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Introduction

a Concentration of the measure as an hypothesis on the data

A history of concentration

Let us describe here a phenomenon concerning distributions as diverse as the Gaussian distribution, the
uniform distribution on the ball, on the discrete cube, and leading to extensively used statistical concentration
inequalities like Hoeffding inequality, Bernstein inequality, Hanson Wright inequality... Although being lately
mentioned in advanced statistical courses, concentration of the measure appears as a core justification for a
lot of statistical phenomena and rightly deserves the increasing attention it gained in the last decades. Its
appearance and first formalization is quite recent if we consider the long story of mathematics. Originally,
Vitali Milman introduced this notion as an outburst of a geometrical result of isoperimetric inequalities on
the sphere owned to Paul Lévy [Lév67] and brought up to date in [Mil71]. The formulation of the objective to
bound the measure of e-blowup of measurable sets [MS86] then opened the path to probabilistic development
of this geometrical result. Some interpretation with Ricci curvature was brought by Gromov [GMS83| and
the active work of Talagrand [Tal88| [Tal95] in the 80’s provided a subtle understanding of independence
under this theory. One further needs to mention the interpretation with log-Sobolev inequalities [Led05]
and very recent work to give full characterization of dimension free concentration of product measure with
transportation inequalities [GRSTI7, (GRS™18].

Those fifty years of active research in the field brought very powerful, diverse and accurate concentration
inequalities and our thesis make use of a very small amount of them. Our goal here is indeed not to contribute
to the general theory of concentration of the measure but more modestly to employ some of its important
results to deduce inferences on statistical object found in the theory of random matrices and useful for the
understanding of basic machine learning methods.

Concentration of the measure in Statistics

One could regret that statistical course easily turn out into tedious catalogues of inequalities quite far from the
mathematical aestheticism we cherish. It is somehow disappointing to see that the beautiful formalism issued
from Lebesgue theory to express probability concept ends with such specific and scattered notions. We rather
advocate here — when possible — for a standard approach to address statistical issue. The concentration of
measure theory and the objects it naturally brings forwards seems well fitted to this role. To obtain optimal
bounds, one often naturally needs to be slightly specific, it might however sometimes be relevant to lose
accuracy at the benefit of generality, it gives the picture some reassuring unity and more importantly, it
opens the path to multiple easily reachable side inferences.

To give a precise idea of the concentration inequalities we will be working with, let us start with a famous
result of Talagrand. Given a random vector X = (x1,...,2,) € [0,1]" having independent entries, for any
convex mapping f : R™ — R, 1-Lipschitz for the euclidean norm:

Vi >0: P(f(X) - E[f(X)]| > ) < Ce™, (1)

with C = 2 and ¢ = 1/4. A same inequality is obtained for a Gaussian vector with independent, zero mean,
unit variance entries — this time true for any 1-Lipschitz mappings f (no need to be convex). A straight
forward proof of this result with non-optimal constants can be found in [Tao12, Theorem 2.1.12] that presents

vii



viii INTRODUCTION

in one page a very efficient justification provided by Maurey and Pisier. Since this kind of results are valid for
any t > 0, one can then play on this parameter to give bounds on the moments of f(X) with Fubini inequality
(Proposition . One could also consider other mappings f that would have different Lipschitz parameter.
In a way it could be seen as a kind of Hoeffding inequality that would concern far more “observations” of the
random vector than the mere sum of its entries.

In all our work this kind of inequality will serve both to express the hypotheses and the results. It will
often be the starting point and the goal. We will develop to help us a wide range of tools that will explore
the stability of the class of vectors satisfying this kind of inequality through concatenation, sum, product
and some implicit formulation. But before developing these aspects principally needed for random matrix
estimations, let us provide a geometric interpretation.

Geometric interpretation - notion of observable diameter

Let us consider the historical result of concentration of measure owned to Lévy and that states that any
random vector X, uniformly distributed on the sphere \/nS"~! satisfies for C =2 and c= % and for any
1-Lipschitz mappings (not just the convex mappings). We schematically represented some drawings of this
distribution on Figure [I] and the images of these drawings through 1-Lipschitz mappings for the euclidean
norm that are traditionally called observations. We choose for our illustration a normalized sum and the

X =(X1,..,Xp) ~ 5p Observations
s .
/ VP A Xt +Xp
I! W VP
/ ':
' :
:‘ i
. 1] n
[3 So— .
\ / X [l oo L
\, /. &= | 00
. - F

N -

Figure 1: Schematic representation of the uniform distribution on the sphere \/nS"~! and some of its 1-
Lipschitz observations. The observable diameter is 1/4/n smaller than the diameter of the distribution.

infinite norm. What should be noted is that inequality being independent with n we see that the two
1-Lipschitz functionals of the random vector X both have a standard deviation of order O(1) (when n tends
to infinity). However, the diameter of the distribution that one could define as being equal to E[|| X — X”|],
for X', an independent copy of X, is of order O(y/n). The essence of concentration of measure is exactly this
big order difference between the distribution diameter and what Gromov called “observation diameter” and
that we want to define here more simply as the quantity

Do(X) = sup E[f(X) - f(X")], (2)

Hipeits

for X’ an independent copy of X. In this theory, the concentration of a vector can be strictly defined through
the concentration of its observation that in a sense precipitate in R the high dimensional concentrated
structure.

Example of non concentrated random vectors

The presentation would be incomplete without counterexample. One may consider for instance the random
vector Z = [X,...,X] € R" where X ~ N (0,1). Here the metric diameter is of order O(y/n), which is the
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same as the diameter of the observation ﬁ(X + -+ 4 X) (the mapping (z1,...,2,) — ﬁ(zl +ooidzy) is
1-Lipschitz).

2yn

~

[ )
P(X+Y =0)=1%

Figure 2: The sum of two concentrated random vectors can be non concentrated

Actually in this last example, any sub-sequence of the entries of Z would form a non concentrated random
vector. For the sake of completeness, let us now be slightly more crafty and present as depicted on Figure 2,
an example where X and Y are concentrated but not (X,Y). This example is obtained considering a random
vector X, uniformly distributed on the sphere \/nS"~! and an other random vector Y € R™ defined as
Y = ¢(X) where, for any = (z1,...,2,) € R?, ¢(x) = z if 21 > 0 and ¢(z) = —x otherwise. All linear
observations of X + Y are concentrated (it can be shown that the linear concentration is stable through
summation) but this is not the case for all Lipschitz observations. The observation || X + Y| has a one-out-
of-two chance to be equal to 0 or to be equal to 2/n which means that:

P (X1~ IX')| > Vi) = 5.

One can then show that the observable diameter is at least of order O(y/n), which is the metric diameter of
X + Y. This effect is due to the fact that f is clearly not Lipschitz, and Y in a sense “defies” X.

Relevant hypothesis for machine learning regular data sets

Apart from its structural flexibility that will be demonstrated in the first chapter of this manuscript, the
theory of concentration of the measure also appears, for several aspects, to be well adapted to the study
of regular machine learning problems. When X is Gaussian with zero mean and unit variance or when it
is uniformly distributed on the sphere /nS"~! (which is a very similar hypothesis thanks to a well known
result of Poincaré) inequality is satisfied for any 1-Lipschitz mapping. That means in particular that
any 1-Lipschitz transformation ®(X) € R™ of such vector satisfies the same inequality. This aspect is of
capital importance because it opens the possibility to construct a lot of concentrated vectors that would not
present independence relation between the entry or any symmetry relation as the one imposed by Gaussian
distribution or uniform distribution on the sphere. In particular it allows us to believe that this concentration
hypothesis can be adopted to a lot of diverse machine learning problems.

To give a partial but somehow convincing justification for the adoption of this assumption as a basis
to machine learning theoretical inferences, we resort to the fundamental example of Generative adversarial
neural network (GAN) that are able to construct realistic image as Lipschitz transformation of a Gaussian
noise, demonstrating this way that some distribution of concentrated random vectors are very close to the
data encountered in machine learning problems ([SLTC20]). Figure [3| presents some interesting samples of
some of these artificially generated images.

Actually what seems to limit the range of application is the exponential concentration function on the
right of the inequality in . It imposes that all the moments of the entries are bounded which exclude most of
heavy tailed distribution from the scope of our study. Some inferences could be made with other concentration
functions, but since these uses are quite marginal we did not take the time to explore these possibilities. Still,
in Part [[T]] we study the performances of a robust estimation of scatter matrices of distribution presenting
an exponentially concentrated component and an heavy tailed component (like Student distributions for
instance). In that case, we adopt some light hypotheses on the first moments of the heavy tailed component
to be able to infer some convergence bounds.
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Figure 3: GAN generated images built from Gaussian noise with Lipschitz transformations. They follow a
concentrated distribution.

More generally, it should be pointed out that because of the averaging effects it introduce, the concentra-
tion of measure phenomenon is perceptible in almost any machine learning algorithm and should therefore
be kept in mind, the same way that data scientist keep constant concern of over-fitting to produce efficient
algorithm. In particular concentration of the measure might explain how the number of weights in neural
networks is related to the variability of the outputs and speed of exploration.

b Resort to Random Matrix Theory to predict performances

Performances related to first statistics of the data

When looking forward to express the performances of a given algorithm, one has to wonder with which
elements of the problem he will be able to express the result. For modern image classification tasks for
instance, to be able to accurately distinguish images of cats from images of dogs, it is not easy to assess
what are the relevant elements of the distribution of cats and dogs on which depends the efficiency of the
algorithm. The truth is that it relies on feature extraction which is peculiar to each kind of data, therefore
attempts to formalize such tasks and, in a sense, “measure their difficulty” seems rather arduous.

Hopefully there exists still a wide range of algorithms whose performances is still under question and that
appear to rely on the first statistics of the distributions, that is to say the expectation and the covariance
of the different populations. These algorithms are the one that we targeted for our approach. This concerns
mere ridge regression, but also kernel methods, support vector machine, and more elaborated regularized
empirical risk minimization problems (see Chapter |J|in Part .

A first reason to justify this ultimate dependence on the first statistics that we could put forward —
although we could not rigorously apply it — is a result from [KGCIS8, NBAT18| that states that concen-
trated random vector projections have all the chances to behave like Gaussian vectors after projection on a
deterministic or independent random vector.

Theorem 0.1 (CLT for concentrated vectors [KIa0T,[FGP0T7]). Let X € R™ be a random vector with E[X] = 0
and E[XXT] = I,, and v be the uniform measure on the sphere S"~1 C RP of radius 1. If X satisfies
for any 1-Lipschitz mapping f : R™ — R and for two constants C,c > 0 independent with n, then there exist
three other constants C,c,r > 0 independent with n and a set © C 8"~ such that v(©) > 1 — /nCe= V"
and V0 € O:

sup |P(67X >t) — G(t)| < w4
teR

for G(t) = \/%7 = e~ 2q.

What prevents practical application of this theorem is the fact that one generally needs this central limit
theorem for specific deterministic vectors 6 that could sadly be part of the low probability set ©¢. Therefore,
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although one can note in practice that all the projections of concentrated random vectors have Gaussian
distributions, there is no way to resort to this theorem.

Hopefully there exists an other rigorously established reason to justified why all the studied methods lead
to a mere formula on the covariance. It is to be found in random matrix theory thanks to results similar
to the free central limit theorem that states that sufficient independence between the entries leads to the
convergence of the spectral measure to a law depending only on the two first statistics.

Random Matrix Theory for Machine Learning

The well known “curse of dimensionality” imposes to take into account both the number of data and the size
of the data to provide rigorous estimations. This is the natural setting of random matrices hence the resort
to this theory for a rigorous study of machine learning algorithm. The random matrices we study are the
same as the one introduced by Wishart at the beginning of the 20st century [Wis28|. They write %X X7
for given random matrices X = (x1,...,2,) of independent columns that typically represent the different
samples of a data set (Wishart was rather considering Matrices with independent Gaussian entries). The non
centered sample covariance matrix %X XT naturally appears in a lot of supervised or unsupervised machine
learning problem because it contains a lot of information regarding the relations between the means and the
covariances of the different populations of the (x;);c[,,) but also about the “signals” that might be carried by
several of the z;’s. In addition, it can be related to kernel matrices %XTX or %(;S(XTX) where ¢ : R — R
acts entry-wise, as it has been shown in [CBI6].

The core objective of the theory is the understanding of the law of the eigen values. Without looking
at the mutual dependencies of the random eigen values, we will be particularly interested here in the mere
spectral distribution

1 D
];12:; 6}\¢7

where A1,..., A, are the eigen values of %X XT. The spectral distribution is traditionally estimated thanks
to the Stiltjies transform g : C\ {A1,...,A\p} = C defined for any z € C\ {A\1,..., A} as:

1< 1
]79;)\1'—2.

However, the problems that interest us generally require to look at the projection on the eigen spaces of
%X XT. Insights on this matricial projection are provided thanks to the so-called resolvent R(z) = (%X X7~
zI,)~! that satisfies in particular g(z) = %Tr(R(z)) Without going to far into details provided at the
beginning of Part [T} let us simply state that one needs at what point to estimate quantities of the form:

9(2)

Tr(AR(z))

for deterministic matrices A satisfying ||A||r < 1 (where || - || denotes the Frobenius norm i.e. the natural
euclidean norm on M, ., also called the Hilbert-Schmidt norm). One of our important achievement is the
expression of tight convergence bounds of the resolvent towards a so-called “deterministic equivalent” which
is a deterministic matrix allowing to estimate linear forms of the resolvent. In particular we introduce a
deterministic matrix R(z) such that, given a constant e > 0 independent with n, for all z at a distance bigger
than ¢ to the spectrum of 2 X X7, we have the concentration inequality:

P

for some constants C, ¢ > 0 independent on n. It is easy to show that R(z) = E[R(z)] would satisfy this
inequality, the main difficulty is actually to show the convergence of E[R(z)] towards a computable estimate.
This computable deterministic equivalent is introduced thanks to a well known fixed point equation displayed

in below.

Tr(A(R(z) — R(z)))‘ > t) < Ce=t 4 Cemem,
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Natural hypotheses on the data matrix

We spend a lot of time on the choice of a good trade-off between the generality of the hypotheses and the
efficiency of the result. Several settings were tried and for simplicity we will just present in this manuscript
two of them. All over the manuscript, we will use the notations:

m; = Elz;], C; = Elz;a]] and ¥ =C; —mym] .

First we assume that p = p,, seen as a sequence of integer numbers depending on n satisfies p < O(n). Some
authors also require that n < O(p) but we did not see the importance in our proof since the normalization
of XX is done with n and not with p.

Second, we require sup; ¢, [[E[z;]|| to be bounded independently with n (and p). We provided some results
for the case when the data z1,...,2, could share a finite number of signals of order O(y/n) in [Lou2I] but
we eventually decided not two mention them here because the estimation of Tr(AR(z)) when ||A||r < 1 with
good convergence bounds requires the hypothesis sup; ¢, [[E[z;][| < O(1) mainly because of Proposition

When the columns x4, ..., z, follows a non bounded number of distributions, we needed to assume that
for all ¢ € [n], ¥; > &I, for some constant x > 0. However we are not sure that this assumption is necessary.

Finally the most important hypothesis is of course the concentration of the data matrix X that can follow
two kind of assumptions (7) the Lipschitz concentration where X satisfies for any 1-Lipschitz mapping
for the Frobenius norm and (ii) the convex concentration where X satisfies only for 1-Lipschitz and
convex mappings. One could have wished to take advantage of the independence of the data z1,...,x, to
only adopt assumptions on the distributions of the z}s and not on the whole matrix. One can indeed find
in the literature some log-concave hypotheses that are stable through product of measures. But the natural
optimal hypotheses should rather be found in [GRSTI7, (GRS™ 18| where it is shown that some transportation
inequalities ensures what they call “dimension free concentration inequalities”. More precisely, they give a
necessary and sufficient condition on the laws of the z; for the matrix X to be concentrated independently with
n (with conditions provided both for Lipschitz and convex concentration). This result is of high importance,
however, we will not make use of it for the sake of simplicity and merly assume the concentration of the
matrix X as a whole.

¢ Notation and operation with concentration inequalities

Notations

Originally, concentration of the measure was introduced thanks to geometrical ideas concerning very general
object expressed with measures and integrals signs rather than probabilities (with P) and expectations (with
E). At that time, the resort to the conceptual formalism of probabilities would have been useless and inefficient
since the theory was first conceived from a subtle control on the measurable sets. However, once the important
theorem on fundamental concentrated class of distributions are introduced, it appears appropriate to let the
formalism conceptually evolve in order to simplify calculus.

We meet in the study of concrete statistical problems (the best exemple might be the study of (I, —
%X DXT)~1 with X, D concentrated non independent in Part|G]) the constant resort to the kind of inequalities
depicted in . This kind of equality admits diverse variants that are not valid for the same class of function f,
for the same parameters C, ¢ > 0 nor for the same concentration function ¢ — Ce=t". For this reason, instead
of rewriting each time the same heavy formulation or mentioning an equation reference with specifications on
the precise setting, we pretentiously introduce a graphic personal notation that will hopefully simplify and
clarify the inferences.

The central object when looking at concentration of the measure (that only concerns big dimension) is
the observable diameter that is given by the parameter ¢ in . The parameter C is generally — at least
in our applications — a numerical constant that we maintain to be independent with the dimensions of the
problem (mainly p and n). Therefore we chose a notation able to (i) provide the class of function f for which
is valid, (i) display the concentration function and (ii7) the observable diameter.

As an example (full rigorous precision is given in Part [I Definitions |§|, and for respectively the
Lipschitz, linear and convex concentration), if is valid for any 1-Lipschitz mappings f, and ¢ writes ¢/ /o2
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for a given sequence o = (0, )nen € RI_\J_ depending on n and a constant ¢’, independent with n, we note:

X x & (o).

Operations

To justify the choice and demonstrate the efficiency of such a notation, let us briefly present its combination
with some of the operation on concentrated vectors. Let us consider X,Y € R™ satisfying X o & (o) and
Y o &5(0) for given sequences o = (04, )nen and 6 = (6, )pen of € Rﬂ\‘_. One can express the concentration of
different operations:

e The Lipschitz transformation : given a sequence of \,-Lipschitz transformations ®,, : R® — R™:

B(X) o E(N0).

e The sum:

X+Y x&(o+6).

e The product. Given a product R” x R™ — R"™ satisfying Va,y € R", |lzy| < |lz||ly||, we have the
concentration:

XY o &(E[[[Y[[lo + E[[Y[)6) + £1(00),

where & (o) denotes a concentration function ¢ + Ce™/n,

e The argmin of a convex problem. Given a deterministic C* mapping ®(X,Y) : R” x R"* — R"™ such that
Vz,y € R" x RP, H%‘(z v) || <vand %‘(w ) is a positive symmetric matrix satisfying g—g >kl

(zy) = 7P
for some sequences v, k € RE, the unique solution to the equation:
(X, Z2) =0, Z € RP

satisfies the concentration inequality Z oc £2(2%)

d Outline of the work

Concentration basics

The first part of the thesis aims at setting the ground for a concentration of measure approach to Machine
learning algorithms. The definitions and basic properties are mainly taken from [Led05] and we added a lot
of personal contribution that can be found in [LCI8, [LC22a]. The presentation first gives a lot of diverse
inferences that can be obtained for random variables, we adapt them to the high dimension case in a second
step with the introduction of three notions of concentration (Lipschitz, convex and linear) that are equivalent
in low dimension. We then provide the concentration rules for the major operations that will be necessary
in the study of machine learning algorithms. Mainly we look at norms, concatenations, products (and more
importantly pseudo products allowing control on the variability towards each variable), solutions to convex
minimization problems and contractive fixed point equations...

We display at the end of this presentation of concentration our personal approach to convex concentration
with the introduction of the transversal concentration to lighten the convexity hypotheses required for an
observation to concentrate under this rigid concentration setting. Our contribution in this last part is purely
formal since most of the results (in particular the concentration of the product of convexly concentrated
random vectors) was already known. It is however useful for the next part of the thesis that will set in
particular the concentration and the estimation of the resolvent under convex concentration settings.
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Concentration and estimation of the resolvent

The second part of the manuscript employs the different tools and notations of concentration of the measure
to state the concentration and estimation of the resolvent, it mainly relies on the paper [LC22¢|. If one
introduces the notations:

77 : A v Diag;cpy, (z —Tr (ZiQA)> and Q~ = (Ip - % z": i) h , (3)
i=1

then the matrix Q*", where A® satisfies A* = IZ(]\Z), is a deterministic equivalent of the matrix Q% =
(I, — %X XT)=1. To be able to show the existence and uniqueness of A%, but also to get efficient bounds on
the concentration in the case where the columns of X are not identically distributed, one needs to introduce
a semi-metric quite close to the hyperbolic metric and that writes for two diagonal matrices D, D’ € D,,(C):

D-D

4:(D. D) = '<D><D> |

On a subset of D,,(C), the mapping Z# is 1-Lipschitz for the semi metric d;.

Quite interestingly, a very analog semi-metric defined on D,, (R ) (therefore without the imaginary parts)
is used to prove in Part [[TT, Chapter [[] the validity of some robust estimators of scatter matrices. That is why
we present at the beginning of the part on the resolvent a full chapter on these two semi-metrics that share
strong properties of stability.

With the semimetric ds; at hand it is possible after elaborate inferences to set the quasi-asymptotic
convergence of the resolvent R(z) = (2I, — 2XX7)~! towards its deterministic equivalent for a parameter
z being possibly close to the spectrum (but independent with n) and with convergence bounds provided in
O(1/+/n) for the Frobenius norm.

We then estimate the power of the resolvent that appears in the expression of the mean square error of the
Ridge regression and of ELMs studied in Part [T} Chapter[H] Actually the estimation of the square is enough
but we decided to put the estimation a little bit further since we found the formulas somehow inspiring.

We further provide a brief study of the resolvent under convex concentration hypotheses that was con-
ducted in [Lou2I]. The results are naturally weaker than what could be obtained under Lipschitz concen-
tration hypotheses, in particular we could just obtain the linear concentration of () but we provide some
techniques to deduce similarly the concentration of matrices of the form QAX for given deterministic matrix
A€ M, or any QP(XXT) for a polynomial P having coefficient in M,,

We end this part with an important chapter relying on the previous estimation of the resolvent and some
inferences on the concentration of the product of random vectors to set conditions that allow to estimate
resolvents (I, — XDXT)~! when X and D are random and non independent. It requires a fine work of
estimation that, to our knowledge, was not done before and that takes advantage of the short notations of
concentration we introduced. Under certain condition on the dependence of D towards each of the columns
x; of X it is possible to devise a deterministic equivalent for (I,, — %X DXT)~=1. It relies on the estimation
of (I, — %XDXT)*1 for a deterministic matrix D, which is solved by the previous study of (I,, — LxxT)-1
when the columns of the z1,...,x, are not identically distributed. This estimation is at the core of the
justification of the leave-one-out method exposed in Part [T, Chapter [J|

Applications to machine learning

The last part is dedicated to a selection of application in machine learning. Following the work presented
in [LLCIS], we first study the so-called “extreme learning machines” (ELM) where one wants to fits a label
vector Y = (y1,...,Yn) € Mgy, that associates to each datum x; a label y; € R¢ that could characterize its
class or a specific feature that one wants to estimate. The method consists in solving the problem:

NS e
Minimize - Z 18 c(Wha) — vill® +7]18]%, B eRY,
i=1
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for given v > 0, 0 : R — R applied entry-wise and W € M, 4, a random matrix aiming at providing “random
features” of the data X. This work does not take into account the randomness of X, it basically shows that
the algorithm acts asymptotically like a kernel method whose performances closely depends on the matrix
LElc(WTX)To(WT X)] that we express for different activation functions o.

A second work that is taken from [LC22b| builds some bridge with heavy tailed statistics. The goal is to
estimate a Scatter matrix which is defined as a surrogate for covariance matrices for distribution that does
not admit second order moment. The data matrix we consider decomposes:

X =Zy1T+ml7,

where m € RP is a deterministic mean, Z x &3(1) has zero mean and 7 might not admit a second order
moment, we just need to assume that + 3" | 7; < O(1). The diagonal matrix 7 is seen here like a noise and
one wants to retrieve m and statistical properties of Z.

This is done thanks to the computation of é, the M-estimator of the scatter matrix defined as unique
solution to the equation:

. 1« 1
= h TM e = —x] (M +~1,) oy ) ]
C=¢(C) where ¢ ni_lu(nxz( + 1) QTZ) XXy,

where u : Ry — R, satisfies lim, o u(z) = 0. The resolution of the problem starts from the remark that ¢
is 1-Lipschitz for the semi-metric d, defined for any D, D’ € D, (R,):

D; — D)
/DiD!

Then one can deduce properties that u has to satisfies to enure existence, uniqueness and concentration of
C. We eventually provide an estimation of the the resolvent C from which we can deduce the convergence of
its spectral distribution.

The study of extreme learning machines is quite simple because [ admits an explicit form

ds(D, D) = sup

1€[n]

%Z (%ETE + 'yln)fl YT, In a last work, we study the implicit formulation of solutions to empirical risk
minimization that writes:

R I
Minimize - z; hi (BT 2:)]12 + 41817 B e R,
1=
where hq,...,h, : R = R are n deterministic convex mappings. We got our main inspiration from [Kar13]

who introduces a technique called “leave-one-out” to be able to estimate properly the statistics of 5. The
idea is to set a relation between [ and a vector B_; that would be deprived of the contribution of x;, then,
replacing 87 x; with 8%,x;, it should be possible to obtain, under Gaussian hypotheses on x;, a pseudo-fixed
point equation on the first statistics of the Gaussian random variable 87, z;.

We were able to set rigorously the leave-one-out method validity without Gaussian hypotheses and thanks
to the estimations we did on the resolvent (I, — %X DXT)~1 in Part However we are still not able to
show the existence and uniqueness of the final fixed point equation providing estimates for the first statistics
of 3. We believe that the Gaussian hypotheses are not necessary and we could heuristically design a simpler
fixed point equation that was verified empirically and that we hope to mathematically verify soon, with the
widest hypotheses possible.

e Open questions, next steps

Our main efforts in this thesis were dedicated to the devise of a proper concentration of measure and random
matrix framework to study machine learning algorithms. Although both theory were quite advanced, some
work still needed to be done among which we can mention the estimation of the resolvent of matrices %X DXT
with D and X random and non independent or the concentration of the solution of convex minimization
problems and pseudo-product of random vectors. Most of the time was spent on up-stream theoretical
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demonstrations, and as a consequence, practical results on machine learning performances sometimes lack
thorough study of the possible improvements of the method. It would be however very interesting to compare
the different methods and identify a standard approach leading to possible generalization, the same way that
ELM asymptotically meet mere Kernel methods. This question is not easy in such an active field of research
where the high rate of publication and the need to follow day-to-day technical development imposes a fast
pace that undermine any attempt to unify a possible theory of Machine learning. Some replica methods
already allowed to express the minimal classification error that an algorithm could reach for very simple
linear Gaussian models |[BKM™17, [LMT9]. We can then wonder if these inferences can generalize to more
complex models, and the concentration of measure framework might be perfectly fitted to this task.

Naturally, the more elaborate an algorithm becomes, the harder it is to find a valid theoretical formal-
ization. In particular, we do not envision clearly which random matrix theory inferences might be employed
to solve modern machine learning problems evolving neural networks. Mainly because of the aforementioned
reason that the performances depends on complex features very specific to the data and quite far from the
traditional objects seen in random matrices. After working with classical deep learning neural networks one
might have the impression that the main subtlety is to be found in the feature design (which could be more
related to traditional sound processing, image processing...) and the dense layers at the end of the network
just work as highly weighted regressors of low interest that merely try to approach multivariate mappings
with piecewise linear mappings (in case of a ReLu activation).

The more advanced (and successful) methods relying on the mechanism of attention [VSPT17| look far
more interesting. This mechanism is a natural improvement of the “blind” convolutions in image processing
because it allows to find correlation inside the data relevant for the given task. The so-called “transformer
neural networks”, after becoming state-of-the-art language processing algorithms, shew high performances on
image processing and other diverse tasks thanks to an impressively flexible architecture able to adapt to a
high variety of data. Their modular architecture and the simple scaling it allows seems perfectly fitted to
interesting mathematical formalism that might require some information theory inferences.

Finally, if we do not look at the methods but at the data, an interesting development might be to try to
adapt the tools we presented to sparse settings. It is quite fascinating to see that under sparse assumptions the
spectral distribution of the sample covariance matrix still converges to a law but not to the Marcenko Pastur
law. The asymptotic spectral distribution was computed with some physician inferences thanks to so called
“cavity method” [RCKTO§| or “replica method” [Kith08|. More complex work was done to understand the
behavior of the largest eigen values of Wigner-like sparse matrices [EKY Y13l [HLY20] and sample covariance
matrices in [HLS19]. In the case of Wigner-like matrices it seems complicated to remove the hypothesis of
independence between the entries but for sample covariances matrices, it would be interesting to keep our
concentration of measure approach to understand sparse statistics appearing in a lot of practical examples
(PCA with sparse data, adjacency matrix of directed graph). In particular, one would like to know what is
the structural difference, in terms of concentration, that introduces a transition in the shape of the spectral
distribution between non-sparse and sparse data.

In a field of research where the quantity is often provided at the expense of quality, rigorous theoretical
insights are more than necessary to put some order and identify the meaningful axes of research. The task
seems enormous but we hope that its theoretical attractiveness will bring data scientists to have a more
sensible approach to their work.
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iif

E*
Conv(A)

“if and only if”

Typical normed vector space over R, endowed with the norm || - ||.

Dual space of E (the set of linear maps from E to R).

Convex hull of A C E (i.e., Conv(4) = N{C C E, C convex,C D A}).

4\ {0}

Complementary of A. f ACE, A=FE\A={z€ E,x ¢ A}.

Indicator function of A C E, 14 : E — {0,1} and 14(z) =1 <z € A. If Ais not a
set but an assertion (like A = A(t) = (t>1)), la=1if Aistrueand 14 =0if A is
false. If 1 presents no index, it designates a vector full of one with a convenient size
for the context.

Set of mappings from A to B, F(A) = F(A, B).

Given two vector spaces E, F', L(E, F) is the set of continuous linear mappings from
FE to F.

Given two vector spaces E, F'; A(E, F) is the set of continuous affine mappings from
Eto F.If fe A(E,F), f— f(0) € L(E,F).

Set of natural numbers

forn e N, [n] = {1,..., n}

Set of real numbers ; Ry = {x e R | z > 0} ; R_ = —R,. If z € RP, one notes [z];,
or more simply z;, 1 < i < p, the i*" entry of the vector =

Integer part of z € R, |z] € N and verifies [z| <z < |z] + 1= [z].

Sphere of RP (SP~1 = {z € R? | ||z|| = 1}).

Integer or complex number satisfying i2 = —1

Set of complex numbers.

Real and Imaginary part of z € C, if z = R(2) + iS(z) where R(z),S(z) € R
Poincaré half plane H = {z € C,3(z) > 0}.

conjugate of z, z = R(z) — S(z)1

Set of real matrices of size p x n. If M € M, ,,, one notes [M]; ; or more simply M, ;
the entry at the line ¢ and column j. If n = p, we simply note M, = M, ,,. Given a
set A, M, ,(A) is the set of matrices with entries in A

Diagonal operator. If M € My, Diag(M) = (M;i)i<i<min(p,n) ; if © € RP,
Diag, ,,(z) € My n, [Diag, ,(v)];; = x; if 1 <7 < min(p,q,n) and [Diag, ,(2)];; =0
ifi£j forl<i<p, 1<j<n.

Spectrum of the matrix M.

Trace operator on M,, VM € M, Tr M =>"_| M; ;.

Transpose operator on M,,, VM € M, ,,, [MT],; =M;,;, 1<i<p,1<j<n.
Identity matrix of My, ([I,];,j =0if i # jand [Ip];; =1,1 <4,j < j).

Set of permutations of {1,...,p} ; &pn =6, X &,,.

Majorization relation, see Definition

Decreasing version of x € RP, 30 € &, such that Vi € {1,...,p}, [z}]; = Ty and
[.13’1’]1‘ S [.I‘L]i_l for 4 Z 2.

xvii
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p,n-

lla

ll1

113

[«

[| ¢

lla

||<X>’ H ! ||B(y0,T)

llz
lla,B

X(A)

a.s.

iid.
o(X)

Symbols

Set of symmetric matrices of M, : § €8, & 85;;=5;;1<i<p;Se€ S; S Yu e
R, uTSu>0; S € S, & —S¢€ S;. Given 51,52 € Sy, we say that S; is greater
than Sy and we note S; > Sy if §; — 92 € S,

Square root of the nonnegative symmetric matrix S € S;‘ (with the diagonalization
S = PTAP, P € O, A € D), we define S'/2 = PTAY?P where [A'/2];; = A}/?).
Set of orthogonal matrices of M, : P € O, & pP~t=pT; Opn = 0Op x Oy,

Set of diagonal matrices of M, , : D € Dy, < D = Diag, ,,(Diag(D)) ; D € D}, &
D;;>0,1<i<min(p,n) ; D€ D,, < —DcDf,, wefurther note D} =D, (Ry).
Given a set A, D, ,,(A) is the set of diagonal matrices with entries in A. When n = p,
we simply note D, = Dp, ;..

Set of permutation matrices of M, : P € P, & P € O, and (o0 € G, P, ; =
1 & o(i) = j) ; we also define P,,, = {(U,V) € P, x P, | UL, , VT = I,,} where
Iy, = Diagp’n(ll).

{4-norm on R? for two integers p,q € N, ; ||z]lq = 20, az?)l/q.

Classical norm of the vector space E one is working on : if £ = RP, the euclidean
norm || - ||z 5 if E = M), », the spectral norm (YM € M, ,, : supj, = [[Mul]).

on R?, the ¢; ; on M, ,, the nuclear norm (VM € M, ,, | M|, = Tr((MMT)'/2)).

Frobenius norm, VM € M, ,, : |[M|p = VIt MTM = \/ o1 2 [ M 412
Dual norm on E*. If f € E*, || f[l« = sup| <1 f(2).

Depends on the use, given p normes vector spaces (Eu, | - ||1),..., (Ep, || - ||p), given
any x1,...,Tp € By X - X Ep, (21, .., 20)|lee = sup;epy [|2ii-

Diagonal euclidean norm. For M € M, ,,, [|M|q = \/Zz‘emin(n,p) |M; ;|2

Infinite norm and infinite semi-norm on subset. Given f : E — (F, | - ||r), |fllcc =

sup,ep L (2)l| 75 1flByo,r) = SUPzen(yo.rm I (@) £

Lipschitz semi-norm. Given f: (E, [ [g) = (F, |- [[r), [ fllz = sup,.,
ForAe M,, Be M,, M e M, ,, M € My, o, |M| a5 =||AMB|r
Closed ball of E of size t > 0, B, = {0}, = {z € E | ||z| < 1}, when t = 1, we note
B = B;. We also use the notation B).(z,t) = {z}; = {y € E || ||z — y| < t}, the
index || - || could be of course a distance d or simply unspecified when we implicitly
consider the classical norm of F.

We implicitly suppose that there exists a probability space (2, F,P) where F is a
sigma-algebra of the set 2 and P, a probability measure defined on the elements of
F. The random vectors we consider are then P-measurable applications defined on 2
and taking value in normed vector spaces endowed with the Borel g-algebra. In that
setting, given a random vector X € E (i.e. X : Q — E), for any Borel set A C E, we
note P(X € A) =P{w € Q, X(w) € A}) and for any measurable function f: E — R
and t € R, we note P(f(X) >t) =P({w € Q, f(X(w))>1})...

The expectation operator. For any random vector X € F and any measurable function
[+ E = R, we define E[f(X)] = [, f o XdP. When E has finite dimension, it is
possible to define EX by integrating all the coordinates of X.

Given a rndom vector X and an event A C Q, X(A) = {z(w),w € Q}.

Almost surely, an event (i.e., an element of F) A is true almost surely iff P(A) = 1.
We will often abusively mix up random vectors and classes of almost surely equal
random vectors.

“independent and identically distributed”.

If X e My, 0(X) € an(p’") is the vector constituted of the singular values of X
in increasing order (i.e. the eigenvalues of (X X7)1/2). If X € E is a random vector,
o(X) is the o-algebra generated by X (i.e., the o-algebra of sets of {2 containing all
the sets X ~1(B) when B is a Borel set of E).

Lf @)= F@le

lz—yll=



Symbols

VP

By
N(0,1,)
)
g

dol,

R,(S,A), I,(S,A)

Xix

Conditional expectation. Given a random variable X € R F-measurable and G, a sub
o-algebra of F, E[X|G] is the a G-measurable random variable that satisfies for any
additional G-measurable random variable YV, E[YE[X|G]] = E[Y X]. verifies for any
G-measurable random variable Y, E[Y X| = E[YE[X|G]]. Given two random variables
X,) Y eR EX|Y] =E[X|o(Y)].

Conditional probability. Given a Borel set A C R and a random variable X € R,
P(A|X) = E[14]X].

Concentration around a pivot or around a deterministic equivalent, see Definitions
and

see Definition

Lipschitz concentration, see Definitions [2| and |§| respectively for random variables and
random vectors.

Convex concentration, see Definition

Transversal concentration, see Definition

Observable diameter of a random vector X, see

If 11 is a probability law defined on E, for any function f : E — R, such that u(f) =
f fdu =1, we note fdu the measure verifying for all Borel set B : fdu(B) = f 1 fdpu.
Lebesgue measure on RP.

Uniform measure on SP.

Exponential measure. If p=1 v! = %d)\l, forp>1, P =v'®...®v! (p times).
Uniform measure on the ball By of RP.

Distribution of Gaussian vectors of R? with zero mean and covariance Ip,.

Norm degree, see Definition

Stieltjes transform of a probability law 4 on R. Let D C R be the maximal Borel set
such that (R \ D) = 0, then Vz € C\ D, the Stieltjes transform is defined with the
formula g(z) = duw)

—JD w—=z

Stable semi metric. Given z,2/ € Ry, di(z,7) = |Z=Z

Vaz'
, given D, D" € D(A), with A =Ry or A =H, ds(D,D’) =

, given 2,2 € H,

&= 5) = | Fmee

sup; e (ds(Ds, D).

Differential of ¢ taken on z, given ¢t € R tending to zero, ¢(z + th) — ¢(z) = tde|, -
h+o(t), 2o, = di|, for ¥ : z — dg),.
Given S € S}, A € D, Ry(S,4A) =
Diag (L Tr (S; R,(S, A))) €D, R
I¥(A)=I1(X-XT,A)

%Z?:l A;S; "‘VIP)_l € My, 1,(S,A) =
(A) =R, (C ) and for X € M.,

O~

A
1<i<n ) T, +AAC
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Assumptions

Chapter [F|

Assumption 1. p < O(n).
Assumption 2. X x &.
Assumption 3. X has independent columns x1,...,x, € RP.
Assumption 4. sup;cp, [|ull < O(1).
Assumption 5. inf;cp,) X; > O(1)1,.
In Section we replace Assumption [2] with:

Assumption 2.. X o &s.

Chapter

Assumption 1 bis. p < O(n), m < O(n). In addition:

Assumption 2 bis. The matriz W = (w1, ..., wy,) has independent identically distributed columns.
Assumption 3 bis. W o &;.

Assumption 4 bis. sup;cp,,,) [[E[w;][| < O(1), [[X]| < O(1) and ||Vl < O(1).

Assumption 6 (Function o). The function o is Lipschitz continuous with parameter A\, independent of n.

Chapter

Assumptions [T} [ [5] and:

Assumption 7. u € S(R') and there exists u> > 0 such that ¥Vt € RT, u(t) < u®™.
Assumption 2 ter. Z x &;.

Assumption 3 ter. The random vectors zi,...,z, are all independent.
Assumption 8. ||m| = O(1).

Assumption 9. 237" 7, < O(1).

Chapter [J|

Assumptions [I}j5] and:

Assumption 10. The mappings f; : R — R, i € [n]|, are twice differentiable and sup;en] |l filloos
3

SDicn | flloo, suPieim 1A [loc < O(D).

poel
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Part 1

Concentration of the measure framework






The original theorem owed to Paul Pierre Levy and concerning the concentration of the uniform distri-
bution o, on the sphere SP writes:

Theorem .2 (Normal concentration of o,, [Led05, Theorem 2.3]). Given a degree p € N and a random
vector Z ~ o, for any 1-Lipschitz function f: RPTL — R, we have the inequality:

P(|f(Z) —my| > t) < 2~ (P~ DE/2, (4)
where my is a median of f(Z) verifying by definition P(f(Z) > my),P(f(Z) < my) > 1.

There exist plenty of other distributions that verify this inequality like the uniform distribution on the
ball, on [0,1]™, or the Gaussian distribution N(0,1,) that are presented in [Led05] ; more generally, for
Riemannian manifolds, the concentration can be interpreted as a positive lower bound on the Ricci curvature
(see Gromov appendix in [MS86] or [Led05, Theorem 2.4]).

The concentration inequality verified on the sphere will structure our approach in a way that we will try
to express our result with that form as often as possible to pursue Levy’s idea; we will thus choose the short
notation f(Z) € my + 2e~(P=1)*/2 ¢¢ express it in a simple way.

As Milman was the first to advocate it (J[MS86]), the concentration of a random object appears to be an
essential feature leading immediately to a lot of implications and controls on the object. We do not present
here the historical introduction of concentration of the measure. Rather than the geometric, distribution-
oriented approach, we directly adopt a probabilistic point of view on the notion. That does not mean that
the presentation of the theory will be incomplete. On the contrary, we display here, almost always with their
proofs, all the important theorems and propositions necessary to apprehend the theory and set rigorously
Part [[T about the sample covariance. The usual approach to the concentration of measure is to start with
geometric inequalities ruling high dimensional Banach spaces and then track from these powerful results some
probabilistic properties on the real functionals, the “observable world”. We propose here a reversed approach
where we start from the probabilistic results on R which offer us some interesting reasoning schemes all the
same. Then, once the reader convinced by the direct computation improvements offered by the theory, we
perform the fundamental step consisting in considering high dimensional concentration properties. Many of
the results are derived from the complete presentation of the theory made by Ledoux in [Led05].






Chapter A

Concentration of a random variable

A.1 Definitions and first Properties

Given a random variable X € R, any function ¢ — P (| X| > t) satisfies some important features that will
form the definition of the notion of concentration function as a class of objects measuring the concentration
of random variables (the same way as the modulus of continuity measure the continuity of mappings).

Definition 1 (Concentration function). Any non-increasing and left continuous function « : Ry — [0,1], is
called a concentration function.

Given a random variable Z and a concentration function «, we choose first to express the a-concentration
of Z through the introduction of an independent copy Z’.

Definition 2 (Concentration of a random variable). Given a concentration function «, the random variable
7 is said to be a-concentrated, and we write Z x a, iff for any independent copy Z':

Vi>0 : P(1Z-Z'>t) <alt). (A1)

In particular, if we often deal with concentration functions « that take values outside of [0,1], it is
implicitly understood that we consider in the calculus ¢ — min(min(a(u)),<¢, 1) instead of a.

In Definition 2] we see that o basically limits the variations of the random variable Z. The faster a
decreases, the lower the variations of Z. Instinctively one might hope that this limitation of the variation
would be equivalent to a concentration around some central quantity that will be called a pivot of the
concentration in the following sense:

Definition 3 (Concentration around a pivot). Given a € R, the random variable Z is said to be a-
concentrated around the pivot a, and we write Z € a + «, iff :

VE>0 : P(|Z—a|l>t) < alt).

We call the parameter a a pivot because the concentration around a provides similar concentration around
other values close to a. Given 6 > 0, let us denote 7y the operator defined on the set of concentration functions
that verifies for any concentration function a:

o [1ifts
YT Y a@ -0y it > 6.

Then we have the simple Lemma.

Lemma A.1l. Given a random variable Z € R, a concentration function «, two real numbers a,b € R and
0 > 0, we have the implication:

Z €c€ata
== ZebtTy-a.

la =0l <6
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At first sight, there exists no pivot a € R such that Definition [2] and Definition [3] are equivalent. We can
however find an interesting relation considering the case a = mz where my is a median of Z, verifying by
definition P(Z > myz) > 1/2 and P(Z < myz) > 1/2.

Proposition A.2 (Concentration around the median, from [Led05], Corollary 1.5]). Given a random variable
Z, a median my of Z and a concentration function «, we have the implications :

Z X« - Z emg£2a = daeR| Zeat22a = Z x 4da(-/2)
where o+ /2) is defined as being the function t — «a(t/2).

We see here that if Z is a-concentrated, the tail of Z, i.e., the behavior of Z far from the median, is
closely linked to the decreasing speed of a.

Proof. We need to consider the fact that P (Z = myz) = € may be non zero. Therefore there exist €1, €5 such
that € = ¢; + €3 and:

1 1
P(Z<mz)=§—61 P(Z>mz)=§—€2.
Let us take t > 0. The first result follows from the inequalities:
P(Z-Z'>t)=P(|Z-2Z'|>t,Z' <mz)+P(|Z—-Z'| >t,Z' > myz)
+P(|1Z—mz| >t,Z' =myz)
>(1)2—a)P(Z>t+ 2" | Z' <my)
+(1/2—62)]P(Z/ >t+ 7 | Z' >mz)
+eP(|Z—-myz| >1)
>(1/)2—=€)(P(Z>t+myz)+P(mg >t+Z))
+eP(|Z—-mz| >1t)

1
= §P(|Z—mz\ >t).
We prove the last implication setting that for any a € R:

P(Z-Z|>t)<P(Z-a+a—-Z"|>1)
<P (|Z —al >t/2).

O

The reason why Definition [2| was presented firstly and thus given the importance of the naturally un-
derlying definition, even though Definition [3] might seem more intuitive, lies in its immediate compatibility
to the composition with any Lipschitz function and more generally with any uniformly continuous function.
The uniform continuity of a function is sized by its modulus of continuity.

Definition 4 (Uniform continuity). Any non decreasing function w : Ry — Ry continuous and null in 0 is
called a modulus of continuity. Given two normed vector space (E, ||-||z) and (F, ||| z), a function f : E — F
1s said to be continuous under the modulus of continuity w if:

Veye B |[f(@) = fW)llp < wlllz = yllg)-

Of course a function admits a modulus of continuity iff it is uniformly continuous.

Lemma A.3. Let us consider a random variable Z, a concentration function «, and a function f : R — R
continuous under a modulus of continuity w. We allow ourselves to write w™"' the pseudo inverse of w defined
(for w bijective or not) as : w™(w) = inf{t,w(t) > w}. We have the implication:

Zxa = f(Z)xa(w ' (")).



A.1. DEFINITIONS AND FIRST PROPERTIES 7

Proof. Tt is straightforward to write:
P(f(2) = f(Z)=21) <P(w(Z - Z']) 2 )
<P(|1Z-Z'|>w(t) <a(w (1),
since for any w,t > 0, w(t) > w =t > w™!(w) by definition of the pseudo inverse. O

The stability with respect to w-continuous functions reflects the fact that a w-continuous function contains
the spreading of the distribution up to the modulus of continuity.

One property that we could expect from a-concentration is a stability towards the sum. Up to a multi-
plying factor of 2, this is the case :

Lemma A.4. Given two random variables Z1 and Zy and two concentration functions «, 3, we have the
implication:

Zixa and Zyox 3 = Zy+ Zy < al-/2) + B(-/2).

