlnznsg q n1n3g q anM

+ 2 2(5)m5)q0)
g q

< np |\ . . M2 _-
2+2(2$+pT—)m(§) +3(1 +spT—)m (§))
Ny ny

ny

+g(s)m(§)(—+ (m(s)+§m2(§)))
nym

nyng
__ ny _o ny _
+—g (§)(m(§)+pT—m (S))(pT—(Sm(5)+§)+1).
no nyr nyr
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6.A.5 Confinement of the Spectrum

With the method presented in Section 2.3.2, we prove that for all € > 0, there exists an integer ny such
that Dist(%%’f, SuppVv) <eforall 1 € Sp TATOT a5 soon as nr = ny.

Let € > 0 and .%; = {x € R | Dist(x,SuppV) < €}. Let ¢ : R — [0,1] be an infinitely differentiable
function which equals 1 on SuppV and 0 on R\ .%%,. We also define ¥ = 1 — ¢. In order to show that
Try npTOTOT —pyngl,,,

Vninznz
tation and the @ (n;*'?) decay of the fourth moment.
npTOTOT _p, 131,

Vninznz
tion 2.3.2, using the Helffer-Sjostrand formula (Proposition 2.12), the development of E[772,,, (5)] (Equa-
tion (6.27)), an integration by parts and the analyticity of &, we find that

) — 0 almost surely as n1, ny, n3 — +00, we prove the convergence of the expec-

Firstly, we show that [E[Trw( ] — 0 as ny, np, n3 — +oo. Just as presented in Sec-

1 nrTPT@T - nyn3ly, f -3/2
E|{—Tr = 1+11m Slh(x+iy)] dx+0 (n™'7).
ny (p( Vv ningns Y

We can rely on Lemma 2.14 to evaluate the integral: h is analytic on C\ Supp?¥, h(S) — 0 as |§] — +oo
and h(S) = h(5). Hence, we just need to find an upper bound to |k(z)| as in the third assumption of

Lemma 2.14. To this end, let us remark that, because Supp v is compact, Wluppw —1las|§] — +o0

and thus there exists a constant M > 0 such that |§| = M = %Dist(&', SuppVv) < 3] < %Dist(§, SuppV).
Then, for any integer x = 1,

e I3 M -
e if |§|< M, DESEG Supp ¥ < BhG SuppTF < Mmax(Dist(§,Suppv) ™%, 1),

ielw 3] 3 1 x
o if|S|= M, DHStG,Supp7)¥ <3 Dists,Supp 7T <3 max(Dlst(s Suppv)™*,1).

Thus, more simply, Wlplmk < Cymax(Dist(5, Supp¥) 7%, 1) with C; = max(M, 3). Let us start by

finding an upper bound to |g(3)|.

25l +pr2  1+1Slprgk
Dist(5, Supp V) Dist(§, Supp v)?2

lg@®)|<2+ < C;max(Dist(3, Supp¥) %, 1)

with Cy4 —2+2CS+pT +1+CspT . Then, we can upper bound |g(§)| using Lemma 6.15.

|g(9)] < Cgmax(Dist(s, Supp) 2, 1)
with Cg = max(2Cj, Cp). We are now ready to upper bound | h(5)|.

|h(3)| < Cj, max(Dist(5, Suppv)~3,1)

with
n n 3.2
Cy= C,Cy+ C C 3+Cs)+1
" Vv hinzns & mn ( ( J
cch 2+2(2Cs+pT— +3 1+CSpT—))
n1n3 nm nm

2
+Cg(ﬂ+ 112 (1+Cs))+—
ny

1 +PTn—)(PT—(3+Cs) +1}.



6.A. Proof of Theorem 6.1

Hence, Lemma 2.14 gives us
1
l'm—f“h +iy)ldx= lim —iyh(y)=0
i J SVl de= lim —iyhiiy)

nTT(z) T(Z)T—nl n3 1"2

and therefore E ,%2 TI‘(P( )] =1+0 (n}3/ 2), which is equivalent to the desired result:

VIni1nzns
2 m@T
E|Try T T —ninslyy =0 n:\?)
Vninang T :

Secondly, we show that the convergence is almost sure thanks to Lemma 2.20. Indeed, with the
Poincaré-Nash inequality (Lemma 2.19), we have

@) p@T
nrT“T —nynsl
Var| Try Zll<A+B
vhinzns
. _ m ny nynang _ ny nyns nynang
WlthA—Zl.zlzjzl[E 3N, andB=3% 2 > '°F oW

Skipping a few cumbersome computations, we find

2 2 2
Ny nang Ny m Vninang - ’
2 2
goa_r 1. 7Ty nrTOTOT — i3y,
nynpng nr Vi1 nons . ’

Hence, using the inequality || AB||r < || Al Bllr and the fact that || I,, K z|| = 1 in A, we obtain

2

var| Tew nrTOTOT — pynsl,, - n2 (B2 L el gy nrTOTOT — i nsl,,

ar| Tr < —_—+ — 0] .
vhinzns mngng\ny RAr vhinzans F

Moreover, we have

2
nr T(Z)T(pl nr T(Z) T(Z)T - n I’lglnz
VR1nans3 vhninansg F
—Tru nr T(z) T(Z)T —ny nglnz + nins Tr ” nTT(Z) T(Z)T —ny I’lgInZ
V12 n3 V12 n3 Vv ninzns

with u: x — x¢"?(x). Thus,

nrTOTOT — pyngl n 21 npTOTOT —pingl
Var| Try | — DA | PR - &+—[ETru L L9
VvV 1n2n3 VI1Nna2Nn3 \ np nr VR1nan3
+4ﬂ ﬁ.}.i E Tr(p'z nTT(Z)T(z)T_nlnglnz
ng\ny nr Vvhinans ’

Since u and ¢'? are compactly supported infinitely differentiable functions which equal 0 on Supp ¥,
with the Helffer-Sjostrand formula (Proposition 2.12), we find that

nrTATOT —ningl n (A | nr( B 1
Var| Try | — sk ||, nr (Pr 1 x 0 (n7'%) +4— Ly x 0 (n7''?)
V1o n3 V12 N3 \ Ny nr no \ Ny nr
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=0 (n7h).

Unfortunately, this is not enough to apply Lemma 2.20, so we must evaluate the moment of order
K =4.

E

. nTT(Z) TAT _ n n31n2 £
r —
v V1213

T I’lTT(z) T(z)T - n1n31n2
I
v vihinang

2
nrTPT@T - pyngI nrT@TAT - nyingI
= Var| | Try T LS5 | |1y L 175
Vinzns Vminzng
2
+lE| [ Try nTT(Z)T(Z)T—nlng;In2 _elm nTT(Z)T(Z)T—nlng;In2 2
V12 N3 V1N n3

From our previous result, the rightmost term is & (n}z). To handle the first term of the right-hand side,
we proceed similarly as above, with the Poincaré-Nash inequality (Lemma 2.19), and we find that

v Try nTT(z)T(Z)T—nlng,I,l2 ElT nTT(z)T(z)T—nlngln2 2
ar I —
Vvninzng Vninansg
2 2 2 2
<161 P, 1 £||(Trp—ETro) npTATAOT —pyngly, T, npTATAT —nyn3ly,
mnang\ny Ny VN3 VN3 F
2
—16—L ﬁ—2T+i E||(Tro - ETro) i TOTET — sl Tru npTOTOT —mnsln,
vmnznz\ny - nr VIinan3 VIInng
2 2
e P, 1 (Trg—ETrg) npT@TOT _pynal,, Try? nrTOTOT gl
ng\ny  nr VInang VaIngng
=on).

Finally, we can conclude with Lemma 2.20:

nrTATOT _ponal
Tr ( L L5 0  almost surely.