Proof. Recall that Z] and Z} are two independent copies respectively of Z; and Zs. There is no reasons for
Z1 to be independent of Z; (resp., Z5 of Z1). The idea is to decompose the threshold ¢ > 0in § + £ :

P(2+ 22— 7, — 25| > 1)
<P(|Z —Z’|>E +P||Z —Z’|>E < L +5 L
= 1= =5 2Tl =5 ] = Y3 2)"

Remark A.5. This time the idea of the demonstration works the same with the setting of Definition[3, and
we have:

O

Zi€ata and Zycbxp — I+ Zyea+bEtal-/2)+5(-/2).

In a first approach, a-concentration performs badly with the product, as it requires a bound on both
random variables involved which greatly reduces the number of possible applications.

Lemma A.6. Given two bounded random variables Zy and Zy such that |Z,| < Ky and |Z3| < Ky and two
concentration functions «, B:

Zixa and Zs x 8 = Z1Z20<a<2f'{2>+6<21'(1).

Proof. Given t > 0:

t t

P22 - 212 20 <P (122 - Z3)| 2 3 ) + 7 (2 - 2231 2 )
<P |Z—Z’|>L +P(|Z —Z’|>L

>~ 2 2 L 1 1] = 2K2 .

O

Actually, the setting of Definition [3] is more convenient here than the setting of Definition [2] because it
allows us to only require one random variable to be bounded:

Lemma A.7. Given two random variables Zy and Zs such that |Z1| < K, two pivots a,b € R and two
concentration functions «, B, if b # 0 one has the implication:

Zleaia and Z2€bi6 — Zldeabia<2|'b)+ﬁ<2kl)v

if b= 0, then the concentration of Zy and Zy implies that Z17Z5 € 0 £ ﬂ(K—l)
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We may even go further and dispense with the bounding hypothesis to get in this case a slightly more
complicated concentration form:

Proposition A.8. Given two random wvariables Z1 and Zy, two pivots a,b € R and two concentration
functions a, B such that Z1 € at o and Zy € b+ 5, if a # 0 and b # 0, then Z1Z5 is concentrated around ab

with :

arscaza(\f;) +e () o (s) o2 (s )
Ifa=0andb#0, weget2122GO:I:Oc(\@)—&-a(m)—i-ﬁ(\@) and ifa =b=0, ZlZQEO:I:a(\F)-&-
B(V-)-

Proof. We just prove the result for a, b # 0 since the other cases are simpler. The idea is to use the algebraic
identity: zy —ab = (z — a)(y — b) + a(y — b) + b(x — a) and the implication zy >t = x > v/t or y > v/t (for

x,y,t > 0):
t t
P(|21Z; — ab| > 1) S]P’<|Zla| > \/?) +P<|22b| > \/?)

t t
+IP’(|Z1—a| Ib] > 3) +P<|Zg—b||a| > 3).
O

In the case of the square of a random variable or even an integer power of any size, the concentration
given by Proposition can simplify.

Proposition A.9. Given m € N and a random variable Z € a + o with a € R and «, one has the

concentration:
1
Zmead" ta <2m |a|m_1> + o <(2> ) .

Proof. Let us employ the algebraic identity:

zZm = (z—a+a)m:f: <T;>am_i(2—a)i:am+am§; (z%) (Z;a>i.

=0

i

@r < ’%‘ and conversely, if ’%‘ > 1, then ‘%’ < ‘%’m

m) (A.2)

If ’%| <1, for any i € {1,...m},
This entails:

Z—a

27 —ar) < 2lap”

¢ £\ ™
P(zm —a™|>t)<P(|Z—a>—" | +P |Z—a|2<) .
2™ |al 2

We conclude this section by setting the continuity of the concentration property. We adopt the classical
formalism for the convergence of a random variable (or vector).

Z —a
a

and therefore:

O

Definition 5. We say that a sequence of random variables (or random vectors) Z,, converges in law (or “in
distribution” or “weakly”) to Z if for any real valued continuous function f with compact support:

lim E[f(Z,)] = E[f(Z)].

n—oo
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Although we rather find in the literature the definition mentioning continuous and bounded functions, this
equivalent definition relying on the class of continuous functions with compact support is more adapted to the
convergence of concentration inequality (see the proof of Proposition [A.11]). We start with the preliminary
lemma:

Lemma A.10 ([Ouv(9], Proposition 14.17). Let us consider a sequence of random wvariables Z,, n € N,
and a random variable Z with cumulative distribution functions respectively noted Fz ,n € N, and Fz. The
sequence (Zy)n>0 converges in law to Z iff for any t € R such that Fy is continuous on t, (Fz_ (t))n>0
converges to Fz(t).

Proposition A.11. Consider a sequence of random variables (Z,),>0 that converges in law to a random
variable Z, a sequence of piwot (an)n>0 converging to a pivot a € R and a sequence of concentration functions
(an)n>0 that point-wise converges to a continuous concentration function a. If we suppose that, for any
neN, Z, €a, +a, then Z € a + a.

Proof. For any n € N, let us note Y,, = |Z,, —a,| and Y = |Z — a|]. We wish to show first that (¥},)n>0
converges in law to Y. Let us consider for that purpose a continuous function f : R — R with compact
support S and € > 0. We know from the Heine-Cantor theorem that f is uniformly continuous, therefore
there exists 77 > 0 such that:

lz—yl<n =I[f(=)—Ffly)l <

| ™

Moreover, since lim,,_,« a, = a, there exists ng > 0 such that for any n > ng, |a, — a| < n. Eventually, if
we introduce the function ¢ : # — |z — a|, we know that f o g has a compact support S’ =a+SUa— S, and
thus there exists ny € N such that if n > ny:

E[f(1Zn — a])] = E[f(1Z = aD)]l = [E[f © 9(Zn)] = E[f 0 g(2)]| <

| ™

Therefore if we consider n > max(ng,n1):

ELf (V)] =B < [Elf (120 — anl) = f(12n — al)]]
+ [E[f(1Zn —al) = f(I1Z —a])]l < e

Then we know from Lemma [AI0] that for any ¢ such that the cumulative distribution function Fy =
P(|Z — a|] < -) is continuous around ¢:

P(Z—-a|l>t) = li_{n P(Z, —an| >t) < li_>m an(t) = a(t).

Since « is continuous and t — P (|Z — a| > t) is decreasing, we recover the preceding inequality for any ¢ > 0,
and Z € a + . O

In the setting of Definition 2] we can show the continuity of the concentration the same way introducing
this time the random variables Y,, = |Z,, — Z/| (Z], being a sequence of independent copies of Z,). We
present the next proposition without proof.

Proposition A.12. In the setting of Proposition[A.11], if for any n € N Z,, < a, then Z o a.

A.2 Exponential concentration

In [Led05], Ledoux defines a random variable as normally concentrated when the concentration function is
of the form Z oc Ce=(-/?) for two given constants C' > 1 and o > 0. The form of the concentration function
has no real importance on small dimensions since the result ensues from a mere bound on the Gaussian Q-
function; it is however surprising that this form naturally appears for the uniform distribution on the sphere
(see Theorem [.2)) and others in high dimensions.

In order to present a general picture that will be helpful later (when dealing with the concentration of
products as already seen in Propositions , let us include the general case of g-exponential concen-
trations.
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Definition 6. Given ¢ > 0, a random variable Z is said to be g-exponentially concentrated with head
parameter C' > 1 and tail parameter o > 0 iff there exists a pivot a € R such that Z € a £+ Ce~ (/)"

Example A.13. A random variable Z following a Gaussian distribution with zero mean (i.e. zero median)
and unit variance is 2-exponentially concentrated with a tail parameter equal to /2 : Z € 0+ 2e—()7/2,

In practice, the random variables will depend on a random vector whose dimension, say p, tends to infinity,
the tail parameter is then a function of p that represents the asymptotic speed of concentration since it has
the same order as the standard deviation of Z. If the g-exponential concentration functions are employed
reasonably, the asymptotic information can be transmitted from the head parameter to the tail parameter
so that the head parameter would stay mainly uninformative and close to 1. For that purpose, the following
lemma gives us an easy way to bound a given concentration to a close one with a head parameter equal to e.

Lemma A.14. Given z,q > 0 and C > e, we have the inequality:
min(1, Ce™™) < ee~?/2108(C),

Proof. If © < 2log(C) the inequality is clear, and if x > 2log(C) > 2, we deduce the result of the lemma
from the equivalence

x 21og(C)?
1 < — > _2908\%)
0g(C) —w < 21og(C) v= 2log(C) — 1’
. 2log(C)? 21log(C)?
since 210gg(C)—1 = logg(C) <. O

To place ourselves under the hypotheses of Lemma and as it appears rather convenient in several
propositions below we will suppose from now on that the tail parameter C is greater than e.

Exponential concentrations offer simple expressions of the concentration through shifting the pivot thanks
to the following lemma.

Lemma A.15. Given the parameters C > e and q,0,0 > 0:
VE>0 : 719-Ce (/9" <max (e(e/")q,0> e /20)%,

Proof. When t > 26, the increasing behavior of ¢ + t7 ensures that (t —6)? > (¢/2)7 which implies the
functional inequality on [26, 00). When ¢ < 26:

max (e(e/aw’c) e (1/20)7 5 ((0/0)1 =(20/20)" 5 | > o = (/0)"

(by definition of 7y). O

This lemma, combined with lemma clarifies the notion of tail parameters. The next corollary shows
that it can be seen as the diameter of a “black hole” centered around any pivot of the concentration, in a
sense that each value inside this “black hole” can be considered as a satisfactory pivot for the concentration ;
this will be called later, in the case of random vectors, the observable diameter of the distribution, following
Gromov terminology [Gro79).

Corollary A.16. Given C > e and three positive parameters o, A, q > 0, two real a and b such that |a — b| <
Ao and a random variable Z, one has the implication:

Zea+Ce /)" = Zeb+C exp (— (%f) ;

where C' = max(C, e*").

Note that the interesting aspect of the result is the independence of the head parameter C’ = max(C, e*")
to the tail parameter 0. Moreover the tail parameter stays unmodified when ¢ < 1.

We now have all the elements to show that, due to the high concentration of exponentially concentrated
random vectors, every median plays a pivotal role among the different constants that can localize the con-
centration.
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Proposition A.17 ([Led05, Proposition 1.8]). Given a random variable Z, and a median myz of Z, if we
suppose that Z € a &+ Ce=C/9)" for a pivot a € R, then:

Z € myz +2Cexp (— (;)q> .

Proof. For some € > 0, we choose ty > o (log(2C) + 5)1/q. We know that P (|Z —a| > to) < & and conse-
quently |a — mz| < to. Indeed if we suppose that mz > a + to, then:

1/2<P(Z>mz) <P(Z—a>ty) <P(|Z—a| >ty),

and we get the same absurd result if we suppose that a > my + t5. We can thus conclude thanks to
q
Corollary (with C" = max(C, exp(%)) = 2C¢7), letting ¢ tend to zero.
O

The tails of g-exponentially concentrated random variables can be controlled rather easily and roughly
thanks to the next lemma that is based on the same simple mathematical inequalities that lead to Corol-

lary (510

Lemma A.18. Given a random variable Z, two parameters C' > e and o > 0 an exponent ¢ > 0 and a pivot
aeR,if Zea+Ce /" then:

Vt > 2lal: P(|Z] > t) < Ce/20)°

(for any t > 0, P(|Z| > t) < Cellal/a)? e=(t/20)" ),

Remark A.19. [Led05, Proposition 1.7] This lemma implies in particular that any exponentially concentrated
random variable admits a bounded expectation. Thanks to Fubini identity, if Z € a + Ce~C /9" one has
indeed:

oo

E[Z)| < E[|Z]] < /

t=0

P(|Z] >t) < 2|al +/ Ce™(/29)" < .

t=2|a|

Very interestingly, exponential concentration is of great computation convenience to manage Holder’s
inequality. For instance a general issue is to bound:

El(Z1 —a)™ - (Zm — am)™].

For any 61,--- ,6,, € (0,1) such that 6; + --- + 6, = 1, Holder’s inequality gives us directly:

E [(Zl — G;l)rl te (Z7n - am)rm] S H (E |Z1 — Q4 %>0L . (A3)

i=1

As we will see in the next proposition, the quantities E|Z; — a;|" can be bounded easily when Z; = a; +
Ce=(/2)" "and we will even show in the next proposition that the bounds on E | Z; —a;|" for 7 > 0 can become
a characterization (it is actually a pseudo-characterization since there is no equivalence) of g-exponential
concentrations.

Proposition A.20 (Moment characterization of concentration, [Led05], Proposition 1.10]). Given a random
variable Z, a pivot a € R, two exponents r,q > 0, and two parameters C > e and o > 0, we have the
implications :

Z x Ce 0/ = Vrzq:]EHZ—Z'm §C<;>qo’" = Zoqce*#

and

(/o)1 : —al A — L
ZeaxCe = Vr>q:E[|[Z—-a|]']<C 0" = ZeaxCe =,
q

where T i v [S ¢ te7tdt, (if n €N, T(n+1) =n!).
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In both results, the first implication consists in bounding an expectation with a probability; it will involve
the Fubini relation, giving for any positive random variable Z:

EZ:/ (/ ]ltSZdt>dZ:/ P(Z>t)dt,
Z 0 0

where 1;<z is equal to 1 if ¢ < Z and to 0 otherwise.
The second implication consists in bounding a probability with an expectation; it is a consequence of
Markov’s inequality, for any non decreasing function f: R — R:

Ef(Z)
ft)

These two key indications given we leave the proof to next subsection where we set a result treating more
elaborate concentration function and omitting the factor /e in the exponential power to set an equivalence
relation (see Proposition .

Inspiring from Proposition one can get with Proposition combined with Holder inequality some
interesting bound one the variations of the product of concentrated random variables.

P(Z>t) <

Lemma A.21. Given an integer m € N, m random variables Zy, ..., Z,, and m parameters ai,...,am,
01>0,...,0, >0 such that for all i € [m], Z; x a; = Cel/7)"

ml
ml\ ¢
E[|Z1 Zn—aranl'] < 27 (q> (0 +larl) -+ (0%, +laml),
for some universal constant C' > 0.

Proof. Let us start to write as in the proof of Proposition

Zy - m=(Z1—a1+a1) - (Z1 —a1 +a1)
:Z Z aj, ---aj,(Z;, —a3,) (%5, —a5, )
1=0 0<j1<---<j; <m

where {j1,..., jm—i} U{j1,...,4:} = [m]. For simplicity, let us introduce the notation P/™ = {j,...,j; | 1 <
J1 < -+ <ji <m} and given j = (j1,...J:), arj = aj, ---aj,. We can first deduce, using the convexity of
t s th

l

3

’IZ— al
la]

m—1 ! m—1
1
£ [z o] < (E#0) i 3 3 ot
=0 7

i=0 =0 jepm

Holder inequality and Proposition [A-20] allows us to set that:

(m—i)l

E{|Z—a|iw}§()<(mq_z)l> Tl ol

and the identity Zl‘io #P" = 2™ allows us bound:

E || Zam) = @i

ml
q

m—1
m(l—1) ml ol vl l
<2 <q laj,[" -+ laz,['Cos, 05
=0 0<j1<--<ji<m

ml
IANCE
=¢ @) 27D ((0f 4 Jar]') -+ (0h, + [am])) = |aml") -
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The main use of Lemma [A:2]] is to replace in expectation of a product estimation some elements with
some of their pivots, in a lot of cases, we do not replace some of the random variable, that is where the
following corollary can be usefull.

Corollary A.22. In the setting of Lemma let us consider an integer k € N and a partition
{{j17 s 7j1€}) {jla B ajm—k}} Of [m]7 we have the bound:

L Zja

ml
l N AN
B[120 2= 2 sy [ < 027 (5) T 0kt )0 ol

for some universal constant C' > 0.

The following Lemma gives an alternative result to the aforementioned sufficiency of bounds on E [|Z — a|"]
(oron E[|Z — Z'|"]) for r € N.

Lemma A.23. Given a random variable Z € Ry and three parameters C > e, q,0 > 0 one has the
implication:

m

¥m €N, E[Z™] < C (’Z) " om — ¥r >0, E[Z"] < Cet (;) " (o/@t),

where § = min(g,1).

Proof. When r < 1, we already know thanks to Jensen’s inequality, by concavity of ¢ — ¢", that:
1\ H r
Bz < @z <c (1) oot (D) (5]
q q qE
since Vt > 0, t* > L.

ee
When r > 1, one can invoke the well known result concerning ¢" norms, where in our case, ||Z|,. =
E [|Z|T]1/T. Let us consider the general case where we are given p;,ps > 0 such that p; < r < ps and we
consider 6 € (0,1) satisfying 1/r = 6/p; 4+ (1 — 0)/p2. We then have the inequality :

1-6

6
”Z is S ”Z”zm ||Z||£p2 .

1\ 0 1\ 1-0 Cl 0 0

q q H 6 1-6

E(Z7]" < (Cwio (pl) Cio (pz) <= Zpip," .
q q q1

o 1-0
We would like to bound p{p,* with ra. Unfortunately, for 6 € 10,1, pips=? > 1/(0/p1 + (1 = 60)/ps) =7
(this is due to the inequality of arithmetic and geometric means, itself a consequence of the concavity of the
log function). However, for the particular setting under study:

0 1-46 1 — 0 —
<+>p‘fpé‘9 < (+(’92pl)>p2 <1428
p1 D2 D2 P1p2 p1

This implies:

As a consequence, taking p; = |r] and ps = [r], one obtains:

E(Z"] < Co" (2) "

O
Remark A.24. In Proposition we saw that if Z € a+ Ce™C/9)" then |EZ —a| < E|Z —a| <

1/q
C (%) o < . Therefore any q-exponentially concentrated random variable admits a finite expectation.
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Now that we know it exists, we are going to show that the expectation EZ plays the same pivotal role as
any median.

Corollary A.25 (|[Led05), Proposition 1.9]). With the notations of the previous proposition, one has:
Zeca+Ce /)" = ZGEZj:eCqu_('/2U)q.

Proof. We suppose that Z € Ce=('/9)" for a pivot a € R. Proposition applied in the case r = 1 gives
1
us |la —EZ| < C(%)E o. One can then invoke Corollary to get the concentration:
ZeRZ+(C'e /297,

q
with ¢’ = max(C’,ecT). It is then interesting to note that the function ¢ — %q has a minimum in @
where it takes the value elog C'. Then we see that

C: elogC < eelogC < eCTq
and we can simplify the head parameter to obtain the result of the corollary. O

If Zeca+Ce (/9" we can then employ EZ as a pivot of Z to get a bound on the centered moments:
Corollary A.26. With the notations of Corollary if we suppose that Z € a+Ce= (/)" then we have:

E|Z —EZ|" <e5 (20)" <T> "
q

A.3 Multi-exponential regimes of exponential concentration

If one employs Proposition to exponentially concentrated random variables, one sees that the concentra-
tion function of the product lets appear different order exponential concentration functions. In particular:

Corollary A.27. Given two random variables X, Y € R, if X € a £ Ce= /" and Y € b+ Ce= ", then:

q/2

XY € ab £ 2Ce /3o max((ab b)) 4 oce=e(/37)

This corollary can be proven thanks to an other lemma that will be of multiple use when dealing with
random vectors and that allows us to set the concentration of a functionnal of a concentrated random variable
f(Z) when the variation on Z can be controlled with an other concentrated random variable. For instance
for the product Z;Z5 of Corollary the variation of Z; Zs towards Z; are bounded with |Z5|. To bound
the concentration of P(|Z1Z2 — ab| > t) it is possible to decompose divide the probability in two parts with
the introduction of the events A, = {|Z1],|Z2| < u} and AS = {|Z1],|Z2| > u} that we can bound thanks
to Lemma [A.1§ when u > 24 = 2max(E[| Z1], E[| Z2]]). Depending on the values of ¢, one then just have to
choose for u a good trade-off to retrieve a similar concentration to the one given by Corollary [A:27]

The following lemma is provided for exponential concentration function, it could however be adapted to
any other concentration function. The bound P(AS) < Ce~#/9)" is however generally obtained thanks to
Lemma controlling the tail of exponential concentrations.

Lemma A.28. Let us consider a random variable X such that:
Vt>0: P(|X — X'| >t | A,) < Ceclt/ow)?
where (Ay)uso @8 a family of events such that for some pg > 0:
Vu > g : P(AS) < Ceme(/2)"
then we have the concentration:

P(|X — X/| >t)) < 2C e ct/ono)* | Cefc(t/g2)q/2
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Proof. Let us first consider ¢ € [0, u3], in that case po > t/ o, thus e (/7" < e=e(t/109)" and we can then
bound:

P(IX - X'|>t) SP(IX — X'| >t | Ay, |) + P(A,) < 2Ce(t/om)’
When ¢ > p3 one still has:

P(X = X'| > ) < B(X — X >t | Ay]) +P(A2)
< Ce—c(t/ou)q + C«e—c(u/q)q

Then, if we chose u = v/t > po by hypothesis on ¢, we obtain the inequality:
P(|X - X'|>1t) < Cem W/,
O

Extending this lemma to more complex decompositions where the variability of X depends on multi-
ple variables through multiple events A,,,..., A, , for each ¢, the trade-off choice between the variables

Uy, - .., Uy, produces at the end what we call a “multiple regime of concentration”, and that can take the form
(as in Theorem [B.34):

Z o max Cexp (—c(~/alu(m_l))q/l) (A4)

le[m]

where for all I € [m], we noted u(™=Y = max{ju;, -~ i, ,,0 < iy < -+ < iy < m}. In the case m = 2,
we retrieve of course the result of Corollary In the multi-regime concentration (A.4), generally, o, that
represents the variation of the studied variables is generally lower than the pq,..., u,, that represent the
mean of the variables, therefore generally:

One can then note that the exponential terms with the bigger tail (I large) have the smaller tail parameter.
It is quite reassuring because if it was not the case, with a small modification of the head parameters, one
could simply remove the low tail components. Next lemma presents an other relation that should respect
different components of a canonical multi-regime concentration expression as defined in Definition [7]

Lemma A.29. Given ¢ > 0, C > 1, an integer m € N and 2m parameters q1 > -+ > ¢, > 0 and
o1 > > o > 0, we note for any k <1€{0,...,m+1}:

1

qk Prr——

o qdk —4d]

tk,l<o_k) ifl1<k<l<m
l

: (A.5)
tO,l = 0] <10g(,;C) Zfl S m

teymt1 = +oo ifk>1

then for anyﬂt € [ti—1,0, tiit1):

max (C exp (—c(t/01)")) = C exp (=c(t/o)")

Therefore, given a subset {l1,...,lx} C [m] such that Iy < -+ <, tog, <ty < - <ty_ 1. ond for all
ielkl, he{li+1,-- L1}, ti,x > ti, 0., we have the identity for any t € R, :

max (Cexp (—c(t/ol)q”)) = Eréf[ik}]( (Cexp (—c(t/o')u:)). (A.6)

11t is implicitly understood that ti—1,tig41) =0 if G170 >ty 41
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Definition 7. Given m € N,, a set of m couples of parameters (q1,01), .-, (qm,0om) € (R)™ is called a
sensible family of multi-regime parameters if:

® q1> > 0m
® 01> >0y

o Vi, lem], k<lI:

k1 <teg <ti_1,

1
O—Zk ak—a
ey = | —ar .
) Ull

It is called a free family of multi-regime parameters if in addition Vk,l € [m], k < I:

where we noted:

te—1p <ti—1,.

With this formalism, let us present a characterization with the moments of the concentration inequality

3.

Proposition A.30 (Moment characterization of multi-regime concentration). Given an integer m € N, and
a sensible family of 2m multi-regime parameters o1,...,0m >0, q1,...,q¢m > 0, a random variable Z € R
satisfies the concentration:

Z o max Cexp (—c(-/o;)™)

le[m]

for some constants C,c > 0 if and only if there exist two constants C',c’ > 0 depending only on C,c such
that for all r > 0, we have the bound:

E(|Z-E[Z]"] < C’ ) o AT
12 - B2 < ¢ s ()" o (A7)

Proof. This proof is mainly a rewriting of [Led05), Proposition 1.10] with a fine study of the different concen-
tration regimes. We start with the direct implication which is easier to prove. Assume that there exists two
constants C, ¢ > 0 such that:

vVt >0, P(|Z-E[Z]| >t) < CIHI[ELX] e—ct/a)t
elm

Given 7 > 0:
B(Z-EZl = [ P(z-B2] 2 0d
_ /OC P (|Z —E[Z]| > t) dt
0

< max Cr /Oo trflef(t/alc—l/qz)ql dt
T le[m] 0

o \" o 1 q
= maxC(—) r/ et at,
1efm]  \cl/a 0

and, if we assume that r > ¢; (> ¢ for all I € [m]):

o0 o0 -
r/ rle=t" gt — l—r/ ta et = LT <r> < (r) i
0 q Jo q q q
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when r < g1, one can still bound with Jensen’s inequality (since qll <1):

E(1Z - EIZ][] < E[|Z ~ E[Z)["]% < CF max (i (con)” < CHm™ (con)”
clm

Since m™, max(C,1) < O(1), we can choose cleverly our constants to set the first implication of the propo-
sition.
Let us now assume (A.7)). We deduce from Markov inequality and basic integration calculus that Vr > 0:

E(Z-E[Z]'] r(oy/t)"\ @
P(ZEWHZﬂétTSCg%(qw> . (A8)

Given any k,! € [m], we employ the notation of (A.5):

1
) O';H

and we note t; = ¢;_1,;. We know in particular that 0 = ¢¢ < ¢; < --- < t;,41 = 00. Given ! € [m] and
t € [ti, t141] if we chose r = C”%(%)m, then, for all k& € [m], we want to bound with a & decay the quantity:

= B dm (£ )
q K qi €qk -7

u(t) = C (T (Uk/t)qk> e (q’” (“k ! >>

Ccqk eqk tak—aq

to be able to bound the concentration inequality .
If £ = [, we have directly:

Cam (L )a
o

ce(t) =a(t) =C (qm> T e G,
eq

If k <1—1, g > q then t; < ¢; <t which implies 1/t%~% < 1/¢J*"" and:

q q C%TI: (Ll)ql

k —q1 ey \ o

0. O _C4m (_t
cr(t) < m [ 9% 9 < Ce i (atl)ql.
T \eqe \ 9 -

And the same way, when k > [ +1, g < ¢, then t < ¢;41 <, and we can bound 1/¢%~% = {4~ % < t?fk_q"

which allows us to conclude again that ¢ () < Cei D" Whent € (0, 1], choosing r = qf‘(%)‘“, we show

the same way that Vk € [m], cx(t) < Ce mewD)™ | We eventually obtain for all ¢t € Up<i<m (¢, ti+1] D R :
L)ql

P(|1Z-E[Z]| >t) < lm[ax] Ce ¢
em

)

C4m

Pl This is the looked for concentration. O

with ¢/ =

The previous development of g-exponential concentration primarily aims at providing a versatile and
convenient “toolbox” (note that most introduced inequalities could have been enhanced, however to the
expense of clarity) for the subsequent treatment of large dimensional random vectors, rather than random
variables. This analysis will be performed through resorting to concentrated functionals of the random
vectors, i.e., real images of through a mapping with different levels of regularity (linear, Lipschitz, convex..).
For large dimensional vectors, one is mostly interested in the order of the concentration, thus the various
constants appearing in most of the previous propositions and lemmas do not have any particular interest; of
major interest instead is the independence of the concentration with respect to the random vector dimension,
as observed for instance in Theorem [2] and that we will extend to other type of random vectors in what
follows.
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Chapter B

Lipschitz and linear concentration of a
random vector

To generalize the notion of concentration to the case of a random vector of a normed vector space (E, |-||),
one might be tempted to follow the idea of Definition [3| and say that a vector Z € E is a-concentrated if one

has for instance P (HZ -7 H > t) < a(t) for a deterministic vector Z, well chosen. This would describe a

notion of a concentration around a vector.

However, this basic notion would not be compatible with the fundamental example of the uniform distri-
bution on the sphere of radius ,/p presented in Theorem [2| or the Gaussian vectors of identity population
covariance matrices. When the dimension grows, those random vectors concentrate around a growing sphere
which is the exact opposite behavior of being concentrated around a point. Yet, they present strong di-
mension free concentration properties that we will progressively identify through the presentation of three
fundamental notions:

1. The Lipschitz concentration which is the concentration of f(Z) — f(Z’) for any i.i.d. copy Z’ of Z and
any Lipschitz map f: F — R.

2. The weaker notion of the linear concentration which is the concentration of u(Z — Z) for some determin-
istic vector Z € E (the so-called deterministic equivalent) and for any bounded linear form u : E — R.
For instance, we know from Theorem |.2| that any random vector Z uniformly distributed on the sphere
admits Z = EZ = 0 as a deterministic equivalent. This means that most drawings of Z are close to the
equator when the dimension grows.

3. We will further present in Chapter [D] the more complex notion of convex concentration which is the
concentration of f(Z) — f(Z') for any Lipschitz and weakly conver map f : E — R. It is a notion
weaker that the Lipschitz concentration and stronger than the linear concentration.

To discuss concentration of measure for high dimensional random vectors, we choose here to adopt the
viewpoint of Levy families where the goal is to track the influence of the vector dimension over the con-
centration. Specifically, given a sequence of random vectors (Z,),>n where each Z, belongs to a space of
dimension d, (typically d, = p and RP, but our definition concerns also sequences of random variables for
which d, = 1), we wish to obtain inequalities of the form:

Vp e NVt > 0:P(|fp(Zp) — ap| > t) < ap(t), (B.1)
for a given sequence of concentration functions ay; fp : R% — R is a 1-Lipschitz function; and ap is
either a deterministic variable (typically E[f,(Z,)]) or a random variable (for instance f,(Z,) with Z, an
independent copy of Z,). The sequences of random vectors (Z),),>0 satisfying inequality for all sequences
of 1-Lipschitz functions (fp)p>0 are called Levy families or more simply concentrated vectors (with this
denomination, we implicitly omit the dependence on p and abusively call “vectors” the sequences of random
vectors of growing dimension).

19



20 CHAPTER B. LIPSCHITZ AND LINEAR CONCENTRATION OF A RANDOM VECTOR

To control the convergence speeds, we will extensively use the notation O(a,,) in inequalities. We properly
define this notation in the following definition.

Definition 8 (Definition and order relation of O(+)). Given two sequences a = (ap)nen and b = (by)nen in
RS’_, we introduce the relation:

aRb< 3k, K >0, AN € N |Vn > N : ka, <b, < Ka,

Then we note O (RY) the quotient space RY /R, and given a € RY, we note O(a) = {b € RY,bRa}.
The order relation “<” is defined on O (Rli) followingly:

O(a) < O(b) & 3K >0, ANeN |VYn> N :a, < Kb,,

the order relation “>7 is defined the same way. It is easy to see that this order relation is independent of the
representent of the class.
We extend these relations to relation between seqences of R{\i and classes of (’)(Rﬁ) with the definition:

a < 0(b) & O(a) < O(b) and a > 0() < O(a) > O(b).

Concentrated vectors admitting an exponentially decreasing concentration function oy, or a combination
of such functions are extremely flexible objects, more importantly they are directly given by some important
theorem of the theory that we will present in next section.

B.1 Lipschitz concentration

We will work with normed (or semi-normed) vector spaces, although concentration of measure theory is
classically developed in metric spaces. The presence of a norm (or a semi—norrrEI) on the vector space is
particularly important when establishing the concentration of a product of random vectors.

Definition/Proposition 9. Given a sequence of normed vector spaces (Ep, ||-||p)p>0, a sequence of random
vectorﬁ (Zp)p>0 € HPZO E,, a sequence of positive reals (0,)p>0 € RY and a parameter ¢ > 0, we say that
Z, is Lipschitz g-exponentially concentrated with observable diameter of order O(o,) iff one of the following
three equivalent assertions is satisfiedf]

o 3C,c> 0| Vpe N,¥ 1-Lipschitz f : E, — R, ¥t >0 :
P (|f(Zy) = f(Z,)] 2 t) < Cemelt/ow)",
e 3C,c> 0| Vp e N,V 1-Lipschitz f : E, - R,Vt > 0:
P(If(Zp) = mys| = 1) < Cemelt/ow),
e 3C,c>0 | Vp e N,V 1-Lipschitz f : B, = R, ¥t > 0:

P (If(Zy) = E[f(Z)l| > t) < Cemet/o)",

1A semi-norm becomes a norm when it satisfies the implication ||z| = 0 = z = 0.

2A random vector Z of F is a measurable function from a probability space (2, F,P) to the normed vector space (E, | - )
(endowed with the Borel o-algebra); one should indeed write Z : Q@ — E, but we abusively simply denote Z € E.

3 Aside from the fact that they all give interesting interpretation of the concentration of a random vector, all three charac-
terizations can be relevant, depending on the needs:

e the characterization with the independent copy is employed in Remark [B:5| and in the proof of Theorem [B.34}
e the characterization with the median is employed in the proof of Lemma [B.4}

e the characterization with the expectation, likely the most intuitive, is used to establish Proposition Theorem
and Lemma
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where ZI’) is an independent copy of Z, and my is a medimﬂ of f(Zy); the mappings f are 1-Lipschitz for

the norm (or semi-norm) || - ||,. We denote in this case Z, x E;(op) (or more simply Z x Eq4(0)).

Remark B.1 (Multi-regime notation). When several regimes of exponential concentration appear in the con-
centration function as in (A.4); for example when for any f : E, — R, 1-Lipschitz one has the concentration:

B(1£(2,) - F(Z))] > 1) < CeWn 4 ... 4 Comett/of™
one can note:
Z ox Eg (oMY + ...+ &, (™)

Remark B.2 (Quasi-asymptotic regime). Most of our results will be expressed under the quasi-asymptotic
regime where p is large. Sometimes, it will be natural to index the sequences of random wectors with two
(or more) indices (e.g., the numbers of rows and columns for random matrices): in these cases, the quasi-
asymptotic regime is not well defined since the different indices could have different convergence speeds.
This issue is overcome with the extensive use of the notation O(cy), where t € © designates the (possibly
multivariate) index. Given two sequences (a;)iceo, (b)ico € RS, we will denote a; < O(by) if there exists a
constant C > 0 such that ¥Vt € ©, a; < Cb; and a; > O(by) if Vt € ©, a; > Cb,. For clarity, when dealing with
a “constant” K > 0, we will often state that K < O(1) and K > O(1) (depending on the required control).
For a concentrated random vector Z, x E,(0y), any sequence (v;)ico € R? such that or < O(14) is also an
observable diameter of Z,. When o, < O(1), we simply write Z; x &,.

The equivalence between the three definitions is a consequence of the combination of Proposi-
tions Corollary and . In the last item of Definition EI, the existence of the expectation
of f,(Z,) is guaranteed if any of the other two items holds as explained in Remark

In the last item of Definition @ the existence of the expectation of f,(Z,) is guaranteed if any of the other
two items holds thanks to Remark (besides there always exists a median my, € R). For the existence
of the expectation of a random vector in a reflexive space or in a functional space of mappings aving value
in a reflexive space, refer to Definitions [I2] and [I3]

Remark B.3 (Metric versus normed spaces). It is more natural, as done in [Led0d)], to introduce the notion
of concentration in metric spaces, as one only needs to resort to Lipschitz mappings which merely require a
metric structure on E. However, to express the concentration of a product (Theorem , we will need
to control the amplitude of concentrated vectors which is easily conducted under mere linear concentration
assumptions when the metric is a norm.

At one point of our stuy, it will be useful to invoke concentration for semi-norms in place of norms.
Definition[9 is still consistent for these weaker objects.

When a concentrated vector Z, x &;(o,) takes values only on some subset 4, = Z,(Q2) C E, (where Q2 is
the universe), it might be useful to be able to establish the concentration of observations f,(Z,) where f, is
only 1-Lipschitz on A, (and possibly non Lipschitz on E,\ A,). This would be an immediate consequence of
Definition |§| if one were able to extend f,| ,, into a mapping fp Lipschitz on the whole vector space E,; but
this is rarely possible. Yet, the observation f,(Z,) does concentrate under the hypotheses of Definition @

Lemma B.4 (Concentration of locally Lipschitz observations). Given a sequence of random vectors Z, :
QO — E,, satisfying Z,, < E,(op), for any sequence of mappings f, : E, — R, which are 1-Lipschitz on Z,(2),
we have the concentration fy(Z,) x Eq(op).

Proof. considering a sequence of median my, of f,(Z,) and the (sequence of) sets S, = {f, < my,} C E, if
we note for any z € E, and U C E,,, U # 0, d(2,U) = inf{||z — y||,y € U}, then we have for any z € A and
t>0:
fp(Z) 2 mfp + t
fp(z) <my, —t

P (f(Zp) > my) > % and P (f(Zp) <my) > %

d(z,Sp) >t

= >
= d(z,8,) > t,
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since f;, is 1-Lipschitz on A. Therefore, since z +— d(z, Sp) and z — d(z, S;) are both 1-Lipschitz on £ and
both admit 0 as a median (P(d(Z,, Sp) > 0) =1 > 1 and P(d(Z,, S,) < 0) > P(f,(Z,) < my,) > 3),

B (|fo(Z,) —my,| 2 1) SP(d(Zy,5,) = 1)+ P(d(Z,.5,) 2 1) < 2Ce= /o),
O

One could argue that, instead of Definition [9] we could have posed hypotheses on the concentration of
Z, on Z,(9) only; however, we considered the present definition of concentration already quite complex as
it stands. This locality aspect must be kept in mind: it will be exploited to obtain the concentration of
products of random vectors.

Lemma is particularly interesting when working with conditioned variablesﬂ

Remark B.5 (Concentration of conditioned vectors). Given a (sequence of ) random vectors Z x E,(o) and
a (sequence of) events A such that P(A) > O(1), it is straightforward to show that (Z | A) x (o), since
there exist two constants C,c > 0 such that for any p € N and any 1-Lipschitz mapping f : B, — R, ¥Vt > 0:

P(|f(Zy) = f(Z)| >t | A)

Ayt (12 = 1(Z)] = 1. A4)
< s B (11(Z0) = £(Z)| 2 ) < Cemet/)",

This being said, Lemma@ allows us to obtain the same concentration inequality for any mapping f : £, = R
1-Lipschitz on Z,(A) (later on, we will sometimes abusively say that f is 1-Lipschitz on A).

A simple but fundamental consequence of Definition [J] is that, as announced in the introduction, any
Lipschitz transformation of a concentrated vector is also a concentrated vector. The Lipschitz coefficient of
the transformation controls the concentration.

Proposition B.6 (Stability through Lipschitz mappings). In the setting of Definition @ given a sequence
(Ap)p=0 € RY, a supplementary sequence of normed vector spaces (EJ,, ||-|})p>0 and a sequence of A,-Lipschitz
transformations Fy, : (Ep, | - ||,) — (E,, [ - 1},), we have

Zy x Eq(op) = Fo(Zp) x Eq(Apop).

There exists a range of elemental concentrated random vectors, which may be found for instance in the
monograph [Led05]. We recall below some of the major examples. In the following theorems, we only consider
sequences of random vectors of the normed vector spaces (RP,||-||). For readability of the results, we will
omit the index p.

Theorem B.7 (Fundamental examples of concentrated vectors). The following sequences of random vectors
are concentrated and satisfy Z o« Es:

o 7 is uniformly distributed on the sphere \/ﬁSp_l.

Z ~ N(0,1,) has independent standard Gaussian entries.
Z is uniformly distributed on the ball \/pB = {x € R?, ||z|| < \/p}.
Z is uniformly distributed on [0, \/p]?.

Z has the density dPz(z) = e”V(Z)d\,(z) where U : R? — R is a positive functional with Hessian
bounded from below by, say, cI, with ¢ > O(1) and dX, is the Lebesgue measure on RP.

Some fundamental results also give concentrations Z x & (when Z € RP has independent entries with
density %e""d)\l, [Tal93)]) or Z x &, <p7%> (when Z € RP is uniformly distributed on the unit ball of the
norm || - |4, [Led03]). .

The same way that an exponentially concentrated random variable admits an expectation (see Re-
mark , we are going to show in next section how the expectation of a random vector can be defined.

5Letting X : Q — E be a random vector and A C Q be a measurable subset of the universe 2, A € F, when P(A) > 0, the
random vector X |A designates the random vector X conditioned with A defined as the measurable mapping (A, F4,P/P(A)) —
(E, | - ||) satisfying: Vw € A, (X | A)(w) = X(w). When there is no ambiguity, we will allow ourselves to designate abusively
with the same notation “.4” the actual A C Q and the subset X(A) C E.
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B.2 Definition of the expectation in vector space

Thanks to the characterization of exponential concentration with a bound on moments (Proposition ,
we already know that, if Z oc (o), then for any Lipschitz mapping f : E — R, the functional f(Z) admits
an expectation E[f(Z)] = [, f(2)dP(Z = z). This definition can be first generalized when E is a reflexive
space (see Definition [TT]).

Given a normed vector space (E, | - ||), we denote (E’, || -||) the so-called “strong dual” of E, composed of
the continuous linear forms of E for the norm || - ||. The norm || - || (written the same way as the norm on F
for simplicity — no ambiguity being possible) is called the strong norm of E’ and defined as follows.

Definition 10. Given a normed vector space (E, || - ), the strong norm || - || is defined on E' as:

VieE,|Ifll= sup [f(z)]
ll=zlI<1

The notion of reflexive vector space relies on the notion of “topological bidual” of E, denoted (E”, || - ||)
and defined by E’ = (E’)’ with norm the strong norm of the dual of E’.

Definition 11 (Natural embedding, Reflexive space.). The “natural embedding” of E into E'' is defined as
the mapping:

J:EFE — E”
x — (E'> fw f(x)).

It can be shown that J is always one-to-one, but not always onto; when J is bijective, we say that E is
reflexive.

If F is reflexive, then it can be identified with E’/ (this is in particular the case of any vector space of
finite dimension but also of any Hilbert space). One can then define the expectation of any concentrated
vector X o< &;(o) as follows:

Definition 12. Given a random vector Z of a reflexive space (E, ||-||), if the mapping E' > f — E[f(Z)] € R
is continuous on E', we define the expectation of Z as the vector:

E[Z] = J7'(f = E[f(Z)]). (B.2)

Remark B.8. A reflexive space is a complete space (since it is in bijection with a dual space). It satisfies in
particular the Picard Theorem which states that any contractive mapping f : E — E (Vx,y € E,||f(x)—f(y) <
(1 —¢)|jlz —y|| with e >0) admits a unique fized point y = f(y).

Lemma B.9. Given a reflexive space (E,||-]|), a random vector Z € E and a continuous linear form f € E':

FEZ]) = JE[Z])(f) = J (J7'(f = E[f(Z)]) (f) = E[f(2)].
O

Proposition B.10. Given a reflexive space (E, | -||) and a random vector Z € E, if Z «x E,(0), then E[Z]
can be defined with Definition [13

Proof. We just need to show that f — E[f(Z)] is continuous. There exists K, > 0 such that P(||Z,| <
K,) > %, so that for any f € E', P(f(Z,) < K,|f|l) = 4. Therefore, by definition, for any median mj
of f(Z,), my < Kp| f|l. The two concentrations f(Z) € E[f(Z)] £ &;(0) and f(Z) € my + E,(0) then
allows us to obtain a similar bound on |E[f(Z)]| which allows us to state that the mapping f — |E[f(Z)]] is

continuous. O
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It is still possible to define a notion of expectation when E is not reflexive but is a functional vector space
having value on a reflexive space (F,|| - ||); for instance a subspace of F¢, for a given set G.

Definition 13. Given reflexive space (F,| - ||), a given set G, a subspace E C F¢, and a random vector
¢ € E, if for any x € F, the mapping F' > f — E[f(¢(x))] is continuous, we can defined the expectation of
¢ as:

E[g] : & — E[p(x)].

Remark B.11. When the space E C FY is endowed with a norm || - || such that (E,|| - |) is reflezive and
Vo € G, E 3> ¢ — ¢(x) is continuous, then there is no ambiguity on the definitions. Indeed, if we note Eq[¢@]
and Bq[d], respectively the expectation of ¢ given by Definition and Definition we can show for any
reF and any f € F':

f(Er[g)(x)) = f(Er[¢]) = E[f(¢)] = E[f(6(2))] = f(El¢(z)]) = f(Ea[¢]()),

where f : E 31 — f((x)) is a continuous linear form. Since this identity is true for any f € E', we know
by reflexivity of E that Va € E: E1[¢p|(x) = Ea[¢](x). This directly implies that Eq[p] = Ea[¢)].

Remark B.12. Given a random mapping ¢ € E C F with (F,| -||) reflezive, we can then deduce from
Proposition [B.1( that if for all x € G, ¢(x) < Ey(o) in (F,|| - ||) then we can define E[¢p]. With a different
formalism, we can endow FC with the family of semi-norms (|| - ||z)eec defined for any f € FC as | f|l. =
| £(@)||; then if for all v € G, ¢ x E,(0) in (FC,|| - ||.), it is straightforward to set that E[¢] is well defined.
This is in particular the case if E = B(G, F') is the set of bounded mappings from G to F and ¢ x E;(o) in
(FC |+ [|oo) where for all f € FE, ||flloo = supec || f(2)]|-

The Lipschitz-concentrated vectors described in Definition [9] belong to the larger class of linearly concen-
trated random vectors that only requires the linear observations to concentrate. This “linear concentration”
presents less stability properties than those described by Proposition[B.6]but is still a relevant notion because:

1. although it must be clear that a concentrated vector Z is generally far from its expectation (for instance
Gaussian vectors lie on an ellipse), it can still be useful to have some control on || Z — E[Z]|| to express
the concentration of product of vectors; linear concentration is a sufficient assumption for this control,

2. there are some examples (Proposition and [B.48]) where we can only derive linear concentration
inequalities from a Lipschitz concentration hypothesis. In that case, we say that the Lipschitz concen-
tration “degenerates” into linear concentration that appears as a “residual” concentration property.

These properties of linear concentration are discussed in depth in the next section.

B.3 Linear concentration and control on high order statistics

Definition 14 (Linearly concentrated vectors). Given a sequence of normed vector spaces (Ep., | - ||p)p>o0,
a sequence of random vectors (Zp)p>o € [[,50 Ep, a sequence of deterministic vectors (Zp)pso € [1,50 Ep
a sequence of positive reals (op)p>0 € RT_ and a parameter ¢ > 0, Z, is said to be g-exponentially linearly
concentrated around the deterministic equivalent Zp with an observable diameter of order O(op,) iff there
exist two constants ¢,C > 0 such that Vp € N and for any unit-normed linear form f € EI’, (Vpe N, Vx € E:

| f ()] < || ):
VE>0: P (]f(zp) - f(Z,,)) > t) < Ce=(t/ew)",

When the property holds, we write Z € Z:I:Eq(a). If it is unnecessary to mention the deterministic equivalent,
we will simply write Z € E,(o). If we just need to control its amplitude, we can write Z € O(0) £ E,(0) when
| Zpll < O(6,). Of course we adopt also to linearly concentrated random vectors the multi regime notation

defined in Remark [B.1}
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When ¢ = 2, we retrieve the well known class of sub-Gaussian random vectors. We need this definition
with generic g to prove Proposition which involves a weaker than & tail decay.
Of course linear concentration is stable through affine transformations.

Proposition B.13 (Stability through affine mappings). Given two (sequences of) mormed vector spaces
(E, || lg) and (F,||-||F), a (sequence of ) random vectors Z € E, a (sequence of ) deterministic vectors Z € E
and a (sequence of) affine mappings ¢ : E — F such that Va € E : ||¢p(z) — ¢(0)||r < A||z||E:

ZeZ+E,0) — #(2) € $(Z) + £,(\o).

When the expectation can be defined, there exists an implication link between Lipschitz concentration
(Definitions [J) and linear concentration (Definition [14)).

Lemma B.14. Given a normed space (E, || -||) and a random vector Z € E admitting an expectation (see
Section , we have the implication:

Z o £,(0) — Z € B[Z] + &,(0).

[{Poeh)

This implication becomes an equivalence in law dimensional spaces (i.e. when the sequence index “p” is
not linked to the dimension of the vector spaces E,,); then the distinction between linear concentration and
Lipschitz concentration is not relevant anymore. To simplify the hypotheses, we will assume that the normed
vector space does not change at all with p.

Proposition B.15. Given a normed vector space of finite dimension (E, ||-||), a sequence of random vectors
(Zp)pen € EN and a sequence of positive values (0,)pen € RY, we have the equivalence:

Z x & (o) = Z cE[Z] £ &(o)

Proof. We already know from Lemma that Z « & (o) = Z € E[Z] £ &,(0), so let us now assume that
Z € E[Z] £ &,(0). Let us note d, the dimension of F and introducing (ei,...,eq) € E?, a basis of d, we
note || - [|¢, the norm defined for any = = Z?zl zie; as ||z|e, = max;c(q |z;]. There exists a constant «
(a < O(1)) such that for all z € E, ||z|| < a||z||¢~ and therefore, one can bound for any 1-lipschitz mapping
f: E — R and any sequence of random vectors Z’, independent with Z:

P(f(2)-f(Z)2t)<P(IZ-Z'|>t) <P (a sup |Z; — Z| > t) < dCe~(t/eoe)”,
i€[d]

where C, ¢ > 0 are two constants. Since dC, ac < O(1), we retrieve the Lipschitz concentration of Z. O

Apart from Lipschitz concentration cases, Linear concentration is also provided by classical concentration
inequalities like Bernstein’s or Hoeffding’s inequalities. It is what is called sub Gaussian random vectors (see
[Ver18] for instance)

Example B.16. [Bernstein’s inequality, [Verld, Theorem 2.8.2]] Given p independent random variables
(Zi)1<i<p € R?, and three parameters C > e and c¢,q > 0, for any deterministic vector a € RP, we have the
implication:

Vie{l,...,p}, Z; €E[Z;] £ & = a’Z € aTE[Z) % & (||al) + E1(]allso),

where ¢ is a numerical constant depending only on C and C = (Z1,...,Zp). If we want to express it as a
linear concentration, one can just obtain: Z € E[Z] £ &;.

Example B.17. [Hoeffding’s inequality, [Verld, Theorem 2.2.6]] Given p independent random wvariables
Zv,...,Z, € [0,1], the random vector Z = (Zi,...,Z,) € RP is linearly concentrated and verifies Z €
E[Z] £ & in (RP, ||])).

The next lemma is a formal expression of the assessment that “any deterministic vector located at a
distance smaller than the observable diameter to a deterministic equivalent is also a deterministic equivalent”,
it is a simple consequence of Lemma [A1]
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Lemma B.18. Given a random vector Z € E, a deterministic vector Z € E such that Z € Z + E,(0), we
have the equivalence:

ZeZ +&(0) — HZ—Z’

< O(o)

With the notations of Lemma when ||Z|| < O(0), one can note that 0 € E is also a deterministic
equivalent of Z which lead to the following useful tool, principally applied to random variables.

Lemma B.19. Given a random vectors Z € E satisfying: Z € O(o) £ &,(0), any random vector Y € E
satisfying ||Y|| < || Z]| also satisfies:

Y € O(0) + & (o).

Proof. Since Z € 0+ &,(0), there exists some constants C,c > 0 such that for any (sequence of) 1-Lipschitz
mapping f: E — R:

¥>0: P(f(Y)] > t) SP(f(Z)] > 1) < Cem/)",

O

Definition 15 (Centered moments of random vectors). Given a random vector X € RP and an integer
r € N, we call the “r'* centered moment of X7 the symmetric r-linear form CX : (RP)" — R defined for any
Uy,...,u. € RP by

CX(uy,y...,uy) =E ﬁ(uZTXfE[uTX]) .

i=1
When r = 2, the centered moment is the covariance matriz.

We define the operator norm of an r-linear form S of R? as

ISl=  swp  S(un...,up).
lut ], llurlI<1

When S is symmetric, we employ the simpler formula ||S|| = supy,;<; S(u, ..., u). We then have the following
characterization, consequence of Proposition and Lemma

Proposition B.20 (Moment characterization of linear concentration). Given g > 0, a sequence of random
vectors X, € RP, and a sequence of positive numbers o, > 0, we have the following equivalence:

X € & (o) = 3C,¢ > 0,Yp € N,Vr > q: ||C7|| §C<r>q (cop)”
q
In particular, if we note C' = E[X XT]—E[X]E[X]?, the covariance of X € &,(c), we see that |C|| < O(c?),
if in addition X € O(o) & &,(0) (which means that [|[E[X]|| < O(c)), then |E[XXT]|| < O(c?)

With these results at hand, we are in particular in position to explain how a control on the norm can be
deduced from a linear concentration hypothesis.
B.4 Control of the norm of linearly concentrated random vectors

Given a random vector Z € (B, || - ||), if Z € Z 4 &,(0), the control of || Z — Z|| can be done easily when the
norm ||| can be defined as the supremum on a set of linear forms; for instance when (£, || - [|) = (R?, ||-|| . ):
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%o = supj<;<,ef z (where (e1,...,e,) is the canonical basis of R?). We can then bound thanks to

Lemma [A T4}

IP’(HZ—ZHOOZt) :P(sup eiT(Z—Z)zt)

1<i<p

< min (1,p sup P (eZT(Z -27)> t))

1<i<p

~ —e(t/0)" o ar
< min (1,pCe ) < max(C, e) exp < 5 log(p)) ,
for some constants ¢, C > 0 (C < O(1), ¢ > O(1)).

To manage the infinity norm, the supremum is taken on a finite set {e1,...e,}. Problems arise when this
supremum must be taken on an infinite set. For instance, for the Euclidean norm, the supremum is taken
over the whole unit ball Bgr = {u € R?,|jul| < 1} since for any z € R?, ||z| = sup{u’z, |lu|| < 1}. This
loss of cardinality control can be overcome if one introduces so-called e-nets to discretize the ball with a net
{u;}ier (with I finite i.e. |I| < c0) in order to simultaneously :

1. approach sufficiently the norm to ensure
P (||Z — 7| > t) ~ P (su}l)uiT(Z ~-7)> t) ,
i€
2. control the cardinality |I| for the inequality
P (su?u?(Z —2)> t) < |I|P (uiT(Z —2)> t)
ie
not to be too loose.

In the case of R?, endowed with the euclidean norm, the number of e- nets |I| is of order O(p), one can then
show thanks to Lemma (more precisions are given in the proof of Proposition [B.22)) that there exist two
constants C, ¢ > 0 such that:

- 14
P(|Z — Z|| > t) < max(C,e)exp <C) . (B.3)
pot
The approach with e-nets in (R?, || - ||) can be generalized to any normed vector space (E, || - ||) when the

norm can be written as a supremum through an identity of the kind :

Vo € E: ||z|| = sup f(z), with HC E' and dim(Vect(H)) < oo, (B.4)
feH

€
<1

for a given H C E’ (for E’, the dual space of H) and with Vect(H) the subspace of E’ generated by H. Such
a H C F’ exists in particular when (E, || - ||) is a reﬂexiveﬁ space [Jam57].

When (E, ||-]]) is of infinite dimension, it is possible to establish for some H C E when F is reflexive
thanks to a result from [Jam57], or for some choice of semi-norms || - ||. We introduce the notion of norm
degree which will help us adapt the concentration rate p appearing in the exponential term of concentration
inequality (concerning (R?, || - ||)) to other normed vector spaces.

Definition 16 (Norm degree). Given a normed (or semi-normed) vector space (E,|-||), and a subset H C E’,
the degree ng of H is defined as:

o ny =log(|H|) if H is finite,
o ny = dim(Vect H) if H is infinite.

6Introducing the mapping J : E — E’’ (where E’/ is the bidual of E) satisfying Vo € E and ¢ € E": J(z)(¢) = é(z), the
normed vector space E is said to be “reflexive” if J is onto.
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If there exists a subset H C E' such that (B.4) is satisfied, we denote n(E, | - ||), or more simply )., the
degree of || - ||, defined as:

N = n(E, | - ||) = inf {nH,H CE |VzekE,|z| = ;ggf(fc)} :

Example B.21. We can give some examples of norm degrees:

o N(R”, |- [lc) =log(p) (H ={z+>efz,1<i<p}),

R, |- )=p (H = {z~ uTz,uc B})

Mo, |- =n+p (H={M — v Mv, (u,v) € Ba» x Brn}),
Mpn, |- lp) =np (H={M — Tr(AM), A € My, ||Allr < 1}),
Mo, |- 1) = np (H = {M = Tr(AM), A € My, A < 1D)]]

n(
n(
n(
n(
Just to give some justification, if E = RP or E = M, ,,, the dual space E' can be identified with E through

the representation with the scalar product. Given a subset H' C E such that:

Vr € R?,||z)0 = sup u’z,

uEH’
we can set that all v € H' satisfy |Jully = Y0 Jus| < 1 because if we note v’ = (sign(u;))icjp), we can
bound |lully = uTu' < sup,ep vTu' < ||W]|oo < 1. Then, noting H = {e1,...,e,}, we know that H C H',

otherwise, if, say e; ¢ H', then one could bound ||€;||cc = sup,ecp ule; <1 (because if |ully <1 and u # e;,
then u; < 1). Therefore H C H' and it consequently reaches the minimum of ng.. The value of the other
norm indexes is justified with the same arguments.

Depending on the ambient vector space, one can employ one of these examples along with the following
proposition to establish the concentration of the norm of a random vector. The following result is well know
in the case of Euclidean norm of vectors or spectral norm of matrices, and the proof is almost a mere rewriting
of [Taol2], Corollary 2.3.5.

Proposition B.22. Given a reflexive vector space (E, || - ||) and a concentrated vector Z € E satisfying the
linear concentration Z € Z + &,(0):

1Z - Z|| x &, (ni/“qa) and E [||Z - Z||} <0 (nﬁ/”qa) .

Proof. To prove the first implication, let us consider H' C E* such that Vaz € E, ||lz|| = supsep,, f(2).
When H is finite, the bound is obtained the same as for the infinite norm. We know assume that H is
infinite and we further note H = Vect(H’). Given ¢ € (0,1), a set A C By is said to be an e-net of By if
z,y € A= ||z —y|| > . We consider here N, /5, a maximal %—net of By with respect to inclusion. We know
that the balls of radius % centered on the points of Ny, are all disjoint by hypothesis, and their volume is
equal to Vg, /47 (where Vg, is the volume of By ). Since they all belong to the ball of radius 2 and centered
at the origin, we know that their number cannot exceed 84m()

Besides, given a drawing of Z, there exists fy € By such that Z — Z = fo(Z - Z) (since By is compact).
Then there exists f € By such that ||f — fol|, is bounded by 3 (otherwise fo could be added to Ny/s).

Furthermore :
2| -s(z-2) <l (z-2) -0 (2-2)

<lf-nl|z-2] < 5]|z-2|.

|| ||+ is the nuclear norm defined for any M € M, , by | M|« = Tr(vVMMT7); it is the dual norm of || - ||, which means that
for any A, B € Mp. n, Tr(ABT) < ||A|||| B||+«. One must be careful that Proposition is rarely useful to bound the nuclear
norm as explained in footnote @
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Therefore:
HZ—ZH§2sup{feN1/2 : f(Z-Z)}

and this inequality being true for any drawing of Z, we have then by hypothesis the existence of two constants
C, ¢ > 0 such that:

q . q /L
Vi>0 : P (HZ — ZH > t) < Z Ce'e < gdim(H) e s < e
Nijo
for some constant C’, ¢’ > 0, thanks to Lemma O

Remark B.23. In Propositz'on if in addition, Z satisfies the Lipschitz concentration Z o« E4(0), the
norm satisfies the same concentration as it is a Lipschitz observation, and one getﬁ:

1Z—-Z|eo (nﬁ/lfa) + &, (o).
Example B.24. Given two random vectors Z € RP and X € M, ,:
o if Z o< & in (R, ||-[]), then E[|Z]| < |E[Z]]| + O(\/P),
o if X <& in (M, |- ])), then E[|X]| < |EX]]| + O(/p +n),
o if X <& in (Mpn, |-1lp), then E[|X]| < [E[X][|F + O(y/pn).

o if X o &(y/min(p,n)) in (Myn, |- |I.), then E | X, < [E[X]|l. + O(y/pny/min(p, n)) ]

Example B.25. Let us consider the semi norm || - || that will be useful later and that satisfies:

n 2
VM e M, : ||M||d:<ZM§i> = sup Tr(DM).
i=1

IDll <1

where Dy, is the set of diagonal matrices of M,,, note that for all D € Dy, ||D|la = || D||F, and for A € M,,
Tr(AD) < [|Allal|Dla. We see directly that nim,, |-|.) = #DPn = n and therefore for a given X € M,, such
that X o &, we can bound E|| X |4 < |E[X]||a + O(v/n).

Proposition is not always the optimal way to bound norms. For instance, given a vector Z € RP and
a deterministic matrix A € M,, if Z o &, one is tempted to bound naively thanks to Proposition

o if [E[Z]] < O(p'/%), E[|AZ]] < |AIE]IZ]] < Ol Allp*);

o if |E[Z] ” < Ogl), decomposing A = PTAQ, where P,Q € O,, A = Diag(\), A= (A1,...,),) € RP and
setting Z = (Z1,...,4,) = QZ:

P

> NZ22| < AE[|Z]] < 14170 ((10gp)7)

i=1

E[AZ|l]) = E[|AQZ]l] = E

Note indeed that Z o & and therefore E[[|Z]|o] < |E[Z][|oc + O ((1ogp)%) < |E[Z]]| + O ((1ogp)%).

8The notation Z € O(f) + £4(0) was presented in Definition for linearly concentrated vectors, it can be extended to
concentrated random variables.

90ne must be careful here that Theorem [B.7]just provides concentration in the Euclidean spaces (RP?, || - ||) or (Mp.n, | - || )
from which one can deduce concentration in (R?,|| - ||oo) or (Mp.n,|l - ||) since for all z € RP, ||z||lcc < ||z|| and for all
M € Mpn, ||M]| < ||M||r. However one cannot obtain a better bound than ||M|« < y/min(n,p)||M| F: this for instance
implies that a random matrix X = (z1,...,zyn) with z1,...,zy i.i.d. satisfying Vi € [n], z; ~ N (0, Ip) follows the concentration
X o< &(y/min(p,n)) in (Mp,n, || - [|«)-
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However, here, Proposition [B.22]is suboptimal: one can reach a better bound thanks to the following lemma.
We give a result for random vectors and random matrices, they are actually equivalent.

Lemma B.26. Given a random vector Z € &, in (RP,| - ||) such that ||E[Z]|] < O(1) and a deterministic
matriv A € M:

E[AZ]] < O ([|All#) -

and given a random matric X € & in (Mpn, || - ||r) such that |E[X]||lr < O(1) and a supplementary
deterministic matrizc B € M,,:

E[AXB|rl <O ([AllrBlF)-

Proof. Denoting ¥ = E[ZZ7T] = CZ + E[Z]E[Z]T, we know from Proposition that ||2]] < O(1); we can
then bound with Jensen’s inequality:

E[AZ|] < \/EIZT AT AZ] = \[E[Tx(SAT A)] < V/S[|4]l» < O(AllF).

The second result is basically the same. If we introduce X € RP™ satisfying Xi(j,l)ﬂ = X, j, we know that
X o & like X (since ||X|| = || X||#) and thanks to the previous result we can bound:

E[|AXB| ] = E[|A® BX|] < O(|A® Bllr) = O (|| r|Bllr).

B.5 Linear concentration through finite and infinite sums

Independence is known to be a key elements to most of concentration inequalities. However, linear con-
centration behaves particularly well for the concatenation of random vectors whose dependence can not be
disentangled.

The next proposition sets that the observable diameter for the ¢>° norm remains unchanged through
concatenation. Given a product E = [[,.,,, Ei, where (E1, || - [loo),-- -, (Em, || - [|sc) are m normed vector
spaces we define the /> norm on E with the following identity:

(215 oy 2m) € Bt (21,0, 2m)|lee = sup l|zil4- (B.5)

1<i<m

Proposition B.27. Given two sequences m € NN and o € ]Rli, a constant q, m sequences of normed vector
spaces (E;, || - |li)1<i<m, m sequences of deterministic vectors Z, € Ev,...,Zp € En,, and m sequences
of random vectors Zy € E,...,Zy, € En (possibly dependent) satisfying, for any i € {1,...,m}, Z; €
Zi + &,(0), we have the concentration:

(Z1,,Zim) € (Z1,. o Zm) £ E(0), in (B, |- [le=).

In other word, the linear observable diameter of (Z1,...,Z,,) can not be bigger than the observable
diameter of (Z,...,Z), where Z is chosen as the worse possible random vector satisfying the hypotheses
of Z1,...,Zy. The same results hold of course if the different Z3,..., Z,, follow the same combination of
exponential concentration.

Remark B.28. An example provided at the beginning of Section[B.6] proves that this stability towards con-
catenation is not true for Lipschitz (nor convex concentration).

Proof. Let us consider a linear function u : E — R, such that

lullo = sup Ju(z)] < 1.
Izl o<1
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Given i € [m], let us note u; : E; — R the function defined as u;(z) = u((0,...,0,2,0,...,0)) (where z is in
the i*" entry). For any z € F, one can write:

m
u(z) = Y (=),
i=1
where n; = ||u;|| = sup., <y wi(2) and u; = u;/n; (|lujl| = 1). We have the inequality:

m m
Zni = an sup uj(z;) = sup u(z) <1.
i=1

=1 ll=zllig1 llzlloo <1

With this bound at hand, we plan to employ the characterization with the centered moments. Let us conclude
thanks to Proposition and the convexity of t — ¢!, for any [ > 1:

m l
E|uz) - u2)|| <k (Z e ot (2) ) (2) )
i=1

!
m m ~ I
< (z ) B|S0 < |ul(2) - ul (2)
i=1 i=1 2imy M
N
< sup E “u; (Zi) — u; (Zi) ] < Cliol.

le[m]
O

If we want to consider the concatenation of vectors with different observable diameters, it is more
convenient to look at the concentration in a space ([[\-, E;, £"), for any given r > 0, where, for any

(Z15--y2m) € [1i2y Ei:

m 1/r
11y 2m)llgr = (Z Zi|f) :
i=1

Corollary B.29. Given two constants ¢, > 0, m € NY, oy,...,0, € (le_)m, m sequences of (Fy, || -
lli)1<i<m, m sequences of deterministic vectors Zl e Fy,..., Zm € E,,, and m sequences of random vectors
Zy € Ev,...,Zy € By (possibly dependent) satisfying, for any i € {1,...,m}, Z; € Z; £ E3(0;), we have the
concentration:

(Z1se s Zm) € (Z0, - Zm) £ E(0]l1), in (B, || [ler),

Remark B.30. When Ey = --- = E,, = E in the setting of Corollary then for any vector a =
(a1,...,am) € RY, we know that:

i alei S iaiz :l: (5‘2(|CL|TO')7
i=1 i=1

where |a| = (|ai|,...,|am|) € R}
Proof. We already know from Proposition [B.27] that:

Z Zn, Z Znm :
(1,...,>€<1,...,>:|:52, in (E,|| - |le=).
o1 Om g1 Om

Let us then consider the linear mapping:
(B lle) — (B, - ller)

(#1,.-y2m) +— (0121, 0mZm),

the Lipschitz character of ¢ is clearly o], = (32i%, o)/, and we can deduce the concentration of Z =

¢(O’121,...,0mZm). O
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Corollary [B:29] is very useful to set the concentration of infinite series of concentrated random variables.
For that, we resort to Proposition [A.11] that sets that the observable diameter of a limit of random vectors is
equal to the limit of the observable vectors. Be careful that rigorously, there are two indexes, n coming from
Definition [14] that only describes the concentration of sequences of random vectors, and m particular to this
lemma that will tend to infinity. For clarity, we do not mention the index n in the following adaptation of
Proposition [AT1] to the case of concentrated random vectors.

Lemma B.31. Given a sequence of random vectors (Zy,)men € EN| a sequence of positive reals (0m)men €
le and a sequence of deterministic vectors (Zm,)men € EN such that:

Zm € Zn %+ Ex(0m),
if we assume that (Zm)men converges in laum when m tends to infinity to a random vector (Z) € E, that

Om — 0o and that Z,, —> ZOO, then:

n— o0 n—o0
Zoo € Zoo £ E2(050).

(The result also holds for Lipschitz and convex concentration but without deterministic equivalent)

Corollary B.32. Given two constants ¢, > 0, 01,...,0m, ... € (RE{)N, a (sequences of) normed vector
spaces (E|| - ), Z Zm, ... € EN deterministic, and Zy ..., Zy, ... € EY random (possibly dependent
satisfying, for any n e N, Zm € Zpm £ E(0m). If we assume that Z ZneN m 18 pointwise convergen

that ZmEN Zm is well defined and that ) o; < 00, then we have the concentration:

neN
S Zne S Zn iz:z(Zam), in (B, ),
meN meN meN

Proof. We already know from Corollary [B.29] that for all m € N:

ZZ GZZ i(sz(zam), in (2.1 ).

meN

Thus in order to employ Lemma let us note that for any bounded continuous mapping f : £ — R, the
dominated convergence theorem allows us to set that:

(=)l

thus (Z%Zl Zym)Nen converges in law to > °_ | Z,,, which allows us to set the result of the corollary.

—)]E

O

The concentration of infinite series directly implies the concentration of resolvents and other related
operators (like (I, — X/,/p)"*X* for instance) as it will be exposed at the beginning of Part (see
Theorem [C.3]). To be more precise, this approach to the resolvent with infinite sum is particularly interesting
for convexly concentrated random matrices for which the product is only linearly concentrated (see Chapter@
Theorem Part [II} that this corollary finds its relevancy under convex concentration hypotheses, where
the linear concentration seems to be the best concentration property to obtain on the resolvent Q% = (21, —
LxXxT)=

Returning to Lipschitz concentration, in order to control the concentration of the sum X + Y or the
product XY of two random vectors X and Y, a first step is to express the concentration of the concatenation
(X,Y). This last result is easily obtained for the class of linearly concentrated random vectors but a tight
concentration of the product with good observable diameter is in general not accessible. In the class of Lips-
chitz concentrated vectors, the concentration of (X,Y) is far more involved, and assumptions of independence
here play a central role (unlike for linear concentration).

10For any n € N, for any bounded continuous mapping f : [],,5o Ep — RV:
sup [E[f(Zn,m) — E[f(Zn,00)]| —> O

HFor any w € Q, 2, cn 1 Zm(w)]| < 0o and we define Z(w) =37, cy Zm (w)
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B.6 Concentration of vector concatenation

One must be careful because, we saw in the introduction that the concatenation of two random vectors can
be not concentrated. There exist two simple ways to obtain the concentration of (X,Y). The first one follows
from any identity (X,Y) = ¢(Z) with Z concentrated and ¢ Lipschitz. It is also possible to deduce the
concentration of (X,Y) from the concentration of X and Y when they are independent.

Proposition B.33 (Stability through independent concatenation). [Led0d, Proposition 1.11] Given (E,||-|)
a sequence of normed vector spaces and two sequences of independent random vectors X,Y € E, such that
X x & (o) and Y « E.(p) (where q,r > 0 are two positive constants and o,p € I@& are two sequences of
positive reals), then:

(X,Y) o< & (o) + & (p) in (B || [le),

where, for all z,y € B2, ||(z,y)|le~ = max(|l], [ly]) 7]
Following our formalism, this means that there exist two positive constants C,c > 0 such that Vp € N and

for any 1-Lipschitz function f: (E2, | - [le) = (R,]-[), Vt > 0:

P (|f(Xp,Y;)) _ f(Xz/wY;” > t) < Cle—(t/cop)? + Cle—(t/crp)"

The sum being a 2-Lipschitz operation (for the norm || -||¢= ), the concentration of X +Y is easily handled
with Proposition and directly follows from the concentration of (X,Y’). For products of vectors, more
work is required.

B.7 Concentration of generalized products of random vectors

To treat the product of vectors, we provide a general result of concentration of what could be called “multi-
linearly m-Lipschitz mappings” on normed vector spaces. Instead of properly defining this class of mappings
we present it directly in the hypotheses of the theorem. Briefly, these mappings are multivariate functions
which are Lipschitz on each variable, with a Lipschitz parameter depending on the product of the norms
(or semi-norms) of the other variables and/or constants. To express the observable diameter of such an
observation, one needs a supplementary notation.

Given a vector of parameters (v1);cm) € R, for any k € [m], recall the notation given before the proof

of Proposition

(k) — _
v\ = max ViV, = Vi Ry %
1<h<-<lp<m k (m—k+1) (m)>

where {V(l)}le[m] = {Vl}le[m] and V(1) <-.. < V(im)-

Theorem B.34 (Concentration of generalized product). Given a constant m (m < O(1)), let us consider:

o m (sequences of ) normed vector spaces (E1,| - |l1)s---s (Em, | - |lm)-
o m (sequences of ) norms (or semi-norms) || - ||3,.. ., || - I, respectively defined on Ey, ..., Ey,.
e m (sequences of ) random vectors Zy € E1, ..., Zy € E, satisfying

Z=(2,....,2,) x&lo)

for some (sequence of)) positive numbers o € Ry, and for both normﬁ 1215« s Zmllee = sup™ ||z
and ||(z1, ..., Zm)|/pe = supiZ, ||2ill; defined on E = Ey X --- X Ep,.

120ne could also have considered a number of equivalent norms such as ||(z,9) |, = ||lz|| + |yl or [[(z,¥)|l,2 = V=2 + [[¥]]2.
130ne just needs to assume the concentration ||Z;||} € pu; £ &¢(0); the global concentration of Z; for the norm (or semi-norm)
Il - I is not required.
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e a (sequence of ) normed vector spaces (F, || - ||), a (sequence of) mappings ¢ : Eq,...,E, — F, such
that ¥(z1,...,2m) € E1 X -+ X Ey, and z} € E;:

, Iy max(||z 1, 1)
H(b(zh .. .,Zm) - ¢(Zlv‘ S Ri—1s Ry - '7zm)H < ’
max(||z][; , 1)

1z = 2ill; -

where p; > 0 is a (sequence of ) positive reals such that u; > E[||Z;||5]). We further assume p; > O(O’)E

Then we have the concentration [19]

¢ (Z) o< max &, (al,u(m_l)) (B.6)
le[m]

One can deduce from the moment characterization given in Proposition that, in the setting of
Theorem the standard deviation (resp. the 7! centered moment with » < O(1)) of any 1-Lipschitz
observation of ¢(Z) is of order O (ou(™~Y) (resp. O ((ou(™~D)")) thus the observable diameter, in the
sense given by in the introduction, is given by the first exponential decay, &, (O',U,(m_l))7 which represents
the guiding term of .

We give later a more general setting with Theorem where the variations of ¢ are not controlled
with norms (or semi-norms) (|| - ||}) efm\{s} Put with concentrated variables. The setting is somehow more
complex, but sometimes more easy to apply; the proof is morally the same.

One can relax the hypothesis “m constant” and reach good concentration rates when m tends to infinity:
this is done in Section [B.9l

Proof. We use here again the notation ;) of the ordered fi1, ..., fty,. Let us consider Z7,..., Z;,, m inde-
pendent copies of Z1,...,Z,, and a 1-Lipschitz (for the norm ||-||) mapping f : F — R. For simplicity, we
will note ¢(Z) = ¢(Z1,...,Zp) (and ¢(Z') = ¢(Z1,...,Z],)). Given t > 0, we wish to boundm

P(1f(¢(2)) = f(&(Z)] = 1). (B.7)

The map Z — f(¢(Z)) is not Lipschitz, unless Z is bounded. We thus decompose the probability argument
into two events, one with bounded ||Z|} and ||Z’||; and the complementary with small probability. For
all i € [m], since | Z||; € E[|Z||;] + E,(0) and E[||Z||;] < w; (and the same hold for Z!), we can then employ
for all ¢ > u; the identity:

P(121; > 26) = (12, > 2t) <P (120~ E [I12)]] > 2t - ps) < Ce /e,

for two constants C,c¢ > 0. The bounds on each of the ||Z;||; and ||Z!||;, i € [m], depend on the value of ¢.
Let us note for all ¢ € [m|:

(m—1)

. 4 ‘ (m—i+1)yi
P = ,u(m_H'l),uTl — u and tmy1 = 00,

(p(m=i))i-1

and remark that t; < --- < ¢,,, (see Lemma for some details). The parameters ty,...,t,, define the
different regime of the concentration and will play the same role as in the proof of Proposition If
t € [ti,tit1], we decompose the probability playing on the realization the events {Z € B;} N{Z’ € B;},
where we defined:

1
t 7
Bi{z€E1x~~><Em | 21||/1§2<> 7,||zl||i§2<

i = H

t

1
W) ) Hzi+1H;+1 < 21155 2mll, < zﬂm} :

u,(m_’)

Noting that for j € [m):

14This is a very light assumption: it is hard to find any practical example where p; < o, because, as pictured by Corollary|B.35]
i will generally writes in our applications C’Unﬁ/‘f,‘ , where 7 is a norm degree bigger than 1 by definition.

15Here since m < O(1), taking the maximum over [ € [m] is equivalent to taking the sum, up to a small change of the
constants; we will thus indifferently write ¢ (Z) o< max;e(m) E1q/m ((U,u(l_l)) T) or ¢(Z) o< 3021 Eg/m ((a#(l_l)) ).

16We choose here to employ the characterization of the concentration with the independent copy, because, at some point of the
proof, we restrict ourselves to an event Ax and then P (|f(¢(Z)) — f(¢(Z'))| >t | Ak) can be bounded directly from the concen-
tration (¢(Z) | Ax) o (K (™~1g) resulting from Lemma|B.4/and Remark[B.5] To bound P (|f(#(2)) — E[f(¢(2))I| > ¢ | Ax),
one would have needed to show first that [E[f(6(Z))] — E[f(¢(2)) | Ak]| < O(K(™~Vg) to then employ Lemma
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1 1

i

. . - t ti P j—
1 1

o ifj>i+ 1t pj > pipr = (%)1 > (ﬁ) )
we can first bound, on the first hand:

P(1f(6(2)) = f((Z)| 2 t,Z € B} or Z' € B}) < 2P (Z € B;)

i—1 m 1
t 1
<212 2 2) + 230 12002 2 oy ) )

j=1 k=i

< amCexp (_g(gggg;)‘f. ©5)

On the other hand, one can show that f o ¢|g, is A;-Lipschitz with:

t o\ ,
A =m2m! (H(mi)) M(m_’).

Therefore, following Remark since P(Z € B;) > O(1):

(F(¢(2)) | Z € Bi) o< & (Ni)
which allows us to bound (for all ¢ € [t;, t;_1]):
¢ B
P(F(6(2)) ~ FO(Z)] > 1.2.2 < B) < Coxp (~ s ) (8.9
If t € (0,t1] = (0, u™], we introduce:
Bo={z€ E1 x - X Ep | |21ll1 <2155 lzmllh < 2pm ],

— t q
one can still bound Vi € [m], p; > pp = ﬁ > ﬁ, and therefore P(Z ¢ By) < mCe (ot ,

besides, ¢|p, is m2m™= 1 (m=1)_Lipschitz, therefore we retrieve:
q
P(1f(6(2)) — f(&(Z")| > t.Z,Z" € By) < Cexp (—t/2m0<w(’”_1)) :
Combining these bounds for ¢ € (0,¢;] with (B.§) and (B.9), we obtain the result of the theorem (since
mC,2™c < O(1)).
O

Corollary B.35. In the setting of Theorem when Vi € [m], |E[Z]|; < O(ani_/‘f,), we have the simpler
concentration:

m, (m—1)
¢(Z)O<lrg[%5q/z (U n )

where we denoted n = (nﬁ/‘&, . ,nﬁ/‘ﬁnl).

Proof. Proposition [B.22| allows us to choose p; = C” anﬁ_/lﬁ for some constant C’ > 0; we thus retrieve the
result thanks to Theorem [B:34l O

It is possible to characterize the concentration provided by Theorem [B:34] with the bound on the moments
provided in Proposition [AZ30] One just has to show that the parameters of the concentration from a family
of canonical multi-regime parameter as defined in Definition [7}
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Lemma B.36. Given two parameters o,q > 0, an integer m > 1 and m parameters pi,..., M, Such
that for all i € [m], p; > o, if for any | € [m], we note oy = o'u™=Y, then the sets of couples
(q,01),(2,02),...,(%,0m) forms a sensible family of canonical multi regime parameters.

Proof. The inequalities g > % > e > % and o1 > --- > 0, are obvious. For simplicity, let us reorder the
indexing of the argument of ¢ such that (p1,..., ftm) = (1), -+ -5 fiim)) (i€ p1 < -+ < ). One can then
bound for any k,[ € [m]:

1

(pm=RNEN =5 (m—1)\l—k N\ TF (m—1) 1 (pm=tD)!
tk1 = ((N(m_l))k = ((M ) (M(k+1) : "M(l)) ) <up Hay = W = ti—1y
And we show the same way:
m— — ﬁ m— (N(m_k)>k+1
b = ((M( R ey - "N(l))k> > k)ﬂlfk+1) = (R D)k = tght1-

O

Remark B.37 (Regime decomposition). Lemma states that (q,01),...,(;%,0m) is a family of sensible
multi-regime parameters, however it could be non free (i.e. it could happen that t;_1,; = t;4+1), in which case
there would be less than m regimes.
In particular, when pqy = -+ = fim) = MOE Vi € [m], t; = pg*. In this case, there are only two regimes
and we can more simply write :
(Z) o< &,y ")+ Ea (™).

Let us give examples of “multilineary Lipschitz mappings” that would satisfy the hypotheses of Theo-
rem B34

Example B.38 (Entry-wise product). Letting ® be the entry-wise product in RP defined as [x © y|; = x;y;
(it is the Hadamard product for matrices), ¢ : (RP)™ 3 (z1,...,Zpm) — 1 O -+ © Ty € RP is multilinearly
Lipschitz since we have for all i € [m)]:

m

21 @ O @1 © (i — ) Omig1 O Ol < | [T Isllo0 | 2 — 7],
j=1
ki

for all vectors x1,...,xm,24,...,x,, € RP.  As a practical case, if (Z1,...,2Zm) x & and Vi € [m],

|E[Z]||so < O(1), then Corollary[B-35 and Remark[B.37 imply:
-1

1O @ Ly x E <log(p)L) —&-8%.

m—1

In this case, the observable diameter of Z1 ® --- ® Z,, is provided by &, (log(p) 2 ) as such, under this

very common setting, the entry-wise product has almost no impact on the rate of concentration.

Example B.39 (Matrix product). The mapping ¢ : (Mp)? > (My,...,My) — My --- My, € M, is multi-
linearly Lipschitz since for all i € [m)

1My Moy (M = M) M- M)l < | TT 1M1 | 105 = M)
Jj=1
JF#i

for all matrices My,..., My, M{,..., M), € M,. Given m random matrices X1,...,X,, € M, such that
(X1, Xom) < & and Vi € [m], |E[Xi]|| < O(/p), Corollary[B.35 implies:

m—1

X1~-~Xmo<52(p ; )+5%.

In particular, for a “data” matm’ﬂ X = (21,...,2pn) € My, satisfying X x & and E[|| X||]] < O(/p+n),

17To be precise, it is sufficient to assume H(2) =" = H(m), since p(1) never appears in the definition of the ¢; for i € [m].

80ne could have equivalently considered, for even m € N, the mapping ¢ : M, — My, satisfying VM, ..., Mm € Mpn,
d(M1,...,Mm) =MMT - Mp_1MTL.

19That is, a matrix whose columns contain vectors of “data”, as per data science terminology.



B.S8. GENERALIZED HANSON-WRIGHT THEOREMS AND CONCENTRATION OF XDY ™ 37
the sample covariance matrixz satisfies the concentration:

LyxT s, (Vpn”) tE <¢1L>

n

which provides an observable diameter of order O(1/+/n) when p < O(n).

Example B.40 (Composition). We study here the concentration of the composition of random Lipschitz
functions. Beyond the linear case, consider the composition of functions defined on Lip(R), the set of Lipschitz
and bounded functions of R. Given f € Lip(R), we denote:

/]l = sup | f ()] Hf||£:5upw
ver T#£Y |z — yl

(I fllz is not a norm but a semi-norm). The mapping ¢ : (Lip(R)™ > (f1,..-, fm)— f1o---0 fi, € Lip(R)
is multilinearly Lipschitz and Vf1 ... fm, f| € Lip(R):

[(fro-ofm)=(fio-oficrofiofirio o fm)l
<Wallg-Wimalle Ifi = fill -

Therefore, assuming f1,..., fm all O(1)-Lipschitz and satisfying the concentration (fi,..., fm) x E4(0),
thanks to Theorem B3] the following concentration holds :

fro o fr o E(a) + Eym(a™).

When f1 = -+ = fmn = [ and f is A-Lipschitz with 1 — X\ > O(1), we can follow the dependence of the
concentration of fo---o f on m thanks to Theorem that induces for any sequence of integers m the
concentration inequality:

[ ocEg(o(1=2)™) + Egym ((k0)™)

for some constants k,e > 0.

B.8 Generalized Hanson-Wright theorems and concentration of
XDY”T

To give some more elaborate consequences of Theorem let us first provide a matricial version of the
popular Hanson-Wright concentration inequality, [HWT71]. It was already proven in [Adal5| for random
vectors, which is a quite similar setting. The same Proposition can be set in convex concentration setting as
it is done in Proposition [D.6

Proposition B.41 (Hanson-Wright, [Adal5]). Given two random matrices X, Y € M, ,, assume that
(X,Y) o & (say, ”@ (M3 s |- lle=)) and [E[X]||p, [[EY][[r < O(1) (as n,p = o00). Then, for any
S

P
deterministic matriz M, we have the linear concentration (in (M, | - ||F)):

YTAX € & (|Allr) + E(A]D.

This proposition, which provides a result in terms of linear concentration, points out an instability of
the class of Lipschitz concentrated vectors which (here through products) degenerates into a mere linear
concentration. This phenomenon fully justifies the introduction of the notion of linear concentration: it will
occur again in Proposition [B:4§ and Lemma [G.8] We present the proof directly here as it is a short and
convincing application of Theorem [B:34]

20The norm || - ||~ has been defined in Proposition :B.33 providing the concentration of the concatenation of random vectors,
here for any A, B € My n, ||(A, B)|lsec = max(||A||F,||B||r). A lot of equivalent norm satisfy the same concentration.
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Proof. Let us first assume that || A|| < 1 and consider a deterministic matrix B € M,, such that || B||r < 1. We
then introduce the semi-norm ||-|| 4, g defined on M,, ,, and satisfying for all M € M, ,,, |
Note that for any M, P € M, ,:

[ M]|a,5P|F

Tr(BMTAP) <

{|M||F||PAVB.
Thanks to Lemma [B.26] E[|| X || ,5], E[||Y|l4,5] < O(|A| ). Besides, since (X,Y) o« & in ((RP)2, | - [|¢=),
and ||Al,[|B < 1, we also know that (X,Y) o & in ((R?)2,|| - |[a,p~) where |[(M,P)|la e~ =
max(||M| a,B,||P|la,z)- Therefore, the hypotheses of Theorem are satisfied for the norms || - ||4.B
and || - ||p respectively replacing the norm || - ||" and || - | we then deduce :

YTAX € &, (J|Allr) + &

a
57

(where we choose a tuple = (u1, p2) € R2 satisfying pu1, po < O(||Al|F))

If ||A]| > 1, one can still show that mYTAX € & (I1Allr/||All) + &;/2 and retrieve the result thanks to

Proposition [B.6} O

Remark B.42. For the reader information, we mention that in [Adald], the concentration is even expressed
on the random variable sup 4c 4 X7 AX where A is a bounded set of matrices (and X € RP).

Let us end this section with a useful consequence of Proposition

Corollary B.43. Given a deterministic matric A € M, satisfying |Allr < 1 and two random matrices
X = (xla s ,.’Iln),Y = (917 s 7yn) € MPJZ satzsfyzng (X? Y) X 82 and Supie[n] ||E[ml]||7 ||E[yl]|| < O(l) such
that we have the concentration:

YT AX]|, € & (Viog(np)) + &1

I in addition, || All. < O(1) or supic(y [Elysa] || r < O} then E [ XTAY | ] < O(v/n).

Remark B.44. Recall from Proposition m 1B.20, that if (x;,y;) € & and ||E[(xl,yl)]||p < ( ) (as under

the hypotheses of Corollary , |Elyszl]|| < OQ) and therefore, |E[y;zl]||r < D|Elyiz]]|| < O(f)
In particular, when x; is independent wzth yi (and ||E[z ]|l |E[y:]] < O(1 )) we can bound ||E[y1 2T)||F <

IE]IIEz]] < O(1).

Proof of Corollary[B.Z3, Let us decompose A = UTAV with A = Diag(\) € D, and U,V € O,, noting
X =VX and Y = UY we have the identity:

[YTAX |4 < Sup Tr(DYTAX) < sup dX(X oYX X YA < 1X]#1Y )loos

HDHF<1 ldi<1

and the same way, ||[YTAX |4 < || X|lso||Y||#. Now we can bound thanks to Proposition

E[|X]|s] < [|E[X]

| +O(V1og(pn)) < sup{|[Elzd][l, [IE[ys]ll, < € [n]} + O(v/log(pn)) < O(y/log(pn)),

and the same holds for E[||Y||o]. Therefore, applying Theorem to the mapping ¢ : (X,Y) € M2, —

|[YTAX||4 with the norms || - || and || - || » respectively replacing the norms || - || and || - ||, we obtain the
looked for concentration.

21 Actually, to bound the expectation we just need the concentration of each of the couples (z;,v;) but not of the matrix couple
(X,Y). Recall (see Section that the concentration of each the z1,...,z, does not imply the concentration of the whole
matrix X, even if the columns are independent. To tackle this issue, some authors [PP09] require a logconcave distribution for
all the columns because the product of logconcave distribution is also logconcave. However our assumptions are more general
because they allow to take for x; any O(1)-Lipschitz transformation of a Gaussian vector which represents a far larger class of
random vectors.

2270 be precise, one just needs SUP;c(n) [Elz T Ay;]| < O(1).
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To bound the expectation, we start with the identity ||XTAY||d = /> (2T Ay;)?, and we note that
the hypotheses of Proposition are satisfied and therefore 1 Ay, € £. Now, if ||Al|. < 1, we can bound:

|Elz{ Ayi]| = ||Elysa? || [ 4] < O(1),
thanks to Proposition ((zi,y:i) o< & and ||E[z;]E[y:]T|| < O(1)). The same bound is true when

HE[ylsz]HF < O(1) because |E[z] Ay;]| < HE[%%T]HF |Al|F. As a consequence, 1 Ay; € O(1) £ & (with the
same concentration constants for all ¢ € [n]), and we can bound:

E[[|xTAY]|,] < ZE (27 Ay;)2] < O(v/n).

O

Let us now give an example of application of Theorem when m > 3.

Considering three random matrices X,Y € M,, and D € D, such that (X,Y,D) o« & and
IE[D]|], IE[X]|| £, IE[Y]]|z < O(1) we wish to study the concentration of XDYT. Theorem just al-
lows us to obtain the concentration X DYT o & (n + p) + &1 (v/n) + &y/3 since we cannot get a better bound
than || XDYT||r < | X|||D]|7|Y|. However, considering some particular observations on XDY 7 it ap-
pears that the observable diameter can be smaller than n. Next Propositions reveal indeed that for any
deterministic v € R? and A € M,;:

1. XDY7Tu is Lipschitz concentrated with an observable diameter of order O(||ul|/(n + p)log(n))

2. Tr(AXDYT) is concentrated with a standard deviation of order O(||A|r+/(n + p)log(np)) if
by g Bz ]l < O(1) and O(|All.\/(n + p) Tog(np) otherwise.

Proposition B.45. Given three random matrices X,Y = (y1,...,yn) € Mp, and D € D,, diagonal such
that (X,Y,D) < &, |E[X]|| < O(/p+n) and ||E[D ]H,suple IE[y:]]] < (\/logn), for any deterministic
vector u € RP such that |lul| < 1:

XDYTuocé'g( (p—l—n)logn)—i—& (\/p+n)+(€2/3 in (R, - 1))

Proof. The Lipschitz concentration of X DY T is obtained thanks to the inequalities:

XIINDINY T u
HXDYTqu{” (D[] TII
I XD IV | oo

Thanks to the bounds already presented in Example (the spectral norm || - || on D, is like the infinity
norm || - ||oc on R™), we then have:

o nx = E[| X]]] < [E[X]] + O(vp +n) < O(Vp + 1),
e np = E[|[ D[] < [[E[D][| + O(y/log(n)) < O(y/1og(n)),
o nyry = E[[Y T ullo] < sup;cpy [E[y; ull| + O(/log(n)) < O(y/log(n)).

To obtain the result, we then employ Corollary [B:35] for the tuple:

n= (0( O(+/log(np), O(/log( np)

satisfying:

nG=Y = O(max(y/(p + n)log(n),log(n))) < O(/(p + n)log(n))
e 73~ = O(max(y/p + n, /log(n)) < O(y/p + n).
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O

To express the concentration of Tr(AX DY T), it is convenient to introduce the following offshot of Theo-
rem based on somehow elaborate but actually simpler assumptions.

Theorem B.46. In the setting of Theorem let us assume that there exist a mapping for all i € [m)
U, : Ey; — R, where E4; = E1 X --- X E,, X E;, such that Vi € [n], V2= (z1,...,2m) € E=Fy X -+ X Ep,
and z; € E;, we have the bound:

[¢(215- - 2m) = B2 5 2i1, 20 Zig 1y - 5 Zm) | < Walzga) 120 = 25

1) € E4y; and for any independent copy Z' = (Zi,...,Z),) of Z, we have the

where zy; = (21, 2m, 2
concentration®:

Ui(Zyi) € O(ul™=Y) £ Jnax &/ (Ulu(m’l’”)

where Zi; = (Z1,...,Z,Zi 1y, 2, Z;) € Eyy, for a parameter vector p € RY such that 1 < pu
(< pi, Vi € [m]). Then:

1, (m=1)
¢(Z)O<lrg[%<]gq/l (UN )

In the remainder, this result is sometimes applied in cases where:
l,,(m=1)
U,(Z) € O(u™ V) + max & <‘”‘>
((2) € O™ 7) £ max &1 o

as for instance in Proposition[B.48below. Although this corresponds to a stronger setting, the most important
element, which provides the observable diameter of ¢(Z), is the order of the expectation of ¥;(Z) which still
equals O(u(m=1),

Proof. We multiply, if necessary, f(,,) by a constant in order to have for all i € [m]: E[W;(Z4;)] < p(m=1.