Vv ninpns ) ny,nz,n3—+00

6.B Proof of Theorem 6.2

6.B.1 Convergence of Bilinear Forms

Recall that 6((]2) denotes the resolvent of the model without signal (8, = 0). That is,

@ @7 -1
~ ntT,” T, —nminsl, def ‘B 1
@5 = 0 70 2 _ & ; @def PT T T @)
Q7 (®= =3I with T,7 = N'(I,,Rz) + w',
0 Vinzns " 0 N (1, 22) VAT

We want to show the following result: for all bounded (sequences of) vectors a, b € Rz,

a’ 6&2) (5)b—m(5){a, b) 0 almost surely.

ni,n2,n3—+oo

Since we already know that aT(GéZ] (8) - [E[Q(()Z) ()b — almost surely (see Section 6.A.3), we only

need to show the convergence of the expectation. Let us multiply Equation (6.14) when fy; =0by a'
on the left and b on the right.
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n ~(0) . _ N ~(9) 1
pT—ZfE[aTQ(Z)bm,ZQ(Q] + (1 + spT—z)[E[aTQ(Z)bmn2 3]+ (s+ por—— )[E[a Q?b] +(a,b)
M nyr ny
~1/
_ @g(nTl 2y
From Equations (6.16), (6.17) and (6.19) together with the Cauchy-Schwarz inequality, we have

Ela’Q®bm%,(5)] =E[a" QP bE[n, D] +Os(n7h)
and  E[a" QP b, (5)] = E[a’ Q¥ b|E[/,, ()] + O (nh.

Moreover E[7i, (8)] = m(3) + O (n;''?) so we obtain

(pTﬁﬁzZ(s”)Jr(1+§pTﬂ)m(§)+(§+pT ))[E[a Q2b] +(a,b) = G,(n;"?),
3 ny ny

.
- m@

which gives the desired result.

6.B.2 Isolated Eigenvalue

We seek the asymptotic position  of an eigenvalue of \/1—; TOTAT - \/le—% I,,, whichis not in the
@) 2T _ _ming @r@T _ _mng i
limiting spectrum of \/W T,” T, T I,,. Because fe Sp( \/W T \/Wlnz)’ it

must verify
n nin -
det(—TT(z) T@T - Lln2 —61,,2) =0

VvV 1no2 N3 V1Mo N3

With the decomposition T® = BBy y(x=z)" + T.?, this becomes

nr 202 T Tr@T ) T
det(\/nln_zng( 2 B3y + BrPryx2) T + prpu T (xw2)y” )

nr @ 7@T ning 3
—_— ——— 1, I, | =
o ‘o 12 n2
ninansg vhninansg

mT(g) T(Z)T \/% I, —¢& Inz) # 0 by the confinement of the

(2) TéZ)T —4%_ 1, proven in Section 6.A.5, therefore

and, for nr large enough, det(

spectrum of ———

\/W Vinatis
nr -
det(—(ﬁTﬁMyy + ,BTﬁMy(x&z)TT(Z)T + ,BT,BMT(Z) (xx2)y )Q(Z) &+ Inz) =0.
Viinan
Notice that the sum ﬁ%ﬁ?wyy-r +BrBMmy(xxRz)T TéZ)T +B71BMm TéZ) (x¥z)y ' can be written as the matrix
T
product [ Brpuy PrBuy T xmz) | | amz)TTT . Hence, with Sylvester’s identity (Proposition 2.22), our
ﬁTﬁMJ’
ny x ny determinant becomes a 3 x 3 determinant:
2y QP &y 202,y QP Dy BrBuy’ QP O T (xrz)
det ﬁTﬁM(xIm)T TPTQP Oy Brmxea)T TP TQP Oy axz) TP T QP O TP (xmz) | + I3 | =0. (6.28)
VAT 2,9 QP @y BBy AP0y prhuy QP OTY xmz)
We have ¢r;rl+;13 y Q(Z) &y — pTﬁ?\/ﬂ%(E) almost surely so this is the limit of the entries (1, 1),

(1,2), (3,1) and (3,2). Then, the entries (1,3), (2,1), (2,2) and (3, 3) vanish almost surely since
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—— prBulyT QP O T (xw 2)|

\/nlnn
<Oy QPO+ L Py W e
M 1782

where F IW®(x=z)| = 6 (1) almost surely’ so the second term in the right-hand side is & (n;''*)

almost surely and the first term is handled with the following lemma.

Lemma 6.17. For all bounded (sequences of) vectors a € R"2, b e R™, \/+T4 la’ 6(()2) (E) NTb| — 0 almost
surely as ny, nz, ng — +oo.
Proof. The proofis performed with the standard approach relying on Stein’s lemma (Lemma 2.18) and

the Poincaré-Nash inequality (Lemma 2.19).
With the Poincaré-Nash inequality we find that

TAQ BT
Var(—nMa Q, N b)
212 _ n? 2 1 2| ~
et [ (ﬁ Lo v | @[ | =o i,
ny ninzng\ ny
[EH (2)(£)NTb [E[ (2)(E)NTb'
\/_ \/_
_lal IIbII2 H QR ONT [ QD ENT ‘
ON'bh-E EN'D
\/_ \/_
_ n2 1 20 o = (14
x(SHQ(”(aH F16—1 (ﬁT —)IINIIZ”TéZ)H |a¥@ )]
ninaons\ Ny nr
2
+Var —aTégZ)(E)NTb) =0 (nph),
6
(2) T ~2) 5y nrT
ONb- [E[ a’ QL (é)NbH
tf| e =
lal ||b||2 H AP EONT [ G2 ONT ’4
< OON'b-E &N'b
\/_ \/_
o1 = 112 n2 2 20 ooy - 14
x(181|052)(5))| +36— 1 (&+—)||N||21|T32)H |e?@| )]
ninzns\ ny nr
442
TQYENTb-E|—a"Q ON'D ] =0 ().
By Lemma 2.20, this shows that \1/7 (2) (E)NTb [E (2)(E)NTb — 0 almost surely. Thus,
we just need to show that E[—= F a’ QY (cf)NTb] —0.

With Stein’s lemma, we find that

1 (2) T _Br _nr Tel (A28 . AQ (A A2 5 ) (2
e N'b| = —a ' E + Ti T, bx
et G) e [(@P2@ + QP & T QP &) 1 | b 2)
and, with the decomposition T(Z) ;;LMNT (In, ®z) + \/LYTT W@ it becomes

5See footnote 16 in Chapter 5.
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\/}11_M a7 @ ONTb| =~ L—E[a (Q(Z)Z(E)+Q(2)(€)Tr6(()2)(5))NTb]

Br @2 A2 e 32 ) @
nM\/n_T\/W E[aT(QP* @) + QP O Tr QP &) | WP b 2)|.

Almost surely, [NTbll, |W® (bx 2)|| = 6 (n}/?) therefore we just have

1 TAD B NTH] . PT A A nNT B2 F ~1/4
@' QP ONTB| = - T [aT Q) ONTB TR @)+ 0 ('

or, equivalently,

1
E
N

(1 Lo QP (©

PT_M o ) Té(()z)(g)NTb 26(’1}1/4).

Since s Tr Q(Z) (6) — m({) almost surely, this shows that [E Q(Z) (E)NTb] = @(n}”“).
We just need to find the limiting behavior of the entry (2, 3). To this end, notice that
L(xxz)TTéZ)TGéZ)(E)TéZ)(x&z)
Viinong

_PT T2 5\ AT Ty @ AR Fu@T

=—x NQ ()N x+ —(xxz) WQ " (OO W (xX2z)

ny 0 VR1nans 0
nr Br

TNQP WP Tw@T A (FynT
T \/m(x NQ, (OW™¥ (xxz)+(xx2) W' Qy ()N )

Since |[NT x|, |[W@ (xxz)| = @(an/Z) almost surely, we can see that the only non-vanishing term is
Z—;xT N 6(()2) (§)NT x. Moreover, we have the following lemma

”2 ~ 7
Pr T NP ENT v T ™) -
Lemma 6.18. g % NQ,/ (§)N'x 1+pr,f'f4r71(f) almost surely as ny, np, n3 — +oco.