With the same notation as before for ¢ € [0,¢1]:
Ap = {Vi €[m]:U;(Z4) < 2u(m_1)},
then, since (™1 > ¢, there exist two constants C,¢ > 0 such that we can bound:

P(A5) < m sup P (|W:(Z4:) — E[W;(Z4)]] = )

i€[m]
(m—1) at (m—1-1)ya/
<msup Cexp| — (lull) < m sup Ce=(t/ea' ==Y/t
ie[m] co ,u(m_ -1 i€[m]
le[m—1] le[m—1]

Besides, since ¢ is mu(™~Y-Lipschitz on Ag, we can bound:

(mfl)o)q

P(|6(2) — ¢(Z')| > t | Ag) < Ce(t/men

When t € [t;,ti41] = [u(m’i)uzi),u(m*i)uéiﬂ)] for i € [m —1] or t € [tm,00) = [uf,,, 00) for i = m, we

rather work with the event:
L1
) N(mfz) i
Ai =<(Vie [m] : \IIZ(Z+1) <2t .

t

23 As explained in Deﬁnition this expression means that ¥;(Z, Z(9)) € max;e(m—1] €q/1 (Ulu(m’l’l)) and E[¥,(Z,Z")] <
O(p(m=1).
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(m—i)

1 i1 ) N
On the first hand, since ¢ (”f) >t (,u(m—z))% > M(m—l)ual > u(m=1  we can bound:

(m—i)\ T
Iw&vSmamp<mﬁam—mwxawnzm(“t ) —um*ﬁ

J€[m]

. 1\ 4q
t ,u(mfz) i
oo, 0o (e (7))

Now, given | € [m — 1] (and when possibly i = m and ¢t € [,u?}n), 00)):

1
(m—1i)

. _ : t 7 ¢ t t
o ifm—-1>1>4, p(m—1-1) ( 7 ) = W Oui) > a0

1 i—1
(m—1i) % 7
. . t 1 t t
o if [ <i—1, OnTT) (725 ) > (7#(77%171)) > MR

since M(mfl_l) > u(’"t"“ > ué ) = 1, by hypothesis. That allows us to bound:

= i

P(AS) <m sup Ce (t/ea'n™ (B.10)
lefm—1]
Besides, since ¢ is mt (”(Tzﬂ') ) 7—Lipschitz on A;, we can bound:
i i (m—i) _iy2
P(16(2) — ¢(Z")] | Ai) < Cemt/eimnt™ Dot (B.11)
We then obtain our result combining (B.10) and (B.11]) (recall that ¢™,m™ < O(1)).
O

Remark B.47. Theorem[B-3] could be seen as an iterative consequence to Theorem [B-Z0 as if we assume
Theorem [BJ6 and Theorem[B-3] up to m = mo —1 and want to show its validity for m = mg. We can show
with the iteration hypothesis for m = mgy — 1 that for all i € [m]:

m—1 m—1—i) 4
IZ0ls - N Zima a1 Zisa g - 1 Zunll € O n+l?gg4m% o).
elm—

where p_; = pi1 -+ hi—1i—1 " - Now, since for all k € [m — 1], u(_l)z < O(uW), we retrieve the hypotheses
of Theorem and we can prove Theorem [B.3] for m = my.

The concentration of Tr(AX DY) signifies a linear concentration of X DY'?'| demonstrating as in Propo-
sition [B.47] the relevance of the notation of linear concentration. Note besides that this result can be seen as
a weak offshot of Hanson-Wright concentration inequality if one takes D = \/nFE; 1, where [E; 1];; = 0 for
all (Z,]) 75 (1, 1) and [El,l}Ll =1.

Proposition B.48. Given three random matrices X = (x1,...,2,),Y = (Y1,..-,Yn) € Mp, and D € D,
such that (X,Y, D) x &, ||E[D]||lr < O/n), |EX]|F, |E[Y]|F < O(1), we have the linear concentmtio@:

XDYT S 51 (\/’ﬁ) + 52/3 in (Mpv H : ”)

Before proving this corollary let us give a preliminary lemma of independent interest.

Lemma B.49. Given two random matrices X € M, ,, and D € D,, such that (X, D) x &, ||E[X]| < O(1)
and ||[E[D]||r < O(y/n) and a deterministic matric A € M,, , such that ||Al|p < 1, we have the concentration:

|AXD| € O(v/n) + E(\/1og(np)) + &1
24The estimation of E[XDYT] is done in Proposition
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Proof. With the same decomposition A = UTAV and notation X = VX as in the proof of Corollary
we have the identity:

|AXD||p = |[AXD||r = ZZAQXz D} < | Xl D
=1 j=1

and besides, |AXD|r < || X||||D||. Therefore, with some u; < O(E[||X||oo])

< O(4/log(np)) and pe <
O(E[|D|]) < O(y/log(n)) we can employ Theorem to the mapping ¢ : (X,D) € M,, x D, —
HUTAXDHF7 to set:

[AXD|r o< E(y/log(np)) + &1

To bound the expectation, let us note that for all i € [n], j € [p], X, € O(1)£& and D; € O(O(|E[D;]|)) £&,
therefore, X; ;D; € O(|E[D;]|) £ E(|E[D;]| + 1) + &1, and we can estimate:

E[X?; D] = E [(Xi;D; - EIXi;Di))°| + EIXi;Di)?
< O((1+E[Dy))?) + E[X2E[(D; — E[D:])?)? + E[XZ,]E[D;]?
< O(1+E[D;]*) 4+ O(1) + O(E[D;)?),

with constants independent of 4, j. Finally, we can bound:

E[|AXD|r] < iiA?E[Xﬁij]go (ZlJrE )ZAQ < O(Vn)

i=1 j=1
since |[E[D]|» < O(y/) and A = [[A]lr < 1. 0

Proof of Proposition[B.48 Considering a deterministic matrix A € M, ,,, we will assume that ||A||p < 1 if
sup; ey [|E[yiz] 1|lr < O(1) (to show a concentration in (My.n, || - [ #)) and that [|A[l. <1 otherwise (to show
a concentratlon in (M, | 1)) In both cases, Corollary [B.43| and Lemma allows us to set:

IYTAX|la, |AXD|r, |IDYTA|lp € O(v/n) £ E(v/n) + &1

Besides, we can bound:
[AXDI|F|YIr
Tr(AXDY™) < { [DYTAllp | X ||
[YTAX 4]l Dlla
which allows us to conclude thanks to Theorem applied with the parameter vector u = (1,1,/n):
Tr(AXDYT) o &(Vn) + E1(v/n) + €2 o E1(v/n) + 2.
O

In the setting of Proposition [B:45] once one knows that X DY is concentrated it is natural to look for a
simple deterministic equivalent. The next proposition help us for such a design. Note that the hypotheses
are far lighter, in particular, we just need the linear concentration of D.

Proposition B.50. Given three random matrices D € Dy, X = (x1,...,25),Y (yl, ey Yn) € My, and
a deterministic matriz D € D,,, such that D € D + & in (Dy, || - ||) and for al. i€ n], (zi,y;) x & and

251f we adopt the stronger assumptions (X,Y) oc E2 in (Mp. n, |- ||) and |E[X]||F, |E[X]|lF < O(1), we can show more directly
thanks to Propositions [B-41] and [B22}

’E [Tr(AXDYT)] — IE[Tr(AXIE[D}YT)]‘

- ‘]E [Tr ((YTAX - E[YTAX]) (D — E[D]))] ’

< JE[Ivrax —EyTax)Z] € 10 - EDIE] < 0Mm)
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sup; e |E[z:] |, [[E[y:]|l < O(1), we have the estimate :
|EXDY"] - E[XE[D]Y"]||, <O(n).
We can precise the estimation with supplementary assumptions:
« if |D~E[D]|r < 0(1) then |[ELX(D — D)YT]| <O (yamax(p,n))
o if sup;cpy [Eliy? ]| < O(1) then H]E[XDYT] - ]E[XDYT]HF <0 ().
Proof. Considering a deterministic matrix A € M, such that ||A||r < 1:
|E[Tr(AXDY™)] — E[Tr(AXE[D]YT)]|

< Z |E [Diz] Ay; — E[D;]z] Ay]|

i=1

_ Z |E [(2] Ay; — Elz] Ayi]) (D; — E[Dy])]|

<Z\/ (|7 Ay — EloT Ay’ | E |ID; ~E[DJP] < O(n)

thanks to Holder’s inequality applied to the bounds given by Proposition (we know that D; € E[D;]+&;
and from Proposition that 2T Ay; € E[x] Ay;] &+ & + &£1; note that the concentration constants are the
same for all i € [n]).

Now, [E[zT Ay;]| < | Allr|ElyiaT]|r < O(y/p) thanks to Remark [B.44 and if |E[D] — D[ < O(1), we

can bound:

‘]E {Tr (AX (IE[D] - D) YT)] ‘g i ‘E (27 Ay,] (E[Di] - Di)
< sup [E [« 4y]| Vi [EID] - D <0 (v7p).

If, |[E[D] — D||r is possibly of order far bigger than O(1), but SuP; ey 1E[yiw; Dl < 0(1), then
SUP;ciy, |E[ T Ay;]| < O(1), and we can still bound:

HE [Tr (AX (E[D] _ D) YT)} HF <nswp IE [T Ay HE[D] - DH < 0(n)
O

A non multi-linear application of Theorem is provided with the study of the resolvent (I, —
LXDXT)~! with D diagonal, at the end of Part

B.9 Concentration of high order products

We give here some offshots of Theorem when m is a quasiasymptotic variable (thus a sequence of positive
real values). The result of Theorem stays almost unmodified if m tends to infinity, one mainly needs a
supplementary hypothesis.

Theorem B.51. Under the hypotheses of Theorem but without the hypothesis that m is constant, if

one further assumes that (log(m))% < O(F2), then there exists a constant k > 0 such that we have the
concentration:

m 1, (m—1)
qb(Z)oclIél[aXE/l (/{ o )
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Proof. One must be careful that this time m can tend to infinity. Given i € {0} U [m], we will employ again
the variables t; = M(m_i)ﬂfi) for i € [m], to = 0 and t,,,11 = 00, but we note this time for all ¢ € {0} U [m]:

1 1

t © t ©

A =25 Z80 < G4 D) (g ) e 22 < 64 1) (s )
ju p

1Ziallins 125 llipn < (04 Dpigrs s 1 Zm s 125015, < (6 + 1)um}

for some § > 0. As we saw in the proof of Theorem foralll <k <i<j<m:

1

Vit <t : (t/(w)_ > <Hi and V>t : (t/(ca). ) > Kk
/ul(mfz) co M(mfz) co

Therefore, given t € [t;,¢;+1], one obtains Vj € {i + 1,...,m}:

P (12515 = (6 + Duy) <P (125115 — Ell Z;115]] > 6m5)
< Cexp (—5q (%)q> < Cexp (—6" (Z/((nfiz:) ) ,

and the same way Vt € [t;,t;41] and k € [i]:

P (zkn; > 6+ () ) < Cexp (—w (’;/fm”))) ) .

By hypothesis, there exists a constant K > 0 such that Vi € [m] and ¢ € [t;, ¢;41]:

K (Z(f))) > K (f—a)q > log(m).

Therefore choosing § = (K + 1)%:

P(Af) < Cexp <

<)
0
3
|
=
+
=
7 N\
==
I
1| Q
=
N——
=
N——
IA
Q
@
»
T
|
/N
==
3|
S| Q
)
==
N—
N———

and Vt € (0, 1]:

P () < Cexp (logm — (5 +1) (2)") < Cemp ((12)") < comp (- (55 ).

co co ,u(m—l)

Besides, for any i € {0} U [m] and t € [t;,t;+1], we can obtain in the asymptotic m case, the concentration
inequality:

q
1

P(F(6(2) ~ FO(Z)] 2 1.2 € 4) < Comp (~ st

Regrouping all the concentration inequalities for the different values of ¢ and noting & = (¢ +1)(6 4 1)e'/¢ <
O(1), we retrieve our result (note that e'/¢ > m!/™ for all m > 0).
O

When only one concentrated random vector is involved, one can obtain a better concentration inequality
characterized by only two exponential regime (as explained in Remark [B.37)).
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Theorem B.52. With the hypotheses of Theorem [B.3]] in a setting where m is quasi-asymptotic, if Zy =
1

oo = Zpm, we do not have to assume anymore that (log(m))s < OE[||Z:||i]/o) and if u1 = -+ = pom = o,

then, for any constant € > 0 (i.e. such that € > O(1)) we have the concentration:

6(2) o & (mo((1+€)po)™ ") + Egym ((50)™) ,
for some constanf?] k > 0.

Note that when 1 — o > O(1), one can choose ¢ sufficiently small such that m((1 + €)ue)™ ! < O(1)
(when m — o0), then ¢(Z) o< &, (o) + &1 ((ko)™).

Proof. Let us note K = max((1+¢)u, (t/m)"/™) and Ax = {||Z| > K}, then, on the one hand K —p > T
and:

3o

t
5

_ liaK B -t
PAs) < P12~ B2 = K - <0 ) < ce (i)™

and on the second hand ¢ is mK™ !-Lipschitz on Ag thus:

P(If(6(2)) = F($(Z")] >t | A) < Ce (t/mesk™ )"
< Qe (t/mea((4)w)™ ) | cio=(t/m(co)™)

a/m

Therefore, we obtain the concentration:

6(2) x & (mo((1+)w)™ 1) + Eyym ((Cel/e ! j 50—) m) : (B.12)

which provides us the wanted inequality since ce!/ clte < O(1). O

26The presence of this constants basically imposes that if ¢ > O(1), then the observable diameter of the &/, ((ko)™) decay
can not tend to zero. A better inequality might be obtained, if one computes precisely the concentration constants, starting
from a sharp concentration inequality on Z.
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Chapter C

Concentration of solution to convex
problems and contractive equations

This chapter aims at setting the concentration of the solution to convex problems like:
Minimize U(Y),Y € RP,

where ¥ : R? — R is a random convex mapping. Although our results could be extended to cases where ¥
is only differentiable, we will assume in all this chapter that ¥ is C? and strictly convex. This lower bound
on the Hessian of ¥ is important since it will appear in the denominator of the observable diameter of Y.

In practical uses, the randomness of ¥ generally depends on a random vector X € F and the problem
writes:

Minimize (X)(Y),Y € R? (C.1)

for v : F — F(RP,RP) deterministic and X € F satisfying some concentration inequality. As said above,
in practical examples di(X )2\ is assumed to have a lower bound independent of X. One might desire to
also have a bound limiting the variability due to X. It is generally not true, however we study in the first
section this first example since the concentration of Y is then a simple consequence to the theorem of implicit
functions and the observable diameter obtained is the same as the one that will be retrieved in more complex
settings.

Note of course that Y minimizing is also the solution to the equation:

P(X)(Y) =0

where we noted for all A,y € F' x R? ¢(A4)(y) = dip(A)|,. We will consider this associated problem in next
section.

C.1 Bounded variability on X

In this section, we place ourselves in the case F' = RP and to employ next theorem to random convex problems,
one has to choose:

P(X,Y) =dy(X)|y €R?
to retrieve the setting of the introduction of this section. Note that the partial derivatives g—;’z and g—;ﬁ
respectively belong to M, , and M,,.

Theorem C.1. Let us consider a (sequence of ) random vectors X € R™ satisfying X x &, and a deterministic
C! mapping ¢ : X €ER" x Y € RP — RP such that YA,y € X(2) x RP:

0
o 15%]ayll <o

47
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A¢ . .. . . . . A¢
° W‘(A,y) 18 a positive symmetric matriz satisfying W‘(A,y) > klp,

for some (sequence of ) positive parameters o,k > 0. Then, the unique solution to the equation:
d(X,Y) =0, Y eR?P
satisfies the concentration inequality Y oc £,(Z).

Proof. The implicit function Theorem sets that there exists a C' mapping 6 : R® — R? such that Y = §(X)
and:

i "o
X aY‘(X,H(Y)) OX |(x,00v))

One can then directly deduce the concentration of Y from the O(%)-Lipschitz character of 6. O
In more complex settings like the problems of robust regression that will be studied in Chapter [J] the
quantity ||g—§‘( 4 U)H does not admit a bound valid for all the drawings of X. One then has to take into

account the dispersion of the different drawings of Y to be able to bound efficiently || g—gz ‘ (Aw) l. The solution

presented here relies on a reformulation of convex problems as contractive fixed point equations more adapted
to control the variability towards X.

C.2 From convex problem to a contractive fixed point equation

Starting from the equation

d¥ly =0
one can introduce the mapping:
dvly
P Y+—Y - ————
12 ||oo

we see that if for all Y € RP, d?U|y > kI, then ® is contractive since:

[d®1y (| = |1

_ d2\If\y H 1— K
[dW ol = [[d*¥]

We will therefore from now on consider solutions Y € RP to fixed point equations:
Y = &(Y),

where @ is contractive.

We start with settings where ® is affine and all the ®*(y) are linearly concentrated for deterministic y
(Section , then we study equation with general ® with linearly and Lipschitz concentration hypotheses
on ®*(y) for k < O(y/logn) (Section 7 finally we precise this result for mappings ¢ that are Lipschitz
concentrated for the infinite norm on balls (Section [C.5).

C.3 Concentration of solutions to quadratic problems (¢ affine)

Given two normed (or semi-normed) vector spaces (E,| - ||g), (F,| - ||r), we denote A(E, F') the set of
continuous affine mappings from E to F' and we endow it with the norm:

Vo € A(E, F) : |9l ace,r) = 1I£(D) |l e,y + 19(0)] 7

where L(¢) = ¢ — ¢(0) and [[[|L(D)[|z(z.r) = SUPsep, |z s <1 [1£()(@)]| -
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Example C.2. Let us consider as an introducing example the quadratic problem:

2

1
+ |yl y € R?

Minimize: U(y) = H\/ﬁXy —z
for a deterministic vector z € RP and where we merely assume that the columns of X = (x1,...,2z,) are
independent Gaussian vectors satisfying for all i € [n], x; ~ N(0,1). We then note A = {||X|| < 2y/n}, we
know that P(A) > 1 — Ce ", therefore Remark allows us to deduce that X | A < E. If we note:

i Vo

1/1 1
(I>:y|—>y—<nXXTy+an+y>

we know that:

and for all k € N:

careo=(3) (- Lexr) e, ((i)) in (8,111,

The Theorem then allows us to show that Y = argmin,cg, V(y) satisfies the linear concentration:

YAe&(\}ﬁ).

Let us now set the theorem.

Theorem C.3 (Concentration of the resolvent). Given a (sequence of) reflexive vector space (E, | - ||), let
O € A(E) be a (sequence of) random mapping such that there exist two (sequences of) parameters o > 0 and
€ € (0,1), such that ||L(®)|| <1 —¢, and such that for all (sequences of ) integer k:

L(@)*(2(0)) € & (o(1 —)*) in (B,]|-])
Then the random equation
Y =9(Y)
admits a unique solution satisfying the linear concentration:
Y = (Idp — £(@)"'0(0) € & (7).
€

Proof. The vector Y is well defined and expresses:

(o)

Y = (Idg — L£(®))'@(0) = > L(®)*®(0)

k=0

Now Corollary allows us to conclude from the concentrations £(®)*®(0) € £,(o(1 — ¢)¥) that:

ic(@)kcp(m €&, (i o(1 - e)k> =&, (g) .

k=0 k=0
O

With Theorem [C.3]at hand we can already prove the Linear concentration in the following theorem. The
Lipschitz concentration will be provided later with Proposition [C.5] minimizing problem of the form

Minimize y? Wy + \Zy, y € RP,
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C.4 When ®%(y) is linearly or Lipschitz concentrated for k <
log(n(g,|.)) and y deterministic and bounded

When we can not get a decreasing observable diameter for the iterates of ¢, or when ¢ is not affine, one needs
a different approach that allows to treat, at the same time affine and non-affine mappings ¢ and extend very
simply linear concentration inferences to Lipschitz concentration inferences. Given a normed vector space
(E, |I-]1), we note F(E), the set of mappings from E to E. If f is bounded, we denote || f| - = sup, ,eg [|f(@)]]-
For a Lipschitz mapping f € F(FE), we introduce the seminorm || - ||z which provides the Lipschitz parameter
and will play the role of ||£(®)]|| in Proposition

flz) = fy

e = sy U@ =W
i Ay P
TF#Y

Proposition C.4. Given a (sequence of) reﬂea:iv(ﬂ vector space (E, || - ||), we note n its norm degree (of

course n > O(1) ), we then consider ® € F(E, E), a (sequence of ) random Lipschitz mapping such that there
exists a (sequence of) parameters € € (O 1) such that ||®||, < 1 —e. Given an integer ko € N such that

ko E [—#@5)], noting Y the umqu 2| (deterministic) solution to Y = E[®* (Y)], if we further assume
tha

ko
PF(Y)eY £&, <Z(1 —g)ia> in (B, -, (C.2)
i=0
for a given (sequence) of integer o > 0, then, the random equation
y=9¢(y), yek

admits a unique solution Y € E satisfying the linear concentration:
YeEY+E, (g) :
€

Proof. The mapping y — ®(y) is contractive, that proves the existence and uniqueness of Y (F is complete
since it is reflexive — see Remark [B.8).
Then let us try and bound ||Y — Y|

=7 = ooy - fanr ]H<H@k° - o)+ o) —E )|

Blet @]

k
<ol

The inequality ||®*|| < (1 — ¢)ko, gives us the bound:

-7 <

o (V) —E [@ko (f/)] H .

But we know from Proposition [B.22] that:
H@’Co( —d (Y )H € o( 70 (1— (1 - e)F )> +E, <€ Yig (1-(1 —s)k°)>

(since Zfio (1—¢) = ﬂ) which allows us to conclude thanks to Lemma

-rleo(727) = (57),
9 9

1We suppose E reflexive to be able to define an expectation operator on the set of random vectors of E — see

2The assumptlon on [|®|| - ensures the existence and uniqueness of Y.

3The term Z (l—gi=1- 1 (1 €)¥0 will appear naturally in application as pictured in Lemma [C.8[ below. In the
application we will see below thls concentratlon is true for any k € N.
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Returning to our initial goal (the linear concentration of Y'), we now bound, for f € L(E) (we still have

le(@)) < 1-2):
F0) = 1) < |7 (@50 (0) = £ (@R ()| +|£ (@4(1)) - £ (E [0%(7)])|
o3| (o) -2 s (3] |

< (1—g)ho

Further, noting that, with our choice of ko, (1 — )0 = O(1/n'/9), we conclude again from the concentration
of ®%(Y") and Lemma that:
o

fY)e s £ (2).

€
thereby giving the sought-for concentration result. 0
Let us extend the result of Proposition [C.4] to the case of Lipschitz concentration.

Proposition C.5. In the setting of Proposition if we additionally assume that we have the Lipschitz
concentration:

ko
ko (V) x &, (Z(l - 5)%) in (E,| 1)

=0

then we have the Lipschitz concentration:
Y x & (f) ,
€

Proof. We already know from Proposition that Y € &,(o/¢). To show the Lipschitz concentration of Y,
let us consider a Lipschitz map f : E — R and introduce the mappings:

U:F — EF xR V:ExR — FE
y — (v, f(y) (y,t) — ¥y

(note that V oU = Idg). If we endow E x R with the norm || - ||g satisfying V(y,t) € E X R, ||(y,t)|le =
max([|y||, [t|) then the mappings U and V' are both 1-Lipschitz, consequently ||[U o ® o V| <1 —¢ and we
can consider Z € E x R solution to:

Z:E[Uo@kooV(Z)},

by uniqueness of the solution to y = E[®*0(y)], we know that Z = (V1) with £ = E[f(®*(Y))]. Then:

ko
(Uo®oV)o(Z) = (D (Y), f(D*(Y))) x & (Z(l - 5)i0> in (EXR, [+ le=)

i=0
by hypothesis. Therefore, one can deduce from Proposition [C.4] the linear concentration of Z solution to the
fixed point equation:

z=UodoV(z) z € E xR; (C.3)

from which one can deduce in particular, the concentration of the second component f(Y). O

C.5 When ¢ x &(o) for the infinity norm

If one can assume the stronger hypothesis that ® is concentrated as a random mapping and for the infinity
norm, then we can infer the concentration of all the iterates of ®. We provide here the result for a general
setting where the mapping ® is only bounded around a given point yg, for that, for any r > 0, we introduce
the semi-norm || - || g(y,,r) defined for any f € F(E) and y € E as:

11l 8eyo.r) = P 1F )l

y—yoll<r
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Theorem C.6. Given a normed vector space (E,| -||) and a (sequence of) random mapping ® : E — E we
assume that we are given a (sequence of) deterministic vector yo € E and three (sequences of ) parameters
0,7, > 0 such that:

o O is (1 — e)-Lipschitz
e llyo—P(wo)l <7
o dx & (o) in (_F(E), - HB(yo,T/E))’

then the random equation Y = ®(Y') admits a unique solution Y € E satisfying the Lipschitz concentration:

YO(&I(E).

One can see in the proof of the theorem below that the required concentration is actually the concentration
of ®|(y,,z) to be able to employ Proposition
The following two lemmas allows us to apply Proposition to prove Theorem below.

Lemma C.7. Any (1 — ¢)-Lipschitz mapping ¢ : E — E is stable on any ball B(yo, L|lyo — ¢(yo)|)), where
Yo € F.

Proof. Let us note 7 = [|yo — ¢(yo)|| and for any y € B(yo, Z), let us bound:

[2(y) —yoll <[®(y) = 2(wo)ll + [[2(¥0) — ol

< (1 =)y —voll + [[2(y0) — woll < (1 —¢)

T T
-—+7 = -
€ €

O

Lemma C.8. Given a random mapping ® : E — E, four (sequences of) pammetemﬂ o,e,T,a >0 and a
(sequence of ) deterministic vector yog € E, if we assume that:

* llyo — 2(yo)ll < 7,
o O is (1 — e)-Lipschitz,
o ®oc&y(o) in (F(E,E), - By.7))
then for any integer k > 0, we have the concentration:
k
o &, (Zu —e)iff) in (FE) |- Ist0.2)):
i=0

Proof. Thus, for any f € ®(Q) and for all k € N, ®* : B(yo, L) — B(yo, Z), and we can bound for any
supplementary mapping g € ®(Q):

k
175 = GFlleez) <D Q=27 sup  [f(g" (W) — g(g" T W)l
1 yEB(Yo, %)

<Y (1=e)'IIf = gllBye.r/e)-

Thus the mapping f — f* is Zfzo(l — ¢)'-Lipschitz from (F(E), || |5(ye,r/e)) to (F(E), | - [|B(yo,r)) and one
can deduce the result of the Lemma from the concentration of ®.
O

4Unlike in Theorem € can here tend to zero.
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Proof of Theorem[C.6 Noting ko = f—ﬁl@%)], let introduce Y the solution of the fixed point equation
Y = E[®"](Y). We know that:

|7 = w|| <[E[e"@) -2 wo)]||+ B [0% o)) o

ko—1

< (L =e)R )V —yoll + Y (1= &)'lI%(y0) — woll
=0

o X-er T

T 1—(1—g)ko e’

Therefore Y € B(po, T) and we can besides deduce from the hypotheses of the theorem and Lemma
that:

=0

k
DR (V) x &, <Z(1 - e)io—) .

We then see that the hypotheses of Proposition [C.5] are satisfied and we can deduce the result of the theorem.
O

C.6 Concentration of minimizing solution Y to convex problems
»(X)(Y) with ¢ deterministic and X concentrated
This study could be extended to a wide range and settings, but we now concentrate on a classical setting

of Theorems where the randomness of ¢ depends on a random vector X € F (for a normed vector
space (F, || -||)) and Y is the minimizing solution of:

Minimize: ¥(X)(Y)

for a given deterministic mapping ¢ : F — F(R?, R).
The issue is then, not only to show the concentration of Y but also the concentration of (X,Y) € F x R?P
to be able to control the operations made on X and Y as needed in next section.

Corollary C.9. Given a reflexive vector space (F,| - ||r), a random vector X € F satisfying X « &, and
a deterministic mapping ¢ : F — F(RPR), we assume that for all X, that there exists a (sequence) of
parameters t > 0 such that d*((X)) > kI, (with the order relation on symmetric matrices). If we assume
that there exists a (sequence of)) vectors yo € RP, such that:

6 = max (ol| X, ldv:(X)],, ) (C4)

and the mapping A — d(v(A)) is O(o)-Lipschitz from (F.| - ||r) tcﬂ (FRP,RP), | M5By 5/m))s then, ¥ =
argmin, cgo(X)(y) satisfies:
o o
(Fx¥)<a (7).

Proof. We endow the vector space E! = F x R with the norm |- ||~ defined for any (A,y) € E as ||(4,y)[|*” =
max(||A|| r, |lyll). For any K > 0, we place ourselves on the event Ax = {Hde(X)HB(yO’g”) < K}. Then for
any B € F, we introduce the mapping:

O(B): (FxR”|-|7) — (F xR |- °7)

(4,) — (A + %(UB — kA),y — [1(d(¢(B))y> .

Swhere for any f € F(F,R), [|fllr,Byp (yo,r) = sup{IF W)llF: Iy — vollzr <1}
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Noting zp = (0,y0) € F x RP, we can bound:

20 = ) o) = max (7 11,  aw O,

9
=%
and of course, under Ag, ¢(X) is (1 — £ )-Lipschitz on B(zo, 2).
In addition, note that B — ¢(B) is O(o/K)-Lipschitz from (X (Axk),| - ||r) to (F(E,E),|| - HEBO(QZO,(s/K))7
therefore, it satisfies:

A(X) | Ak < Eg(o/K) in (F(R?), || B(z0.6/x))-

The random vector (ZX,Y’) being the unique solution to the fixed point equation z = ¢(X)(z), one can
therefore employ Theorem [C.6] to ¢ to set:

(%X, Y) | Ax x & (%) .

The concentration constants being independent of K, one can let K tend to infinity to get the expected
result.

O
Let us now try to replace from the hypotheses of Corollary assumption (C.4) by a weaker assumption.

Corollary C.10. under the hypotheses of Comllary if one further assumes that o = ﬁ, ne)- < O(V/D)
and replaces (C.4) with:

5o = max (\[ X101, [Hdw HD <o),

and that for all § > g, the mapping A — d(ip(A)) is O(0//p)-Lipschitz from (F,| - |r) to (F(RP,RP), || -
|F,Beyy 5/n)); then one obtain the concentration:

(r) <o () v (o)

Proof. We are going to use the bound resulting from Proposition [B:22}

1 2 2
: - >8] < Ce >§) < CecPd
V8 > 25, P (\/]5||X|| > 5) < Ce and P (Hd¢(X)\m > 5) < Qe P,

for some constants C, ¢ > 0. Furthermore, placing ourselves on the event:

1
As = {max ( > <94 } ,
5 N
for 6 > 0 big enough, we know from Lemma Remark . and Corollary that (H NG 7Y) |As o

&(d//pr). Therefore there exist two constants C”, ¢ > 0 such that for any 1- Llpschltz mapping f : FxXRP —
R:

()= (e or14) s

2 2
Then we can deduce the concentration distinguishing the cases t < é’ and t > ’2 and choosing in this last

case § = \/t/k > 0o (see Lemma |A.28| for more precision). O

dip(X) |,




Chapter D

Convex Concentration

D.1 Definition and fundamental examples

With a combinatorial approach, Talagrand showed in the nineties that it is possible to find a weaker notion
of concentration to apprehend the concentration of partly discrete distributions. In these cases, to be con-
centrated the “observation” not only needs to be Lipschitz but also to be quasiconvex, in the sense of the
following definition.

Definition 17 (Quasiconvexity). A function f: E — R is said to be quasiconvex if for any real t € R, the
set{z € E : f(z) <t} ={f <t} is convez.

Remark D.1. Quasiconvem’tzﬂ concerns of course convex functions, but also any monotonous function
supported on R. More generally, given a convex function f and a non decreasing function g, the composition
go f is quasiconver.

Definition 18. Given a sequence of normed vector spaces (Ey, || - |ln)n>0, @ sequence of random vectors
(Zn)n>0 € [1,50 En, a sequence of positive reals (0,)n>0 € RY, we say that Z = (Z,)n>1 is convexly
concentrated with an observable diameter of order O(o,,) iff there exist two positive constants C,c > 0 such
that Vn € N and for any 1-Lipschitz and quasi-convex function f : E, — R (for the norms || - ||nﬂ

V>0 P(1f(Z0) ~ E[f(Z0)]| 2 ) < Cemel/on),
We write in that case Z,, . Es(ay) (or more simply Z . Ex(o)).
We clearly have the implication:
Z x & (o) = Z x. & (o) = Z e E[Z] £ &,(0)

and when F = R everything is equivalent to Definition
The fundamental example of convex concentration that fully justifies the introduction of this notion was
given by Talagrand and can write:

Theorem D.2 ([Tal95]). A (sequence of ) random vector Z € [0, 1]™ with independent entries satisfies Z .
&s.

A recent very interesting result of Huang and Tikhomirov [HT21] extends this kind of inequalities for
random vectors with independent and subgaussian entrie

IThe class of quasiconvex functions is rather interesting in the sense that it is wider than the class of merely convex functions
but still verifies the property of the uniqueness of the minimum.
2In this inequality, one could have replaced the term “E[f(Z,)]” by “f(Z})” (with Z!, an independent copy of Z,) or by
“mg” (with my a median of f(Zn)). All those three definitions are equivalent.
The result of [HT21] is given with ||-||,4, norms, but we prefer to use here a well known interpretation in terms of concentration
inequalities (see for instance [Verl8, Proposition 2.5.2.])

95
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Theorem D.3 (J[HT2I|, Theorem 1.3.). Given a random vector X = (X1,...,X,) € R™ with independent

components satisfying for all i € [n] and C > 0, X; 26_(t/")2, then there exists two constants C,c
independent with n and such that for all 1-Lipschitz and convexr mapping f : R™ — R:

vt > 0,P(|f(X) —myg| >t) < Cexp <_C(t/0)2)> .

log (2 + dg"

One should also mention the contributions of [GRST17, IGRST18] that give very interesting characteri-
zation of a vector Z = (X7,...,X,,) with independent i.i.d. entries satisfying Z o<, £&. To be more precise,
the sufficient and necessary conditions for Z to satisfy respectively Z « & and Z . & are both expressed
in [GRST17] with two transport inequalities on the law of the Z1, ..., Z, (of course the transport inequality
linked to the convex concentration is weaker); [GRS™18| then provides some more interpretable characeriza-
tion of those transport inequalities.

Convex concentration is not so easy to extand to other distribution because the convexity (or the quasicon-
vexity) of a function is only defined for real-valued functions; indeed, most of the transformations between two
vector spaces ruin the subtle structure of convexity. We can still slightly relax the hypothesis of independence
in the theorem of Talagrand thanks to affine transformations:

Lemma D.4. Given two vector spaces E, F and a quasiconvex (resp., convex) function f: E — R, for any
affine function g : F — E, the composition f o g is also quasiconver (resp., convez).

We finish this first approach to convex concentration with a adaptation of Lemma [B.4] and Remark [B.5]
to the convex concentration case:

Lemma D.5 (Concentration of locally convex mappings). Given a sequence of positive numbers o, > 0,
a sequence of random vector Z, € E satisfying Z o Ex(0), for any sequence of mappings fp, : Z, — R
quasi-convex and 1-Lipschitz on Z,(S2), we have the concentration fp(Zp) o< E4(op).

Besides, for any (sequence of ) convex subsets A C E, if there exists a constant K > 0 such that P(Z €
A) > K then:

(Z|Z € A) x. &(0).

Proof. The proof is the same as the one provided in Lemma [B.4] except that this time, one needs the
additional argument that since S = {f < m;} (for m, a median of f) is convex, the mappings z — d(z, S)
and z — —d(z,5) are both quasi-convex thanks to the triangular inequality. O

D.2 Degeneracy of convex concentration through product

Given two convexly concentrated random vectors X,Y € E satisfying X,Y o €2(c), the convex concentra-
tion of the couple (X,Y") . (o) is ensured if:

1. X and Y are independent
2. (X,Y) =u(Z) with u affine and Z . E(0).

We can then in particular state the concentration of X +Y as it is a linear transformation of (X,Y"). For the
product it is not as simple as for the Lipschitz concentration, in particular it seems like one cannot maintain
the convex concentration through product, we can however deduce linear concentration, this is what we call
degeneracy of convex concentrtaion through product. Let us start with the Hanson Wright Theorem that
was already stated by Adamczak for random vectors X,Y € RP, we however found interesting to provide here
a short proof based on our results for which the generalization to random matrices is straightforward. The
demonstration is quite similar to Proposition [B.41] based on the bound on E[||AX B| ] given by Lemma[B.26]
but since we are dealing with convex concentration one needs in addition to decompose the observation into
convex functionnals.

Proposition D.6 ([Adalf]). Given two random matrices X, Y € My, such that (X,Y) x. & and
IEX] e, [EY]F < OQ1), for any A € M,:

YTAX € &(|Allr) + E(A]D.
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Proof. Considering a deterministic matrix B € M, ,, such that || B||r < 1, the proof consists mainly in decom-
posing the mapping X,Y + Tr(BY T AX) into a sum of convex mappings. We start with the decomposition
A=UYAV, and B = ULT'Vj to write:

Tr(BYTAX) = Tr(UATVRYTUT AV X).

Let us then introduce X = Va4 X UL and Y =U AY VL, we know that X,V x &. We further decompose
A=Ay —A_andT =T, —T_ with A, ,A_,T,,T_ >0, to be able to decompose Tr(BYTAX) in positive
quadratic forms. The following decomposition allows us to assume, without restriction that A,T" > 0:

Tr(BYTAX) = Tr(D VTALX) - Tr(TLYTA_X) — Te(T_YTA_X) + Te(T_YTA_X).
Then assuming that A,T" > 0, we can decompose:

Tr(ITYTAX) = = (Tr(D(Y + X)"AL (Y + X)) - Te(T(Y — X)TAL (Y — X)),

RNy

We are then left to show the concentration of the quadratic form Tr(I' XTAX) (convex on X) for two diagonal
matrices A € Dp(Ry) and I' € D,,(R4) and a random matrix X € M,, ,, satsifying X o, €. Let us bound:

Tr(PXTAX) < | X p[AXT| 5.

We know from Lemma that E[||[AXT||r] < O(J|Allr) and from the concentration of the norm and
Lemma that if |A]| > 1, for all ¢ > 2E[||AXT||¢):

P(|AXT||p > t) < Cect/IIAlF)*
for some constants C, ¢ > 0. One can then show thanks to Lemma the concentration:
Tr(PXTAX) o &(||A]|F) + &1

We deduce the final result easily as in the proof of Proposition [B:41] normalizing in the general case
Tr(TXTAX) with ||A]. O

let us first consider the particular case of the entry-wise product in £ = RP.

Theorem D.7. Given a (sequences of ) integer m € NN and a (sequence of ) positive number o > 0 such that
m < O(p), a (sequence of) m random vectors X1,...,X,, € RP, if we suppose that

X=X1,..., X)) xcE(a) in (RD)™ || - |le<),

(with the notation || - ||~ defined in (B.5)) and that there exists a (sequence of ) positive numbers k > 0 such
that Vi € [m] : || Xi|loo < K, then:

X100 00Xy €& ((2e6)™ o) in (RP,[|-]).

And if X, = --- = X,, = X, the constant 2e is no more needed and we get the concentration X©™ ¢
Esy (Iﬂ?mild).
Remark D.8. If we replace the strong assumption ¥Yi € [m] : || Xilleo < K, with the bound

SUP; << IE[Xi] oo < O((logp)'/?) we can still deduce a similar result to Example stating the ex-
istence of a constant k < O(1) such that:

X100 X € & ((50)™ (10g(p)) " D/1) + £y ((50)™) in (RY, |- ).

We will use several time the following elementary result:

Lemma D.9. Given a convex mapping f : R — R, and a vector a € RY | the mapping F : RP 5 (z1,..., 2p) —
SF L aif(z) € R is convex (so in particular quasi-convex).
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To efficiently manage the concentration rate when multiplying a large number of random vectors, we will
also need:

Lemma D.10. Given m commutative or non commutative variables ay,...,a, of a given algebra, we have
the identity:

D Gy Aoy = (D)™ Y (=D (Zw) :

oG, 1C[m] icl
where |I] is the cardinality of I.

Proof. The idea is to inverse the identity:

(a1+...+am)m:2 Z ai, - aq,

TCI {iryeenyim }=J

thanks to the Rota formula (see [Rol06]) that sets for any mappings f, g defined on the set subsets of N and
having values in a commutative group (for the sum):

VICN, f(I)=) g(J) = VICN.g(I) =) ppa (L. Df(J),
JCI JCI

where ppy(J, 1) = (—=1)"\/I is an analog of the Moébus function for the order relation induced by the
inclusions in P(N). In our case, for any J C [m], if we set:

f(J)= (Z ai> and g(J) = Z ai, - ai

icJ {i1,..yim y=J

we obtain the result of the Lemma (in that case, ppq)(J,I) = (—1)" /I and D lis i}t Qi " iy
206, Go(1) " o(m))-

Proof of Theorem[D.7, Let us first assume that all the X; are equal to a vector Z € RP. Considering
a = (ai,...,a,) € RP, we want to show the concentration of ¥ Z®™ = >"F ;2™ where 21,...,z, are the
entries of Z.

The mapping p,, : * — ™ is not quasi-convex when m is odd, therefore, in that case we decompose it
into the difference of two convex mappings p,,(2) = p (2) — p,, (2) where:

we see that for any I C [m], f(I) = > ;-;9(J), therefore taking the Rota formula in the case I = [m],
O

p : 2 — max(2™,0) and D 2+ —min(z™,0), (D.1)

(say that, if m is even, then we set p}. = p,, and p,, : z — 0). For the same reasons, we decompose
¢F 2z alpt(2) and ¢ : 2+ aTp,, (2) into:

ot = gbltl _ ¢|J;|7a and Pa = Pla) = Pjaj-a
(for |a] = (|ai])1<i<p), so that:
o 7om — qﬁ‘(z) _ ¢\Z|—a(z) — qbl;l(Z) + ¢>|_a|_a(Z)

becomes a combination of quasi-convex functionals of Z. We now need to measure their Lipschitz parameter.
Let us bound for any z € RP:

e

n
=D laillzil™ < llallllzl=1%"
=1

+ — - + ot - — -1
and the same holds for djlal—a’ <;S‘a| and ¢|a|—a' Note then that qﬁ‘a‘, ¢|a\—av ¢|a| and ¢|a\—a are all |ja]|x™ -
Lipschitz to conclude on the concentration of X©™,
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Now, if we assume that the X1,..., X,, are different, we employ Lemma [D.10]in this commutative case
to write (|&,,| = ml!):

om
(X160 0X,)= (_771@? Z (_DIII <Z Xi) ) (D.2)

IC[m] iel

Therefore, the sum (RP)! 3 zy,..., Zijy 7 D ier #i € RP being m-Lipschitz for the norm || - ||, we know that
VI C [m], Y e Xi e E2(mo), and || >, ; Xilloo < km, therefore, (3., Xi)®™ € E(m™x™ o). We can
then exploit Proposition [B.27] to obtain

om
(Z&) € E(m™w™ ) in ((R7)2" - )

iel 1C[m]

(note that #{I C [m]} = 2™) Thus summing the 2™ concentration inequalities, we can conclude from

Equation (D.2), and the Stirling formula m?n,l = \/‘% + O(1) that:

(Xl ©-0O Xm) €& ((265)"1710') .

O

To set the concentration of the product of matrices, it is interesting to introduce the notion of transversal
concentration that will help us to simplify the approach to convexity by reducing the set of concentration
with equivalence relations.

D.3 Transversal Convex concentration

Let us introduce the group O, ,, = O, x O,, where O,,,, m € N, is the orthogonal group of matrices of M,, ;
it acts on M,, ,, following the formula:

for (U, V)€ Opp, M€ My, : (UV)-M=UMVT.

The function f : R € M, , — Tré(R) is O, p-invariant, in the sense that V(U,V) € Op,, VR € My,

fUWU,V)-R) = f(R). A result originally owed to Chandler Davis in [Dav57], and that can be found in a more

general setting in [GHO5], gives us the hint that such an invariance can help us showing that f is quasiconvex.
To present this theorem, we note D;‘) » the set of nonnegative diagonal matrices of My, ,,:

D, = {(Mi,j)@éﬁ € My |i#j 4 Mij=0and Vi€ {1,....d}: My; >0},

where d = min(p,n).

Theorem D.11. If a O, p-invariant function f: M., — R is quasiconver on D;n, then it is quasiconvex
on the whole set M .

The original Davis’ theorem is only concerned with symmetric matrices and we could not find any proof
of this theorem for the case of rectangle matrices although it is not so different (it was also aiming at proving
the converity of f and not its quasiconvexity — but it is actually simpler to treat). We provide here a rigorous
proof of Theoremwith the help of some results borrowed from [Bha97]. Let us first present basic notions
to set the theorem. Given a vectorial space E and a group G acting on F, for any subset A C F, we note
G-A={g-a,9g € G,a € A}. We say that a set T is transversal if G -T = E and we say that a function f
is G-invariant if Vo € E,Vg € G, f(g- ) = f(x). In the same vein, we say that a set A C F is G-invariant
if G- A= A and that it is G-invariant in T if ACT and G- ANT = A. Given U C T, we note L% (U) the
smallest convex subset of T containing U and G-invariant in 7. We give here an adaptation of one of the
result of Grabovsky and Hijab to the case of quasiconvex functions.
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Theorem D.12 (cf. [GHO5|, Theorem 4). Let us consider a vector space E, a group G acting on E, and a
convex and transversal subset T' C E. We suppose that for any U C T, the set G - L%(U) s convex ; we call
this property the convexity conservation of G from T. Then any G-invariant function f is quasiconvex iff its
restriction to T is quasiconvez.

Intuitively, this theorem states that the quasiconvexity (or the mere convexity as in [GHO5|) of any
function G-invariant is “transversal” to the action of G when G preserves the convexity from 7. A curious
reader might be interested in simplifying the convexity conservation property as we presented it from a
transversal subset 7' C E to a mere conservation of the convexity of any convex subset U C F (i.e., for any
convex set U C E, f(U) is convex). This would be indeed an hypothesis more than sufficient for the result
of the theorem. However, in practice, and in particular for the applications we want to consider, it cannot
be verified.

Proof. Let us note note f|; the restriction of f on T. Given any ¢ € R, we know that the set {f| <t} =
{x €T, f(x) <t} is convex. Then the set {f <t} =G -{f|r <t} =G -LE({f|r < t}) is also convex thanks
to the convexity conservation of G from T. O

To simplify the application of Theorem [D.12] Grabowsky and Hijab provide us with a useful property:

Proposition D.13 (Convexity conservation, [GHO5], Theorem 3). With the notations of Theorem [D.13, if
for any v,y € T, the set G - LS. ({x,y}) is convez, then G conserves the convexity from T.

Proof. Let us consider U C T, and two points z,y € G - LE(U). There exists 2*,y* € T such that z,y €
G -{x*,y*}. We know by hypothesis that the set G - L% ({z*,y*}) is convex, and moreover, it contains = and
y. Therefore, any element of the segment [z, y] is also in LE({z*,y*}) € LE(U). O

In the case of a matrix concentration, Theorem can be applied to the transversal set of nonnegative
diagonal matrices D+ for the action of the group O, ,. The transversal character of D+n is a consequence
of the singular Value decompos1t10n Indeed, for any matrix M € M, ,, there exists (U, V) € Op,n such that

M =UxV" with ¥ =Diag,,(0:(M))i<i<d,

where d = min(p, n), o;(M) is the i™ singular value of M and the notation Diag,, , (a;) represents an element
of ’DZ'; », having the values a; on the diagonal.

To prove Theorem [D.11] let us characterize the sets L(X) = Lgi"’({X}) when X € Df,,. We know that

D;‘) » is invariant under the action of the subgroup of permutations P, ,,. Given a subset U of a vector space,
we note Conv(U) the convex hull of U.

Proposition D.14. Given X € Dy, L(X) = Conv(P,,, - {X}).

Proof. We know from the uniqueness of the singular value decomposition that for any U C Dp ns (Opom -
U)N Dy, = Ppn - U. Consequently, since the convexity is stable under the action of P, (they are linear
transformations), L(X) = Conv(P,,, - {X}). O

Here the tools of majorization as presented for instance in [Bha97| are perfectly adapted to the description

of Conv(S,,, - {z}) that we identify with Conv(P,, - {X}) = L(X). Given a vector x = (z1,...74) € RY,

let us note z+ = (7}, - xé), a decreasing ordered version of z (2} > - o:ci and 3o € &, | 2t =0 - 7).

Definition 19. Given two vectors z,y € R?, d € N, we say that y is majorized by x and we note y < = iff :
k d d
vk e {l,...d} : Zijij and Zzi:Zyi.
i=1 i=1 i=1 i=1
Majorization offers a complete characterization of Conv(&, - {z}), z € R%:
Theorem D.15 ([Bha97], Theorem I1.1.10). Given a vectors x € R? :

{yeR:y <2} = Conv (&, {z}).
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Majorization appears to be the pertect tool to control the singular decomposition of a sum of matrices
as we will see in Theorem [D.1I7] This is the core argument to justify the convexity consevation of O, ,, from
D; », that we need to prove Theorem \D_‘Ll Let us first give an intermediate result that we originally owe to
Schur and whose proof can be found i [MOA11| or [Bha97].

Proposition D.16 (Schur’s Theorem, B.1. in [MOAI11]). Given a symmetric matriz S € M, we have the
magorization Diag(S) < o(S5).

This proposition entails a kind of triangular inequality for the set of singular values.
Theorem D.17 ([Bha97]|, Exercise I1.1.15). Given two matrices A,B € My, ,,, 0(A+ B) < 0(A) + o(B).
Of course, it is important that the vectors o(A) and o(B) are both ordered when we sum them.

Proof. Given a symmetric matrix S € Mg, there exists (Us, Vs) € Op,, such that UsAV] = Diag,,,, 0(S5),
thus:

k k
Y Diag(UsSVE) = a(9),
where given z € R? and k € {1,...d}, YV = Zle z}¥. Besides, since o(USVT) = ¢(S), we know from
Proposition [D.16] that:
k k

ZO’(S) = sup ZDiag(USVT). (D.3)

(U,V)€Op,n

Now, if we suppose that we are given a general matrix AM,, , and (Ua,Va) € O, ,, such that UsAV] =
Diag,, ,, 0(A). If we introduce the matrices:

A= ( QT) (‘3) ) € Myin, and P= ( (U ) ) € Myin,

we have the identity:

PAPT = < (g) (10)) > € Mpin,  with D = Diag,,,(c(A)).

Depending on the relation between p and n, we introduce the invertible matrices:

I (0) I4 I, I; (0)
ifd=n:Q=1| (0) I (0) andifd=p: Q= -1 I, (0) |,
—Ig (0) I ©0) (0) I
then if d = n, QPA(PQ)T = Diag(c(A),0---0,—0(A)) and if d = p, QPAPQ)T =

Diag(c(A), —c(A),0---0). Thus in both cases, we obtain a diagonalisation of A that allows us to gener-
alize the identity (D.3)) for any matrix A € M, ,, and with 0 < k < d. The supremum of a sum being lower
than the sum of a supremum, for any pair of matrices A, B € M, ,,:

o(A+ B) < o(A) 4+ o(B).

Now that the picture is clearer, we can prove Theorem [D.11}

Proof of Theorem[D.11, To employ Theorem [D.12] let us show the convexity conservation property of O,
from D;} . Inspired by Proposition we consider two non-negative diagonal matrices X,Y € DI, and

Py
+
we note L(X,Y) = L(DQZ‘:({X, Y}). We want to show that O, ,, - L(X,Y) is convex.
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Noting z = Diag X and y = DiagY’, let us first show that L(X,Y) = K(z,y), with:
K(x,y)={Z e D}, DiagZ < Az + (1 - Ny, 1 <A <1}

We know from Theorem that for any U € D, L(U) = {Diag Z < Diag U} and therefore, since for
any ¢t € [0,1], tX + (1 —t)Y € L(X,Y), we obtain the first inclusion K(z,y) C L(X,Y).

To prove the converse inclusion, let us show that K (x,y) is convex (we already know that O, ,, - K (z,y)N
D), = Ppn - K(x,y) = K(x,y) by definition of the relation <).

We consider A, B € K(x,y), t € [0,1] and we set C = tA + (1 — t)B. Therefore, We know that there
exists t.,t, € [0,1] such that Diag A < Az 4+ (1 — A\)y and Diag B < uzx + (1 — )y, therefore :

DiagC < (tA+ (1 —t)u) = + (A -XN+ 1A —-8)(1—p))ye [z,y]

In conclusion, since X,Y € K(z,y) and K(z,y) is P, ,-invariant and convex we recover the second
inclusion K(z,y) C L(X,Y).

Thus we are left to show that O, ,, - K(x,y) is convex. We consider this time A, B € O, , - K(z,y),
t € [0,1], and we introduce C = tA + (1 — t)B. We know from Theorem that:

o(C) <to(A)+ (1 -t)o(B),
and as we saw before, that implies that Diag o (C) € K(x,y). We can then conclude with the relations
CeO,p, - {Diago(C)} C Op, - K(z,y) = Op - L(X,Y).

We can apply Proposition to get the hypothesis of Theorem that entails Theorem in our
setting. 0

Let us define the subgroup of row permutations P, = {U € O, | U;; € {0,1},1 < 4,j < p} and the
subgroup of full permutations:

Ppn = {(U, V) € Py x Py UL, VT =1,,} COpn,

where I, , € Dy, is a matrix full of ones on the diagonal. Given a matrix A € M, ,, we note Diag(A) =
(A11,...,A44), the vector composed of its diagonal terms (recall that ¢ = min(p,n)). It is tempting to
identify the set D; », With Rﬁir, and the actions of P, ,, on a diagonal matrix A to the actions of the group of
permutation &, on the vector Diag(A), where we define the action of &; on R? as:

VreGyVeeRY 1oz = (Tr(1)s Ty

With these considerations in mind, we see that a direct interesting consequence of Theorem is that there
exists a link between the convex concentration of a matrix X and the convex concentration of the vector of its
singular values. Recall that the sequence of singular values verifies o1(A) > -+ 04(A4) > 0 and for 1 <i < d,
the i*" singular value of M can be defined as:

0i(A) = max min [Mz]| = min  max [[Mz], (D.4)

dimF>i |lzl=1 dimF>n—it+1 [lz|=1

where the subsets F' of R? on which is computed the optimization are subspaces of R”. We introduce the
convenient function ¢ mapping a matrix to the ordered sequence of its singular values:

c: My, — RE
M = (o1(M),...,04(M)).

To formalize this transfer of concentration between a matrix X and o(X) let us introduce a new notion of
concentration in a vector space E: the convexr concentration transversally to the action of a group G acting

on F.
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Definition 20. Given a normal vector space E, a group G acting on E, a concentration function a and a
random vector Z € E, we say that Z is convexly a-concentrated transversally to the action of G and we note
Z <k a iff for any 1-Lipschitz, quasiconver and G-invariant function f: E — R, f(Z) is a concentrated.

Remark D.18. In the setting of Definition [20, we have the induction chain:
Zxa = Zx.a = Zota.

Definition is perfectly adapted to the next theorem which is very similar to [Led05, Corollary 8.21]
concerning the eigenvalues of a random symmetric matrix).

Theorem D.19. Given a normal vector space E, a concentration function o and a random matriz X € My, ,,,
we have the equivalence:
X Oc(T)p,n a = o(X)x§, a,

where d = min(p, n).

Let us first show the Lipschitz character of o, it is a well known result that can be found for instance in
[GLI6]:

Lemma D.20 (Theorem 8.1.15 in [GL96]). The function o is 1-Lipschitz.

Proof. Given M,H € M, ,,, and i € {1,...d} (where as before, d = min(p, n), we know from formula (D.4))
that:

Ni(A+H) = min max |(A+ H)x||
dimggfi—zﬁrl llzll=1

IN

FCR™

dimF>n—i+1 [[z|l=1 [lz|l=1

min (max ||Az| + max ||Hx||>
zEF z€EF

<  min  max [[Az| 4+ max |Hz| < X\(4)+ M(H),
FCR™ TEF xR
dimF>n—i+1 |lz|l=1 flzll=1

and the same way, we can show that \;(A+ H) > X\;(4) — A\, (H). Therefore, we get:
[Ai(A+ H) = Ai(A)] < max(Ai (H), A (H)) < [[H]|.
O

Proof of Theorem[D.19 It is a simple corollary of Theorem If X ocgpm~ «, and given a 1-Lipschitz,
convex and &,,-invariant function f : R¢ — R, one can introduce the function F' defined as:

F:Mp,, — R
M — flo(M)).

The function F' is 1-Lipschitz thanks to Lemma and O, ,-invariant because of the uniqueness of the
singular decomposition. Besides we can identify the set D, with R? and introduce a function f : DY, —R
verifying f(diagp’n(x)) = f(x) for x € R% In that case, since f is Gg4-invariant and convex, f is also convex
and since f = F 1D Theorem allows us to set that F' is also convex. Therefore, the random variable
f(o(X)) = F(X) is a-concentrated by hypothesis on X.

Reciprocally, let us suppose that we are given a random matrix X € M, ,, such that o(X) ocQT;d o, and
let us consider a 1-Lipschitz, convex and O, ,-invariant function F' : M, ,, — R. The restriction F‘D;n

is also 1 Lipschitz, convex and P, ,-invariant. Thus, with the same identification as before between D;r’ n
and R?, we can assert by hypothesis that F(X) = F‘D;n(U(X)) is a-concentrated (we defined F‘D;n(x) =
F‘D;n(diagpﬁn(:c)), it is a G4-invariant function). O
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Theorem[D.T9|can be rather powerful to set the concentration of symmetric functionals of random singular
values and playing with this symmetry we can show interesting properties of concentration on products.

The result of concentration of a product of matrices convexly concentrated was already proven in [MS11]
but since their formulation is slightly different, we give a new proof below with the formulation required for
the study of the resolvent.

Theorem D.21 ([MSII], Theorem 1). Let us consider three sequences m € NN and o,k € RY, and a
sequence of m random matrices X1 € Mpg nyy ooy Xom € Moy 1 ns satisfyinﬂ:

(X100, Xim) e Ea(0) in (Mno,m X oo X M s |- ||F) )
In the particular case where X1 =--- =X, =X, it is suﬂicienﬁ to assume that X . Ex(o) in (M, |- |lF).

If there exist a sequence of positive values k > 0 such that Vi € [m], || X;|| < &, then the product is concentrated
for the nuclear norm:

XX, €& (nm_lax/no + -+ nm) in (Magms |l - 11+)
where, for any M € Mg, | M|« = Te(VMMT) (it is the dual norm of the spectral norm,).

Remark D.22. The hypothesis || X|| < k might look quite strong, however in classical settings where X o &y
and |E[X]]| < O(y/n) it has been shown that there exist three constants C,c, K > 0 such that P(||X]| >
K+/n) < Ce™“". Placing ourselves on the event A = {||X| < K+/n}, we can then show from Lemma
below that:

(X/V/n)™ | A) € & (K™ 1/ /n) and P(A°) < Ce™ ",
(here 0 = 1/y/n and k = K ). The same inferences hold for the concentration of (XX /(n + p))™.
Proof of Theorem[D.21] Let us start to study the case where X1 = --- = X,, = X € M,, and X x & in

(M, |l - 7). We know from Theorem that:
O’(X) O(gp 52,

and therefore, as a \/n-Lipschitz linear observation of o(X)®™ € & (k™ o) (see Theorem , Tr(X™)
follows the concentration:
P

Tr(X™) =) oi(X)™ € & (V™ 'o) .
i=1
Now, we consider the general setting where we are given m matrices Xq,...,X,,, a deterministic matrix
A e M, n, satistying ||A|| < 1, and we want to show the concentration of ¢tr(AXq,--- , X,,). First note that

we stay in the hypotheses of the theorem if we replace X; with AX;, we are thus left to show the concentration
of Tr(X; -+ X,,). We can not employ again Lemma without a strong hypothesis of commutativity on
the matrices X1, ..., X,,. Indeed, one could not have gone further than a concentration on the whole term
Zoeep Tr(Xy(1) - Xo(m)). However, we can still introduce the random matrix

0 X 0 Xm

Y = R then ym = R ,
- x L xe
Xom 0 X1 0

where for i,5 € {2,...,m — 1}, X! = X;X;11-- X X1 --- Xj. Since Y € My, 4.4, satisfies Y o< E(0)
and ||Y|| < k, the first part of the proof provides the concentration Y™ € & (/@m_la\/no + o F nm) in
(M, || - |) which directly implies the concentration of X" = X1 -+ X,y,.

O

4The norm || - || is defined on My ny X *++ X Mn,._; n.. by the identity:

(M, ..., Mp)|F = \/IIMlH% o 1M 1%

5Be careful that X o E2(0) does not imply that (X,...,X) o, E2(0), it is only true when (M,)™ is endowed with the
norm || - || ¢ec, satisfying for any M = (M1, ..., Mm) € (Mn)™, |M||F o = supi<;<m |MillF
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Considering a non centered sample covariance matrix %XXT, where X = (z1,...,2,) € M, ,, is the
data matrix, we denote Sp(%XXT) the spectrum of %XXT. The spectral distribution of %XXT7 denoted
W= % Yo €Sp(L X XT) O, is classically studied through its Stieltjes transform expressed as:

g:C\Sp (iXXT) — C

dp(A
R A—z
The relevance of the Stieltjes transform has been extensively justified in some seminal works [MP67, [SiI86]

by the Cauchy integral that provides for any analytical mapping f defined on a neighborhood of a subset
B C Sp(: X XT) the identity:

[0 = 5 4 0

where v : [0,1] — C\ Sp(:XX7T) is a closed path on which f is defined and whose interior I, satisfies
I, NSp(:XXT) = BN Sp(2XXT). But we can go further and approximate linear functionals of the
eigenvectors thanks to the resolvent. If we denote Eg the random eigenspace associated to the eigenvalues of
%X X7 belonging to B, and Il the orthogonal projector on Eg, then for any deterministic matrix A € My

~1
Tr(ITpA) = —— / Tr(AR(2))dz with R(z) = (1XXT - zlp) . (D.5)
2 J, n
The matrix R(z) is commonly called the resolvent of %XX T Tt satisfies in particular that, for all z €
C\ Sp(2XXT), g(z) = %’I‘r(R(z)) It thus naturally becomes the central element of the study of the
spectral distribution. One of the first tasks in random matrix theory is to devise a so called “deterministic
equivalent” for R(z) ([HLNOT7a]), that we will denote here R(z). Specifically, we look for a deterministic
matrix computable from the first statistics of our problem and close to E[R(z)]. In particular, a main result
of random matrix theory sets that this deterministic equivalent only expresses with means and covariances
of the x;’s. Two questions then arise:

1. How close to E[R(2)] is R(2)?
2. What does this notion of closeness really mean ?

The first questions relate to concentrations properties on R(z) that arise from concentration properties on
X. The study of random matrices originally studied with i.i.d. entries ([MP67], [Yin86]), mere Gaussian
hypotheses (JBKV96]), or with weaker hypotheses concerning the first moments of the entries (supposed to
be independent or at least independent up to an affine transformation). Some more recent works showed the
concentration of the spectral distribution of Wishart or Wigner matrices with bounding assumption on the
entries of the random matrix under study —or at least a linear transformation of it— allows to employ Talagrand
results in [GZ00, [GLO9] that also treat some log-concave hypotheses allowing to relax some independence
assumptions as it is done in [AC15]. One can also find very light hypotheses on the quadratic functionals
of the columns ([BZ08]), improved in [Yasl6] or on the norms of the columns and the rows ([Adall]). In
the present work, we do not consider the case of what is called convexly concentrated random vectors in
[VW14, MST1l [Adall] as it is done in [GZ00] because it requires a different approach (see Section [F.2]).

The Lipschitz concentration hypothesis we assume on X in a sense “propagates” to the resolvent that
then satisfies, for all deterministic matrices A such that |A||r = /Tr(AAT) < 1 and for all z not too close
to the spectrum of 2 X X7:

P (|Tr (A (R(2) — E[R(2)]))| > t) < Ceont" 4 Cemen, (D.6)

for some numerical constants C, ¢ independent of n, p. We see from the important benefit gained with
our concentration hypothesis on X: it provides simple quasi-asymptotic results on the convergence of the
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resolvent with speed rates, while most of the results on random matrices are classically expressed in the
limiting regime n,p — oo.

The condition ||A||r < 1 answers our second question: a specificity of our approach is to control the
convergence of the resolvent with the Frobenius norm at a speed of order O(1/4/n). The concentration
inequality means that all linear forms of R(z), which are 1—LipschitzE| for the Frobenius norm, have
a standard deviation of order O(1/+/n); this is crucial to be able to estimate quantities expressed in (D.5)).
Generally, the Stieltjes transform g(z) = f%Tr(R(z)) is classically the only studied linear forms of the
resolvent (it is 1/,/p-Lipschitz so its standard deviation is of order O(1/,/pn) which is a classical result
although not exactly under a concentration of measure assumption) or projections on deterministic vectors
uT R(2)u, for which only the concentration in spectral norm with a speed of order O(1/4/n) is needed.

Those remarks gain a real importance when we are able to estimate the expectation of R(z) with a
deterministic equivalent (that we can compute). We look for a closeness relation in Frobenius norm:

HIE[R(Z)] - R(Z)HF <0 (%) .

We may then replace in the term “E[R(z)]” by R(z) which we are able to compute from the expectations
and covariances of the columns x1, ..., x,.

Note that we do not assume that the columns are identically distributed: in particular, the means and
covariances can be all different (although they have to satisfy some boundedness properties expressed in
Assumptions 4] and [5[ at the beginning of Chapter [EF]). This remark may be related to the studies made of
matrices X with a variance profile: but this is here even more general because the laws of the columns are not
solely defined from their means and covariances (although the spectral distribution of %X X7 just depends
on these quantities).

The extension of Marcenko Pastur result to non-identically distributed columns was well known; one can
cite for instance [HLNO7D, WCDS12| [Yin20] treating a very similar problem but with different assumptions
of concentration (just some moments of the entries need to be bounded) the result is then given in the form of
a limit (not a concentration inequality), [KA16] showing that no eigenvalues lie outside of the support with
Gaussian hypotheses and [DKL22| imposing some weak isotropic conditions on the different covariances.
We will follow the proof scheme of [HLNO7b| where the authors introduce two consecutive deterministic
equivalents, the first one depending on the expectations of A* = z — %xiTQi ,Zi, and the second one being
expressed through fixed point equation that approximate those quantities. We can indeed estimate the
expectations of the quantities Af,..., AZ with a diagonal matri < A = Diag([\f)ie[n] € D,(C) obtained
after successive iteration of the following equation (quite different from the one presented in [HLNO7b]):

n -1
Vieln]: Af=z— %Tr (2:0Y) with O = <1p - :LZ; f) , (D.7)
i
in which ; = E[z;z7].

The difficulties are (i) to prove the existence and uniqueness of A* and (i) to ensure some stability
propertie on this equation eventually allowing us to assert that |[E[R(z)] — R(z)||r < O(1/+/n), where
R(z) = %QAZ. The existence and uniqueness of similar equations has already proven thanks to complex
analysis justification (normal family theorem in [HLNO7b| and Vitali’s theorem in [WCDS12, [Yin20]), those
approaches allows to extend convergence properties for some z to the whole convex half plane H, however
we are not only looking for an asymptotic result but for a quasi asymptotic result, meaning that we want
precise convergence bounds for n and p big but not infinite.

The two aforementioned difficulties disappear with the introduction of a convenient semi—metri(ﬂ ds on

which the fixed point equation satisfied by A is contractive, leading (after still some work since a semi-metric

Sor A-Lipschitz with A < O(1)
"The interest to resort to a diagonal matrix of M,, rather than to a vector of R” will be clearer later — mainly to employ
Proposition in a natural formalism.

8Conceptually, it means that if we have a diagonal matrix L € M, satisfying Vi € [n] : L; = z — %Tr (EiQL) then L is

“close” to AZ.
9A semi metric is defined as a metric that does not satisfy the triangular inequality.
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is not as easy to treat as if ds; were a true metric) to existence, uniqueness and stability properties. This
semi-metric, quite similar to the one already introduced in [LC22b] to study robust estimators, is defined for
any D, D’ € D,(H) as:

D—-D'
VS(D)SD)

This semi-metric appears as a central object in random matrix theory, one can indeed point out the fact that
any Stieltjes transform is 1-Lipschitz under this semi-metric (see Proposition . It relates to Poincaré
metric, the hyperbolic metric writes indeed dg(z, 2') = cosh(ds(z,2')? —1). Apart from the book [EH70] that
provided a groundwork for the introduction of such a metric, this approach already gained some visibility
in [HESO7, [KLW13| or in a context closer to ours for the study of Wishart matrices and in a squared form
in [AKE16]. We prefer an expression proportional to ||D — D’|| because it is more adapted to comparison
with classical distance on D,,(H), as it is done in Proposition that subsequently provides bounds to the
convergence speed. Let us outline that once the appropriate semi-metric is identified, contractivity properties
are not sufficient to prove the existence and uniqueness to : one also needs to introduce the correct
space over which the mapping is contractive (D = {D € D, (H), 2 € D, (H)}).

dS(D,D/) = H
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Chapter E

Stable semi metric

E.1 Definition and first properties

The stable semi-metric which we define here is a convenient object which allows us to set Banach-like fixed
point theorems. It has a crucial importance to prove the existence and uniqueness of C' but also to obtain
some random matrix identities on C, such as the estimation of its limiting spectral distribution.

Definition 21. We call the stable semi-metric on D;} = {D € D,,,Vi € [n], D; > 0} the function:

A— A
VAA!
In particular, this semi-metric can be defined on RT, identifying R™ with Df.

The function ds is not a metric because it does not satisfy the triangular inequality, one can see for
instance that:

. (E.1)

VA, A €D} dy(AA) = H

11
> —+——=
V2 V2

More precisely, for any x, z € R, such that z < z, if one differentes twice the mapping g : y —
one obtains:

dy(4,1) = g do(4,2) + do(2,1) (E.2)

(wy—2)* | (z—9)*
Ty + zy

1 Y 1 z

9'(y) = v 22 T B and 9" ()

3y 3z
“w el
which proves that g is strictly convex on [z, z] and therefore it admits a minimum yg on ]z, z[ (since g(z) =
g(z)). In particular, one can bound:

ds(xaz) > \/ds(:E?yO)z + ds(yo,Z)2

One can however sometimes palliate this weakness when needed thanks to the following inequality proved in
Section

Proposition E.1 (Pseudo triangular inequality). Given x,z,y € R*:
|z —yl <y -2z - ds(z,y) < dy(z, 2).
In addition, for any p € N* and yi,...,y,—1 € RT, we have the inequalitieﬂ:
11
ds(xvyl) +eeet ds(ypflv Z) >d, (l'p 3 Zp) > d, (x’z)l/p

and the left inequality turns into an equality in the case y; = 2

27 forie{l,...,p—1}.

1
1The mapping = ~ xP is not Lipschitz for the semi-metric ds (unlike = + z7 ).
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Proof. For a given integer p > 1, let us differentiate the mapping:

-1
fp: R — R
y— Z = Yp—1
(y17"'7yp71)’—> L
N 2Yp—1
one can compute for any y1,...,y,—1 € Rt and i € [p— 1]:
0 _ 1 1 i 1 1 ;
Sy, -gp1) 1 <1+ Yi 1) 1 (1+ yz+1> (£.3)
dyi 2 \YiYi—1 Yi 2 \/Yit1Yi Yi

(where yo and y, designate respectively = and z) In particular, when p = 1, for any y > = > 0:

3 57)- 1o (19

which proves the first result of the proposition. Now if we assume that y < z < z:

ds(z,y) + ds(y, 2) = ds(x, 2),

and the same inequality holds if one assumes that © < z < y. Returning to the setting of the proposition,
we can therefore place ourselves in the open space:

L[pz:{(yl,...,yp)6Rﬁ71,$<y1<-~-<yp,1<z}.

If one fixes z, z € RT, then f,(2,y1,...,yp—1,2) = ds(x,y1)+- - +ds(yp—1, 2) is minimum for y1,...,yp—1
satisfying:

1 (1_.%1): 1 (1_ Yi >
VYilYi—1 Yi VYi+1Yi Yit+1

which is equivalent to y; = ,/yl 1Yir1- Noting = log(z), 91 = log(y1), - -, Un = log(yn), 2 = log(z), we see
that this identity writes 7; = 5 L (§i_1%i11), which implies §; = ic + %(z — &), or in other words:

£
Il
8
|
I3
S |

In that case:

p—t i p—i=1 it1 1 1
x 2P z2p xr 2 z?2p x?2p z2p 101
ds(yi7yi+1) = p—i—1 i+l p— = T T T | = ds (xp ; Zp) ;
T 2 z 2 €T 2p z2p z2p x2r

and the same holds for ds(z,y1) and ds(yp—1, 2).
The last inequality is just a consequence of the concavity of t — ¢!/?:

AN L L R U A YT
(xz)2r (xz)2r (xz)2r (x2)2
O
The semi-metric dg is called stable due to its many interesting stability properties.
Property E.2. Given A,A’ € D} and A € D} :
ds (AAAA) =d,s (A, A) and ds (Afl, A’fl) =ds (AA).

Property E.3. Given four diagonal matrices A, A, D, D’ € D}:

dy(A+ D, A + D') < max(dy(A, A'), dy(D, D')).
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To prove this property one needs two elementary results.

Lemma E.4. Given four positive numbers a,b, o, 3 € R :

Vab+/aB < /(a+a)(b+B) and Z+a§max(a a)

Proof. For the first result, we deduce from the inequality 4aba < (ac + bB)?:

(\/%+ \/ﬁ)Q:ab+aﬁ+2\/abaﬂgab+a6+aﬂ+ba:(a+a)(b+6)

For the second result, we simply bound:

ata _a b o B <max(a a)(b+5>:max<a a)
b+B8 ~bb+p BL+S T b’ B b+8 b+ b’ B

O
Proof of Property[E-3 For any A,A’, D, D" € D;, there exists i € [n] such that:
N, — AN+ D; — D!
G(A+ D, A 4 DY) = L Din = B+ Dio = Diy|
/(i + Diy)(A), + Djy)
< ’AiO B Ago{ + |Di0 B Dgo‘ < max |A10 B A;0|’ |Di0 B Dgo‘
VARAL + /D DY) VARAl, y/DiD,
thanks to Lemma [E4l 0

E.2 Stable class

Definition 22 (Stable class). The set of 1-Lipschitz functions for the stable semi-metric is called the stable
class. We denote it:

S(D) ={f:Df =D} | VA, A €D, A#A 1 d,(f(A), fF(A)) <ds(A,A)}.
The elements of S (D;}) are called the stable mappings.

Let us then provide the properties which justify why we call S(D;) a stable class: this class indeed
satisfies far more stability properties than the usual Lipschitz mappings (for a given norm). Those stability
properties are direct consequences to Properties [E-2] and [E-3]

Property E.5. Given A,T € D and f,g € S(D;}):
1

(A= Af(TA)) € S(Dy), ?GS(DI% fogeS(Dy), f+ges8Dy).

E.3 The sub-monotonic class

The stable class has a very simple interpretation when n = 1. Given a function f : Rt — R* we introduce
two characteristic functions f,, fx : RT — R*:

Iy xHM and fx + x—af(x).
x
Property E.6. A function f : RT — R is a stable mapping if and only if [ is mon-increasing and fy is
non-decreasing.
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Proof. Let us consider z,y € RT, such that, say, z < y. We suppose in a first time that f / 18 non-increasing
and that fy is non-decreasing. We know that @ > %, and subsequently:
[y r
1) - f0) < L2 ) and - s < y-2 @
The same way, since f(z)z < f(y)y we also have the inequalities:
[y r
f@)~ 1) < 19— and -5 < -0 ©s)

Now if f(y) > f(x), we can take the root of the product of the two inequalities of (E.4)) and if f(y) < f(z),
we take the root of the product of the two inequalities of (E.5|), to obtain, in both cases:

f)f(x)

£o) = Fw)l <[ 75

|z -y

That means that f € S(RT).
Conversely, if we now suppose that f € S(RT), we then use the bound:

o) - ) < o (L 100 oy <oma (L =1) s, (1- ) 50

which directly implies % < ff). Second, if f(x) > f(y), f(f) > % and we can then bound in the same
way:

f@)ey — f(y)ry < max (zf(2)(y — =), (y — ) yf(y))

which implies zf(z) < yf(y). In both cases (f(x) < f(y) and f(y) < f(x)), and we see that f,(z) > f,(y)
and fx(z) < fx(y), proving the result.
O

This property allows us to understand directly that the stability of a function is a local behavior. We
then conclude staightforwardly that the supremum or the infimum of stable mappings is also stable.

Corollary E.7. Given a family of stable mappings (fo)oco € S(RT)®, for a given set ©, the mappings
Supgeco fo and infoco fo are both stable.

Given f : D} — D, we can introduce by analogy to the case of mappings on R*, the mappings
I fx: D;f — D, defined with:

f/+ A=Tr (JC(AA)> and fx + A= Tr(Af(A))

Inspiring from Property one can then define:

Definition 23 (Sub-monotonuous class). A mapping f : D} — D} is said to be sub-monotonuous if and
only if fx is non decreasing and f, is non-increasing, we note this class of mappings Sp,(D;}).

Remark E.8. We know from Property[E.6 that S(R..) = S, (R..) but forn > 1, none of the classes Sy, (D;)
and S(D;Y) contains strictly the other one. On the first hand, introducing:

f:Df — DF

A —— Diag (Al,Al>,
CIWAN|
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we see that f € S(D}Y) but f ¢ S, (D;F) (for A = Diag(1,2) and A’ = Diag(2,2), A < A’ but Tr(f(A)A) =
5>2=Tr(f(A")A")). On the other hand, the mapping:
g:Df — D;‘

A — Diag(lA1A2 ,1>

is in Sym(D;)) because:

P >0 — L =0<
0/ 1+ Ay — and AN 0<0
2 0
9. _ A1 45 I/ ! L

3A2 o (1 + AZ)Q 8A2 - (]. +A2)2 B Kg -

However, we can see that g is not stable if we introduce the diagonal matrices A = Diag(1,2) and A" =
Diag(2, 3) since we have then:

o). 08 = d. (3.5) = § > 7 =max (B2 B2 —aa)

E.4 Fixed Point theorem for stable and sub-monotonic mappings

The Banach fixed point theorem states that a contracting function on a complete space admits a unique fixed
point. The extension of this result to contracting mappings on D;", for the semi-metric ds, is not obvious:
first because ds does not verify the triangular inequality and second because the completeness needs to be
proven. The completeness of the semi-metric space (D;},dy) is left in Section since we will not need it.
Let us start with a first bound.

Lemma E.9. Given a mapping f : D} — D, contracting for the semi metric ds, any sequence of diagonal

matrices (Ap)nen satisfying AP = f(AP) is bounded from below and above and satisfies for all p € N

and i € [n]:
A (A(l) A(O)) ) ( A (A(l) A(O))
s\ 07 AW <« AP < 2= o2 T AW
exp( 20— A7 <A <exp 20— N A;

Proof. Noting A > 0, the Lipschitz parameter of f for the semi-metric ds, let us first show that, for all ¢ € [n]:
AP+1)i

A(P)

7

Vp € N, <14 \Pd, (A(l), A<0>) . (E.6)

When Al(»p < Az(»p ), it is obvious and when A®+1) > A the contractivity of f allows us to set

ds(APTD AP)) < \Pd, (A(l)7 A(O)), which implies:

A(-erl) A(P)

; rd, (AD, A© rd, (AM, A©
o < A<p+1)+)\d5<A A0) <1400, (AD,A0).

Multiplying (E.6) for all p € {1,..., P}, we obtain:

A ]P'[ (1 P, (A<1>,A<0>)) = exp (zpj log (1 +APd, (A<1>,A(0>))>

p=1

(1) A0
)\pds (A(l),A(O))> < exp ()\ds (A ,A )) .

1-A

With a similar approach, we can eventually show the result of the lemma. O
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Let us now present two fixed point results that will justify the definition of the robust scatter matrix C
but also of the deterministic diagonal matrix U introduced in Section

Theorem E.10. Any mapping f : D} — D}, contracting for the stable semi-metric ds, admits a unique

fized point A* € D, (RT U{0}) satisfying A* = f(A*).

Proof. We cannot repeat exactly the proof of the Banach fixed point theorem since d, does not satisfy the
triangular inequality. Noting A € (0,1) the parameter such that VA, A" € D ds(f(A), f(A")) < Mds(A, A7),
we show that the sequence (A®));~ satisfying:

AO =T, and VE>1: AR = f(AKk-D)

is a Cauchy sequence in (D, , || - ||), where D, = D, (R* U {0}).
We know from Lemma that there exists > 0 such that Vp € N, |A®)|| < §. One can then bound
for any p € N:

HA(pH) ~ AP < 5ds(A(p+1), A(p)) < )\péds(A(l),A(O)).

Therefore, thanks to the triangular inequality (in (D}, || - ||)), for any n € N:

IA

H A+n) _ A®)

HA(H”) — A(p+n—1)H 4ot HA(HI) — A

(1) A0
< 8d, (A7, ATY) )/\” — 0.
1-A p—00

That allows us to conclude that (A(p))peN is a Cauchy sequence, and therefore that it converges to a diagonal

matrix A* = lim,_,., AP € 5: which is complete (closed in a complete set). But since A®) is bounded
from below and above thanks to Lemma we know that A* € D;}f. By contractivity of f, it is clearly
unique. O

It is possible to relax a bit the contracting hypotheses on f if one supposes that f is monotonic. We express
rigorously this result in next theorem, but it will not be employed in our applications in Chapter [[] about
the robust estimation of scatter matrix since we preferred to assume u bounded to obtain the contracting
properties of the fixed point satisfied by A.

Theorem E.11. Let us consider a weakly monotonic mapping f : D,} — D5 bounded from below and above.
If we suppose that f is stable and verifies:

VA, A € DY : dy(f(A), F(A) < du(A,A') (E.7)

then there exists a unique fized point D € D, satisfying A* = f(A*).

E.5 Supplementary inferences on the stable semi-metric and topo-
logical properties

Remark E.12. Not all the stable mappings admit a continuous continuation on 5:. To construct a counter
example, for any n € N, let us note

o e, x> 3 — 2" g (it satisfies €,(1/2") =1 and e, (3/2"1) = 2),
e d, x> 2" Y (it satisfies d,(1/2"71) =1 and e, (3/2"+1) = 2),
e v, : RT — RT satisfying for all v € RY, v, () = max(en,d,) (in particular, v,(2") = v, (2" 1) =1),

o [:RY — RT satisfying for all z € RT, f(z) = inf,en v, (2).
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We know from Property that for all n € N, d, is stable and that e, is stable on [0,3/2" 1] (where
z — xey(x) is non decreasing) which eventually allows us to set that f is stable, thanks to Corollary .
However f does not admit continuous continuation on 0 since:

timf (gr) = 1# 7= s (5)

Lemma E.13. Any Cauchy sequence of (D;t,ds) is bounded from below and above (in D;).

no

Proof. Considering a Cauchy sequence of diagonal matrices A®*) € D we know that there exists K € N

such that:
Vpq> K, Vie{l,....n}: AP AW <\ /APAWD,

For k € N, let us introduce the indexes z”fw, i* € N, satisfying:

A(.,]f) = max (Agk), 1<i< n) and AZ(.,]S) = min (Agk), 1<i< n) .

"M M

If we suppose that there exists a subsequence (A(f(k)))km such that A(.f(k)) — 00, then
M = M k—o0

<¢>(k)
ok N) [ A (V)
\/AE%&))) < \/A(M) A(¢>(k)) = <¢(k> < 00

which is absurd. Therefore (Agf))k>0 and thus also (A());5¢ are bounded from above. For the lower bound,
M -

we consider the same way a subsequence (Agg)(k)))k>o such that AW(k)) —> 0. We have:

é N N k | A (N)
A(¢((k))) A( ) _ A(M;Z)A(f((k))) Afﬁ;“ >0

which is once again absurd. 0
Property E.14. The semi-metric space (D}, ds) is complete.

Proof. Given a Cauchy sequence of diagonal matrices A¥) e D;F, we know from the preceding lemma that
there exists 057, 8, € RT such that Vk > 0: 6,1, < A¥) < §),1,,. Thanks to the Cauchy hypothesis:

Ve>0,3K >0 |Vp,g> K vz'e{l,...,n}:jA?Lqu) < ebum

and, as a consequence, (A(k))kzo is a Cauchy sequence in the complete space (DT, - ||): it converges to a
matrix A(>) € DY+, Moreover, A(®) > §,1, (as any A®)) for all k € N, so that A(>) € D and we are left

to showing that A (k) —) A (0) for the semi-metric dg. It suffices to write:
— 00

D) _ ploo)
v/ D(k) D(c0)

k—)oo

0.0 = | gy <o [ -2

O

Proof of Theorem[E.11 We first suppose that f is non-decreasing. As before, let us consider dys,d,, € RT
such that VA € D} 6,1, < f(A) < dp1,. The sequence (A(k))kzo satisfying A©®) = A,,I,,, and for all
E>1, A® = f(A*-1) is a non-decreasing sequence bounded superiorly with &, thus it converges to
A* € D and A* = f(A*). This fixed point is clearly unique thanks to (E.7).

Now if f is non-increasing then A — f2(A) is non-decreasing and bounded inferiorly and superiorly thus
it admits a unique fixed point A* € D; satisfying A* = f2(A*). We can deduce that f(A*) = f2(f(A*))
which implies by uniqueness of the fixed point that f(A*) = A* and the uniqueness of such a A* is again a
consequence of (E.7). O
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E.6 Complex stable semi-metric and some consequences in random
matrix theory

Let us for any D, D' € D, (H) as

D; - D;
dS(D,D’) = sup g
1<i<n \/S(D;)S(DY)

7

(it lacks the triangular inequality to be a true metric). This semi-metric is introduced to set Banach-like
fixed point theorems.

Definition 24. Given A > 0, we denote C}(D,,(H)) (or more simply C} when there is no ambiguity), the class
of functions f : Dp(H) — D, (H), A-Lipschitz for the semi-metric ds; i.e. satisfying for all D, D’ € D, (H):

ds(f(D), f(D")) < Mds(D,D").
when X\ < 1, we say that f is contracting for the semi-metric d.

Proposition E.15. Given three parameters a, \,0 > 0 and two mappings f € C} and g € C?,

-1
7 S CA Ckf S 6?7 f og € C?O’ and f +g€ C;nax()\,e)'

The stability towards the sum is a mere adaptation of Property [E.3|
Lemma E.16. Given four diagonal matrices A,A', D, D’ € D, (H):
ds(A+ D,A"+ D') < max(ds(A,A"),ds(D,D")).
Proof of Lemma[E16 For any A,A’, D, D" € D, (H), there exists ig € [n] such that:
|Ay, — Aj + Dy, — Dj |
\/g A, + Diy)S(A) + DY)

ds(A+D,A"+ D) =

|8y — A [ +[Dsy — D, |
= \/\S\ ,LO A/ + \/C\f lo D/ )
— A | |Di, — D, y
< max
\/\s io) A’ \/\s io)
thanks to Lemma [E.4] O

We can now present our fixed point theorem that has been demonstrated once again in [LC22b]:

Theorem E.17 ([LC22D| Theorem 3.13). Given a subset Dy of D,(H) and a mapping f : Dy — Dy with
an imaginary part bounded from above and below (in Dy), if it is furthermore contracting for the stable
semi-metric ds on Dy, then there exists a unique fized point A* € Dy satisfying A* = f(A").

We will now employ the semi-metric d; indifferently on diagonal matrices D,,(H) or vectors of H" or more
simply with variables of H as in next proposition.

Proposition E.18. All the Stieltjes transforms are 1-Lipschitz for the semi-metric ds on H.

Proof. We consider a Stieltjes transform g : z — f t) for a given measure p on R. Given z, 2’ € H, we can
bound thanks to Cauchy-Schwarz inequality:

VA A Z —Z
— du(t)] <
96 -9 < | [ = u<>H e
‘ Z —Z

NS OEE) \// T du(t) |t72,|2du(t)
=/S(9(2))S(g(2"))ds(2, 2")

3(

Z)

d#( )
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We did not find any particular use of this proposition (the idea could be to solve g(z) = z) but the
stability it introduces looks interesting.

We deduce directly from Lemma that if f,¢ : D, (H) — D, (H) are A-Lipschitz for dy then f + ¢
is also A-Lipschitz. This property gives a very fast proof to show the existence and uniqueness of solutions
to the equations studied in [AKEI6] (however their proof is not much longer). We start with a preliminary
proposition:

Proposition E.19. Given a matriz S € M,, ,(Ry) , z — Sz goes from HP to H™ and it is 1-Lipschitz for
the semi-metric d.

Proof. For any z € HP, $(Sz) = S3(z) € RE since all the entries of S are positive. If we denote s, ..., sp,
the columns of S, we can decompose Sz = > | s;m;(z), where 7;(z) = z;. Each mapping s;m; is 1-Lipschitz
for d,, since we have for any z,z’ € HP:

/

[silj2i = [sil;zi i — %
ds(simi(2), 8im(2")) = sup : : = R
getel | VS Usiliz)S([siliz) | VSE)S(R)
therefore, as a sum of 1-Lipschitz operators, we know that z — Sz is also 1-Lipschitz for d,. O

Proposition E.20. Given any a € R™ and any matm'ﬂ S e M,(R,), and z € H, the equation:
1
——=zl4+a+Sm
m

admits a unique solution m € C}.

Proof. Let us introduce [ : z — z1+a— S5 %. To employ Theorem let us first show that the imaginary
part of I(x) is bounded from below and above for all x € H*. Given x € H™ we see straightforwardly that
S(I(z)) > ¥(=), we can furthermore bound:

S(x) 1 1 _
Besides, we already know from Proposition[E.15|that I is 1-Lipschitz for ds but we need a Lipschitz parameter
lower than 1. Given z,y € H™ we can bound thanks to Proposition and

w1012l 3 () oo

that implies that the Lipschitz parameter of I is lower than:

\/(1 B 3?}(2))) (1 - %(%I((Zy)))> s1- i(j) <1

We conclude then with Theorem that there exists a unique x € H" such that x = I(z), from which we

deduce the existence and uniqueness of m = % O

S(I(x) < S(2)L+ S

]

E.7 Stability of the stable semi-metric towards perturbations

A classical problem is to be able to bound the difference between two solution of two contractive equations
for the stable semi-metric. This is possible when one of the equation is a small perturbation of the other one.
For the absolute value on R for instance, if one is given two 1 — & Lipschitz mapping f,g : R — R, and two
fixed point z,y € R satisfying:

z = f(z) and y=9),

2Note that unlike in [AKE16|, we do not suppose that S is symmetric.
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then one can bound thanks to the triangular inequality:

lz —yl < [f(z) = f) +1f(y) — 9] < (A =)z —y[+[f(y) — g, (E.8)

which implies |z—y| < M. When working with the semi-metric ds, the triangular inequality is not valid

(see (E.2), one therefore needs more elaborated inferences displayed below. Note than the contractiveness
of g is actually completely useless.

Proposition E.21. Given a diagonal matrices I' € D, (H), a mapping f :— D, (H) )\—Lipschitﬂ for the
semi-metric ds with A < 1 and admitting the fixed point I' = f( ), we have the bound:

n-r
P FLES
VSIS
The same result is valid replacing H with Ry and removing the symbols &

This proposition is a consequence of the following elementary result that we set for the semi-metric defined
on D, (H) since it needs more justification than to set the result on D, (R ) (which merely expresses removing
the symbols < in the inequality).

Lemma E.22. Given three diagonal matrices I'',T2, T3 € D, (H):

(14 ds(S(T), I(1?))) .

[ < s

Proof. Let us simply bound:

P (v3I?) - /()

<[
SMH| = /BT

e

FB
<
|

we can then conclude with the bound /J(I'?) (\/%(FQ) +/S(Th) ) > /STHS((T2). O

Proof of Proposition[E.23 Let us simply bound thanks to Lemma

3 I — f(I) fIr)-r
ds(I',T") < = + =
I(D)(I) S(I)S(I)
< d, (P AD)) (14 (S0, (7)) + | L=
3(D)S(D)
_f@-r
J(r) - T SO
<M, (T,T) (1 +ds(S(T), S(£(T))) + = = S
(1) | S TR LM ST

since d(S(I), S(f())) < o(1) < L2 for s sufficiently big.

3 Actually, f does not need to be A-Lipschitz on the whole set Dy, (H), but we need to be able to bound:
d(f(I), f(I) < Ad(T,T)
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Proposition[E:2I] will be employed to set asymptotic results when n — co and to show continuity properties
with a parameter ¢ — 0 in Chapters [F] and [I}

Proposition E.23. Let us consider a family of mappings of Dy (H), (f*)men, each f* being A-Lipschitz for
the semi-metric ds with A\ < 1 and admitting the fized point T° = f5(I'*) and a family of diagonal matrices
Is. If one assumes thaﬁ ds(S(T9), S(f2(T%))) < 05500(1), then:

S(Ts)y —T's
5 < Op H PRSI

The same result is valid replacing H with Ry and removing the symbols &

Proof. Tt suffices to bound for s sufficiently big:

_jm-T
(M < f(F)
1— A — Ads r)d( g(f%
since ds(S(I), S(f(I))) < o(1) < 5* when s tends to infinity. O

4Usually the notations O(1) and o(1) are used for quasi-asymptotic studies when n tends to infinity but in this proposition,
the relevent parameter is s, thus ds(f*(I'®*),I'*) < 0s—00(1) means that for all K > 0, there exists S € N such that for all s > S,
ds(f(I*),I*) < K.
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Chapter F

Statistical study of the resolvent

Denoting A; > --- > A\, > 0 the p eigenvalues of %X XT the spectral distribution is defined followingly:
12
p=13
P

F.1 Concentration and estimation of the resolvent

We work here under the formalisme of Levy families where the random matrix under study, X € M,, ,, is seen
as a sequence depending on n and p is also a sequence depending on n but that should satisfy the following
relation:

Assumption 1. p < O(n).
We need of course a concentration hypothesis on X:
Assumption 2. X  &;.