Proof. Firstly, let us show that £LxTN QP @NT PLxTEIN QP (é)NT]1x — 0 almost surely. With the
Poincaré-Nash inequality (Lemma 2.19), we find that

Var(ﬂxTNng’ & NTx)
v

INI ”Q(Z)(E)Hszmz—zm(%+niT)nNu‘*“TgZ)”2”6‘2’(6)” ] 0 (n;"2),

p_TxTNQ‘(()Z) AN x
ny

<8—[E

E ‘ﬂxTNQ(‘)Z) ENTx-E
np

4
<32p—4T[E
nm

TNOD A NT Tne@ TP (BT
|« NQP N x~E[x"NQP ON x| — T~

e R C RN
+325—T[E [+ NGP@ONTx-E[x" NG ONTx|[ INIZ] 0 @)
M

2
+Var(ﬂxTN6(§2’(€)NTx) =6(nph,
ny
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E ’ﬁxﬁvég) GNTx—F
nm

P_TxTNQ(()z) AN x
ny

6
<72PLE
n

|x NG ON " x—E[x" NG N x H T (ﬁZT L)||N||4HT(2)|)2|(6‘2’(€)|)4]
0 nr 0 0

ninpns\ Ny

+72p—T[E

Ny

|+ NQP @ONT x~E[x" NP ONT || INIZ] 0P |)2]
2

4
+E | ~ou®.

‘ PTTNQP ONTx—E
ny

p_TxTNé(()Z) &N x
ny

Hence %xTNQSZ) ONTx- Z—;xT[E[Né(()Z) (©)NT]x — 0 almost surely by Lemma 2.20.
T Q)

Secondly, we just need to show that [E[Z—;xTN 6(()2) (©NTx] oS
v

in order to conclude.

With Stein’s lemma (Lemma 2.18), we find that

E ﬂxﬁ\ié}f) EONx
nm

@@ - T PT  Tn(6226) 1 602 & 0@ &) 7@
Q- e (@22 + QP O QP &) T2 (xm2)
PLE QP O - LT N(QP2 0 + QP O Tr QP )N

ny
nr Br @2 ~2) Q) 5@
- T w
T e V@0 + QP O e )Wy )
where the second line stems from the decomposition TéZ) = \/F%T/;NT(I"I Kz)' + \/L,TTW(Z). Then, re-
calling that 1, = TrQ(Z) we have
ny _ ~) = _
Pr 1+—2mn2(<§)) x'NQ'(ON'x pT—[E[mnz(s‘)]W(n Hh
np ny

since IIWO(Z) (xX2)| = @(an/ 2y almost surely. Then, using the Cauchy-Schwarz inequality, we have
|Cov (i, (E),xTNééZ) EN'x)| < \/Var(i%n2 (E)Var(xTNQ()Z) (©)NTx)) = 0(n;>*) whence the relation
Elitn, ©)x T NQP )N x] = Elfity, OIEIx" NQP ()N x] + G (n7°'*), which we use with E[7,, (é)] =

~ ~ )
(& +0 (n;"/?) (see Section 6.A.4) to obtain 2L E[xT NG ()N x) = %

@( 71/4) O

Eventually, as the determinant is a continuous function in the entries of the matrix, Equation (6.28)
becomes asymptotically almost surely

By mE)  prBmeE) 0
22 i (é)
det 0 0 % +13 =0.
prBYymE&)  prfimE) 0
Computing this determinant gives 1+ pT(ﬂ + B2 )ﬁz(f):O. Then, injecting /(&) = (ngl )in the
PT 7y TP M

equation pr -2 ﬁz (s)+(1+san2)m (§)+(s+an2 o

)ym(3) + 1 = 0 defining 772, we obtain

&= ﬁz(fh ﬁM)(:—M+,3M) m
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6.B. Proof of Theorem 6.2

6.B.3 Deterministic Equivalent of the Resolvent

In order to determine the alignment of the dominant eigenvector of T® T T with y in the next sec-
tion, let us exhibit a deterministic equivalent of the resolvent Q(Z).
Applying the change of variable (s, Q®) ~ (3, Q?) to Equation (6.11) yields

E[yx" NQ?] =_'6_T n"n — E[yx22) 7T (QP TrQ? + Q®2)).
VM N

Hence, we have

E[yx" MQ?] = /BMny[E[Q‘Z)] + \/%_M[E[yxTNG(Z)]

_ T (2) nr Tr2T (A2 N2) , 22
E —F X T T +
= puyy E[QP] - nM — [yxRr2) QP TrQ” +Q®?)]
TER® _nr T 1 TwOT| (A2 T AR . /22
= E[Q ( X M+ —yxxz)' W )Q Q' +Q ]
=Bmyy E[Q7] - oy T Bry Nird ( )
~ TrQ® -
— ﬁMny[E[Q(Z)] -pr n E IQ yxTMQ(Z)
ny n
PT T MOP2 4 Br nr TwOT (AR A2 . /22 ]
—-E|Z~yx'MQ (x®z) W (Q¥TrQ” +Q
nMy Ny /N Np N3 \/_y ( )
Since | M| = @ (1) and ——= = W® (xxz)| = @ (1) almost surely, the norm of the last expectation vanishes

as ny, Ny, N — +00. Moreover s Tr Q?(5) — m(5) almost surely, therefore

ny _ ~ ~
H(l +prﬁm(§))[E[yxTMQ(2)] - Buyy E[Q®] ’ —0.
Thus, from Equation (6.14), we have
n _, np np—m ~2) pr ﬁz TelAR)
22 (8) + |1+ 5pr— |3 + |5+ pr—— | |E I, —————yy"E
(anMm (s)+( +sanM)m(s)+ S+por inr )) [Q¥]+1,, - T+ pr iz T ~(S.)J’y (@]

and, since pr % ﬁ1 5+ (l +8pro= )m(§) + (s+pT . ”1) = ,7:—(15), we can define the following deter-

ministic equlvalent (Definition 2.17) of Q@ (3):

2 ~
def ~(~)( pr By m 6.29)

1
Q( S) = 1+pT—”2n~1(§) + nz) .
6.B.4 Eigenvector Alignment

The eigendecomposition of Q(Z) (3) is given by >-* Wi u where (1;, u;)1<i<n are the eigenvalue-

i=1 ,1
eigenvector pairs of \/: TATAT - \/Z‘—%nslm. Hence, thanks to Cauchy’s integral formula, we

have 1
A\ 2 - _ TAQ) ds
(y,9) —zmygy Q¥ )y ds

where ¥ is a positively-oriented simple closed complex contour circling around the isolated eigen-
value only. The asymptotic value ¢ of (y, ) can then be computed with the deterministic equivalent
defined in Equation (6.29),

_ y{y 0?5y ds.

2171
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Using residue calculus (Proposition 2.16), we shall compute,

{ = —lim _E-Igme
s—& _PrByme ’
1+pr n”—; ()
The limit can be expressed using LHopital’s rule,

-1

2 N2
-1 1 P ~
‘= pif?, BIGCGH e |
d T 1 2 =
ds 1+pT"f2n”1(§) tRE L_~ (1+anMm(cf))

1 nz)m’(é)]‘l
= ||+

since 1+ pTﬂﬁl(E) =—prpymE
ny

B3, nm | m2(é)
PZT n 2 5] 3 -1
= _z(—+/3M) ffl'(f)] since m(§) = ———.
P\ 1im pT(:_Izw+/3ﬁ4)

In order to find an expression for m (5) let us differentiate pT ﬁ1 B +00+ spT S )m ) +(+
pri)m(3) +1=0,

ny _o - h2 ) - np—ny\__, nz _o _
(SpT—m (8) +2(1+spT—)m(§)+s+pT )m ®+pr—m (5 +m(5) =0.
n ny nym

M

nz m

Since (pT—fﬁ 9+ (1 +3pr5,= )m(§) +3+p71 )m(§) +1=0, it simplifies into

(2pTﬂm2(§) + (1 4 §pTﬂ)m(§) - L)ﬁz’(&) + o7 L2 23 + (3 =0
ny ny m(3) ny

~ np __
)m ®+pr—m()+1=0.
ny

ny __ ~ no 1
and 20— mB8) +1+3Spr— — =
ny ny  m2(3)

Using successively 77 (¢) = m and & = ( + B2 )( +52 )+ ) W, we obtain
ny npy T PM
~1-pri2md)

ZPT m(f)+1+<$pr

1

G
_ P_M
) HoE +ﬁM)
- 20722 _ 2
()
_ —PTﬁ2
_ 2 2 2 g [ n2 2 2
PT, +PTBYy +sPTnM(nM p ) ( +p )
_,DT,BM

i’ () =
B P e Gl
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Hence,

oot gl ) ) b )
pT(nM /32)
:1_—pTﬁ§W _LB"M ﬁz

3 2 nz , p2
P+ A P e Pl

1 3 ’ ny (n
(:1 '32(712 +ﬁ2)[(p7~(:—1\241\iﬂ%4)) +ﬁ($+ %/I)]

6.C Proof of Theorem 6.5

Forall se C\SpT® T, let Q¥ (s) = (TOT®T - 51,,,) .