A third natural and fundamental hypothesis is to assume that the n columns of X = (z1,...,x,) are
independent. Again, we do not assume that zi,...,z, are identically distributed: we can possibly have n
different distributions for the columns of X.

Assumption 3. X has independent columns x1,...,T, € RP.
Let us note for simplicity, for any i € [n]:
i = E[.’L‘Z} Zi = E[$Z$?] and Ci = Zi — /,LZ/J,lT

It is easy to deduce from Assumption [2| (see Proposition [B.20)) that there exists a constant K > 0 such that
for all n € N, ||C;|| < O(1). But to have the best convergence bounds, we also need to imposeﬂ

Assumption 4. sup;cp, [l < O(1).

We conclude with a last assumption which seems important to precisely approximate the support of the
spectral distributionE] Although we are unsure of its importance, our line of arguments could not avoid it; it
is nonetheless quite a weak constraint in view of the practical use of our result.

Assumption 5. inf;cp,) X; > O(1)1,.

In [LLCI8|, we only supposed that ||u;]| < O(y/n), however, then we only had an approximation of the resolvent with the
spectral norm, here we will provide a similar convergence result with the Frobenius norm.

2the values of the Stieltjes distribution g(z) can be approximated for z € C sufficiently far from the real axis or for z € R
sufficiently far from the support without this assumption.

83
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1.1 Resorting to a “concentration zone” for ()*

Before studying the matricial case, let us first place ourselves in R. We consider X € R, a Gaussian random
variable with zero mean and variance equal to 02 (X ~ N(0,0?)). In particular, although we work with
unidimensional variables, there can still be a possible dependence on n, and we can write X o« &. The
random variable @ = 1/(1 — X) is only defined if X # 1 and its law fg can be computed on R\ {1} and
satisfies:

e—(1-1)2/0°

falg) = oo

2
Thus @ is clearly not exponentially concentrated (when ¢ — 0o, fo(q) ~ 67;;(; therefore the expectation of
@ is not even defined). However, if ¢ is small enough (at least o < o(1)), it can be interesting to consider the
event Ag = {X < 4} satisfying P(AG) < Ce~1/29" The mapping f : 2 T being 4-Lipschitz on (—o0, 3],
one sees that (Q | Ag) € &. Following this setting, in the matricial cases, we also need to place ourselves
in a concentration zone .Ag where the fixed point @ is defined; sufficiently small to retrieve an exponential
concentration with @ | Ag but large enough to be highly probable.

The same resort to a concentration zone will take place for the resolvent matrix, for that purpose, we
introduce in this section an event of high probability, Ag, under which the eigen values of ﬁX X7 are far
from 1, for all z € S¢. Let us start with a bound on || X ||, Assumption {4|leads us to:

EX]I < Vi sup [[Elai]]| < O(v)

then, we deduce from Example applied to Assumption [2| that E[||X]|] < ||E[X]|| + O(v/n) < O(y/n).
Now, introducing a constant ¢ > 0 such that O(1) <& < O(1) and v > 0 defined with:

V7 =E| - Ixl| <o,

1
—||X
X1

we denote:
A, = {i IXX7| < y+g}. (F.1)

Since || X||/+v/n € v £ E2(1/+/n), we know that there exist two constants C, ¢ > 0 such that P (AS) < Ce™°".
The mapping M — 2MM7 is O(1/y/n) Lipschitz on X(A,) C M, and therefore, thanks to Lemma
and Remark [B25

1 1

—XXT | A, & —

T (ﬁ )

Let us note o : M, — RP, the mapping that associates to any matrix the sequence of its eigen values in
decreasing order. It is well known (see [GLI6, Theorem 8.1.15]) that ¢ is 1-Lipschitz (from (M,, | - ||r) to

(RP, || - ||) and therefore if we denote Ay, ..., A, the eigen values of £ X X7 such that Ay > --- > X, we have
the concentration:

Ay Ap) [ Ay € (B, M, B [A]) £ &2 (%) ,

Given a set T C C, we note for any ¢ > 0, T° = {z € C, 3t € T, |z — t| < e}. Now, let us denote
S={Ea,[M],-. Ea, [Ap]}
(with the expectation taken on A, ). We show in the next lemma that the event
Ao = A, N {Vi € [min(p,n)] : \; € S/?}

has an overwhelming probability.
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Lemma F.1. There exist C,c > 0 such that Vn € N P(Ag) < Ce™“".

Proof of Lemma[F71l Starting from the identity S% Usepp [Eua, [Ni] — £, Ea,[Ni] + §], we see that S% is a

union of, say, d intervals of R. There exists 2d indexes i1 < -+ < 44 and j; < -+ < jg in [min(p,n)] such
that:

£ £ €
s8 = U [Babil = 5. Ea il + 3]
keld]
Since E4, [Ai,] > 0 and E 4, [A;,] < v+ O0(e™") < O(1), we can bound:
ed < E.Au [/\jd] +e< 0(1)7

That implies in particular that d < O(1) because ¢ > O(1). We can then bound thanks to the concentration

of the 2d random variables A ,..., A, and Aj, ..., Aj,:

c € €
B(AZ) =P (3k € [d), N, —Ea [\l > 5 or [N, —Ea 1> 5)
d
€ € 7CTL€2
<> (P (P —Ea Dl > 5) +P (i —Ea Dl > ) < 2dCemn/4,
k=1

where C' and c are the two constants appearing in the concentration inequality of (A1,...,Ap) = J(%X XT).
O

Now, let us remark that the spectrum of %X X7 is closely related to the spectrum of %X TX via the
equivalence:

A€ Sp (:LXXT) \ {0} — A€ Sp (:LXTX) \ {0}.

As a consequence, one of the two matrices has |n — p| supplementary zeros in its spectrum. Since those zeros
do not carry any specific information about the distribution of %X X7, we try to remove them from the
study to re-establish the symmetry. The min(p,n) first entries of o(+XX”) and o(+ X7 X) are the same
(and some of them can cancel), we thus naturally introduce the set:

S_o= {EAQ [Ai], ¢ € [min(p, n)]} )

Be careful that if 0 € Sp (%XXT) N Sp (%XTX) then 0 € S_g.
To avoid the issue on zero, instead of studying, as it is usually done, the resolvent (%X X7 — zIp)_l, we
rather look at:

1 —1
Q7 = (Ip — XXT> ,
Zn

that has the advantage of satisfying ||Q*|| < O(1), for all z € S_g, which will allow us to show the concen-
tration of Q% even for z close to zero when n < p (and 0 ¢ S_g).

One of the objective of the study was to establish converging bounds when z is at a constant distance
from S_y. We were not able to set it for all our results (we failed with Proposition where we could only
set the result for z at a constant distance from S) however, we hope to be able to set the general result after
further research, we thus keep, when accessible, general formulations with S_j.

1.2 Concentration of the resolvent Q* = (I, — LXX7)™!.

Given a matrix A € M, ,,(C), we denote |A| = VAAT (AAT is a nonnegative Hermitian matrix). With a
simple diagonalization procedure, one can show for any Hermitian matrix A the simple characterization of
the spectrum of |A|:

Sp(|A[) = {[Al, A € Sp(4)}, (F.2)
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note also that for any real vector u € RP:
lu” Au| < u”|Alu. (F.3)

It is possible to go further than the mere bound |@Q?| < O(1) when z is close to 0 and p < n, we are then
able to show that |Q*| < O(|z|/(]z| +1)). When p > n no such bound is true and it is then convenient to
rather look at the coresolvent Q* = (I, — -2 X7 X)~! that satisfies in that regime |Q*| < O(|z|/(|z| + 1)).
To formalize this approach, we introduce two quantities that will appear in our convergence speeds:

1 <

|z ifp<n 1ifp<n
Kk, =< 1+ 7] Fy = |2| <
1ifn<p 11 ""=P

note that both of them are bounded by 1 but they can tend to zero with |z| depending on the sign of p — n,
besides:

RzRz =

Rant (F.4)

Note than in our formalism, the parameter z, as most quantities of our manuscript, is varying with n (we do
not assume that O(1) < |z| < O(1) like €. It is not a "constant").

Lemma F.2. Under Ag, Q* and Q can be defined on 0 and for anﬂ ze€C\ S
O(“z)lp <@ < O(FU'Z)IP and O (k) I, < ‘Qz| SO("%Z)IP
(for the classical order relation on hermitian matrices).

Proof. We can diagonalize the nonnegative symmeric matrix: ~XX7 = PDP?, with D = Diag(A1,- -+, Ap)
and P € O,, an orthogonal matrix. There exists ¢ € [p] such that A\gy; = --- = A, =0, and for all ¢ < ¢,
Ai # 0 (possibly ¢ = p or ¢ < min(p,n)). Then, if we denote Py € M,, ,_, the matrix composed of the p — ¢
last columns of P, Py the matrix composed of the rest of the ¢ columns, and D = Diag(A1,...,Aq), we can

decompose:

2z 21,
r=pl——=2 \pT=ppPr+p (—2 |pT
N (ZIP_D> oo +<ZIq_D+> M

Since PyPT =0 and Py P{ = 0, we have: |Q*|> = P,P] + P4 (%) PT. We can bound:

2] ) || ( 211 ) T 2] ( E )
0] < <P |[————— | P < <0
(1+|z| Tleltvte T T\|2,—Di|) T T d(z,50) -5 = \1+|

Therefore, in all cases (p < n or p > n) O(1) < |Q?* < O(1). However, when p < n, we can precise those
bounds:

o if Ea,[Amin(p,n)] < 5, the bound d(z,S_¢) > € implies that |z| > 5 and O(x.) = O( =Ly < 0(1) <
O(k), therefore:

o if E4, [Amin(p,n)] > 5, then Py is empty, P, = P and we see that O (152\) <|Q* <O (1|+Z||Z|

O (k) <O(min(1,k,)) L, <|Q*| <O (14 k) I, <O (ks).

The inequalities on Q* are proven the same way.

O

3In theory, both the parameter z and the set S o depends on our asymptotic parameter n, so one should rigorously write
Zn € S ()
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Proposition F.3. Given z € C\ 5%, we have the concentrations Q% | Ag x Ex(k./\/n) in (My,|-||r) and
Q* | Ag x &(k2/v/n) in (My, || - [|F)-

Proof. Noting ® : M,, , — M,,(C) and & : M,, ,, — M,,(C) defined as:
T —1 T —1
<IPMM > and (i)(M)(InM M) ,

it is sufficient to show that ® (resp. @) is O(x./y/n)-Lipschitz (resp. O(f./y/n)-Lipschitz) on Mﬁ% =
X(.AQ For any M € M;$ and any H € My, we can bound || M| < (v +¢€)y/n < O(y/n) and:

1
Jdise- e = |0 (00) L (VT + M) (01)

F

We can now distingish two different cases:

o if p < n then:

e if p > n, we know that ||®(M)| < O(k.) < O(1) and ||®(M)| < O(&.) < O(l-ls-zllzl)' We employ then
the classical identity:

O(M)M = MTd(M) (F.5)
to be able to bound:

2+ o) H|r
EREN M) ()]

co(iiz) <o)

Thus, in all cases, under X (Ag), Q% is a O(k./+/n)-Lipschitz transformation of X o £ (1) and as such, it
satisfies the concentration inequality of the proposition thanks to Lemma [B.4] and Remark The same
holds for Q*. O

[d®1ar - H|[r <

Remark F.4. The preceding proof partly relies on the assertion || X|| < \/n available under the event Ag.
However one does not need it to be able to prove that Q is a Lipschitz transformation of X since one can
bound the element QX /\/n as a whole thanks to the formulas:

iQZXXT =Q*—1I, and iQZXTX =Q° —1I,. (F.6)
zZn zn
On the one hand:

1 z
o]

On the other hand, (F.5) gives us:

H IQZXHII fXQZII<\/Iz

A
AIMLS C{M € Mup, LIMMT|| <v+e}

%QZXXTQZ < V@2 = Q% < O(VIel(ks + #2)) < O(Vzlk2)

1
zZn

O(V2l%2)
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1.3 A first deterministic equivalent

One is often merely working with linear functionals of %, and since Proposition implies that Q% | Ag €
E4,Q* + &, one naturally wants to estimate the expectation E 4, [Q].

In [LCI8] is provided a deterministic equivalent Q* € M, (C) satisfying |E[Q?] — Q|| < O(1/+/n) for any
z € R™, we are going to show below a stronger result,

e with a Frobenius norm replacing the spectral norm,

e for any complex z € C\ 5%,

e for random vectors x1,...,x, having possibly different distributions (it was assumed in [LCI18| that
there was a finite number of classes)

An efficient approach, developed in particular in [Sil86, [SB95| is to look for a deterministic equivalent of
@7 depending on a deterministic diagonal matrix A € R and having the form:

QA = (Ip — EA)71 where = — Z A, n E[XA~ 1XT] (F.7)

One can then express the difference with the expectation of Q* under Ag, E4, [Q7] followingly:

Eaq [Q7] - Q% =Euq [QZ (ZlnXXT - EA) QA}

71 =~ 2 .’Ezl';r 21 ~A
sl (5 -5) @

To pursue the estimation of the expectation, one needs to control the dependence between Q% and z;. For
that purpose, one uses classically the Schur identities:

1 rxl Q* z o

Q*=Q%; + —Q @ and Q%x; @i

1 TNz T 1 _ 1. Tz .0
znl—znale T 1— 2 Q%

for @, = ( n—%X_iXTi)’ (recall that X_; = (z1,...,2i—1,0,Zit1,...,Tn) € My ). The Schur identities
can be seen as simple consequences to the so called “resolvent identity” that can be generalized to any, possibly
non commuting, square matrices A, B € M, with the identity:

At B t=A"YB-AB! or At 4+ B t=A"YA+B)B™! (F.9)

(it suffices to note that A(A~' + A=1(B— A)B™")B = 1,,).
Introducing the notation:

(F.8)

A* = Diag) <<, (2 — %x?@iixi), satisfying: Vi € [n]: Q%z; = %Qiixi,
one can express thanks to the independence between 7, and x;:
PZD YA I~ 1
-2 [ (5 2) ] o1 - 00
—e1+ 01+ 02+ (F.10)

S () 1] - S e (252) v

;] —E al 1\ A
e o (g @

A;

" T -2\ -
0o = %Z]EAQ [in (EAQ [xlxl] El) Q*

g1 = 7EAQ

with :
A

_ 1 Z. T Nz NA
= oE L a e Q@ ral Q2 302,
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where we recall that Q* — Q%, = inmixTQi ;- From this decomposition, one is enticed into choosing, in

a first step A = E4,[A*] € D,(C) so that e; would be small. We will indeed take for A, the deterministic
diagonal matrix:

A? = Diag (z - %Tr(EiIEAQ [Qz])> € D,(C).

1<i<n
Lemma F.5. Given z € C\ 5%, (A% | Ag) x &E(kz/v/n) in (Dn(C),| - 1)).

Proof. Inspiring from the proof of Proposition [F.3] one can show easily that for all z € C\ S, the mapping
X — A* = Diagc ), (2 — n2f Q% j2;) is a O(k* //n)-Lipschitz transformation from (My, ., ||-[|7) to (Dn, || -]])
under Ag (since then ||z;]| < O(v/n)). O

Putting the Schur identities (F.8]), the relation (F.5) and the formula (F.11)
1 -
—Q*XXT =Q* — 1, (F.11)
zZn
together one obtains:

2 . 1 1 . T Az . -
To be able to use Proposition with Az, one further needs:
Lemma F.6. |[E,[A%] — A < O(x./n).

This lemma that seems quite simple actually requires three preliminary results whose main aim is to show
that Q% is close to Q*. Let us first try and bound A* thanks to (F.12]).

Lemma F.7. Given z € C\ 5%

0<|z|>1ngo('z')fn < %) so(ﬁ) L <O(1+|2) 1,

Proof. The inequalities provided in (F.2)), (F.3) and Lemma imply:

O(k:) < inf] Sp(Q%) < | Diag(Q®)| = | Diag;epy(ef Qes)| < sup Sp(Q°) < O(k2)

i€[n

i1€[n]
where e1,...,e, are the n vectors of the canonical basis of R (e; € R™ is full of 0 except in the it entry
where there is a 1). One can then deduce the result of the lemma thanks to (F.12)). O

Then to be able to neglect the dependence relation between z; and X under Ay we introduce the following
lemma.

Lemma F.8 (Independence under Ag). Given two mappings f : RP — M, and g : M, , = M, such that
under Ag, ||f(z:)|lr < O(ky) and ||g(X_;)|| < O(ky), we can approzimate:

||E.AQ [f(xz)g(X—z)] — E_AQ [f((EZ)]E_AQ [g(Xfl)]HF < o) (Hf:‘ige_cn) ,
for some constant ¢ > O(1).

Proof. Let us continue f‘m(AQ) and 91X _.(A0) respectively on RP and on My, ,, defining for any « € RP and
M e My p:

oy {f(a:) if x € z;(Ag)

d
f(@) 0 otherwise a

M) if M e X_;(A
G(M) = {9(0 ) . (Aq)
otherwise
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Let us estimate:

E [1xex g f(x:)9(X_0)]
P(Aq)

Eag [f(zi)g(X_i)] =

1 -P(Ag)

—E {HXGX(AQ)JF(%)@(X*)} + P(Ag)

E {f(xi)g(X—i)HXGX(AQ)} '

the far right hand term cancels since A has a probability bigger than 1 — Ce™“" for some constants C, ¢ > 0:

1-P(Ag)

Ce ~
P(Ag) H

E [f@)3(X-)1xexaq)| € TogmE [[F@)a(X-0)

] <0 (/ifnge*c”) .
For all w € Q, we besides know that:

]lXGX(.AQ)(w) = ]lX(w)GX(.AQ)(w) < ]lIz‘GIi(.AQ)(w)]lx_i€X_i(.AQ)(w)’

and the inequality 14, (w) # Lo,ea;(40)(W)1x_,ex_;(4q)(w) only happens for w € Ag. We can then bound:

B [(1xcaq = Locoao) Ix_exaq)) F@)a(X )] | < pkgE [Lag] < O (kprge™"),
which allows us to setﬂ thanks to the independence between X_; and x;:

Eag [f(2i)g(X-i)] =E {hiezi(AQ>f(évi)]lx_iex_xAQ)é(Xfi)} + O p (rprge™ ™)
= E | (@) E[3(X-0)] + O). s (ryge™ ")
= Eaq [f (@) Eag [9(X-i)] + O) o (prge™ ")
0

As it was done in Proposition one can show that u”Q?,x; and uTQ?,z; are both k,-Lipschitz
transformations of X « & and deduce:

Lemma F.9. Given a deterministic vector u € RP, we have the concentration:

u' Qi | Ag € O(k.) £ Ex(k2)
Proof. As it was done in Proposition one can show that Q> ,Ti is a k,-Lipschitz transformations of
X x & and deduce the concentration. Besides, one can bound thanks to Lemma [F~8 and our assumptions:
Rz

[Bag 07 Q% 1] < [uEag[Q-ilmi| + 0 (%) < O(r.)

n

O

Lemma F.10. Given z € C\ 5%, for all i € [n], [|[E4,[Q% — Q%] < O(%2), the same way, one has
52
Eaq [1Q° = Q%71 < O(5F).

Proof. As we saw with Lemma we can consider that under Ag, X_; and z; are almost independent.
We now omit the exponent “z” on @ and @_; for simplicity. Given two deterministic vectors u,v € RP, we
can deduce from Lemma [F.9] and the estimation of the product of concentrated random variables given in

Lemma [A 2T}

UT _inl'? U
|u"E4,[Q — Q—i]v| < ‘EAQ [ Q e Q ]
R Rk K
< ——E TQ_izil|lz] Q_iv|] < =) <0o(—=).
< 2By (W QT Q-] < 0 (5 ) <0 (%)

Sfor p,yp € Mp and (ap)pen € Rli the notation zp = yp + O).| » (ap) signifies that [lzp — ypllFr < O(ap)
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2]
14|z *
For the difference of the squares, let us bound with the same justifications:

thanks to the formula k,%, =

W B, [|Q1 = 1Q-i*v| = [uTEA,[QQ — Q-iQ-i]v]

uT'Q_izixT QQ_iv uT'Q_iQ_ixizl Qv
a ‘EAQ [ nA; } - ‘EAQ [ nA; }

= 3 2
<o)< o),
|z|n n

Proof of Lemma[F.6 The proof of the concentration of A* was already presented before the lemma. We are
just left to bound:

O

|47 — Eag a7
< 5 500 ([T (BBl = @)+ Te (5 ~ Bagloee o @)
+ [T (Bag [:0]] Eag[Q-i] — EagleiaT Q-])) < 0 (%) (F.13)
with the same arguments as in the proof of Lemma [F-10] O

One can directly deduce from the concentration of A* and Lemma a bound on its expectation AZ.

Lemma F.11. Given z € C\ 5%:

O (|z]) I, <O<| |>I <‘AZ

<o<:|)1 <O+ |1

Proof. One already know from Lemma that O (%) <|A% <O (%) then it suffices to bound thanks
to (F13): |4~ B[4 <0 (2) <0 (&), O

Nk

We can now prove the main result of this subsections that allows us to set that QAZ is a deterministic
equivalent of @* (thanks to Lemma [B.18]).

Proposition F.12. Given z € C\ S¢:

o < o6e [Facier-@¥], <0( %),

To prove this proposition, we will bound the different elements of the decomposition (F.10). To bound
€1, we will need the following lemma. The concentration is quit sharp since we have:

|2
1+ 7]

min(k;, kz) = KR, =
Lemma F.13. Given z € C\ 5%, under Ag,

z _ T Az i
0*X = XT0Q |AQo<£2(1+z|>

and Vi € [n], |[Ea,[Q%x]|| <O <1f\|z|)'
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Proof. We follow the steps of the proof of Proposition [F.3] Depending on the sign of p — n, it is more
convenient to work with the expression Q*X (when p < n) or with X7Q* (when p > n). We just treat here
the case p < n and therefore look at the variations of the mapping ¥ : M, ,, = M, ,(C) defined as:

w(M) = (Ip - MMT)IM.

Zn

to show the concentration of Q*X = ¥(X). For all H LM € Mﬁ,,% = X(Ag) (and with the notation
~1
O(M) = (Ip — MMT) given in the proof of Proposition :

zZn

14 5y - H]| < H\IJ (M) %(MHT + HMT)\IJ(M)MH 1w (M) H]|
B DTN
<0 (qiap) +o (T4 O ol

Thus, under Ag, VU is O(k,k,)-Lipschitz (for the Frobenius norm) and therefore Q*X o Ea(k,i).
To control the norm of E 4., [Q%x;], let us employ Schur identities (F.8|) and bound for any deterministic
u € RP such that ||u| < 1:

UTQZ,Z'I" kz .
|Ea,[u" Q]| = |2| |Ea, |:A/Xzz:| < |Z|EAQ[|UTQiiwi|]m < O(kskz),
thanks to Lemmas and [E.17 O

Proof of Proposition[F.13 Let us note for simplicity Ko = ||C~2Az ||. Looking at decomposition (F.10) we can

start with the bound:
KA K2R2 KA
<022 <0 <Q>
, < NG i

Ebtainlfd with the bound ﬁ < O(%) < O(1) given by Lemma and applying Proposition with the
ypotheses:

H61||F = HzlnE'AQ {QZX ([\z N Az) (/A\Z)leT] QAz

o X | Ag x & and [|Ey4, [z][| < O(1) Assumption

o Q°X | Ag x &(kzk2) and ||Ea, [Q%2i]|| < O(k.k.) given by Lemma

o AF | A € Bug[AT] £ & (£2) in (D, - [) given by Lemma

o [|[Eq,[A] - A*||p < O(k./+/n) thanks to Lemma

Second, for any matrix A € M, (C) satisfying ||A||p < 1, let us bound thanks to Cauchy-Schwarz inequality:

|Tr(Aeq)| < \/|z|inQEAQ [Tr (AQzX|Ag\*2XTQzAT)}

% iEAQ [Tr (QAzZin—iximiT z—iziéAzﬂ

. ) 3) k2 -
0 ﬁi/@‘é\/IIAIIQFS“EE[MTI”(EJ“Q Zo(ra
- |z|? n n - Vn

thanks to the bounds provided by our assumptions, and Lemmas [F.2] [F.11] and [F.13]
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Third, we bound easily with Lemma [F"§| the quantity:

| Tr(Ady)| = li—]Tr (QAZAEAQ[ Z_ixix,ﬂ)

n

T (QV A (7] Bag [o0]) [ <0 (£2).

And we can bound ||Tr(Ads)|| < O (’%Q) since ||2; — Ea,[z2T]| < O(2) (as explained in the proof of

Lemma [F.10)).

Taking the supremum on A € M, ,(C) and putting the bounds on |e1|p, |le2llz, |61llp and ||d2]| z
together, we obtain:

[ors 10, <0 ()

So, in particular r5 = HQAZ H < ||Ea,, Q7]+ 0 (KQ> which implies that k5 < O(k.) as [[E4, [Q7] | since

ﬁ = 0(1). We obtain then directly the second bound of the proposition. O

1.4 Definition of the second deterministic equivalent thanks to the semi-metric

ds

Proposition slightly simplified the problem because while we initially had to estimate the expectation of
the whole matrix Q*, now, we just need to approach the diagonal matrix A* = Diag(z — % Tr (ZiQii)])ie[n].
One might be tempted to introduce from the pseudo identity (where Q was defined in (F.7)):

- %’H(EJEAQ Q) ~ = — — Tr(Z:0M) (F.14)

a fixed point equation whose solution would be a natural estimate for AZ. This equation is given in Theo-
rem we chose A satisfying

A =2z— %Tr (ZiQAZ) .

We are now going to prove that A is well defined for any z € H (where we recall that H = {z € C,3(z) > 0})
to prove Theorem Introducing the mapping:

VL € Dy(H) : Z°(L) = 21, — Diag (:L Tr (zi(gL))) ,
1<i<n

we want to show that 7% admits a unique fixed point. For that purpose, we are going to employ the
Theorem on the mapping Z* (z € H), that is, as we will see in Proposition below, contractive for
semi-metric ds presented in last chapter and defined for any D, D’ € D,,(H) as:

Di - D!
ds(D,D") = sup Q
1<i<n /S(D;)S(DY)

We first need to restrict our study on a subset of D,, (H):
D;- = {D € D, (H),D/z € D, (H)}

Lemma F.14. For any z € H, 7*(Dz=) C Dz-.
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Proof. Considering z € H, and L € Dz- and i € [n], the decomposition QF =
. 23 . . -1
( DD \£J|221 — Ly ‘y‘(if ‘)22’) allows us to set thanks to the resolvent identity (F.9)):

S(T7 (L)) = S(2) + % Tr (Ei (QL + éL))

1 1 S(L)S =
=3(2) + — Tr ziQLZ%QL >0
n — |L
(since éLZiQL is a non negative Hermitian matrix). The same way, one can show:

1 L S(Ly/= L
ST L)/ = s (EQ< +Z |L/ZQ>Q>>0

Let us now express the Lipschitz parameter of Z# for the semi metric dj.

Proposition F.15. For any z € H, the mapping Z7 is 1-Lipschitz for the semi-metric ds on Dz- and satisfies
for any L, L' € Dz=:

ds(T*(L), T* (L)) < /(1 = ¢(z, L))(1 — (2, L'))ds (L, L),

where for any w € H and L € Dz-:

_ S(w)
A= G sy, <Y
Proof. Let us bound for any L, L’ € Dz-:
1 - 1l L;— L =
T - T = T 30 (2305 | @
j=1 J
(1~ L —1I S(Ly)S(L) -
= — T EiQL - d E / E t
n r n; \SLJ)O(L;_) LJLJ J
1 1SS
d(L, L), = Tr (&QL (nz JTLJEQ )QL>
i=1
= (1S S(LHE =,
ETY (ZzQL (n; |L;J-2 )QL>
< dy(L, L')V(S(T* (L)) — S(2)) (S(Z*(L):) = S(2)), (F.15)

thanks to Cauchy-Schwarz inequality and the identity

0< %T&r (EZQL (Z |(53|)22> Q*(L )) = S3(Z7(L)i) = 3(2)

i=1

issued from the proof of Lemma Dividing both sides of (F.15) by \/S(Z%(L);)S(Z*(L');), we retrieve
the wanted Lipschitz parameter.
O

The contractivity of I* is not fully stated in the previous proposition because, the Lipschitz parameter
depends on the values of L, L’ and we want a bound uniform on Dj-. This will be done thanks to the two
lemmas.
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Lemma F.16 (Commutation between inversion and modulus of matrices). Given an invertible matriz M €
M, M7 = |M|~! and for any K > 0:

1
SM~' > KI, or RM™' > K1, = (M| < 21,

Proof. We have the identity:
(M7 =MTIM~ = (MM)™" = (M)~

then we take the square root on both sides to obtain the first identity (recall that the modulus of a matrix
is a non negative hermitian matrix). Now let us assume that 3(M 1) > K, we know that:

M7= S(MTHS(MHT +RMHRM T
—iRMHI(M YT +iS(MHR(M YT,
is a nonnegative hermitian matrix satisfying for all z € C? (the cross terms cancel):
M2 = 2T HIM YDz + zTRMHRM T2
MMz > K|z

Vv

I
)\]

g

Thus the lower eigen value of [M~!| = |M|~! is bigger than K and therefore [M| < +1,,.

Lemma F.17. Given L € D=, we can bound:

S0 < 170 <0 (el + 575 ) 1o

and:

S(2) I7(L) 2|1,
O<1+%(z))IpS’Q ‘S%(zp)

Proof. The lower bound of Z#(L) is immediate (see the proof of Lemma [F.14). If L € D;-, then we know
that L/z € D, (H), and therefore, noting that:

3 ((QL/Z)—l) -G (zlp - %Z L?/’Z> =3(2), + % Z W > S(2)1,,

we can deduce from Lemmathat |QL/z| < J(Z) and thus ||Q” || < (\\lzl which gives us directly the upper

(2)
bound on Z*(L) since Tr(%;) < O <|z| + S(z)
Finally, we can bound:

I~ 5 HZ || < 1 )

= < Z g 140 | = ;

n = I*(L); H |S(Z J(2)
which provides the lower bound on |Q%” (X[ since O (13(32()2)) < 1+O(°(z)) O
Theorem F.18. Given n nonnegative symmetric matrices X1, ...,%5, € M,, for all z € H, the equation:

1 1)
Vi Li=z—-Tr |35 (- =Y = F.16
R &l G % (716

admits a unique solution L € D, (H) that we denote A*.
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Proof. On the domain Z#(Dz:), the mapping Z* is bounded and contracting for the semi-metric dg thanks
to Proposition and Lemma [F.17] The hypotheses of Theorem are thus satisfied, and we know that
there exists a unique diagonal matrix A* € I*(D;-) such that I?(A*) = A*. There can not exist a second
diagonal matrix A’ € D,,(H) such that A’ = I'*(A’) because then Proposition (true on the whole domain
D,,(H)) would imply that dy(A’, A*) < d (A, A%). 0

We end this section with an interesting result on A* that will however not have any use for our main
results.

Lemma F.19. sup;¢c(, |AZ] < O(1 4+ |2)).

Proof. If we assume that Vi € [n],|A?| > 2v, then we deduce that 2 3" \f\l-zl < Ltoand 1YV <L

and therefore, \QAZ| < 2. As a consequence, Vi € [n]:

~ 1 ~ iz 2pv
B3] < lal+ — T (2alQA) < Jol + 22
n n

We can conclude that:

~ 2
sup |A?| < max (”, 2| + p”) <01+ |2).

1.5 Convergence of A* towards A*

To show the convergence of A* towards A = I7(A?), we need Proposition bounding the distance to
a fixed point of a contracting mapping for the semi-metric ds. This sets what we call the stability of the
equation. First allowing us to bound ||f\z — A#||, it will then be employed to show the continuity of z — AZ.
In the former application, the convergence parameter is n, while in the latter application it is a parameter
t € C in the neighbourhood of 0.

To be employ Proposition on the matrices I = A* and I = A# and on the mapping f" = Z7%, we
first need to set the following proposition. Unfortunately, we need to assume here that d(z, S¢) > O(1) (and
not d(z,S%,) > O(1)).

Proposition F.20. Given z € C\ S¢:

d, (%(ZZ(AZ)), %(AZ)) <0 <1>

n
Remark F.21. The bound O(%L) comes from the fact that for any z € C\ S¢, ifn < p then 0 € S and |z| > ¢
and if n > p then K, = %I‘Z\ Therefore, in all cases fjl <O0(1).

To prove Proposition [F-20] but also to show later that the mapping Z~ is contracting, we will need:
Lemma F.22. Given z € C\ 5%:

3(2) < inf & ([\f) < sup S ([\f) <0(3(2))

i€[n] i1€[n]

Proof. The lower bound is obvious since for all i € [n]:

Az %(Z) z T Az
S(A]) = S(z) + WEAQ [Tr ( 2 XX, _iZi)] > 3(2).

The upper bound is obtained thanks to the bound, valid under Ag, Q%,X_;/|z[v/n < O(1) provided by

Lemma [F.13]
O
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)

Proof of Proposition[F.20, We can bound thanks to Lemma [F.22}

3(QY) S (Ba, Q7))

e g il Gl Gl T )] 7

1<i<n \/%(]\Zz)g(zz([\z)v) \/ﬁ 3(2) %(z)
since ||Z;[|r < O(y/n). The identity -~ XX7Q* = Q* — I,, allows us to write:
Cx ]E z (\ _ —
2Rl Lm0 (35xx7) @] = LEagliorf - - TEa 0P - @ (Fan

We already know how to estimate E 4, [Q*] thanks to Proposition we are thus left to estimate E 4, [|Q7]?].
We do not give the full justifications that are closely similar to those presented in the proof of Proposition[F.12]
— mainly application of Schur identities (F.8)), Proposition and Lemmas To complete this

estimation, we consider a deterministic matrix A € M, and we estimate:

(a2, 0 (0"~ 0")

1 . xT >
- Em e (2 )e)
n 2z T AA* n Az Nz AA?
Iy (AEAQ Q° Q7 il QM ) LS <AEAQ Q QAZ;Q >
i=1 L i=1 i
_1g Q2,02 i TQ - Q il |Q% Pl Q
—n;TI‘(AEAQ - ]) *22:: ( ZAf

Q7,Q7,5:Q" Qz 2N

_%Zﬂ (AEAQ

i=1

- zx T AN
e

with the introduction of the notation:

)~ (%)
(%)

= —Ey4,

. 1 .
A% = Diag;c (nxiTQigxi) :

The random diagonal matrix A* being a O(x?/+/n) Lipschitz transformation of X for the spectral norm || - |
on D, we know that A* | Aqg € A% + & (k./+/n), where we noted A* = E4,[A%]. One can then pursue the
estimation, thanks again to Proposition

(a0 (000 = 135 ([
i=1 Z

Ejj ST (ABA, [Q5QN ) + (

‘A

:\*—‘

Now, taking the expectation under Ag on the identity valid for any ¢ € [n]:

1
(2] Q% i) = 3(2) (1+m(x$|Qi P2y — 2] Q2 x)) = (A7 +47), (F18)
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we deduce that A* = SeN S(A*) — A* + O(k./n). Therefore, with the identity Ea, [Q*QN ] |QA |2 +
O||.||» (k2/v/n), we can estimate (see the proof of Lemma [F.14| for the identification of I(Tr (QM))):

i S(A? ~
(e [0 = 35| 555 70 - 5 (5 [0 20)
i=1 z

=i

FTr (A\QAZ |2) ) (\’jﬁ)

_ 5 4+ L HA* Hz
= 515° (1 (40V)) + e (407 0 ()
and therefore, we can deduce from Proposition and :
Cx z S Tr AQAZ
\Y(TI‘(AQ ))ler(AEAQ UQ2|2_Q2]): ( ( )) —|—O( Kz >

3(2) 3(2) IZI\/ﬁ
we can bound thanks to 1dent1ty - and inequality % O(1) given by Remark

S3(Eaq [Q7) - 3@V _ ( ) ( 1 )
3(2) ~ \lzlvn vn)’
and we retrieve the result of the proposition. O

We now have all the elements to show the convergence of A# to A*. Here again, we need to assume as in
Proposition that z € C\ S°.

Proposition F.23. For any z € H such that d(z,5) > ¢

||AZ—AZ||§O(3) and o(' |) <|AZ<0<|;Z|>
n R
Proof. We already know from Proposition [F.20| that d ( (Z7(A%)), (A )) < o(1). Besides, the Lipschitz

)
parameter A of 7% on the set {A*, A* n € N} is such that 1 — A > O(1). Recall indeed from Proposmon
that:

Cx Cx
A< 17% 1—# <V/1-0(1) <1-0(1),
Sup;ein) (A7) SUp;epn) (A7)

thanks to Lemma [F~22] Therefore, we can employ Proposition [E:23] to set that:

Y - :ds(AZ’Az)SO I )
S(A%)3(A%) V/S(A2)3(A%)

which implies thanks to Lemma that:

We reach here the only point of the whole proof where we will employ Assumption [f] It is to set that:

AN o A -7 (i)
5

sup;c () S(A7)

Az —A* .
infie ) S(A7)

z __ IZ(/A\Z)

zleI%f} J(A?) = )+ 1nf Z n\AZ|2 Tr (ZiQAZEjéi\z)
& %(A-)Z -
> 3(2) + ; nz|[~xj|2 @) (Tr (QA Q0 )) >0 (lseu[rll)] (A ))
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As a conclusion:

HAZ_AZ _IZ(AZ)

gO([\z

J<o(mle-a])<o(%):

we can further deduce that A* and A* have the same upper and lower bound of order O(|z|/k.) since
Ky < O(|z]/Rz2). O

1.6 Concentration and final estimation of the resolvent

The estimation of Q7 is a simple consequence of the convergence of A* towards AZ.

Corollary F.24. For any z € C\ S, HQAZ I <O(k.) and:

-=0()

Proof. We already know from Proposition [F.12| that HEAQ Q%] — QAZ

HEAQ Q7] - QY

. < O(k,/y/n), thus we are left to

bound:
~AZ ~AZ ~ Az 1 ~ A?_AZ ~ Az
A* _ AA < A - i A*
HQ @ F_HQ (nz A? z )Q
=1 (i) F
Az — Az . .
< ¥ 80, o o
sup (1 [

32
<0 Ky R5\/D <0 K
|z]%2n Vn
(thanks to Lemma and Proposition [F.23)) We can then deduce that:

Q% |, <1@Y = QY Il +1@Y Ir < O(r.):

O

The concentration of @* natturally implies the concentration of R : z — %QZ around R : z — %Qi\ that
for integration purpose, we set with the semi-norm || - | g, defined for every f € F(C, M,) as

[fllrse = sup [[f(2)]p
z€C\S®

Theorem F.25. R | Ag € R+ &(1/v/n) in (Mg, |If]|m.se)-

Proof of Theorem[F.25. We saw in the proof of Proposmon E [F'.3| that the mapping R € (F(C\ S, M,), || -
||F,se) defined, under .AQ, for any z € C\ S¢ as R(z) = # has a Lipschitz parameter bounded by

1
w o(i55) o ()
secvse \|zlvn vn
Thanks to the bound % < O(1) justified in Remark As a O(1//n)-Lipschitz transformation of X o &,
(R | Ag) x &(1/+4/n), we can then conclude thanks to Corollary with the bound:

H]EAQ [R]

1 o i
| < s —||Ba, Q7] - Q°
F.55  zec\s¢ |2

K 1
o) o)
2€C\S° Vnlz| Vn
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The projections on deterministic vectors provide us with good estimates on isolated eigenvectors, but
a concentration in spectral norm would have been sufficient for this kind of result. A key consequence of
Theorem lies in the accurate estimates of projections on high dimensional subspaces F' C RP? it provides;
this is shoin Figure that depicts some of these projections with increasing numbers of classesﬂ Given
k € N, we consider B = {6y,...,0r} C R, a (random) subset of k eigenvalues of %XXT, FEp the eigenspace
associated to those eigenvalues and I1p and I, respectively the orthogonal projection on EFp and F. If one
can constructﬂ a deterministic path v such that {E[6;],7 € [k]}* C v € C\ 5%, then we can bound (since

|p|r = /dim(F) < O(y/p)):

P (‘;Tr(HFHA) — ﬁ 7{ Tr(IpR(2))dz

Z t) S Cve—cnpt2 + Ce—cn,

Although it is not particularly needed for practical use, we are now going to show that the mapping
g:z— %’I‘r(R(z)) is a Stieltjes transform that converges towards § on C\ S°.

1.7 Approach with the Stieltjes formalism

We present here some arguably well known results (see [KALG] for instance) about the Stieltjes transform of
the eigen value distribution that allows to get some interesting inferences about its support. We start with
an interesting identity that gives a direct link between the Stieltjes transforms g and ¢ with the diagonal
matrix A* and A*. From the equality Q% — éX XTQ?* = I,, and the Schur identities we can deduce
that:

o2 =~ T(@) = —2 - L YT,
i=1

pz z anQZ,
1 1 GKafQux 1 (n Iew 1 .
SR Vs o R R !
z npz - A? z \p pi:1Ai
with the notation g, defined for any mapping D : H 3 z — D* € D,,(H) aﬂ
: L (n I~ 1
D
g7 otz — 1) .

Interestingly enough, if we denote g = g[\, then one can rapidly check that we have the equality g =
*ﬁ Tr(Q*"). To show that § is a Stieltjes transform, we will employ the following well known theorem that
can be found for instance in [Bol97]:

Theorem F.26. Given an analytic mapping f : H — H, if lim, o —iyf(iy) = 1 then f is the Stieltjes
transform of a probability measure u that satisfies the two reciprocal formulas:

o« f(2) =52,
; . 110 . 1 1 b ;
e for any continuous pom a < b: p(la,b]) =limy o4 5 [ S(f(z + iy))dx.

If, in particular, Vz € H, zf(z) € H, then n(R™) = 0 and f admits an analytic continuation on C\ (R U{0}).

61t must be noted that the setting of Figuredoes not exactly fall under our hypotheses (since here ||E[z;]|| > O(\/p)), as
the amplitude of the signals must be sufficiently large for the resulting eigenvalues to isolate from the bulk of the distribution
when the number of classes is high (y/p ~ 14 is not so large). However, even in this extreme setting the prediction are good.

"The number of classes is the number of different distributions that can follow the column vectors of X

8The possibility to construct such a path and the condition on B for its existence, related to the notion of clusters, is a very
interesting question that we do not address in this study.

9The Steiltjes transform of the spectral distribution of %XTX is g = gAZ, where for all D : H 5 z — D* € D,(H),
.z
gP :z»—>f% A Dlz
10We can add the property Yz € R, u({z}) = lim, 0+ yS(f(z + y)), here for u to be continuous in a,b, we need p({a}) =

n({b}) =0
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Figure F.1: Prediction of the alignement of the signals in the data towards the eigen space of the biggest
eigen values of %XXT for p = 200, n = kng where ng = 20 and k is the number of classes taking the values
k =10, 15,20, 30, 35,42, 50,62, 75. The signals uq, ..., u; are drawn randomly and independently following a
law NV(0,I,), and we let U = (u, ..., ux) € My . Then, for all j € [k] and | € [20], z;4in, ~ N (uj,I,). (top
and bottom left) representation of the spectral distribution of %X X7 and its prediction with Az.(bottom
right) representation (with marks) of the quantities Tr(Ilz, UUT) and 17T, 1 and their prediction (smooth
line) with the integration of, respectively, S(i Tr(QA)) and E‘s(i]lTQAz]l) on the path drawn in red on
the other graphs. The line y = k represents instances of Tr(IT4) = k that can be approximated integrating
L Tr(Q*). The projection Tr(Iz, UUT) is a little lower than k because the eigen vectors associated to the
highest eigen values of %X XT are not perfectly aligned with the signal due to the randomness of X.
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The first hypothesis to verify in order to employ Theorem [F.26]is the analycity of g, that originates from
the analycity of z — A#. We can show with limiting arguments that A7 is analytical as a limit of a sequence
of analytical mappings. However, although it is slightly more laborious, we prefer here to prove the analicity
from the original definition. First let us show the continuity with Proposition [E.23]

Proposition F.27. The mapping z — A# is continuous on H.

Proof. Given z € H, we consider a sequence (ts)sen € {w € C | w+ z € H} such that limg_, o ts = 0. Let
us verify the assumption of Proposition where for all s € N, f* = [*%t: 'S = A*ts and I'* = A~ (it
does not depend on s). We already know from Proposition that f* are all contracting for the stable
semi-metric with a Lipschitz parameter A < 1 that can be chosen independent from s for s big enough. Let
us express for any s € N and any ¢ € [n]:

FET®) =T5 = 1P (A%); — Af = ¢, (F.19)

Noting that for s sufficiently big, I(I*T=(A%)) = S(t,) + S(A®) > g(i\z) > giz), we see that

ds(S(f2(T%)), 3(T3)) < % 2 0. Therefore, the assumptions of Proposition [E.23| are satisfied and
s o0

we can conclude that there exists K > 0 such that for all s € N:

A#tts — AZ - K|t _ 2Kt]
x ol X iy S(z)
S(AZF)S(A) || infiepn) /S(AZT)S(A?)

Besides, we can also bound:

VS(A=Fe) < 2&522?2)(%(&) + Kt,) < 0O(1),

That directly implies that |A*t%s — A%|| < O(ty) — 0, and consequently, z — A* is continuous on H. [
§—00

Let us now show that z — A# is differentiable. Employing again the notation f* = Z***, we can decompose
(noting for D € Dy, R(D) = (21, — > 7" )

(Az+t _[\z> _ (ft(]\z+t) _ ft(AZ) _|_ft([xz) _ fo(AZ)>

1 Rete 1 AR 5
. SAF t A?
= Dlagie[n] E Tr EzQ g Z j’iz«}tl'iz J jQ —+ tIn
j=1 J J
Now, if we introduce the vector a(t) = ([\f — Af“) iy € R, and for any D, D’ € D,,(H), the matrix:
1<i<n
1Tr (X;R(D)X;R(D'
\II(DvD/>: ( & RE)}),JR( ))> €My
" T 1<ij<n
We have the equation:
a(t) = U(A*, A*F)a(t) + 1. (F.20)

To be able to solve this equation we need:
Lemma F.28. Given any z,2' € H, I,, — \I/(AZ,AZI) 18 invertible.