6.C.1 Preliminary Results

Let us derive a few useful results for the upcoming analysis.

Proposition 6.19.

E{wOTOTQ) = ZTElQ] -l + 107 450 + @V Q") (6:30

E[zm" T®TQ®] = BrE[IMI22zz" Q¥] - nL[E[zmTT(s)T(Q(S) TrQ® +Q®?)],
T

(6.31)
mn 4 ng—nin 2
E[IMI2Q®] = ( L2 B, - M)[E[Q(g)]—E(s+3n—T12+n—T)[E[Q(3)2] (6.32)
3) 3
_ A ploer@ 8 [Q3]- 8 g[@urTrQ ]
nynr ng nynr nynr n3
2
- _2T E[(ns—mny +2)Q%®zz" Q% + [z Q®z] QY]
v
2ﬁT”3 s[E[QG) Q¥ Q¥
n3
ﬁZ
S[E[[Z Q(3)Z]Q(3)2 Q(3)zz Q(3)2 Q(3)2zz Q(3)]'
M
In order to prove theses results, we will need the following proposition.
Proposition 6.20.
0Q,), 1
b B r®TQ®) 4 QB [TOTQ® (6.33)
GWC(‘g \/n_T( u,c[ ]d,h c,b[ ]d,a)
0Qu, _ pr
b 3) AT B +[0® TOT ® 6.34
ey (AT Ll IR (A MU S T (6.3
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Proof. Since 0Q® =-QWo(T¥T®T)Q®,

3 3) @)T
9Qup _[ 30TV T (3)]
a,b

(3) ®3)
OWC] g OWC, d
. 3) ®3)
:_na,mnz,ns @ of ) (3)0Tgf Q(3)
ae B e e (3)
efg=1 OWc,d gf fa
1 ng,nynz,n3
=——— ) Qf0ecdpaTiy+ T(3)6g 67.4)Q%,
VIET e f,g=1
aQ(?)) 1
ab B) [T HB) B [+B)T H3)
0W(3) _\/n_T( a,c[T Q ]d,b+QC’b[T Q ]d,a).
c,d
Similarly,
0Q¥,  mmpmns 3T 0T,
@ 27 f8e ®)
- Tf gh Tf ge Q
6Nc,d ef g h=1 ONgq 7' aN
ng
\/— Y QD (2eTea,n +‘Tcdezh)Q(3)
M ¢ h=1
Q(s) s
T 3 BT H3) 3) BT HB3)
ach \/n—([Q ]a[T Q ][c,d],b+ (@ Z]b[T Q ]lcydlva)'

Proof of Equation (6.30) With Stein’s lemma (Lemma 2.18) and Proposition 6.20, we have

@) BT HG) n& 3) 73) 5B
EwHTYQY], = 3 E|WUTRQ
k=1
(3) ®3)
:ﬂlnz,ns[E GT Q(3) (3) an']’
k=1 OW.(S) OWI.(?]C)
_nlnz’ns 5115“@(3)]
k=1 vn
1 nl%nsE T(s)( (3)[T(3)TQ(3)] Q(3’[T(3)TQ(3)] )]
i\ j k1l
VIT {5 Lk "
nlnz
_ [Q(3>] _ nT[E[Q(S)T(s)T<3)TQ(3J+Q(3)TIT(3)T(3)TQ(3)]M_
I’llflg 1
[E[W(3)T(3)TQ(3)]W.= = [Q(3)] i [E[(n3+1)Q(3)+s(Q(3)TrQ(3)+Q(3)2)]i'j

where the last equality comes from T® T®TQ® = I,,, + sQ®.

Proof of Equation (6.31) This is again Stein’s lemma (Lemma 2.18) and Proposition 6.20.

1 ™Mmneng
[E[zmTTB)TQ@)]iJ:;3T[E[||M||§zzTQ<3J]w.+T > E
T k=1

am W QP
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= ﬁT[E[llMIIIZ:zzTQ(3)]ij+ Lnl%ns[E zimk%
’ nr k=1 ow

= prE[IMIEzz" Q¥], ;

1 mE™ @[ ()T B @[ ()T B
-— Y [Ezlmk(Q”[T Q9]+ Q[T Q ]k‘,)]
nr oy ) ) ,

1
E[zm T QY] i= BrE[IMIFzz"Q®], i n—[E[zmT T97T(Q® 1rQ® + Q¥?)], i
: iy :

Proof of Equation (6.32)

ny,ny 1
E[IMIFQ®]= ) E ( XuYo + , ) (3)]
[ F ] uél BymXuyy N Q
:ﬁz [E[Q(s)] + annZ[E (Nu,l' +2ﬁMx y )N Q(S)]
M —nM o= _—nM uyv u,v
_ niny 3) 1 nulz Nu v 6Q(3)
E[IMI5QY —( 2+ —= ) E[Q®] + E +2Bmx
[ F ] ﬁM n [ ] \/muél \/n— ﬁM uyu aNu,y

where we have used Stein’s lemma (Lemma 2.18) to derive the last equality. Hence, using Proposition
6.20, it becomes

[E[(HM”F B3+ mz))Qm]u

Br "2 [ Nu,
:_Eu;IE (_\/% +2‘BM'xqu)([Q(3)Z]i[T(s)TQ(B)][u,U],j+[Q(S)Z]j[T(B)TQ(s]][u,v],i)
Br " Ny,
:_EM;I[E (Zm[u,v]— \/%)([Q(S)Z]i[T(B)TQB)][MULJ_+[Q(S)Z]j[T(S)TQ(S)][M’U]J_)
_ Br B, ., T 73T HB) 3) g T BT BN T
_—2%[E[Q zm TOTQW + (Q¥zm TOTQ )]i,j
L PT__ Br m'nz[E[N (Q(s)z] [T(S)TQ(B)] +[Q(3’z] [T(S)TQ(3)] )]
nM\/_uv 1 i [u,v],j J [u,v],i

and, since frzm' = T® — L w® and T® T(3)TQ(3) =1I, + sQ(g), we have,
VAT 3
1
TrB)THB) 3) 3) BT H3)
Brzm T Q% =1I,, +sQ — w¥TY QY.
3 /—nT

Thus, our expression turns into

[ 2]

4 2
— __[E[Q(3)+SQ(3)2] .+ IE[Q(S‘)(W(S) T(B)T T(S)w(B)T)Q(S)]

ny LI n MV

Br " ® BT oG @) ®T B
+mu§;1E N,,,,,([Q z;[TYQ ][u,l/],j+[Q z]j[T Q ][u,v],i)]
ﬁT

4 2
N 2 1) 3)2 _ e T
- E[Q™ +sQ ]i'f+n nT[A1+A1]i’f

[AZ“‘Az]
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with
ni,ny
A =E[QUWOTYTQY], 4]y 5= ) E

u,v=1

Nu,y [Q(S)Z]i [T(3)TQ(3)] [u,vl,f] ’

Let us develop A; with Stein’s lemma (Lemma 2.18) on W®,

ns'nlznz'HS Q(S) (3) (3) (3) (3) (3) (3) (3) 9 23;
[Arl;j = Bl & Lep QT Qi Q tQ
, (3) ia (3) i,a c b (3)
a,b,c=1 6Wa b oW, a,b 6W
_hinp (3)2
=T —E[Q"?],;
1 "amnang 3 13T nG) 3) 3)T A3) (3) (3)
_TT 2 E (Qi,a[T Q ]h,a+Qa,a[T Q ]bl) Q
\% a,b,c=1
1 nj,nlnz,ng 3) @) [ AB) [ 13T A3 B) (BT n3)
- ar ubc 1 [E[QzaTch( ATV Q7 +Qavj[T Q ]b'c)]
l’l1 ny 1
[E[Q(3)2]l y _nT[E[(ZQ(3)2 + Q(S) TI'Q(?’)) T(3) T(3)T Q(3) + Q(3)2 Tr T(3) T(3)TQ(3) ] L
n1 I’I,2
[Ay);,; [Q(3)2]l J [(n 4 2)0(3)2 + Q(s) Tr Q(3) + 2sQ(3) (Q(3)2 + Q(3) TrQ(3))]

since TOTOTQ® =1 ng + sQ¥). Next, we develop A, with Stein’s lemma (Lemma 2.18) on N.

3) 3) 3)
ni,n2 n3,n3 Q; 00Q;”.
' 3) (3) (3) b, [“ v] ~(3) 3) (3) b,j
[Adij= ). D E[=Lz Ty, Q0+ QP 2, TN Qi+ Qaza
uw,v=1a,b=1 ONy .y h[u V] ia i,a b[u u]aN
ﬁTnlnz

\/_ [E[Q(s) zz Q(?’)]lj

ny,np ns,ng
Br "¢

- L E
vVIM u,l/Z:’I a,bZ:’I

,BT ny,nz ng,ng

VIM u,0=1a,b=1

ﬁT ni,ny n3,ng

VM u,v=14,b=1
ﬁT ny,nz n3,ng

L )L E

[Q92],[T97 Q%] 11,020 Ty s

E|[Q¥2][TT Q] ) 120 Ty 0,11 Q)

3) 3) 3) B)T HB)
E|Qia2aTyp,, [QV2],[T7Q ][u,v]'j]

Qa1 (0721 (1970 )

VN G bl
ﬁ\T/’EIZ[E[Q(S) 27Q9], - \/‘%_M[E[(Q(S)ZZTQG)_F[ZTQ(3)Z]Q(3))T(3)T(3)TQ(3)]i'j
\/’;_[E[Q(B)ZZ (Q(3)T(3)T(3]TQ(3)+Q(3)T1.T(3)T(3)TQ(3))] .
Azl ﬁ\T/TZ[E[Q(g) Q(s)]i] \/’i[E[(n3+2)Q(3)zz Q¥ +[2" Q(s)z]Q(s)]
—\/‘%_MS[E[Q(S)ZZT(QG) TI.Q(3)+ZQ(3)2)+ [ZTQ(3)Z]Q(3)2]LJ‘
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since, again, T® T®TQ® = I,,, + sQ®. Eventually, we have

E[IMIZQ®] = (ﬁ ”I”Z)E[QB)] SE[Q" +5Q%?]
+in;nnz[E[Q(3)2] _W[E[(n3+2)0(3)2+0(3) TrQ® +25Q® (Q¥2 + Q¥ Tr Q¥)]
MnuT MuRT
2 2
ﬁrnlnz[E[Q(eo Q(3)]_n_ZY"[E[(n3+2)Q(3)ZZTQ(3)+[ZTQ(3)Z]Q(3)]
M M
,BZ
SE[QP2zT QO Tr QO + 27 Q2] Q¥?]
M
ﬁZ
SE[QP22T Q2 + Q¥222T QW)
M

which gives Equation (6.32) after rearranging the terms.

6.C.2 Mean Behavior of the Resolvent
Since Q¥71Q¥ =1,,,,
1
TrB)T »3) @) @ T (3) ®B) _
zm' T + ww'T - =1
Br Q N Q Q ns
and, from Equation (6.30), we have

nn
ﬁT[E[zmT T(S)TQG)] rlz 2

E[Q¥] - —[E[(n3 +1QY +5(Q®? + Q¥ TrQ®)] - sE[Q¥] = I,
Let us rearrange the terms

N3 TrQ(3)
s— —

ns

3
Q()

+ (H M)E[QB)] + 1, = BrE[zm  TOT QO] - L[E[Qm +5Q07]
nr nr nr

in order to see that we need to following rescaling to counteract the divergence of the spectrum of
T® T(3)T,
-1

. onps—nine ~(3) nrTOTOT —nynpl,,
§=———, Qv (5= =8Iy,
vhinans Vvhinans

Hence, our equation becomes

E[itn, QW] + SE[QW] + I, — prnr P amT TOT QY]

Viinznsg
__n?’—+1 A 3) _(;- _) ~3)27 _ ~3)
= e O | st Fe —\/WS[E[mnS 9Q%] (6.35)

where we have introduced 7y, (5) def n% TrQ® (3). From Equation (6.31), we have

E[zm" T®TQW] + E[zm T®T (,,(5QW + Q®?)] = BrE[IMIIEzz" QW]

n3
Vv inans
and, with Equation (6.32),
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[E[zmTT(3)T6(3)] + [E[zm T(3)T( (S)Q(?))+Q(3)2)]

Vv n1n2n3
_ T[(mne @7, 4 (~ n3t+2 \oiaeep_ 4 2 (500
- E[Q®] + — |5+ ——— NG
Przz ( +Pu- nM) Q7] nu\" Ve ElQ™] - nM\/mnzn El (9Q]
8 ( 1 1) ~337 8 ( ng ) ~ 532
- — | ——5+—|E[Q - — | ———35+1|E[{m,,(DQ
ny \Vninaong n3 [ ] ny \yningng [ " ]

267 nr
ni, /g
25n3  nyp _ niny
- I’ljzw \/n1n2n3 (S+ \/nlngng
2% nr _ mn
_@ Vhninang (S+ Vninzns

E[(ns —nmin+2)Q®Pzz" Q¥ + 27 Q% 2] Q%]

)[E[ﬁ’lnS (S)Q(g)ZZTQ(S)]

)[E[ [zTQ(S)z] QB¥24 Q¥ 22T QW2 + Q(s)zzzTQ(s)] _

Denoting @g'“ (vy) a quantity whose spectral norm ||-|| is @(vy,), the previous equation can be summa-
Brnr

N R

rized (after multiplication by ) as

Brnr

\/nl—n—zn?)[E[zmT T(3)T6(3)] +@:|§|“ (ﬁT)

2
_ prnr 227
Viinong
since |ml|, | T®| = @ (y/7i7) almost surely® and ||Q® || < |$5]7!. In the non-trivial regime, the quantity

Brnr

vninzng

(”1n2 +/3%4)[E[6(3’] +07 (g + prnh) | (6.36)

Elzm' T®TQ®] appearing in Equation (6.35) must neither vanish nor diverge ; this is possible

. pn
if, and only if, \/ﬁ ( nyt;,l,z

2
and we define the © (1) quantity p def _pynr (” + B2 )

+ ﬁz ) 0(),ie., fr= G)(n’”‘l), which is what we assume from now on

NOCEARDY
Remark 6.21. In fact, with the assumption By, = ©(1), we have \/;TTTIZ(”JSZ B2 ) VAl

@(n}l) so we could have kept only the dominant term. However, for finite horizon considerations (as
it is the case in practice), adding the G)(n}l) term leads to slightly more precise predictions. Indeed,
with the dominant term only, we consider a “worst-case scenario” s = 0.

6.C.3 Concentration of Bilinear Forms and Traces

Before going further, we must, as usual, show the following almost sure convergences,

~ ~ 1 ~ ~
T(RB) _ ®3) as. - G _ ®) as.
a' (Q¥ -E[Q Db——_)nl,ng,n3~+oo 0 and ns TrA(QY -E[Q™]) P ——— 0
for all bounded (sequences of) vectors a, b € R and matrices A € R™*",
With the Poincaré-Nash inequality (Lemma 2.19), we find

ﬁzi

Var(a"Q®'b) < 4(
ny nr

2
L 2 2 An2iac il _ .
)nlnzng 1P IBIE[| 79 @]*] = 057",

6||m||2 = ||M||12F < Zﬁ?w + ﬁ ||N||2 < 2[32 + 5= mm(m,nz)llNll2 and we already know that — ||N||2 O (1) almost surely.
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E[|a"(@¥ -E[@))b|']
2 2
16(ﬁ + i)L||a||2||b||2[E[|aT(6‘3) ~E[Q¥))b*|T|*|@® "] + Var(aT @®'b)"
nyr nr | ninyonsg
=04(n7?),
2
and Var(iTrAtj(g’))siz(ﬁ i) Al [E[||T(3)“ Q%] ] O.(n7>).
ns ng\nM Nt fningng

Hence, by Lemma 2.20, we have the desired convergences.