Proof. We are going to show the injectivity of I, — W(A?, ]\Z'). Let us introduce a vector € R™ such that
x = U(A* A% )z. We can bound thanks to Cauchy-Schwatz inequality, with similar calculus as in the proof
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of Proposition [F.15}

R 3. S(A)S(A)
i = | T SiR(A%)Y 5% (A)SA)

n - (A 2\ A 2’ AZ'AZ:
i=1 1/ S(A#)S(A#") 3

< sup

I /3(A)) - 3()y/3(AF) - 3(=)
selnl | [3(A7)3(A7) v /

zj

V(A2 S (A=")

therefore, if we denote [|z[|5 = sup;cpy, , we have then the bound:

2]l 5-r 5= < 2l 52 5= \/(1 — d(2, A7) (1 — b(z, A7)

which directly implies that = 0 since we know that ¢(z, /NV(/)) = S;(;;) ) € (0,1). ]
SUpPy <i<p STV (A? i

From the continuity of (z,2’) — ¥(A*,A*), and the limit lim, o ||¥(A%, A%)|| = 0 (see the proof of
Proposition [F.33)), we can deduce as a side result from Lemma [F.28}

Lemma F.29. Given any z,2 € H, |[¥(A*, A*)|| < 1

The continuity of z ]\f given by Proposition and the continuity of the inverse operation on
matrices (around I,, — W(A*, A*) which is invertible), allows us to let ¢ tend to zero in the equation

1 o
Salt) = (I, - w(As, R 711,
to obtain:
Proposition F.30. The mapping z — A7 is analytic on H, and satisfies:

OAN?
0z

— Diag ((In — (A% AZ))*]L)
We can then conclude first that for all ¢ € [n], the mappings z — ﬁ are Stieltjes transforms.

Proposition F.31. For alli € [n], there exists a distribution fi; with support on Ry whose Stieltjes transform

- 1
ZSZH_F

7

Proof. We just check the hypotheses of Theorem We already know that z — — ;\12 is analytical thanks
to Proposition and the lower bound A? > $(z) > 0. Besides, Vz € H:

(A2 (A2
g L) 23U g and R A €750
A |A7] A A3/~

since A% € Dy.. Finally recalling from Lemma that for all y € Ry, ||C~2]\iy
that for all j € [n]:

liyl ;
< S(iy) = 1, we directly see

AY 1 A
W yn y—+o0
we can then conclude with Theorem [EF.26 O

We can then deduce easily that g is also a Stieltjes transform with an interesting characterization of its
measure with the fi; (defined in Proposition |F.31)).
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Proposition F.32. The mapping § is the Stieltjes transform of the measure:

i= (51w o

where &g is the Dirac measure on O (if p > n, then the measures fi1,. .., i, contains Dirac weights on zero
that cancel the term —2-24p ).

Recall that i, satisfies g(z) = 0+°°

g is analytic on C\ S and that for all z € C\ S, §(Z) = §(z). To precise the picture let us provide a result of
compactness of S.

ﬁdﬂ()\), and let us denote S, its support. This formula implies that

Proposition F.33. The measure ji has a compact support S c Ry and sup S < O(1).

Proof. We are going to show that for = sufficiently big, lim,_,o+ S(g(x + iy)) = 0, which will allow us to
conclude thanks to the relation between i and g given in Theorem Considering z = x + iy € H, for
z,y € R and such that

8
x > x9 = max [ — sup Tr(%;), 4v
T jeln)

let us show first that Vi € [n], R(A?)

> This is a consequence of the fact that Z# is stable on A = D,, ({t >
£} +iR%) N Dy-. Indeed, given L € A

xo
> -

S 1 = R(A)S; I %
(@) =t L TEE 2 b Y 2

i=1

DN | =

and as we already know, since D=, ((QL) > 0, therefore, ||Q%|| < 2. We can then bound:

n

R(A(L)) = & — - Tx (ziQL -1 Zn: RLy)% | Fe

Thus as a limit of elements of A, A* € A, and Vi € [n], R(A?) > £.
Besides, let us bound:

(\(Az)_ _,'_lTr ER(/N\Z)l - %(Aj)z —(Az)
SV =Y ! n <~ |AZ|2
j= j
4 1< S(A%)
<y+-—Tr(%)||— ¥l sup ——=.
n n; Ml dem R(A2)?
We can further bound H 1 Z; H < v, since 2| XXT|| = (| X||/v/n)? € v+ &(1/y/n) and therefore

1 DIRPY H <E 1||XXT||] < v+ 0(1/y/n) < 2v. Besides SQ(Z\Z)2 > #70, we can eventually bound
SUDPje(n] \f(A y<y+ = SUDj ] \S(A ), which implies, for « sufficiently big:
)

1_21/

x

sup S(A3) <
JE[n]

— 0.
y—0t

We can then conclude letting y tend to 0 in the formulation g = g: :

n

oy (n 1 S(47)
S(g(x +1iy)) = 22 + 42 (p 1) +pZ§R(Az) S(Az) y$>+ 0
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Figure F.2: Spectral distribution of %X X7 and its deterministic estimate obtained from A for n = 160 and
p = 80. Introducing P an orthogonal matrix chosen randomly and ¥ € D, such that for j € {1,...,20},
Y; =1 and for j € {21,...,80}, ¥, = 8, we chose (left) Vi € [n], z; ~ N(0,%) and (right) Vi € [n],
x; ~ N(0,%;), where ¥; = ¥ and ¥;,; = PTY, P for all i € [n]. The histograms would have been similar for
any other concentrated vectors x4, ..., z, having the same covariances and comparable observation diameter
(see Definition [J)

We end this section with the proof of the convergence of the Stieltjes transform of the spectral distribution
g towards g.
We introduce the semi-norm || - || g, defined for any f € F(C) as:

[fllse = sup [f(z)].

zeC\Se

Theorem F.34. g | Ag € §+ & (1//pn) in (CON || - ||s).

Proof. We know from remark that O(*#) < O(1) and therefore we can show as in the proof of Proposi-
tion that the mapping g defined for any z € C\ (5°U{0}) with the identity g(z) = —ﬁ Tr(Q%) is, under

Ag a O(1/,/pn)-Lipschitz transformation of X, thus (g | Ag) x &(1//pn) in (F(C),|| - |ls<). We can then
conclude thanks to the bound:

1 .

sup |EAQ [9(2)] — g(,z)| < sup ‘Tr (IEAQ Q%] — QAz)‘

2€C\S* 2€C\S= 2P
K 1
< sup O(Z) SO().
2€C\S¢ |Z\\/”P V1P
O

In particular, thanks to the Cauchy identity, for any analytical mapping f : C — C, since the integration
on bounded paths of C\ S¢ is Lipschitz for the norm || - ||s=, we can approximate:

1

(| f 1 - 51 § sratera:

for any closed path S¢ C v C C\ S° with length [, satisfying I, < O(1). There exists a correspondence
between a distribution and its Stieltjes transform: denoting p the spectral distribution of %X X7, we have

Z t) S Ce—cnpt2 + Cfe—cn7
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indeed for any real a < b:

b
p([a,b]) = lim 1 S(g(z + ty))dx.

y—=0 T

As seen on Figure this measure is naturally close to i defined for any real a < b as ji([a,b]) =

lim, o = f: S(g(z+1iy))dz, it can indeed be shown that the Kolmogorov distance between those two measures
tends to zero as stated in [Cho22].

F.2 Statistical study of the resolvent with convex concentration hy-
potheses

We want in this section to extend the result of Section [F-I] to the case of convexly concentrated matrices.
Recall that convexly concentrated random vectors class is not stable through Lipschitz maps, we just set
it was stable through affine transformations. As a consequence, in this setting, the concentration of the
resolvent Q% = (I,, — X/z)~! is no more a mere consequence of a bound on its differential on X € M,,. Still,
as first shown by [GZ00], it is possible to obtain concentration properties on the sum of Lipschitz functionals
of the eigen values. Here we pursue the study, looking at linear concentration properties of ) for which
concentration inequalities are only satisfied by 1-Lipschitz and linear functionals f. The well known identity

Z f = QW]{fiZ)T‘—f(Qz)dz, (F.21)

AGSp

is true for any analytical mapping f defined on the interior of a path v € C containing the spectrum of X
(or any limit of such mappings), therefore, our results on the concentration of Q% concern in particular the
quantities studied in [GZ00].

The linear concentration of the resolvent is proven thanks to Theorem expressing it as a sum Q% =
152 (X/z)". The linear concentration of the powers of X was justified in Theorem We call this
weakening of the concentration property “the degeneracy of the convex concentration through multiplication”.
The linear concentration of the resolvent is though sufficient for most practical applications that rely on an
estimation of the Stieltjes transform m(z) = % Tr(Q?) or on projections on (7.

We still work under Assumptions we just adapt Assumption [2] to the convex concentration setting
and assume instead:

Assumption 2. (Convex concentration). X o Eo.

We also keep the same notations S = {E 4, [M],...,E,[Ap]} and

Ag = {w € [pl, o (iXXT> € SE/Z} ,

for some e > O(1). the concentration of o(X)/v/n € E[o(X)]£&(1/4/n), allows us to sef'!] as in Lemmal[F.1]
that there exist two constants C, ¢ > 0 such that P (A° ) < Ce—ene’,

We can beside deduce from Lemma [D.5] that (X | AQ) ¢ Ea.

Placing ourselves under the event A, let us first show that the resolvent Q* = (I, — L XXT)~!
concentrated if z has a big enough modulus. Be careful that the following concentration is expressed for
the nuclear norm (for any deterministic matrix A € M, such that ||A]] < O(1), Tr(AQ?) € &). The next
proposition is just provided as a first direct application of Theorem a stronger result is provided in

Proposition
Proposition F.35. Given z € C such that |z| > v +e:

(@ [Ag) €& i (M, |- [l)-

H1p Lemma the proof is conducted for Lipschitz concentration hypotheses on X. However, since only the linear concen-
tration of o(X) is needed, the justification is the same in a context of convex concentration thanks to Theorem
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Proof. We know from Lemmathat (X | Ag) . & and from Theorem that (here k = v+ 5 < O(1),
o=1/y/n and p=0(n)):

Under Ag: <711XXT>m €& ((1/—1—%)7”\/%) in (M, || ) -

Let us then note that (v + §)™ v/m = O ((v + 25)™) and for z € C satisfying our hypotheses: (v+38)/|z| <
1 — =5—. We can then deduce from Corollary [B.32| that under Ag:

4(v+e)”
1 1 B G| ‘ 4
=1, - —XXxT == —XXxT E | = )
@ z(p zn ) z;<zn > € 2(5(V+€))

Let us now try to study the concentration of Q% when z gets close to the spectrum.
Proposition F.36. For all z € C\ 5°:
Q7 [ Ag) € &(k2) in (Mp, |- l+),
Proof. Proposition already set the result for |z| > v + e = p, therefore, let us now suppose that |z| < p.

—1
With the notation M = (C\‘y(z)2 + (R(2) — %XXT)2> = |1Q%|?, let us decompose:

o= (%(z) - ;XXT> M — S(2)iM. (F.22)

We can then deduce the linear concentration of M with the same justifications as previously thanks to the
Taylor decomposition:

Ay < S22 (R(2) - 1XXT)2>m
M=—= 1-— - 5 .
p
Indeed, |R(2)I, — 2 XXT| < d(R(2),S) and d(z,5)? = 3(2)? + d(R(z), S)? < p thus:

3(2)? 1 1 2
1— pa <3fe(z)1p - nXXT)

d 2 2
§1—7(Z’25) <1-Z <1
p p

We therefore deduce from (F.22) that:

|z

(@7 | Ag) € & (52 (1SG)+ 1R()| + v + Z)) = &(k2).

O

One can then follow the lines of study made for the Lipschitz concentration case to show that Q* is
also concentrated around Q" under convex concentration hypotheses. Although Proposition m gives us
a concentration of @ in nuclear norm, we will estimate E[Q?] with the Frobenius norm as in the Lipschitz
concentration case.

Proposition F.37. For any z € C\ S¢ in convex concentration setting:

o()

The Proof of the Theorem is done the same way as in the Lipschitz case, it just relies on the Lemmas [F.40]
and [[£38] below.

[ei@ - @
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Lemma F.38. Under Ag, for any z € C\ S° and any i € [n]:

IE[Q° — Q7] <O (i) |

The proof is the same as the one of Lemma, and relies on the bound on A} given by Lemma [F.7 and
the concentration of T Q_;x; provided in next lemma.

Lemma F.39. For any z € C\ S%, any i € [n] and any u € RP such that ||u| < 1:
(w'Q,xi | Ag) € O(1) £ &s.

—1i

Proof. We do not care about the independence issues brought by Ag. Let us simply bound for any ¢ > 0
and under Ag:

P (|uTQii$i —E I:UTQiixi] | > t)
¢
=" (‘“TQZ*”“‘ )| 2 2) o (|“T (@ —E[Q]) m| > )
< B [Cemn/10-I] 4 cemen® < aemene,

for some constants C, ¢,c¢’ > 0. Besides, we can bound:
E [u" Q% ;a:i]| = [u"E[QZ,]m;| < O(1),

thanks to Lemma [E.2]
O

The last Lemma is then important to employ similar results as Proposition as in the proof of
Proposition
Lemma F.40. For any z € C\ S¢:
Vi € [n], A7 | Ag € A7 + Es(k./v/n) + Ei(k=/n).
Besides, for any deterministic matric A € My:
(2] AQ%x; | Aq) € Tr(SiAE[Q7]) £ & (r:]|Allr) + &1 (w2 All)-
Proof. We will first show the concentration of Lz7 AQZ ;z; for any deterministic matrix A € M,, that will in

particular imply the concentration of A?. Recall that under Ag, || X|| < O(1) and ||Q?|| < k.. Given i € [n],
we want to bound:

2] AQ* ;x; — Tr (S, AE [Q—))]
< o] AQZ i — Tr(T;AQZ,)| + [ Tr (2 A(Q%,; — E[QZ]))] -
Now we know that, for X_; fixed, we can bound thanks to Proposition
P (|al AQ* jz; — Tr(XTAQ?,)| > t) <E {C€*C(t/HQz_,‘,HHAHF)2 n Cefct/HQz_iHHAH}
< Ce=¢ W/AlrR=)? Ce=<'t/I1Allr=

for some constants C, ¢, ¢’ > 0, thanks to Lemma [F.2

Besides, we know from Proposition and Lemma that Q%; € E[Q%] £ &2(1/4/n) in (M, | - 14),

which allows us to bound:
P (|Tx(2AQ% ;) — Tr(S:AE[Q)| > ) < Cemet'/I41%
for some constants C,c > 0, since ||X;|| < O(1). Putting the two concentration inequalities together, we
obtain the concentration of L7 AQ? ;.
Now the identity %xiTAszi = %%;ﬂ%, and the bounds A? > O(|z|/Fk.) and %xiTAQiiri < Kup
allows us to deduce the concentration of %ziTAszi thanks to Lemma setting the concentration of the

product of concentrated variables. O
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F.3 The deterministic equivalents of the powers of the resolvent

Our aim here is to find deterministic equivalent for all the powers (Q*)™, for m € N and for z € C satisfying
d(z,8%) > O(1) for a given constant e > 0 (¢ > O(1)). For simplicity, we will omit the exponent z of the
resolvent. We continue to work under Assumptions we thus won’t recall them in the coming lemmas
and propositions. The main goal of this section is to display the formulas given in Proposition [F.47] because
they might be seen in other contexts thereby allowing to interesting analogies. The coming proofs are quite
laborious and do not present all the required justification mainly to avoid complex inferences of little interest.
In the concentration inequalities, it is interesting to keep track of the dependence on m to use it later
for a quasi-asymptotic formulations, we will thus assume sometimes that m € NV is a sequence of integer
(as n and p). Since it is costless to devise directly a deterministic equivalent for QA;QAs, - - - A, —1Q where
Ay, ... A,,_1 are all matrices of unit spectral norm we will consider this general case. Considering from now
on m — 1 matrices A1,..., A1, where Vi € [m], ||4;|| <1 and we note for any matrix M € M, k € [m]:

itk<l : I,
MAT = ifk=1: M
iftk>1: MA[MAlJrl...Ak,lM

We further note for formulation simplicity A,, = I,.

Proposition F.41. Given a sequence of integer m € NN:

QM | A € E[QA"] &, (mg ) in (M 1)

Proof. The result is proven the same way as Proposition[F.3] employing the bound on Q* given by LemmalF.2
O

We now look for a computable deterministic equivalent of Q47" . Let us first provide a useful formula to
start to disentangle the dependence between Q41" and z;; it is a consequence of the Schur formulas (F.8)

Lemma F.42. For any m € N,:

m
m Am 1 Al m
QY =@ + =) Qllmal Qi AQ"
i =1

where L7 = {(l1,...,lg) ENF | 1 <1y <... <l <m} and L ={()} contains only the O-tuple (and recall
that A, = 1Ip).

Proof. The result is just a consequence of the following telescoping sum decomposition (where we set Ay, A,, =
I):

QY - = ZQAl-ilAl QAT — QA 4,4

=1

TAL(Q-Qu)AQN = — Q il Qi QA
A

Lemma F.43. Given a deterministic vector u € RP, for any k,l € N such that 1 <k <l <m:
l
uTQf’;xi | Ag € O (/ﬁi‘k"’l) + & ((cmz)l_l’”‘l) ,

for some constant ¢ > 1.
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Corollary F.44. ||E4,[Q4] — Q47])||=0 (%) for a constant ¢ > 1.

Proof. We do not use directly the second identity of Lemma because it would let a term m™ appear in
the bound. Instead of the first result of Lemma one could have stated the identity:

QA;,L _

1 & Al-1 T AT
s 2 QM AQumal QT
K

=1

(recall the notation Ay = I,,). Putting those two identities together one obtains:

o oan
QY =07 +Af ZQ_l i)

L k—1 m
+ (Azn)2 Z Z Qé%xixer—iAlQAH'l Ak—lQ—ixixZTQi"f
i I=1 k=1+2
1 i 1 m
+ (A7n)2 ZQéﬂi%TQ—iAlQ—ﬂi%TQé;“ (F.23)
4 =1

Thus, knowing from Lemmas and that given any deterministic vector v € RP such that |lul| < 1,
any | € [m] and any k € {{+2,...,m} we have:

) uTQ 1z | Ag € O(k L) £ Ex((ek2)h)

Z; Q AlQ l+1 Ak 1Q iLq )a

one can deduce from the estimation of the product of concentrated random variables given in Lemma
that for all u,v € RP such that [jul], ||v] < 1:

WTEaq Q4 - QY] v<0 <(C”;)m) +0 ((c"?);_l_l) <0 ((“)m) :

n

RE-lH1 2
< z<0(

|Azn| |z]n

Before starting the estimation of E 4, [Q4T'], we still need a result analogous to Lemma
Lemma F.45. Given k,l € N such that 1 <k <l <m:
1
QM X | Ag o & ((er.) 7F ),
for some constant ¢ > 1.

Proof. The concentration is really proven the same way as in the proof of Proposition (and the fact that
there exists a constant ¢ > 0 such that for all i € [m], i < ¢").

To bound [|E4, [QAL;UA I, we use the identity (F.23) and bound for any deterministic vector u € RP such
that ||ul| < 1:

‘EAQ [UTQAL,TZ‘:H = ‘EAQ {uTQAgvxz} + =

l .
T AL T A
Eaq [u Q Fxix; Q_ v
=k

l
1 Al Al
+ W E E, [UTQ_Q%] E4, ["EzTQ—iAjQ—ixi} Eaq {IZTQ_;JF U}
j=k

i

1 l l ; ot
| o 2,2 Be [uTQ“";xi} Eaq [+7QA;QY A, 1Q ] Bag [+7Q%0)]

Lo <(cﬁ)z_k+1 L (=R (er)' TR, (1 | rsha(l k))) < 0 ((en)+)

nlz|

for some constant ¢ > 0. O
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Proposition F.46. With the notation:

m 1 A’In
AT _ 1y T
T%" = Diag;e <nAfo L xz) )
one can estimate for any (sequence of) integer m and any set of deterministic matrices Ay,...,Am_1 €

m—1.
M1

1 A~ L Al2 LA (ck)™
— E Tr | AQ L X, T 'tk <

- AQ{ <QZ ZQ)] ' ! _O( vno )’
F

m

where for any k,1 € [m], k < 1, TA% is a deterministic matriz satisfying ||Tszl’; —TiA?’: lr < O((ck.)=F+1 /\/n).
Proof. Given a deterministic matrix A € M, such that ||A||r < 1, let us try and estimate
Eaq [’I&“ (AQA?LAm(Q — Q))}, we allow ourselves not to display all the steps of the calculus since simi-
lar inferences were already displayed in the proofs of Propositions and For simplicity, we note Q

instead of QAZ .

Ea, [Tr (@4 40 1@ - Q)]

. Tr (4Q475:Q)
B 1 1 A™ T A < !
= LB [T (40" T Q) | By | =
1 n
== Z a; +b; +¢;
n -
=1
where for all i € [n]:
AZ — A*? m—1 ~
ai = ]EAQ W TI' (AQA Am_lQ_il'im;'TQ)]

m—1
A

1 m— ~
b= —Bag |Tr (4 (@4 Q%) 41Qiwial Q)]
1 m m ~
b= —Ea, [T (4(Q4 - @4") 2:0)]
A7
Let us first apply Proposition with the hypotheses:

e QX | Ag o E(k.) and ||E[Qu;]|| < O(1) thanks to Assumption
o QX | Ag x Ex((cr.)™)) and |[Ea, [QAT zi]|| < O((ck2)™)) given by Lemmam

o A | A € Bug[A] £ & () in (D, | - [) given by Lemma

o [|[Eq,[A*] - A*||p < O(k*/y/n) thanks to Lemma

to set:

A*— A XTQ>

Az

:]E.AQ

<0 <H(Z’T\/);+2) < <(cnz)m+1)

-o(3)
n

n
1

fE a;

n -
=1

The bound on ¢; is just a consequence of Corollary [F.44}

Tr (AQAMX

lei| < K2

E4, [Qéi‘ - QAL}
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Because it relies on similar justifications, we will directly replace A7 with Af in the coming estimations.
The quantities a;, i € [n], are not negligible as the two others, we need to evaluate it. We can again
inspire from Lemma and write:

n m-—1

LS e S e [ (10470 )

1 i=1 [=1

L S B, 1 (40 x7x70))].
=1

(since #.k./|2| < 1). Noting that T4" o & (%) in (Dy,]| -]|), one can use one more time

Proposition [B.50| to obtain for any deterministic diagonal matrix 74" such that |E 4, [T4"] — TA" || <
Q

O (7(%3;;“1 ):

S
]
S"
sw

m—1 m
> > Ea, {Tr (AQAlXTA?”XTQ)} 40 ((C’j/z% >

3

—1 E.AQ {TT (AQAlflAlQiimiTiA{"x?Q)} L0 <<C"€\/Z?)Lm)

Z
7

S
Il
-

I
S|
NE
=)
g

3

1
Az

Ea, {xiTQAQf%IiTAZn}
1

|
S
-
=

1 l

n om—1i-1 )
nzAf > Euag [T (404 ai0,Q e 7T Q)] + 0 <(c,\% ) |

i=1 [=1 k=1

K2

With the same resort to Proposition on can show iteratively that:

n n m-—1 !
1 1 1 T A ANAL . A AL (crz)™
LTI I D IR ECICE S ARE A RIS
=1 =1 k=1 7 leLZzﬂ

1 n m-—1 1 AZQ "AZZ o, m
ZEZZAZ > EAQ[TI'<AQIEQ>:| ST +O((\/ﬁ) >

i=1 k=1 1l€LL"1

for some constant ¢ > 0 (each time one uses the proposition, the bounds of the estimation are the same and
we use it Sop ) (5 )k < (m—1)2m71). O

Given two integers k,1 > 0, h <[ and a tuple a = (a_p,...,...,Q0,Q1,--.,a;_1) € [n]'*" let us note:

\IJhIEAQ[l T (Sa Q@+ S, Q%a,@+ Sy IQ)},

where for any i € [n], we noted 3; = ;/A?. We further introduce the tensor of shape nx- n (I times)
oh = (@h)aE . Given h > 0 and replacing in the last estimation A with 13, Q2o 1Q2a0 satisfying:
L5 QS0 (8| <0
n 1 —h a1 (74} ” f— \/ﬁ k)
we know that for any a = (a_p,..., a0, a1,...,Qm_1) € [n]™Th:

n m—1

(k)™
L e ZZ > \IJZ+}1LJ\IIO \Ifm,+0( - )

=1 k= 1leLm1
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where for any k,l € {h,m — 1}, k <1, o}, = ag,..., 1.
Inspiring from this equation, we are going to introduce with next proposition a set of tensors that will
allow us to approximate E[QA1'].

Proposition F.47. There exists a unique sequence of tensors ¥ satisfying:

VYm>2,heNa= (a_h, e Q1) € [n]erh :

n m—1

i/h _ \i,h-‘rl E E E \I/h+1 \IIO ‘1107
a «a a h77’ al ,z al”,zv

=1 k= llELml

Vien,acn): Ut =0 = lTr(ia1Q-~-imQ).

Proof. We already know that for any i € [n]:

1 -
1 _
Wy =0,y = - Tr(2:Q)

Let us now assume that there exists m > 1 such that for any k € [m — 1], and any h € {0,...,k}, and any
o € [n]F, Bl is well deﬁned and we know how to compute it. Besides, for any a € [m]™, we also know how to
compute U1 = . We then further assume that there exist h € [ ] such that we know how to compute

any W¥ for & < h. If h > 1, then we see from the iteration formula that ! expresses as a sum of computable
elements, the only issue raises when h = 0, then VY are appearing on both side of the equality. To invoke
the invertibility of W3, let us first consider:

n m-— 1 n m-—1
~ 1 ~0
IEDID LRI ) DD DIL SIS
n [ Q5 Xy 0t
=1 =1 1=1 k=2 lELm 1

The right hand term that raise concern is 337 W)y Wom ;. Since Wom ; = ¥ . and Ul = U3, we can
- 0’ k]

e [N
rewrite it (U300 ),, (where the right product of a matrix and a tensor is a classical matricial product on the

first variable of the tensor). We can bound for any « € [n]*:

[Zan ([l %as

72
‘\IIO‘ = |z|2 ’

therefore, for |z| sufficiently big, (I,, — ¥3) is invertible and one has the identity:

n m-—1
- - - 1 L
U0 = (I, —¥2)~ . <qf; + = S Wl WO (F.24)
i=1 1=2
1 n m-—1 _ B B
+— Ul W0, W (F.25)
n gyt i K
1=1 k= m—1
P R=2 ey (00,0 1) E[n]™
Complex analysis inferences should then allow us to set the uniqueness for all the values of z.
O

Once U is defined for all m € N, h € [m], one can define iteratively for any sequence of deterministic
matrices A_p, ..., Ap—1 followingly:

VYm>2,heNVA_,, ..., Ap_y € MIHH:

ih  §htl
YA Ay ‘I’A -
n m-—
Jht1 0 g0
Z Z \IJA—h, VAL —1,8 \IjAllwuva 1,2 \IJAlka-~wAm—1»Zi7
L k=1jeryr"

—1

. - 1 . - =
ViE ) A Are My WL L =W =T (AlQ-~-Al_1QAlQ) .
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One should need a proper proof to justify it, but we will just explain that the existence and uniqueness
is proven iteratively considering sequences of matrices (A1, ..., 4;, iaiﬂ, oy Ba,)) With (ig1,. .., am) €
[n]™~% and i going from 1 to m.

We can finally properly estimate Q4. We express this result in the case m constant, but one could
probably get a similar result for an asymptotic m. The proof is just a laborious use of the explicit formulation

(F.24).

Proposition F.48. Given a constant integer m € N and m matrices Ay, ..., Ay, satisfying ||A:||lr < 1, we
can estimate:

m ~ Kz
Tr(AnQM) | Aq e UG, 4 +& (\/ﬁ) .



Chapter G

Concentration of the resolvent with
random diagonal term

We study here the concentration of a resolvent @ = (I, — %X DXT)~1 with Assumptions for X and
D (in particular D is random). Among other use, this object appears when studying robust regression
[EKBB™ 13| [MLC19a]. In several settings, robust regression can be expressed by the following fixed point
equation:

n

B= 3 fal B, e, (G.1)

i=1

where (8 is the weight vector performing the regression (to classify data, for instance). It was then shown in
[SLTC21] that the estimation of the expectation and covariance of 8 (and therefore, of the performances of the
algorithm) rely on an estimation of Q, with D = Diag(f’(z! 3)). To obtain a sharp concentration on @ (as it
is done in ’I‘heorembelovv)7 one has to understand the dependence between ) and z;, for all ¢ € [n]. This
is performed with the notation, given for any M = (mq,...,m,) € M, ,, or any A = Diag;cpy, (A;) € Dy:

o M_, = (ml, - ,mi_l,O,mi_,_l, - ,mn) S Mp,r”
° A—i = Diag(Al,. . .7Ai_1,0,A7‘,+1, .. ,An) € D,.

Theorem G.1. Given a positive random diagonal matrix D € D} and a random matriz X = (z1,...,2ys),
in the regimcﬂ p < O(n) and under the assumptions:

° (X, D) X 52,
e all the columns x1,...,x, are independent,
o O(1) < sup;ep, [[Efzi]|| <O(1),

for all i € [n], there exists a random positive diagonal matriz D® e Dt independent of x;, such that

sup;epy | D—i — D) < O(1),

there em}sﬂ three constants k,kp,e > 0 (¢ > O(1) and k,kp < O(1)), such that || X|| < /nk,
I DD, |ID|| < kp and K2kp <1 — ¢,

1Tt is not necessary to assume that p < O(n) but it simplifies the concentration result (if p > n, the concentration is not as
good, but it can still be expressed).

2The assumptions || X||//n bounded and x?xp < 1 — ¢ might look a bit strong (since it is not true for matrices with i.i.d.
Gaussian entries), it is indeed enough to assume that E[||X||] < O(y/n) and introduce a parameter z > 0 to study the behavior
of (zIp — %XDXT)_1 when z is far from the spectrum of %XDXT — as it is done in Section We however preferred here
to make a relatively strong hypothesis not to have supplementary notations and proof precautions, that might have blurred the
message.

115
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the resolvent Q = (I, — LXDXT)~1 follows the concentration

Q € EIQ] £ £ <\/ 105”) in (My, |- 1e)

Inspiring from the formulation of the deterministic equivalent introduced in Chapter [F] we introduce the
following notation that will help us to express the deterministic equivalent of Q. Given §, D € M,,, we note:

Qa(D) = <Ip - %iﬂg [H_D(;DZ} EZ—> _1,

i=1

(where we recall that Vi € [n], ¥; = E[z;2]]).
Theorem G.2. For any diagonal matriz D' € D,,, the fized point equation:
5 = Diag;c () (ziéé (D’))
admits a unique solution 6(D') € D,, and, under the hypotheses of Theorem one can estimate:
IE[Q] — @*P/(D)||r < O(/logn).

Remark G.3. Note here that although there are no term 1/\/n in the bound, this result still provides some

good convergence bound for the estimation of linear forms like the Stieltjes transform or more generally any
L Tr(AQ) when ||A|| <1 (because then L||A|lr < O(1/y/n)).

Remark G.4. Unlike in the result of C’hapterlE (for instance Theorem , there is no resort to the high
probability event Ag here. It is because, as we will see later in Lemma @, in the current setting all the
drawings of the resolvent Q are bounded thanks to the hypothesis k?kp < 1 —e. In the sens, the parameter z
of ChapterlE is here always far from the spectrum of %XXT.

Remark G.5. Let us give two examples of the matrices D) that one could encounter in practice:

e for alli € [n], D; = f(x;) for f: RP — R, bounded, then, D; just depends on x; so one can merely
take DY) = D_; for alli € [n].

e For the robust regression described by FEquation as in [SLTCZ1|, we can assume for simplicitgﬂ
1 £ lloos | £ ooy 1f " le < O(1). If we choose D = Diag(f'(xz¥B)), then it is convenient to assume
LI ool X2 < 1 — € (which implies in particular | X||?||D|| < 1 —€) so that B is well defined,
being solution of a contractive fized point equation. One can further introduce B9 € RP, the unique
solution to

i 1 i
50 =1 3 faT 0.

By construction, %) is independent of x; and so is:
DO = Diag (/(zf 8), ... '@ 89),0, (@, B9, f (2E6))
Besides | D_; — D(_Z)Hp <N oI XE, (B — B)||p. Now, the identities:
XTB= %XZX F(XTB) and XT,BW = %XfiX,i FXT,B9)
(where f is applied entry-wise) imply:
IX7,08 = BD)le < ~ 17 ool XalPIXT(8 = 8D + - f(aT )X
We can then deduce (since || f'||o||X—3||* < 1 — € by hypothesis):

e (07 )X, < 01).

ID—i = DNl < I/ oo XT38 = BD) || <

3The bound ||f|lec < O(1) is not necessary to set the concentration of @, but it avoids a lot of complications.
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G.1 Concentration of Q

Lemma G.6. Under the assumptions of Theorem QI < % <O(1).

Then we can show a Lipschitz concentration of @) but with looser observable diameter that the one given
by Theorem (as for XDXT we get better concentration speed in the linear concentration framework).

Lemma G.7. Under the hypotheses of Theorem [G_1}

(Q,jﬁczx) x& in (Mym |- Ilr).

Proof. Let us just show the concentration of the resolvent, the tuple is treated the same way. If we note
#(X,D) = Q and we introduce X’ € M,,,, and D’ € D,, satisfying | X'|| < ky/n and |D’|| < kp as X, D,
we can bound:

“(b(X?D) - ¢(X/7D)HF

_1 H¢ X,D)(X - X)DXT (X', D)| . + % |l6(X, D)X'D(X — X")T¢(X', D)||

QKHD
NG IX = X',
thanks to the hypotheses and Lemma [G.6] given above. The same way, we can bound:
2
K
l6(X, D) = ¢(X, D)l < 1D = D'llp
Therefore, as a O(1)-Lipschitz transformation of (X, D), Q x &. O

G.2 Control on the dependency on z;

The dependence between @) and x; prevent us from bounding straightforwardly ||Qz;|| with Lemma and
the hypotheses on x;. We can still disentangle this dependence thanks to the notations:

1 -1 1
Qi = <Ip - XfiDXTZ) and QY = ( - fXT DOXT, )
n

We can indeed bound:
IEQYill < IIEQUIEL| < O(), (G-2)
and we even have interesting concentration properties that will be important later:

Lemma G.8. Under the assumptions of Theorem [G_1|:

1 .
Q(’L)x“ XIZQ(;LZJ:Z S 0(1) + 52.

vn
Proof. Considering u € RP, deterministic such that ||u|| < 1, we can bound thanks to the independence

between Q(_ZZ and x;:

‘uTQY';xi _ E[UTQQ%]’ < ]uTQQ (i — E[mi])’ n ‘uT (Q@ - E[Qﬁg]) Elz,]|.

Therefore, the concentrations x; o< £ and Q(_lz x & given in Lemma imply that there exist two constants
C, ¢ > 0 such that V¢ > 0 such that if we note A_;, the sigma algebra generated by X_; (it is independent

with z;):
P([u"Q )z — B [TQ% z)

<o (et 2 414 o2 (@ -2fet])

<E [Ce(t/cHQYZH) } + Celt/elBlz? < oro—t?/e

t
>
)
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for some constants C’, ¢’ > 0, thanks to the bounds ||E[z;]|| < O(1) given in the assumptions and ||Q(_ZZ|| <
O(1) given by Lemma

The linear concentration of X7 Q@xi /+/n is proven the same way since one can show as in Lemma
that (X, D) — XZT, (Z)/\/ﬁ is O(1)-Lipschitz on {|| X || < kv/n, ||D|| < kp}, and therefore, XTzQ(_ZZ/\/ﬁ x &s.
O

Let us adapt the Schur identity to the presence of the diagonal matrix D;:

1 D;Q_iwixl Q_; Q_ix;
= -t : d i = )
=0~ T DA, an Qri = DA,
where we noted A; = fxTQ ix;. The link between Q_;x; and Q( )xl is made thanks to:

Lemma G.9. Under the hypotheses of Theoremm for alli € [n]:

1Q iz — Qs ]| € O(\/logn) % &(y/logn).

Let us first prove a Lemma of independent interest:

Lemma G.10. Under the hypotheses of Theorem[G.d} for all i € [n]
L x7 00y,

H\/ﬁ € O(/logn) + &(+/logn).

o0
Proof. The control on the variation is given by Lemma[G.§| (|| - |lsc < ||-|/7) and the bound on the expectation
is a consequence of Proposition [B.22] and the bound:

(1). (G.3)

O

XLQ@%}

XLQQ} E [z;]

Vi = 7= el

Proof of Lemma[G.9 Let us bound directly:

(@ —@9)a

IA

o0 - D_)x"Q

AN

1 (i) VNG LT A0
Qs XD — D] p| X Q%5 |0 SO | —=[1X1,Q55%4 |00 | -
Sl D= |7l X Q5| \/ﬁH Q|

We can then conclude thanks to Lemma O

G.3 Proof of the concentration

Let us first provide a preliminary result that will allow us to set that 27 QAQz; behaves more or less like a
O(y/log n)-Lipschitz observation of (X, D,Y).

Lemma G.11. Under the hypotheses of Them’em Vi € [n], and for any deterministic matrices U,V €
M, such that ||U||, ||V < 1:

IVQX| € 0 (Viogn) + & (Viogn) .

Be careful that the bound would not have been so tight for |QX Ul given U,V € M,,. We just need a
small lemma to be able to bound 1+ A;D; from below, it is basically a rewriting of Lemma [F.7] bounding A
in Chapter [F]

Lemma G.12. Under the hypotheses of Theorem Vi € [n]:

2
|Ai|§lﬁi and e <1+ DA <1+@
€
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Proof. Let us simply bound for any i € [n]: [|A]| = 1|27 Qu;| < %2 thanks to Lemma We can then
directly deduce the upper bound of |1 + D;A,|.

For the lower bound, let us introduce again the matrix Q = (I, — Dl/zXTXDl/Z)_l, we can bound as in
Lemma QI < 1 and we can show again that:

D; 1
1+ D;A; =1+ 7%‘?@]}1 = =,
n Qi
which allows us to bound |1 + D;A;| > HCITH >e. O

Proof. Following the same identities and arguments presented in the proof of Lemma we can bound
thanks to Lemma

VQ@%‘ +LV(Q-i — Q@)xz

IVQX]| = sup

i€[n]

oo

<0 sup (nvcz(:zmoo,||XTiQ<:2xi||oo) |
(ie[n] vn

Introducing, as in Section (e1,...,ep) and (f1,..., fn), respectively, the canonical basis of R? and R"
we know from Lemma [G.§| that for all k € [p] and 4, j € [n]:

1 i
ﬁffx”{icggxi €0(1) + &,
since [Elef VQUzi]| < [IEQUIIIIELz:]|| < O(1) and similarly, [E[ff X7,Q")z;]//n| < O(1). Following the
arguments displayed in Section [B.4] there exist four constants K, C, ¢, ¢’ (all < O(1)) such that we can bound:

FVQWa € O(1) £ & and

) 1 ) n
P(|[VQX|lew >t) <P Ty + = fTxT oW, >
(Il oo > 1) < Sup e QVlx; + \/ﬁfj TQWz, >

ke(p]
< max (1,n2pce—t2/c) < max(e, C«)e—Kth/c’ log(n’p)_
We can then deduce the concentration of ||[VQX ||« since log(n?p) < O(log(n)). O

Let us now prove three results of progressive difficulty. Since @ « & and x; xx &, one can follow the lines
of Lemma [E.40l to set:

Lemma G.13. Under the hypotheses of Theorem [G_1|

_ 1 1
vl Q_iz; € A+ & (\/> +& < ) ,
n n

where we noted A; = E[al Q_x;] (recall that Vi € [n] : |A;] < =

A;

3=

We let the reader refer to the proof of Lemma or more simply to next result to get justifications for
this lemma.

Lemma G.14. Under the hypotheses of Theorem[G.1], given a deterministic matriz A € My, :

27 QY AQYz; € O(Vn|Allr) £ E(||AllF) + E (| A])-
Proof. Let us bound:

7QYAQx; ~ E [27Q14Q ] |
< |71 4Q 0w - Tr (210040 | + Tr (£:@)4QY) - T (mi [@1) 41 )|

One can then deduce the result from Lemma (setting that if Z € O(o £ (o) and 0 <Y < Z, then
Y € O(0) £ &,(0)) applied to the concentrations:
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o 27QWAQYz; | A_; € Tx (ZiQ@AQ@) + & (| Al /<) + (|| Al /e2) thanks to Hanson-Wright in-
equality (Proposition [B.41)),
o |Tr (EiQ@iAQ@ | is a (1||%;]|[|A]|p)-Lipschitz transformation of QQ, and therefore, one can deduce
that Tr (3%:Q9)4QY) e Tr (2 [@1401)] ) + &(/14ll ).
Besides, one can bound:

‘E [;UZTQ@AQ@%} ‘ - "I‘r (EZE [Q@AQ@D‘ < O(vpllAllp)-

from Lemma

O

Lemma G.15. Under the hypotheses of Theorem given a deterministic matric A € M, such that

[A]lF < 1:
1, or 1 logn
LIxTQAQx] e 0 () + e <,/ s )

This Lemma in particular gives us the concentration of any diagonal term of the random matrix
%XTQAQX, i.e. of any %szQAQxi, i € [n].

Proof. To prove the concentration, let us introduce again the decomposition A = UTAV, with U,V € O, and
A € D,,. We are going to bound the variation of 2| X7TQAQX |4 towards the variations of ﬁVQX x & (see

Lemma|G.7). Let us define the mapping ¢ : M2, — R satisfying for all M, P € M, ., (M, P) = |[MTAP||q
(with that definition, L[| XTQAQX|lq = qS(ﬁVQX7 —=UQX)). Given 4 variables M, P, M’, P' satisfying
[ M|, [Pl | M"]], |P"|| <% we can bound as in the proof of Corollary |B.43

[6(M, P) = ¢(M', P)| < (M — M")"AP|lq < [|M — M'||p|| PlclAllr < IM — M'|| 7| Pl

and the same way, |¢p(M, P) — ¢(M, P")| < ||P — P'||r||M||co. We further invoke Lemma that provides

the concentration:
1 I I 1 I I [logn [logn ( )
Vvn ’ Vn n 2 n ’ '

We can then deduce from Theorem [B.46|the concentration %(b(ﬁVQX, %UQX) x &+ & x &1, from

which we deduce the concentration of || XTQAQX ||4.
For the estimation, let us first express:

] QAQw; = x] Q_;AQ_;z;(1 + D;i\;)

Thanks to Lemmas [G.16] [G.14) and the assumptions on the concentration of D;, one can bound:
| < O(Vn).

To be able to replace Q(_lz with Q_; in the previous inequality, one can bound:

2TQWAQM z,(1 4+ D;A,)

2T QAQx; — (1 + (1 + D;AY)) (x;fFQ(_izAQ(_izxi)’

§(1+""36"””2)(

o (@- - Q) A(Qi - QW)
2TQA (Q_i - QQZ) @i )

+ ‘%T (Q—i - Q(fz) AQQJH

+

We can then invoke the concentrations:
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. Hm;‘rQ A|| ||AQ xl|| € O(1) £ &, thanks to Lemmasand

o [(Q-i— Q(jl)xzﬂ, |z (Q—; — QYZ)H € O(ylogn) + & (y/logn) thanks to Lemma
70D A0,
to be able to finally bound E[1[| XTQAQX||4] < O(y/n) thanks to (G.4) (with U =V =1I,,).

€ O(y/n) £ & thanks to Lemma |G.14]

O

Proof of Theorem[G.1 Let us consider A € M,, ,, such that ||A| p < 1 and let us note ¢(X, D) = Tr(AQ). We
abusively work with X, D and independent copies X', D’ satisfying || X ||, || X’'|| < v/nk and ||D|, ||D’|| < &p
as if they were deterministic variables, and we note Q% = ¢(X’, D), Qp = #(X,D’). Let us bound the
variations

KRR D

[6(X.D) = 6(X'. D) = =T+ (AQ(X — X)DX Q)| < 2

X = X ||
We can also bound as in the proof of Proposition [B.48}
1
[#(X, D) = ¢(X, D) < — [ XQpAQX || |1D = D'l -

The concentration 1/v/nlogn || XQpHAQX]|, € O(1/y/logn) = & is provided by Lemma (actually
Lemma gives the concentration of | XQAQX]|,, but the proof remains the same if one replaces one of

the @ with ), for a diagonal matrix D’, independent with D). To simplify the use of Theorem let us
note ¢ = . Then we have:

logn

o(X,D) — (;NS(X’,D)‘ <V (X, X', D) || X — X'||p with ¥1(X,D,D") < & + &1,

b Q;(X7D) _QE(X7D/)

< Uy(X,D,D')|D = D'|| . with Uy(X, D, D) o & + &4,

and we can add an other inequality with an imaginary variable to be able to apply Theorem [B.46] with m = 3,
0 = 1 = ue = ug = 1 which gives us q{)(X D) o< &3 4 &1 + &35 from which we can deduce the concentration

of Tr(AQ) = «/logn/mé (X, D). O

G.4 Proof of the estimation

Lemma G.16. Under the hypotheses of Theorem given a deterministic matrix A € My, such that
[A]lp < 1:

T QAQui(1 + Didi) € O(vin) % Eyys (vogn)

Proof. Let us first show the concentration of:

#(X,D) =zl QAQx;(1 + D;A;) = 2] QAQ _;x; = v} Q_; AQw;.
Given X, X’ € X(2), we note Q' = (I, — LX’DX'T)~! and A’ = L2TQ’'z;. One can bound:

|6(X, D) — ¢(X', D)
< [27(Q — Q)AQ—iws| + |27 Q' AQu:Di(A; — AY)| + |27 QA(Q — Q')
1. One can then bound (|27 Q" ;A(Q — Q');| is treated the same way):
|35T Q - Q/)AQ szz‘
}zTQ X — X'\DXTQ'AQ_z;| + — |xTQX D(X — X")T'Q'AQ_ ;x|

2/{/1
< D

[AQ—iz: ||| X — X[,
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2. besides:
|Ai—Ag\< yx (Q—-Q_; xz|+ 2T Q" (z; — )|
2K°KD 2K
X -X'
_(€2ﬁ+€f)|| I
Therefore:

|¢<X,D>¢><X’,D>|so( = I @ 4Qu| + q- mll) X - X7

We are then left to bound the variation towards D which is slightly more tricky. Let us consider D’ € D,
and note Q" = (I, — tXD'XT)~" and A’ = 12T Q"x;. This time one should decompose followingly:

|¢<X7D) - ¢<X>D/)|
< ol (Qi — Q) AQw;| + |2f QY AQx;Di(A; — AY)| + |2] Q" A(Qs — Q) )

1. First let us take advantage of the independence between x; and X_; to bound as in the proof of
Lemma [G.0

4 (@Qi — Q) AQui| = |aT QZ-Xﬂ-(D D)X_,Q) AQxi]

ﬁ2
=)

ol QiX—il| [AQ-izill|D - D'||p

f Z

o0

2. Second, let us bound:

1
|A; =AY < 3 |$;7FQ—1X—1'(D - D")X_;Q_;z;| < |D— D"

f

That allows us to set that:

6(X, D) — $(X, D) <O < TQAQ| + | “aTQux

1 ’
L |- 14Q-al ) 1D - D'l

We have then all the elements to apply Theorem [B:46] with the concentrations:

o =) AQ x| € O(1) £ &(1) thanks to Lemmas and the fact that E[JAQWx,||] <
VERTQVAAQ ) < L[Elzial]|/2|Allr < O(1).