6.C.4 Limiting Spectral Distribution and Confinement of the Spectrum

Denote Q(()g) the resolvent of

\/W W(3)W(3')T M2 I, |, that is, the model with 7 = 0 (no sig-

nal). With the resolvent identity (Proposmon 2.21), we have

Pr_

2 2_ T
B7IMlzzz +
nr

1 ~
. (@) - Q%) = Tr(Q(s) (em" WO+ W mz")

6(3))

=04(n7).

1’13 Viinynsg

is the same as that of

Therefore, the limiting spectral distribution of

3) 3T ning
TOTOT _mky,

\/n ngn

L W(?’) wo®T - 2 I ] . This is good news because we can then invoke the results of Chap-

Vv Ininzng
ter 5 (in partlcular Corollary 5.2 and Remark 5.4) to state

1. the limiting spectral distribution of W
Hsc,

TOTOT - 2221, | is the standard semicircle law

N4 ngn A—
2. foralle >0, max;tesp W(g)w(g)'r DlSt(

% Supp #sc) < ¢ for ny, n, n3 large enough.

6.D Proof of Theorem 6.7

6.D.1 Isolated Eigenvalue

We seek the asymptotic position & of an eigenvalue of which is not in the

3)r@B)T _ hinz
T L2

Vv Vl ns
imiting spectrum o 1. |- It must veri
limiting spect f\/W - WOWOT 2R, | Tt must
det(L O T 12, ) =0
Vv R1Nno2n3 n X
Expanding T® T®T with the decomposition T® = frzm " + \/;rTT W®), we can factorize this determi-
nant by det( \/W W(3) weT_ "1? In,|-¢ In3), which is not zero for n, nz, n3 large enough by
the confinement of the spectrum. Therefore,
nr Br ot, Pr e 50) 7
detI.+—ﬁ IM|2zz" + —zm'W —WYmz" QP (| =0
" vhinzns T F vir vVar 0

where we recall that Q(3) denotes the resolvent of

m W(S)W(gw e In3] Notice that the

sum p2|M|2zz" + %zmT weT 4 %W(S) mz' can be written as the followmg matrix product,

183



Chapter 6. Performance Gaps in Multi-View Clustering under the Nested Matrix-Tensor Model

BriMigz"
[BrIMIrz BrIMIrz mm 7 W m | [ w7 WPT | Hence, with Sylvester’s identity (Proposition 2.22),
BriMigz"
we have
F2IMIZZT QY Gz F2IMIZZT QY )z LT QWO m
nr ‘BiT TwdTAHO (F ﬁiT TwdTo® TwdTHOB F 3)
det I3+ nl—nzn3 \/ﬁm W= Qp )z \/T w1 Qg Oz \IMHZ m' W= Q" Q)W m =0.
FIMIZZ QY Gz FLIMIZZT QY Dz %z%ﬁ%éwﬁ%

From the convergence of bilinear forms proven in Section 5.B.1, z! 6(()3) &)z — mgc (&) almost surely.
MoreoverL Lemma 6.22 below justifies that entries (1,1), (1,2), (3,1) and (3,2) converge almost surely
to pmgc (€) (recall that 7 = ©(n;!'*) in the non-trivial regime).

Binr

Lemma 6.22. NCLAT

IM|2 — o almost surely as n, nz, n3 — +oo.

11d

Proof. We have M| = f3,+X, Z ( Fxly]Nl i Nl.zj) where Nj ;"< 4 (0,1) therefore

2 2
E| L i - 2 (g4 B2 )
N F ‘/nlngn ’
2 2
T i ﬁM ninz )
Var| ——— M| | = | =L— +2 =0 (n2).
vVii1nan3 F vViinans I’ZM ”12\4 T
Thus, Lemma 2.20 gives the stated result. O

Then, the next lemma shows that entries (1,3), (2,1), (2,2) and (3,3) are © (n}” 4) while entry (2,3)
is © (n;''?) almost surely, i.e., they all vanish asymptotically.

Lemma 6.23. |W® m| =@ (nr) almost surely as ny, n, n3 — +oo.

Proof. IW®m|? =m"WOTW®m = m" VDV m where D is an n3 x n3 diagonal matrix of (non-
zero) eigenvalues of W& TW® (we assume ny sufficiently large so that n; ny > n3) and V is uniformly

distributed on the Stiefel manifold Vj,, (R™"2) (Chikuse, 2003, Theorem 2.2.1). Hence, WOm?

nrlm|?

"lnﬁzn# o vvT T+ Although 2 is random, it is independent of w® and therefore V. Thus,
(n1nz)

1, We can choose O € @mnz ([R) such that OW =e . The orthogonal matrix O is random

o —yyT = "™ T vy ToTe™™ is identically distributed to

e Ty yT el (Chikuse, 2003, Theorem 2.2.1). According to Mardia and Khatri (1977), [VV ]

follows a beta distribution with parameters %%, ®"2="2 so its moments are given by [E[[VVT]IIc =

[1k-} 8*27_ for all k > 1. This is enough to see that % VT'”W[E[[VVT]M] = Mnpt2ymnens ns _

r= 0 ning+2r nr nyny

given o ml

but independent of V as well so

4
0(1) and (MRS gy T —E(VV 3014 =0 (n7?). Therefore, Wl is upper bounded

by a quantity which is @ (1) almost surely. Since || m|?=||M ||2 = O (n7) almost surely, this shows that
£ || W® m||> = ¢ (1) almost surely. O

Eventually, since the determinant is a continuous function in the entries of the matrix, we have
asymptotically
1+pmsc(@) pmsc(® 0
det 0 1
omsc(  pmsc® 1

(=)

=0
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which simply gives 1 + Qmsc(g) =0 or mgc(&) = _?1. Hence, from the relation mgc(f) +&msc®+1=0,

we find
E=p+-
e

6.D.2 Deterministic Equivalent

In order to evaluate the alignment (z,2) below, we compute a deterministic equivalent (Definition
2.17) of the resolvent Q®. From Equations (6.35) and (6.36), we have

|E[ 20y QD] + SE[QD] + I, — 022 E[Q] | 0.

ni,nz,n3—+oo

Moreover, 11, (5) — msc(8) almost surely and mgc(8) +§ = ﬁ;—(lg) therefore

1
mgc(8)

0

In3—(pzzT+ In3)E[6(3)]

ni,nz,n3—+oo

and we can define the following deterministic equivalent

-1
R 3) _ T
@ (5)_(9" +msc(§)In3) '

6.D.3 Eigenvector Alignment

Following Cauchy’s integral formula,
1 ~
(z, 2)2 = —.—f ZTQ(g) (85)z ds
2im Jy

where 7 is a positively-oriented simple closed complex contour circling around the isolated eigenvalue
only. Hence, using the previously found deterministic equivalent Q®, we can compute the asymptotic
value ¢ of (z, 2)?,

1 -
{=-5— 5( 2" Q¥ (9z ds.
2im Jy
This reduces to residue calculus (Proposition 2.16),

-1 2 (F

(s F -1 mg(§)
{=—1~1ir§(s—¢’) e msc(8) T 1 - m’SC(E)'

§ &.[p‘i‘ msc(§)]§:§ SC

Recall that mgc (&) = _?1. Differentiating m2.(3) + §msc(5) + 1 = 0, we have,

2m O msc @ + msc® +Eml (& =0 — mi(d) = —2’:15—“?5
SC
P 1
= mgc($) = i 2
P 1
= mg:(6) = —92 1

Hence, we conclude,
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Chapter 7

Conclusion and Perspectives

TATISTICAL learning has experienced tremendous development over the past decades and is now
more commonly referred to as machine learning to emphasize the central role of computers in
this field of study. Relying on the computing and storage power granted by the spectacular technolog-
ical advances of the early 21 century, enormous efforts are put into digging up a new invisible and
intangible gold: information. Yet, with great power comes great responsibility. Besides the human and
environmental impact linked with the production of new technologies, the massive development of
artificial intelligence transforms the structure of our societies worldwide and comes with a multitude
of ethical and technical questions. The research community is at the forefront in proposing solutions
to overcome this turmoil.

This thesis is concerned with the technical aspect of the picture, as it provides new insights into a
resource-efficient processing of large-dimensional data. In order to avoid using unnecessary amounts
of resources in learning tasks, a thorough understanding of the statistical mechanisms at stake is re-
quired. Overall, we promote a paradigm shift towards a prudent use of computing resources based on
solid theoretical results yielding the optimal setting for a given desired level of performance.

Initially motivated by the growing dimension of the data (p) relatively to the number of samples
(n), such that p is now of the same order as n, the use of random matrix theory proves to be useful not
only for large-dimensional but also multidimensional data. However, the increased level of complexity
captured by the processing of large and multidimensional arrays (tensors) instead of matrices comes
with a cost: a computational-to-statistical gap. Henceforth, the existence of an informative solution
to a statistical estimation problem no longer implies that such a solution can actually be computed,
not because of a lack of efficient methods suggesting that further research is needed, but because of a
computational barrier due to the complexity of the problem. Thus, we distinguish three phases: im-
possible, hard and easy. If the statistical barrier coincides with the computational one, then the hard
phase does not exist and an informative solution can be computed with a polynomial-time algorithm
as soon as it exists. Otherwise, in the hard phase, computing the solution is not practically doable as
it would require an exponential amount of resources.

Each matrix or tensor model considered in this thesis falls under the denomination of a signal-
plus-noisemodel: the data is assumed to be the addition of a signal — which we wish to reconstruct —
and a noise. A natural sparsity assumption is that the information sought decomposes into a few sim-
ple algebraic terms. Hence, in the large-dimensional regime, while the energy of the noise is diluted
in every direction, the energy of the signal spikes in a finite number of directions and can therefore
be reconstructed via a spectral decomposition of the observation. This simple yet powerful idea, cou-
pled with the well-established tools of random matrix theory, allows us to characterize the achievable
reconstruction performance depending on the strength of the signal.
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Resource-Efficient Learning

Among the methods limiting the use of memory resources in machine learning, online learning con-
sists in extracting information from a continuous data stream. It is particularly useful when trying to
learn from a large dataset under low-memory constraints: instead of loading every data point, they
can be viewed one by one and the learning task is performed on the thus generated data stream. In
Chapter 4, we have rigorously shown that, with an astute usage of the available memory, an online ver-
sion of kernel spectral clustering outperforms the usual batch clustering. It relies on a banded version
of the kernel matrix K; = %X TX o T which can be computed in an online fashion. Our random matrix
results describe under which setting clustering is possible (i.e., for which values of signal-to-noise ra-
tio and available memory, see Figure 4.6) by exhibiting the phase transition between impossible and
possible recovery. Moreover, they provide theoretical performance guarantees which allow to decide
the best trade-off between performance and memory usage depending on the application.

Nevertheless, this problem still presents many challenges. Although the two-class setting is now
well understood, solutions for the multi-class setting remain too heuristic and still lack a precise char-
acterization because of the intricate behavior of the eigenvectors used for the estimation. In order to
counteract this phenomenon, a clever choice of weights applied to the entries of the banded kernel
matrix could make the unmixing easier to perform. Moreover, optimality results on standard spectral
clustering (Onatski et al., 2013; Loffler et al., 2021) suggest that the proposed approach is optimal (in
the sense that it achieves non-trivial estimation as soon as theoretically possible). Proving this opti-
mality (e.g., with similar tools as Nguyen and Couillet (2023)) would further strengthen our results.

In the broader context of resource-efficient learning, another pertinent approach, which is not
limited to clustering, is the computation on the fly of a summary of the dataset on which the learn-
ing task in then performed. This method, known as sketching (Gribonval et al., 2021) is useful for
learning on data streams but is also relevant in contexts of federated learning and privacy-preserving
learning. It relies on the simple idea that, instead of the data matrix X € RP*", the learning task
can be performed on a “sketch” of the data z = %Z?:I ¢(x;) € C" with a well-chosen transformation
¢ : RP — C™. In particular, a common choice is ¢(x) = f(Wx) where W € R"*P is a matrix of ran-
dom frequencies (e.g., with i.i.d. .#'(0,0?) entries) and f is applied pointwise. Then, the sketch can be
written as z = % fWX)1,, which shows that the information in the m x n matrix f(WX) is projected
on the direction 1,. Thus, the random matrix analysis of f(WX) can disclose the performance of
this method and suggest the best trade-off between the size of the sketch (m) and the desired perfor-
mance. A similar model is studied in a supervised learning framework (single-layer neural networks)
by Louart et al. (2018) who combine random matrix theory and concentration of measure tools (Tala-
grand, 1995; Ledoux, 2001; Louart and Couillet, 2021). Moreover, if X = P + N is a spiked model, then
fWX) = f(WP+WN) is a non-linear spiked model and its random matrix analysis can be performed
via a signal-plus-noise decomposition (Moniri and Hassani, 2024).

In essence, resource-efficient learning is about using wisely the bare minimum of resources to
achieve a task. Be it with spectral clustering, sketching or any other method, random matrix theory
remains an essential tool to disclose the relevant parameters and provide performance guarantees,
thereby allowing an informed use of the available resources.

Algorithmic Tensor Estimation

Because of their multidimensional structure, tensors are particularly memory-demanding, but they
can also capture richer information. Efficiently extracting the latter from a signal-plus-noise tensor
model is therefore a crucial task. In practice, the low-rank tensor approximation problem is hindered
by a computational barrier: there exists a hard phase delimited from the easy phaseby a computational

a-2
threshold diverging as N ¢ (in terms of signal-to-noise ratio). Hence, it is necessary to study the re-
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construction performance of standard low-rank tensor approximation algorithms in order to identify
where they stand relatively to this threshold. In particular, the celebrated AMP algorithm achieving
outstanding performances on a number of statistical learning tasks (see Feng et al. (2022) and refer-
ences therein) does not succeed at low-rank tensor approximation unless the signal-to-noise ratio is

greater than a © (IV %) threshold (Lesieur et al., 2017).

By studying the properties of “long” random matrices — with a number of columns growing poly-
nomially (N 4-1) in the number of rows (N) — stemming from the unfoldings of a tensor following the
general spiked tensor model I = P+ \/LNN' we have characterized in Chapter 5 the reconstruction per-
formance of the truncated multilinear singular value decomposition (MLSVD) as a low-multilinear-
rank approximation technique. This study reveals the existence of a phase transition in each principal
direction of each mode of the signal. That is, a singular value s, (PY) of the unfolding of P along

the ¢-th mode must be greater than a quantity /oy = OV %) for the corresponding singular vector
to be detected in the MLSVD of J. However, it is known that the truncated MLSVD does not yield the
best low-multilinear-rank approximation for tensors of order d = 3 (the Eckart-Young-Mirsky theorem
does not generalize to tensors of order greater than 2) but it can serve as a good initialization to the
higher-order orthogonal iteration (HOOI) which computes a solution to the best low-multilinear-rank
approximation problem. Our Theorem 5.11 shows that, as soon as the initialization of this algorithm
recovers a sufficient amount of energy from the sought signal (see the formal statement in Theorem
5.11), then its convergence is guaranteed in a single iteration as N — +oo. With a truncated MLSVD
initialization, this condition is satisfied above a threshold behaving like /o . In other words, we have
shown two major points.

1. The truncated MLSVD — a very cheap but suboptimal low-multilinear-rank approximation
technique — detects the principal directions of a signal as soon as the corresponding singular

values (their strength) is above a @ (IV %) threshold.
2. The convergence of HOOI depends solely on the quality of its initialization.

Hence, without prior information, the truncated MLSVD is the best possible initialization and allows
the convergence of HOOI near the computational threshold. Our analysis therefore provides insight
into the computational barrier: the exact characterization of the reconstruction performance of the
truncated MLSVD describes the minimal amount of signal needed to initialize the HOOI in the right
bassin of attraction.

This “unfolding approach” also proves useful in Chapter 6 where it is applied to an order-3 tensor
following a nested matrix-tensor model representing a multi-view clustering setting. The model can
be seen as an extension of the rank-one spiked tensor model with a matrix noise and a tensor noise.
This allows to perform a theoretical analysis of the performance of multi-view clustering depending
on a matrix signal-to-noise ratio s representing the “inner difficulty” of the problem and a tensor
signal-to-noise ratio B representing the difficulty due to the fact that we can only see the problem
through multiple views. Our results lead to a phase diagram (Figure 6.2) showing under which settings
the reconstruction of the rank-one signal from the multiple views is possible. In particular, because of
the computational barrier, f7 must scale as an/ 4 (n7 controls the size of the tensor), which is reminis-

cent of the O (IV {%2) computational threshold (with N = nr and d = 3). Comparing our results with a
previous work of Seddik et al. (2023a) on the statistical limits to this problem, we are able to precisely
quantify and display the computational-to-statistical gap. Notably, this gap is all the larger given that
the views are less informative.

Further work is needed to comprehensively characterize the reconstruction performance of multi-
view clustering. Our results provide new theoretical guarantees, but are not yet fully satisfying for the
practical user, because the nature of the transformations that generate each view is usually complex
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and therefore cannot be fully captured by our yet too simplistic model. A interesting direction for fu-
ture research is thus to study the non-linear spiked tensor model induced by Equation (6.1) with more
general view functions fi. Such an analysis would provide valuable insight to any scientist faced with
a multi-view clustering problem. Moreover, it could come with enlightening results on the influence
of the non-linearities on the computational barrier.

A myriad of questions concerning the computational limits to tensor estimation still remain open.
A noteworthy problem is the computation of the best (CP-)rank- R approximation. Although we argue
that this is problem is encompassed by our analysis in Chapter 5 because of the equivalence between
low CP-rank and low multilinear rank, the way it is practically solved raises interesting questions. In-
deed, computing the best rank-R approximation of a very large tensor is costly and an indirect and
less-memory-demanding method is usually preferred (Bro and Andersson, 1998). Given a large tensor
J it is cheaper to first compute a “compressed version” with a truncated MLSVD (of sufficiently high
multilinear rank) [G;UWY,...,U@] = T and then compute a best rank-R approximation of the core
tensor G = Zle Ar ®?: 1 xﬁh which is of smaller dimension and from which a rank-R approximation

of J can be deduced: T = Zfz 1A ®?:1 1 xy)]. We have characterized the first step of this method
(computing the truncated MLSVD) in Chapter 5. Therefore, it is worth studying the decomposition
of the core tensor in order to complete a global analysis of this approach. An instructive result would
help choosing a “good” multilinear-rank for the first step — it should not be too small, otherwise we
loose information, but not too large either, otherwise the computation remains costly.

Despite their highly resource-intensive nature, tensors allow a richer data representation. Hence,
arigorous analysis of tensor estimation algorithms is necessary to promote relevant and efficient ap-
proaches within the limits imposed by the computational barrier.

Statistical Limits to Tensor Estimation

Although the statistical threshold cannot be reached in practice because of the computational-to-
statistical gap, studying the statistical limits to a tensor estimation problem remains a relevant ob-
jective. Indeed, this allows to characterize the best achievable performances, even in the easy phase
which, in practice, is not infinitely far from the statistical threshold as N is finite. To illustrate this
point, consider the low-multilinear-rank approximation problem. We have shown in Chapter 5 that,
when properly initialized, HOOI converges to an optimum of the likelihood in the easy phase. As
N — +o0, this easy phase is infinitely far from the statistical threshold, hence the perfect alignment of
the resulting solution stated in Theorem 5.11. But, in practice, N is finite and the computed solution is
not perfectly aligned with the signal as illustrated in Figure 5.2. Therefore, characterizing these align-
ments at finite (but large) N requires to study the statistical limits to the estimation near the statistical
threshold as N — +o0, though paradoxical it may sound.

However, studying the maximum likelihood estimator is delicate and this is more commonly per-
formed with tools from statistical physics not considered in this thesis (Lesieur et al., 2017; Kadmon
and Ganguli, 2018; Ben Arous et al., 2019; Jagannath et al., 2020). Still, recent works of Goulart et al.
(2022) and Seddik et al. (2022) have shown how random matrix theory can be a powerful tool to study
this problem as well. A solution to minye_,|T — f)CIIIZ: where ./ is a (closed) set of low-rank tensors
can be associated to a random matrix model ® (see Section 1.2.3) whose spectral properties allow us
to infer features of the solution — in particular, its alignment with a sought signal planted in J.

A promising line of investigation is to apply the approach developed in Seddik et al. (2022) to mod-
els of interest in statistical learning. Processing large amounts of multimodal data is a common chal-
lenge of the big data era. Tensors as multi-way arrays have inherently a high volume, scaling expo-
nentially with the number of modes, which can rapidly reach a memory limit. Often, the information
sought in such gigantic raw data is a latent and low-dimensional structure. Hence, some techniques
have been developed to compute decompositions (e.g., CPD or MLSVD, see Section 2.4.2) from in-
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complete tensors (Vervliet et al., 2014). At first, they were used to tackle the issue of missing values,
which is common in chemometrics data (Tomasi and Bro, 2005; Acar et al., 2011). Nowadays, they
can be used to compute tensor decompositions on intentionally punctured data. That is, in order to
reduce the volume of a tensor, only a portion of it is actually stored and inference is performed on its
incomplete version.

A simple yet effective procedure to reduce the volume of a huge tensor J is therefore to store a
portion € € [0,1] of its entries chosen at random. Concretely, this is modeled by the entrywise mul-
tiplication I © B where B has i.i.d. &(¢) entries (i.e., 1 with probability € and 0 otherwise). Under
the standard rank-one spiked tensor model I = ,B®Zl:1 x4 \/LNN’ we can infer the reconstruction

performance of a rank-one approximation of I’ © B from the results of Seddik et al. (2022) as per the
universality result for random tensors of Gurau (2014). This shows that the impact of this punctur-
ing policy on the reconstruction performance is a scaling by 1/+/¢ of the signal-to-noise ratio (SNR).
That is, the statistical threshold is multiplied by 1/1/¢ and the alignments of the estimate with the sig-
nal observed at an SNR § without puncturing are found at an SNR f//¢ with puncturing. Random
puncturing can therefore rapidly become limiting if we are faced with drastic memory constraints.
Nevertheless, demonstrating these results directly proves delicate because of mixing terms with the
mask B whose mean behavior is intuitively well understood but practically tricky to untangle. As of
now, our toolbox is manifestly not rich enough to tackle these seemingly simple questions on random
tensors.

In case of strong memory limitations, more clever data-dependent puncturing approaches must
be considered. In particular, similar procedures as those studied by Liao et al. (2021) on matrices could
be applied to tensor data as well: sparsification keeps only the entries whose absolute value is above a
fixed threshold while quantization replace every entry by their closest predefined “quantum” (hence
only a small number of values, the quanta, are stored) and, in some applications, even binarization
(keeping only the sign of the entries) may be relevant. As such data-dependent puncturing is expected
to achieve a better performance versus cost trade-off, studying these procedures trough the associated
random matrix model ® would provide valuable results to reduce the memory footprint of tensors but
also further support this technique to study random tensor models.

Moreover, this approach is currently limited to the rank-one case and further work is needed to
study the statistical limits to the best low-multilinear-rank approximation of the more general spiked
tensor model T =P+ ﬁN presented in Chapter 5. In particular, this is needed to access the theoreti-
cal curves behind the performance of HOOI presented in Figure 5.2. Heading in this direction requires
the definition of a generalized random matrix model ® on which we could deploy the powerful ran-
dom matrix machinery.

A long way is still to be run in order to comprehensively characterize the statistical limits to ten-
sor estimation. Despite the complexity of the problem, many questions remain unanswered, thereby
providing a flourishing source of exciting challenges. These theoretical considerations pave the way
towards new tools for the study of large random tensors, allowing a more clever and prudent approach
to intricate estimation problems.
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