. \/n]lom |eT Q' AQu;| € O(1/y/logn) & &, thanks to Lemma

o0

E O(1) & & thanks to Lemma |G.10

H \/nlogn T Q Xoi
and the parameters 0 =1 and = (1,1,1) to obtain:

2T QAQz;(1 + DiA;) € & (\/log n) v & (x/log n) + Ey5(1/Togn).

To show the concentration of 27 QAQx;(1 + D;A;), note that:

27 QAQz;(1+ DiA;) — 2] QAQm;(1 + DiA)| < kip o] QAQu;| |A; — Ay,

Lemma allows us to set the concentration of the product between x! QAQz; € O(y/n) £ & and

|2} QAQw;| |Ai — Aj| € O(1) £ E(1) + E(1/v/n)
Lemma then allows us to conclude on the concentration of 27 QAQx;(1 + D;A;). O
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The existence of the deterministic parameters § € D,, such that:

1 -
5= — Diagjey) Tr(%,Q°%(D))
-1
~ 1 <& D,
recall that Q°(D) = (Ip - = ZE [’] Zi>
n =1 1+ Dz(Sz

is a consequence of Theorem [F-I8] Note that Corollary [F.24] giving a deterministic equivalent for Q =
(Ip — %X XT)~=1 imposes the columns of X to be independent but they can possibly be non identically

distributed. It concerns in particular the case of matrices (I, — +X DXT)~1! for deterministic diagonal
matrices D as stated below. It is at the basis of the estimation of E[Q] = E[(I, — LXDXT)=1.

Proof of Theorem[G-3 Let us introduce the resolvent @ = (I, — 1 XDXT)~! where we defined

F [u%}
~ AE [

D
I +AD]

As will be understood later, this elaborated definition is taken for D to satisfy the following relation:

D _g[ D
I,+DA T |I,+AD]’

it implies in particular that Q‘S( ) = Q%(D ) for any § € D,,. Let us then consider a deterministic matrix
A € M,, such that ||A||r <1 and bound:

[E[Tr(AQ)] — E[Tr(AQ)]|
:72\1@ (2T QAQz AT (AiD; +1— (A;D; +1))]|

e [ oAGn A (.0 1) (AL L
> IE_:EZ-QAQxlAi (AiD; +1) (AD; + ><AD _iDi+1)]‘
_ 1 - A AP (R X 7 D; D;

_ni:1 E-xi QAQe: (A +1) (A + )<AiDi+1 E[_z‘Drf—J)”
e [T 0AGe (AD. 4 1) - B T OACS (A.D. Di (AiD: +1)
_ni=1 E_(l’i QAQx; (Ale—i—l) E[ch QAQx; (AzDZ—i—l)]) AD, 1

- (”i‘z " 1> sup E (|7 QAGa: (AD; + 1) — E [o7QAQu, (A.D; + 1] ]

i€[n]
< 0 (/ogn)

Thanks to Lemma Then Corollary allows us to state that the deterministic diagonal matrix
4(D) € D,, solution to:

5= T (.G°(D)) <= Ty (&Q‘S(D))) :

satisfies the estimation:

|EIQ1 - Q*P(D)|, < |[EIQ] - EQ)] . + |[EIQ - " (D) |, <O ( logn + ;ﬁ) <0 (Viogn).
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The same way that Theorem [G.I] can be linked to Proposition [B:48| giving the linear concentration of
XDXT, the next proposition can be linked to Proposition giving the Lipschitz concentration of X DX Ty
for any deterministic u € RP.

Proposition G.17. In the setting of Theorem[G.1}, for any deterministic vector u € RP such that [Ju|| < O(1):

Qu x & (\/ logn> .
n

Proof. With the same variables X, X € M,,,,, D, D’ € D,, and with the same notations @, @'y, Q' as in the
proof of Theorem [G.1] we bound:

1
Qu— Qlull = - [QUX ~ X)DX"@lul| + - [QX'D(X — X} Qul
RKD

~e2yn

X =X,

Second:

’ 1 ’ Ny T K ’ 1
- = - X(D—-D")X <—|D-D X 00
[Qu — Qpull n HQD ( ) Q“H eyn | I X7 Qul

and we know from Lemma that || XTQu|~ € O(vIogn) + E2(y/logn), which allows us to conclude with

Theorem [B.46] that:
o Qu e & + €1,
logn

but the & decay can here be removed since the &; is looser. O
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We present here some selected applications of our PhD research. Despite the fact that they are all relying
on the random matrix inferences we presented in the previous part, they are also quite diverse and will provide
different insights into machine learning algorithms. The first one gives some elementary key of understanding
of the choice of activation functions in neural networks. The second one gives some theoretical clue to
apprehend heavy tailed distribution through the study of scatter matrix estimation. The third application
gives theoretical ground to the leave-one-out technique that allows to predict the performances of wide range
of algorithms. For that we provide a very general but not fully achieved study of empirical risk minimization
that one could call more precisely ¢>-regularized convex robust regression.

All those applications rely on quite similar hypotheses concerning a “raw” data matrix X = (z1,...,z,),
close to the hypotheses adopted for the study of the resolvent that we recall below. Depending on the
application, we will give some modification of these assumptions to adapt to the object and settings under
study, we will then keep the number and add a “bis” or “ter” to highlight the fact that it is not the initial
assumption assumed in previous part.

In all the application, we will assume that the dimension of the data p is of the same order or lower than
the number of data n. A classical normalization with n will ensure the convergence.

Assumption 1. p < O(n).

The concentration hypothesis on X will not always be satisfied. In particular, for ELM the data is
considered to be deterministic and we rather look at the randomness of the weights of the neural network.
For the robust estimation of the scatter matrix, X will present some non concentrated component. Depending
on the applications, we will therefore have some modifications of this assumption.

Assumption 2. X x &

When X is random we will always assume the independence of the data since it is at the basis of our
study of the resolvent. We however do not not assume that the data are identically distributed.

Assumption 3. X has independent columns z1,...,x, € RP.

Recalling the notation:
Vi € [n] : wi = Bl ¥ = ElzzT] and Ci =% — uipl,

we know from Proposition that sup; <;<,, [|[Ci|| < O(1). We then present the last hypothesis that allows
the convergence of the resolvent in the Frobenius norm. Actually in [LLCIS]|, we could develop our study
with the presence of a signal of norm of order O(y/n) in the data, but in that case we also had to assume
that the number of different distributions was bounded by a constant independent with n. We preferred here
not to consider this case to simplify the message.

Assumption 4. sup;c(, ||l < O(1).
Assumption 5. 3K > 0 such thatVn € N, Vi € [n] : &; > K1,,.



128



Chapter H

Influence of activation function in ELM

Artificial neural networks, developed in the late fifties [Ros58| in an attempt to develop machines capable of
brain-like behaviors, know today an unprecedented research interest, notably in its applications to computer
vision and machine learning at large [KSHI12| [Sch15] where superhuman performances on specific tasks are
now commonly achieved. Recent progress in neural network performances however find their source in
the processing power of modern computers as well as in the availability of large datasets rather than in the
development of new mathematics. In fact, for lack of appropriate tools to understand the theoretical behavior
of the non-linear activations and deterministic data dependence underlying these networks, the discrepancy
between mathematical and practical (heuristic) studies of neural networks has kept widening. A first salient
problem in harnessing neural networks lies in their being completely designed upon a deterministic training
dataset X = [z1,...,2,] € M, p, so that their resulting performances intricately depend first and foremost
on X. Recent works have nonetheless established that, when smartly designed, mere randomly connected
neural networks can achieve performances close to those reached by entirely data-driven network designs
[RRO7, SKC™11]. As a matter of fact, to handle gigantic databases, the computationally expensive learning
phase (the so-called backpropagation of the error method) typical of deep neural network structures becomes
impractical, while it was recently shown that smartly designed single-layer random networks (as studied
presently) can already reach superhuman capabilities [CGBZ15] and beat expert knowledge in specific fields
[JHO4]. These various findings have opened the road to the study of neural networks by means of statistical
and probabilistic tools [CHM ™15, [GSB15]. The second problem relates to the non-linear activation functions
present at each neuron, which have long been known (as opposed to linear activations) to help design universal
approximators for any input-output target map [HSW89].

In this work, we propose an original random matrix-based approach to understand the end-to-end regres-
sion performance of single-layer random artificial neural networks, sometimes referred to as extreme learning
machines [HZS06, [HZDZ12|, when the number n and size p of the input dataset are large and scale propor-
tionally with the number m of neurons in the network. Our approach has several interesting features both
for theoretical and practical considerations. It is the first one of the few known attempts to move the random
matrix realm away from matrices with independent or linearly dependent column entries. Notable exceptions
are the line of works surrounding kernel random matrices [EI 10, [CB16| as well as large dimensional robust
statistics models [CPS15,[ZCS14]. Here, to alleviate the non-linear difficulty, we exploit concentration of mea-
sure arguments [Led05], thereby pushing further the original ideas of [E1.09] established for simpler random
matrix models. While we believe that more powerful, albeit more computational intensive, tools (such as an
appropriate adaptation of the Gaussian tools advocated in [PS11]) cannot be avoided to handle advanced
considerations in neural networks, we demonstrate here that the concentration of measure phenomenon allows
one to fully characterize the main quantities at the heart of the single-layer regression problem at hand.

In terms of practical applications, our findings shed light on the already incompletely understood extreme
learning machines which have proved extremely efficient in handling machine learning problems involving
large to huge datasets [HZDZ12, [CGBZ15] at a computationally affordable cost. But our objective is also to
pave the path to the understanding of more involved neural network structures, featuring notably multiple
layers and some steps of learning by means of backpropagation of the error.

Our main contribution is therefore twofold. By assuming a random m-neuron single-layer network
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with Lipschitz continuous activation function o(-), fulfilling a ridge-regression task from an input dataset
x1,...,2, € RP to an output sequence yi,...,y, € R? reconstituted as s, ...,s,, we first provide a deter-
ministic equivalent for the so-called training mean-square error £ 3" | |ly; — s;]|? in the limit where n,m,p
grow at the same rate. In passing, as a result of independent mathematical interest, we obtain a deterministic
equivalent for the empirical spectral measure of the Gram matrix

G= %0 WTx)" o (WTX)

where W o & has independent entries (for intance W;; o N(0,1)), X = [z1,...,2,] is such that
limsup,, || XX 7| < oo, and o(-) is applied entry-wise.)

Our second result, for which we only provide heuristic arguments, unveils a deterministic approximation
for the testing mean-square error %Z?:l |g: — 3:]|?, which is the error achieved when new data 21,..., %5
with corresponding outputs 91, ...,Js, are evaluated by the aforementioned regressor (designed solely from
X and y1,...,Yn) @s 81,...,8,. Simulations on real image datasets are provided that corroborate our results.

In practical terms, these findings provide new insights into the roles played by the activation function
o(+), the random distribution of the entries of W, and the ridge-regression parameter in the neural network
performance. We notably exhibit and prove some peculiar behaviors, such as the impossibility for the
network to carry out elementary Gaussian mixture classification tasks, when either the activation function
or the random weights distribution are ill chosen.

Besides, for the practitioner, the theoretical formulas retrieved in this work allow for a fast offline tuning
of the aforementioned hyperparameters of the neural network, notably when n is not too large compared
to p. The graphical results provided in the course of the section were particularly obtained within a 100 to
500-fold gain in computation time between theory and simulations.

The remainder of the chapter is structured as follows: in Section [H.I] we introduce the mathematical
model of the system under investigation. Our main results are then described and discussed in Section [H.2]
Section discusses our main findings.

H.1 System Model

We consider a single layer random neural network defined as follows. Each input data = € RP is multiplied
by the transpose matrix of W = (w1,...,w,) € Mp.,; a non-linear function o : R — R is then applied
entry-wise to the vector W7 z. The output s € R? of the neural network is the inner product f7o(W7z) for
some matrix 5 € M, 4 to be designed, i.e.,

s=pTo(WTa). (H.1)

The m neurons of the network are the virtual units operating the mapping w! z — o(wl'z), for 1 <i < m.

The neural network operates in two phases: a training phase where the regression matrix (§ is learned
based on a known input-output dataset pair (X,Y") and a testing phase where, for 8 now fixed, the network
operates on a new input dataset X with corresponding unknown output Y.

During the training phase, based on a set of known input X = [z1,...,2,] € M, and output ¥ =
[Y1,---,Yn] € Mg, datasets, the matrix § is chosen so as to minimize the mean square error %Z;;l IIs; —
vill? + 7B||%, where s; = fTo(WTz;) and v > 0 is some regularization factor. This leads 3 to be explicitly
given by the ridge-regressor

1 1 T - T
B=-2(-2"Z2+~I,) Y
n n

where we defined Z = o(WTX). We will also denote Q@ = (1 Z7Z + ~41,,) 7!, the resolvent of 2Z7Z.
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The main theoretical interest of this section is to provide preliminary results on the behavior of the
random matrix ) which intervenes as a key quantity in the evaluation of the neural network performances.
Notably, it easily appears that the mean-square error E},,i, on the training dataset X, given by

Burain = ~ [Y7 — 27|, = 2’y Ty (H.2)
train n F n

is strongly related to ). Under the growth rate assumptions on n,p, m taken below, it shall appear that
the random variable Ej,i, concentrates around its mean, letting then appear E[Q?] as a key quantity in the
asymptotic evaluation of Fipaip.

The testing phase of the neural network is more interesting in practice as it unveils the actual performance
of neural networks. For a test dataset X € M, 5 of length 7, with unknown output ¥ € Mg, the test
mean-square error is defined by

1 T 5T 2
Etest = THY -Z ﬂ”
n F

where Z = o(WTX) and 8 is the same as used in (and thus only depends on (X,Y") and 7). One of
the key questions in the analysis of such an elementary neural network lies in the determination of v which
minimizes Fies (and is thus said to have good generalization performance). Notably, small v values are
known to reduce E};ain but to induce the popular overfitting issue which generally increases Eiest, while large
~ values engender both large values for Fi,ain and Fiegg-

From a mathematical standpoint though, the study of Fiest brings forward some technical difficulties
that do not allow for as a simple treatment through the present concentration of measure methodology as
the study of Ejrain- Nonetheless, the analysis of Ejp.i, allows at least for heuristic approaches to become
available, which we shall exploit to propose an asymptotic deterministic approximation for Fiegt.

To study the large data and network behavior of Q and FEi,i,, we shall make the following growth rate
assumptions:

Assumption 1 bis (Growth Rate). p < O(n), m < O(n). In addition:

Besides, as explained, we assume that X is deterministic therefore the concentration hypotheses make
the following assumption on W.

Assumption 2 bis. The matrizc W has independent identically distributed columns wy, ..., Wp,.
Assumption 3 bis (Concentrated W). W o &;.

For a = p(b) € R, £ > 1, with b ~ N(0, I,), we shall subsequently denote a ~ N, (0,I). Assumption
concerns in particular any matrix W satisfying V(4, j) € [p] x [m]: W;; ~ N(0,1) or W;; ~U(—1,1) (the
uniform distribution on [—1,1]).

Assumption 4 bis. sup;c(,, [[E[wi]|| < O(1), | X[ < O(1) and ¥l < O(1).

Finally, we add the following regularity condition on the function o.

Assumption 6 (Function o). The function o is Lipschitz continuous with parameter A\, independent of n.

Under Assumptions one can deduce that ||E[o(w! X)]|| < O(1) which allow us to apply the results
on the resolvent as one will see below. This assumption holds for many of the activation functions traditionally
considered in neural networks, such as sigmoid functions, the rectified linear unit o(t) = max(t,0), or the
absolute value operator.
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H.2 Main Results

2.1 Main technical results and training performance

A key quantity in the performance evaluation of the neural network under study is the matrix
Y =E[o(w"X) o(w" X)] (H.3)

of size m x m where w is any columns of W (they are identically distributed).
The deterministic equivalent of the resolvent @) = (%Z TZ +~I,,)~ ! is given thanks to Corollary

[ei-af, <o(-%) (11.4)

where we defined as usual:

and ¢ satisfies § = %Tr Q.
For convenience, in the following, we shall denote

b))

s =
1+6

E

(IL5)

Estimation also provides the central step in the evaluation of Et,in, for which not only E[Q] but also
E[Q?] needs be estimated. This last ingredient is provided by Proposition m that we expressed for the
case m = 2 below.

Proposition H.1 (Asymptotic equivalent for E[QAQ)]). Let Assumptions 6| hold and A € My, be a
symmetric non-negative definite matrix which is either ¥ or a matriz with uniformly bounded operator norm

(with respect to n). Then, for all € > 0, there exists ¢ > 0 such that

o im(%Q4Q) .
4Q] - | Q4Q+ {55555, 050 v
F
As an immediate consequence of Proposition[H.1] we have the following result on the training mean-square
error of single-layer random neural networks.

Proposition H.2 (Asymptotic training mean-square error). Let Assumptions @ hold and Q, ¥ be

defined as in Estimation and (H.5). Then, for all e > 0,
_ 1
Etrain € Etrain + 52 (ﬁ) )

where:
1 2
Etrain = E HYT - ZTBH?, = % TI'YTYQ2

%Tr 2@2

2
— ’y T ~ ~ ~
Biain = —TrYTYQ | —2— "% S+ 1,| Q.
’ n @Iz LT (2Q)2 ] @

Since Q and 3 share the same orthogonal eigenvector basis, it appears that E,.i, depends on the alignment
between the right singular vectors of Y and the eigenvectors of ¥, with weighting coefficients

( v >2 Yy EDDRPVICVE )
N+ 1= LIS NN 4 y) 2
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where we denoted \; = A\(X), 1 < i < n, the eigenvalues of ¥ (which depend on 5 through X\;(¥) =
ﬁ)\i@))). If liminf,, m/n > 1, it is easily seen that 6 — 0 as v — 0, in which case, Eiain — 0 almost
surely. However, in the more interesting case in practice where limsup, m/n < 1, 6 — oo as v — 0 and
Eyrain consequently does not have a simple limit (see Section for more discussion on this aspect).
Proposition[H.2]is also reminiscent of applied random matrix works on empirical covariance matrix models,
such as [BSO7, [KKHNO09|, then further emphasizing the strong connection between the non-linear matrix

o(WTX) and its linear counterpart Wz,

2.2 Testing performance

As previously mentioned, harnessing the asymptotic testing performance Fies; seems, to the best of the
authors’ knowledge, out of current reach with the sole concentration of measure arguments used for the
proof of the previous main results. Nonetheless, if not fully effective, these arguments allow for an intuitive
derivation of a deterministic equivalent for Fies;, which is strongly supported by simulation results.

To introduce this result, let X = [£1,...,2Z5] € M,y 5 be a set of input data with corresponding output
Y = [01,...,0a) € Man. We also define 7 = a(WTX) € M, ;. We assume that X and Y satisfy the same
growth rate conditions as X and Y in Assumption To introduce our claim, we need to extend the
definition of ¥ in and ¥ in to the following notations: for all pair of matrices (A, B) of appropriate
dimensions,

Yap =E[o(w"A)To(w”B)]
< m Xap

by = —
AB nl+éd

where w ~ N, (0, I,,). In particular, ¥ = Yy x and Y =Yyx.
With these notations in place, we are in position to state our estimation of the test error.

Proposition H.3 (Deterministic equivalent for Fiest). Let Assumptions E hold and X,Y satisfy the
same conditions as X,Y in Assumption[I big. Then, for all € > 0,

_ 1
Eiest € Fest = &2 <\/ﬁ) )

where:
100~ . 2
Etest - .~ HYT - ZTBH
n F
= Lior or Avr|?
o Ly s3,0;
LyTyQsQ 1 - 1 .

_ While not immediate at first sight, one can confirm (using notably the relation $Q +~Q = I,,,) that, for
(X,Y) = (X,Y), Etrain = Etest, as expected.

In order to evaluate practically the results of Proposition and Proposition it is a first step to be
capable of estimating the values of ¥ 4 for various o () activation functions of practical interest. Such results,
which call for completely different mathematical tools (mostly based on integration tricks), are provided in
the subsequent section.

2.3 Evaluation of X 45

The evaluation of Lap = E[o(w? A)To(w? B)] for arbitrary matrices A, B naturally boils down to the
evaluation of its individual entries and thus to the calculus, for arbitrary vectors a,b € RP of

Elo(w”a)o(wTb)] = (27) "% / o (o) a)o(o(w) T b)e 2@ gy, (H.6)
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O'(t) Ylab

t a’b
max(t,0)  5=||alllb]| ( £(a,b) acos(—Z(a,b)) + /1 — 4(a,b)2>

0 2l (z<a, asin(£(a.b)) + vT= 2@,
£t 2 24T

erf(t) ™ (¢<1+2||a|| <1+2|b|2>>

Lit>oy 1 — L acos(£(a,b))

sign(t) 2 asin(Z(a, b))

cos(t) exp(—3(/|a]? + [[b]*)) cosh(a”b)

sin(t) exp(—5([lall® + [|b]?)) sinh(a”b).

Table H.1: Values of X, for w ~ N(0,1,), Z(a,b) = H;\ﬁll;?l\'

The evaluation of can be obtained through various integration tricks for a wide family of mappings
©(-) and activation functions o(-). The most popular activation functions in neural networks are sigmoid
functions, such as o(t) = erf(t) = % fg e~ du, as well as the so-called rectified linear unit (ReLU) defined
by o(t) = max(¢,0) which has been recently popularized as a result of its robust behavior in deep neural
networks. In physical artificial neural networks implemented using light projections, o(t) = |¢| is the preferred
choice. Note that all aforementioned functions are Lipschitz continuous and therefore in accordance with
Assumption [6}

Despite their not abiding by the prescription of Assumptions and [6] we believe that the following
results could be extended to more general settings, as discussed in Section [H:3] In particular, one of the
key ingredients in the proof of all our results is that the vector o(w” X) follows a concentration of measure
phenomenon, induced by the Gaussianity of w (if w = @(w)), the Lipschitz character of ¢ and the norm
boundedness of X. It is likely, although not necessarily simple to prove, that o(w? X) may still concentrate
under relaxed assumptions. This is likely the case for more generic vectors w than N,(0,I,) as well as for a
larger class of activation functions, such as polynomial or piece-wise Lipschitz continuous functions.

In anticipation of these likely generalizations, we provide in Table the values of ¥, for w ~ N(0, I,,)
(ie., for ¢(t) = t) and for a set of functions o(-) not necessarily satisfying Assumption [f] Denoting ¥ =
S(o(t)), it is interesting to remark that, since arccos(z) = — arcsin(z) + %, X(max(t,0)) = S(5¢) + (5 ¢)).
Also, [S(cos(t)) + S(sin(t))]ap = exp(—3la — b]|?), a result reminiscent of [RRO7])'| Finally, note that
Y (erf(kt)) — X(sign(t)) as k — 00, inducing that the extension by continuity of erf(xt) to sign(t) propagates
to their associated kernels.

In addition to these results for w ~ N(0,1,), we also evaluated £, = E[o(w”a)o(wTb)] for o(t) =
Got? + (it + (o and w € RP a vector of independent and identically distributed entries of zero mean and

moments of order k equal to my (so mq = 0); w is not restricted here to satisfy w ~ N,(0,I,). In this case,
we find

Sab = 63 [m3 (2(a”0)? + [lal*[[b]*) + (ma — 3m3)(a*)" (b*)] + ¢imaa™b

+GGms [(a*)Tb+a” (0%)] + GaGome [llall® + [1BI1*] + G5 (H.7)
where we defined (a?) = [af,...,a2]".

It is already interesting to remark that, while classical random matrix models exhibit a well-known
universality property — in the sense that their limiting spectral distribution is independent of the moments
(higher than two) of the entries of the involved random matrix, here W —, for o(-) a polynomial of order
two, ¥ and thus p, strongly depend on ]E[WZIE] for k = 3,4. We shall see in Section that this remark

11t is in particular not difficult to prove, based on our framework, that, as m/n — co, a random neural network composed
of m/2 neurons with activation function o(t) = cos(t) and m/2 neurons with activation function o(¢) = sin(t) implements a
Gaussian difference kernel.
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has troubling consequences. We will notably infer (and confirm via simulations) that the studied neural
network may provably fail to fulfill a specific task if the W;; are Bernoulli with zero mean and unit variance
but succeed with possibly high performance if the W;; are standard Gaussian (which is explained by the
disappearance or not of the term (a”b)? and (a?)(b?) in if my = m3).

H.3 Practical Outcomes

We discuss in this section the outcomes of our main results in terms of neural network application.

3.1 Simulation Results

We first provide in this section a simulation corroborating the findings of Proposition and suggesting
the validity of Proposition To this end, we consider the task of classifying the popular MNIST image
database [LCB9S|, composed of grayscale handwritten digits of size 28 x 28, with a neural network composed
of m = 512 units and standard Gaussian W. We represent here each image as a p = 784-size vector; 1024
images of sevens and 1024 images of nines were extracted from the database and were evenly split in 512
training and test images, respectively. The database images were jointly centered and scaled so to fall close
to the setting of Assumption on X and X (an admissible preprocessing intervention). The columns
of the output values Y and Y were taken as unidimensional (d = 1) with Y;;,V1; € {~1,1} depending on
the image class. Figure displays the simulated (averaged over 100 realizations of W) versus theoretical
values of Ejyain and Fieg for three choices of Lipschitz continuous functions o(-), as a function of .

Note that a perfect match between theory and practice is observed, for both Ej . and Fiest, which is a
strong indicator of both the validity of Proposition [H.3and the adequacy of Assumption [I bis|to the MNIST
dataset.

We subsequently provide in Figure [H:2] the comparison between theoretical formulas and practical sim-
ulations for a set of functions o(-) which do not ascribe by Assumption @ i.e., either discontinuous or
non-Lipschitz maps. The closeness between both sets of curves is again remarkably good, although to a
lesser extent than for the Lipschitz continuous functions of Figure Also, the achieved performances are
generally worse than those observed in Figure

It should be noted that the performance estimates provided by Proposition [H.2] and Proposition [H.3] can
be efficiently implemented at low computational cost in practice. Indeed, by diagonalizing ¥ (which is a
marginal cost independent of ), Ei;ain can be computed for all v through mere vector operations; similarly
FEliest is obtained by the marginal cost of a basis change of 3 ¢ x and the matrix product X ¢3¢, all
remaining operations being accessible through vector operations. As a consequence, the simulation times
needed to generate the aforementioned theoretical curves using the linked Python script were found to be 100
to 500 times faster than to generate the simulated network performances. Beyond their theoretical interest,
the provided formulas thereby allow for an efficient offline tuning of the network hyperparameters, notably
the choice of an appropriate value for the ridge-regression parameter .

3.2 The hidden kernel

Estimation [HL.4] and the subsequent theoretical findings importantly reveal that the neural network perfor-
mances are directly related to the Gram matrix 3, which acts as a deterministic kernel on the dataset X. This
remark is in fact a well-known result found e.g., in [HZDZ12] where a link between the present single-layer
networks and the so-called least-square support vector machine method is exhibited, or in [Wil98] where it
is shown that, as m — oo alone, the neural network behaves as a mere kernel operator. These remarks were
in fact put at an advantage in [RR0O7|, where computationally efficient kernel methods were proposed based
on random single-layer neural networks.

As discussed previously, the formulas for .., and Fie notably suggest that good performances are
achieved if the dominant eigenvectors of ¥ show a good alignment to Y (and similarly for ¥, ¢ and }A/) This
naturally drives us to finding a priori simple regression tasks where ill-choices of ¥ may annihilate the neural
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Figure H.1: Neural network performance for Lipschitz continuous o(-), W;; ~ N(0,1), as a function of +,
for 2-class MNIST data (sevens, nines), m = 512, n = i = 1024, p = 784.

network performance. Following recent works on the asymptotic performance analysis of kernel methods for

Gaussian mixture models [CB16, [LC1T, MC17] and [CKI16], we describe here such a task.

Let 21,...,2,2 ~ N(0, %Cl) and z,/041,..., 27 ~ N(0, %C’g) where C; and Cj are such that
TrCy = TrCy, ||Ch],]|Ce]| are bounded, and Tr(Cy — C2)* = O(p). Accordingly, yi1,...,¥n/241 = —1
and ¥y, /241, ---,yr = 1. It is proved in the aforementioned articles that, under these conditions, it is theoret-
ically possible, in the large p, T limit, to classify the data using a kernel least-square support vector machine
(that is, with a training dataset) or with a kernel spectral clustering method (that is, in a completely un-
supervised manner) with a non-trivial limiting error probability (i.e., neither zero nor one). This scenario
has the interesting feature that 27 z; — 0 almost surely for all i # j while ||z, — 2 Tr(3C1 + 3C2) — 0,
almost surely, irrespective of the class of x;, thereby allowing for a Taylor expansion of the non-linear kernels

as early proposed in [EL10].

Transposed to our present setting, the aforementioned Taylor expansion allows for a consistent approxi-
mation X of X by an information-plus-noise (spiked) random matrix model (see e.g., [LV10, [BGN12]). In the
present Gaussian mixture context, it is shown in [CB16| that data classification is (asymptotically at least)
only possible if 3;; explicitly contains the quadratic term (] x;)? (or combinations of (z7)"z;, (#3)"z;, and
(27)"(«3)). In particular, recalling Table and letting a,b ~ N(0,C;) with ¢ = 1,2, it is easily seen that

1
only max(t,0), |t|, and cos(t) can realize the task. Indeed, we have the following Taylor expansions around
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Figure H.2: Neural network performance for o(-) either discontinuous or non Lipschitz, W;; ~ N(0,1), as a
function of ~, for 2-class MNIST data (sevens, nines), m = 512, n = i = 1024, p = 784.

z=0:
asin(z) = z + O(z?)
sinh(z) = z + O(2?)
acos(x) = % — 2+ 0(2?)
22

2
zacos(—x) +vV1—a2=1+ % + % + O(2*)

2
zasin(z) + vV1—22=1+ % +O(2?)

where only the last three functions exhibit a quadratic term.

More surprisingly maybe, recalling now Equation which considers non-necessarily Gaussian W;;
with moments my of order k, a more refined analysis shows that the aforementioned Gaussian mixture
classification task will fail if m3 = 0 and m4 = m3, so for instance for W;; € {—1,1} Bernoulli with parameter
%. The performance comparison of this scenario is shown in the top part of Figure for o(t) = f%tQ +1
and Cy = Diag(ly/2,41},/2), Co = Diag(4l,/2, I,/2), for Wi; ~ N(0,1) and W;; ~ Bern (that is, Bernoulli
{(-1,3),(1,3)}). The choice of o(t) = (ot® + (1t + (o with {; = 0 is motivated by [CBI6, [CK16], where
it is shown, in a somewhat different setting, that this choice is optimal for class recovery. Note that, while
the test performances are overall rather weak in this setting, for W;; ~ N(0,1), Eiest drops below one (the
amplitude of the Yij), thereby indicating that non-trivial classification is performed. This is not so for the
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Bernoulli W;; ~ Bern case where . is systematically greater than |}Afw\ This is theoretically explained
by the fact that, from Equation 7 Y;; contains structural information about the data classes through
the term 2m3(x] x;)* 4 (mq — 3m3)(27)" (x5) which induces an information-plus-noise model for X as long
as 2m3 + (my — 3m3) # 0, i.e., my # m3 (see [CBI6] for details). This is visually seen in the bottom part of
Figure where the Gaussian scenario presents an isolated eigenvalue for ¥ with corresponding structured
eigenvector, which is not the case of the Bernoulli scenario. To complete this discussion, it appears relevant
in the present setting to choose W;; in such a way that m4 —m3 is far from zero, thus suggesting the interest
of heavy-tailed distributions. To confirm this prediction, Figure [H.3] additionally displays the performance
achieved and the spectrum of ¥ observed for W;; ~ Stud, that is, following a Student-t distribution with
degree of freedom v = 7 normalized to unit variance (in this case mg = 1 and my4 = 5). Figure confirms
the large superiority of this choice over the Gaussian case (note nonetheless the slight inaccuracy of our
theoretical formulas in this case, which is likely due to too small values of n,m, p to accommodate W;; with
higher order moments, an observation which is confirmed in simulations when letting v be even smaller).

3.3 Limiting cases

We have suggested that ¥ contains, in its dominant eigenmodes, all the usable information describing X.
In the Gaussian mixture example above, it was notably shown that ¥ may completely fail to contain this
information, resulting in the impossibility to perform a classification task, even if one were to take infinitely
many neurons in the network. For ¥ containing useful information about X, it is intuitive to expect that
both inf, Eirain and inf, Eiest become smaller as m /n and n/p become large. It is in fact easy to see that, if
Y is invertible (which is likely to occur in most cases if liminf,, n/p > 1), then

lim Ejpain =0
n—oo

lim Etest =
n—00

2
T —1yT
b

1
n
and we fall back on the performance of a classical kernel regression. It is interesting in particular to note
that, as the number of neurons m becomes large, the effect of v flattens out. Therefore, a smart choice of ~ is
only relevant for small (and thus computationally more efficient) neuron layers. This observation is depicted
in Figure [H.4] where it is made clear that a growth of m reduces Fipain to zero while Eieq saturates to a
non-zero limit which becomes increasingly irrespective of . Note additionally the interesting phenomenon

occurring for m < n where too small values of v induce important performance losses, thereby suggesting a
strong importance of proper choices of v in this regime.

Of course, practical interest lies precisely in situations where n is not too large. We may thus subse-
quently assume that limsup,, m/n < 1. In this case, as suggested by Figures the mean-square error
performances achieved as v — 0 may predict the superiority of specific choices of o(+) for optimally chosen +.
Tt is important for this study to differentiate between cases where r = rank(X) is smaller or greater than m.
Indeed, observe that, with the spectral decomposition X = U, A,.U! for A, € D, diagonal and U, € M,,, .,

-1

1 m X 1 m A -t
0=—-TrY¥ [ ——— I = —TrA, | —— I,
not (nl—|—5+’y ) — (n1—|—5+’y )
which satisfies, as v — 0,
b = , r<m
¥ —sA=ilmn(@2ir) r>m

A phase transition therefore exists whereby 0 assumes a finite positive value in the small v limit if r/m < 1,
or scales like 1/ otherwise.

As a consequence, if 7 < m, as v — 0, ¥ — (1 — )X and Q ~ L UAUT + %V}VTT7 where
Vi € My, (m—r) is any matrix such that [U, V,] is orthogonal, so that ¥Q — U,UT and ¥Q? — U.A'UT,
and thus, Firain — %Tr YV, VITYT = %HYVTH%, which states that the residual training error corresponds to
the energy of Y not captured by the space spanned by X. Since Fi,i, is an increasing function of ~, so is
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Figure H.3: (Top) Neural network performance for o(t) = —%tz +1, with different W;;, for a 2-class Gaussian

mixture model (see details in text), n = 512, T = 7 = 1024, p = 256.

(Bottom) Spectra and second

eigenvector of 3 for different W;; (first eigenvalues are of order n and not shown; associated eigenvectors are

provably non informative).

Eirain (at least for all large n) and thus L{|Y'V,||% corresponds to the lowest achievable asymptotic training

error.
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Figure H.4: Neural network performance for growing m (256, 512, 1024, 2048, 4096) as a function of v,
o(t) = max(t,0); 2-class MNIST data (sevens, nines), n = i = 1024, p = 784. Limiting (m = 00) Eiest shown
in thick black line.

If instead > m (which is the most likely outcome in practice), as v — 0, Q ~ %(%% + I,,,) ! and thus

% Tr EAQZ
1—1Tr(2AQa)?

Etrain ’ﬂ) Tr YQA EA + Im QAYT

S|

where A = nE and Qa = (2% +1,) "
These results suggest that neural networks should be designed both in a way that reduces the rank of
while maintaining a strong alignment between the dominant eigenvectors of ¥ and the output matrix Y.

Interestingly, if X is assumed as above to be extracted from a Gaussian mixture and that Y € My r is a
classification vector with Y7; € {—1,1}, then the tools proposed in [CB16] (related to spike random matrix
analysis) allow for an explicit evaluation of the aforementioned limits as n, m,p grow large. This analysis is
however cumbersome and outside of the scope of the present work.

3.4 Derivation of >

Gaussian w

In this section, we evaluate the terms X,; provided in Table The proof for the term corresponding to
o(t) = erf(¢) can be already be found in [Wil98) Section 3.1] and is not recalled here. For the other functions
o(-), we follow a similar approach as in [Wil98], as detailed next.
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The evaluation of ¥, for w ~ N (0, I,) requires to estimate
7= (27r)7%/ J(wTa)a(wa)eféllede.
RP

Assume that a and b and not linearly dependent. It is convenient to observe that this integral can be reduced

to a two-dimensional integration by considering the basis e1, ..., e, defined (for instance) by
a T ~ T e
b all|lb]] ||a
e1=—, E=-——
P lal [1_ (aTh)
llall2[[o]1?
and es,...,e, any completion of the basis. By letting w = wie1 + ... + Wpe, and a = ar1e1 (a1 = |al|),
b= bies + boey (where by = % and by = ||b]|1/1 — %), this reduces Z to

1 ~ ~ . -
T=— / / (T(’Lz}lgll)(f(’lblbl + @QbQ)ei%(wa’»wg)dwlde.
2T R JR

Letting @ = [wy,w2)T, @ = [a1,0]T and b = [by,by]T, this is conveniently written as the two-dimensional
integral
! PTa)o (@ h)e—3191° g
IT=— [ o a)o(w be 2 dw.
2w R2

The case where a and b would be linearly dependent can then be obtained by continuity arguments.

The function o(t) = max(¢,0). For this function, we have

1

ST T5 _LIB|2 g~
= — @l - wTh- e 2101 gip.
27 Jmin(#Ta,wT8) >0

z

Since a = aje, a simple geometric representation lets us observe that

{111 | min(@7a, d7b) > 0} = {r cos(f)e; +rsin(f)eg | r >0, 6 € [0y — g’ g]}
by

”571”) = — arcsin (m) + 5. We may thus operate a polar coordinate change

of variable (with inverse Jacobian determinant equal to r) to obtain

where we defined 6y = arccos (

1 % 7 g 1,..2
1= / (rcos(f)ar) (r cos(0)by + rsin(@)b2> re 2" dfdr
21 Jo,—= Jr+
gt 5 cos(0) (cos(e)él +sin(9)132> a9 / Bkt g
2 Oo—7% R+ '

With two integration by parts, we have that [ re=2"" dr = 2. Classical trigonometric formulas also provide

3 1 1
/ cos(0)%d0 = = (1 — 0p) + 3 sin(26y)
0

o— % 2

1 ( ( by ) by by )
= — | # — arccos = + = —
2 [[bl] [[o]] [/l

s ~ 2

z ) 1 . 1( by
cos(6) sin(6)dl = = sin?(6p) = = | —

|7 cos(o)sin(0)ap = 5 sn 00 2(b”>

0—2
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where we used in particular sin(2arccos(x)) = 22v/1 — 22, Altogether, this is after simplification and re-
placement of a1, by and bo,

7 = - lall ) (V= Z@ B + Lo b)arecos(~Z(a,1))

It is worth noticing that this may be more compactly written as
1 Z(a,b)
=5 llalllb —x)da.
o~ lal o] / 7 arccos(—a)ds

which is minimum for Z(a,b) — —1 (since arccos(—z) > 0 on [—1, 1]) and takes there the limiting value zero.
Hence Z > 0 for a and b not linearly dependent.
For a and b linearly dependent, we simply have Z = 0 for Z(a,b) = —1 and Z = %||al||[b]| for Z(a,b) = 1.
The function o(t) = |t| Since |t| = max(¢,0) + max(—t,0), we have
lwhal - |wTb| = max(w” a,0) max(w?'b, 0) + max(w” (—a),0) max(w’ (—b),0)

+ max(w’ (—a), 0) max(w?'b, 0) + max(w’ a,0) max(w? (=b),0).

Hence, reusing the results above, we have here

b
I-= H“L'M (4\/1 " 2@, b)? + 2/(a, b) acos(— Z(a, b)) — 2/(a, b) acos(£(a, b))) :
77
Using the identity acos(—z) — acos(z) = 2asin(x) provides the expected result.

The function o(t) = 1;>9. With the same notations as in the case o(t) = max(t, 0), we have to evaluate

T — i/ e 2171 g5,
27 min(w7T @, o7 b)>0

After a polar coordinate change of variable, this is

1 [2 1 0
T=— d9/ re 3 dr = = — 29
27T 007% R+ 2 27T

from which the result unfolds.

The function o(t) = sign(t). Here it suffices to note that sign(t) = 1,50 — 1_¢>0 so that

U(wTCL>O'<wa) = 1wTa201waZO + 1wT(7a)201wT(7b)20

— Lyt (—a)>0lwTe>0 — LuTaz0lwr (—b)>0

and to apply the result of the previous section, with either (a,b), (—a,b), (a,—b) or (—a,—b). Since
arccos(—x) = — arccos(x) + m, we conclude that

p 20
I=(2n)"2 / sign(wTa)sign(wa)e*%“w”de =1-=2.
RP T

The functions o(t) = cos(t) and o(t) = sin(t). Let us first consider o(t) = cos(f). We have here to
evaluate

= — cos (wTa) cos (u?Tl;) e*%“ﬂ’HQdﬁ;
27T R2

1 =T ~ =T ~T7 Co=TEN 12
_ (67,71) a4 g a) (ezw b+€ [ b)e 3 ||| di
8 R2
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which boils down to evaluating, for d € {a + b,a—b,—a+b, —a— B}, the integral
o4l / e~ Hli=dl® gy — (9)e= 3 NI?,
R2
Altogether, we find

7= (efénﬁbn? I eféua—bnz) — = 3l 4181 cosh (aTh).

N —

For o(t) = sin(t), it suffices to appropriately adapt the signs in the expression of Z (using the relation
sin(t) = 5 (e’ + e7*)) to obtain in the end

-1 (efénmnz n ef%ua—wﬁ) — e~ 3Ulal+IbIM) ginn (4 T)
2

as desired.

3.5 Polynomial o(-) and generic w

In this section, we prove Equation for o(t) = (ot?+(1t+ (o and w € R? a random vector with independent
and identically distributed entries of zero mean and moment of order k equal to my. The result is based on
standard combinatorics. We are to evaluate

Sab = E[(GwTa)? + GuwTa+ ¢) (G(whb)? + Guwlb+ ()] -

After development, it appears that one needs only assess, for say vectors ¢,d € R? that take values in {a,b},
the moments

El(w”e)*(w'd)?) = > e cindjydi,Elw, wi,w),w,]

111271]2
_ 2 2 22 2 2. 4 4
= E mycy, d;, + E myc;, dj, + 2 g msc;, di, Ciydi,
i1 i17#51 11742

_§ 2 52 2 § 2.2 52
— m4ci1di1 + - m2ci1dj1
i1

i1j1 1=J1

+2( > =Y | mieidi cindi,

iriz iy
= ma(c)" (&) +m3(|el[ld]|* — ()T (d*))
+2mj3 ((c"d)? = (¢*)"(d?))
= (mq = 3m3) ()" (d*) + m3 (|[e|*|d]]* + 2(c" d)?)
E [(w"¢)*(w”d)] = Z Ciy Cip d;E[w; wi, wj] = ngcidil =mz(c?)d
E[(w"¢)?] = zcilcz‘zE[wnwiz] = mycl|®

where we recall the definition (a?) = [a?,...,a2]T. Gathering all the terms for appropriate selections of ¢, d

7P
leads to (H.7)).
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Chapter 1

Robust Estimation

Robust estimators of covariance (or scatter) are necessary ersatz for the classical sample covariance matrix
when the dataset X = (z1,...,x,) present some diverging statistical properties, such as unbounded second
moments of the z;’s. We study here the M-estimator of scatter 3 initially introduced in [Hub64] defined as
the solution (if it exists) to the following fixed point equation:

n

~ 1 1 N
»== —zl (X +4L) ey ) T L1
22 (R @) a (L)

where 7 > 0 is a regularization parameter and v : Ry — R, a mapping that tends to zero at 400, and
whose object is to control outlying data. The literature in this domain has so far divided the study of S into
(i) a first exploration of conditions for its existence and uniqueness as a deterministic solution to (e.g.,
[Hub64, Mar76l, [Tyl87]) and (ii) an independent analysis of its statistical properties when seen as a random
object (in the large n regime [CPO§| or in the large n, p regime [CM14| [ZCS14]).

In this chapter, we claim that the study of the conditions of existence (i) and statistical behavior (i) of 3
can be conveniently carried out jointly. Specifically, by means of a flexible framework based on concentration
of measure theory and semi-metric ds stability argument, we simultaneously explore the existence and large
dimensional (n,p large) spectral properties of 3. Our findings may be summarized as the following three
main contributions to robust statistics and more generally to large dimensional statistics.

First, the proposed concentration of measure framework has the advantage of relaxing the assumptions
of independence in the entries of z; made in previous works [CM14} [ZCS14], thereby allowing for possibly
complex and quite realistic data models. In detail, our data model decomposes z; as z; = /Tiz; + m
where the z1,..., 2, are independent random vectors satisfying a concentration of measure hypothesis (in
particular, the z;’s could arise from a very generic generative model, .e.g, z; = h(Z;) for z; ~ N(0,1,)
and h : R? — RP a 1-Lipschitz mapping), m is a deterministic vector (a signal or information common to
all data) and 7; are arbitrary (possibly large) deterministic ValueSE This setting naturally arises in many
engineering applications, such as in antenna array processing (radar, brain signal processing, etc.) where the
7;’s model noise impulsiveness and m is an informative signal to be detected by the experimenter |[OPP ™11,
or in statistical finance where the x;’s model asset returns with high volatility and m is the market leading
direction [YCM14].

Second, as compared to previous works in the field [Mar76l, [KT91, [OT14] [OPP20, [CM14], our frameworks
allows for the relaxation of some of the classically posed constraints on the mapping u made. Specifically, u is
here only required to be 1-Lipschitz with respect to the “stable semi-metric”, which is equivalent to assuming
that ¢ — tu(t) is non-decreasing and that ¢ — w(¢)/t is non-increasing. The semi-metric naturally arises when
studying the resolvent (f) + ’yI][,)’1 of i), which is at the core of our large p,n analysis of ﬁ), using modern
tools from random matrix theory. To establish concentration properties in the large dimensional regime on
32, under our framework, the function u is nonetheless further requested to be such that ¢ — tu(t) is strictly
smaller than 1 (f] is however still defined without this condition). Yet, and most importantly, u needs not
be a non-increasing function, as demanded by most works in the field.

1We may alternatively assume the 7; random independent of Z = (21,...,2p).
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0 10 0 10 0 10

Figure I.1: Three stable mappings u and their associated n mappings. (Left) u : t — max(v/%, 1), (Center)

1
7

this last choice does not satisfy our hypotheses because u is not bounded and lim;_, o, tu(t) = co > 1 (then
t— @ is not bounded from below).

mapping introduced in Remark [E.12| having no limit in 0, (Right) u : ¢ —

and g :t— 4/ %2-1-1—%;

Third, the “Lipschitz and stable semi-metric” properties of the model are consistently articulated so as
to propagate the concentration properties from Z to the robust scatter matrix 3. The core technical result
allowing for this articulation is Proposition[[.I0] This combined framework provides the rate of convergence of
the Stieltjes transform of the spectral distribution of 3 to its large n, p limit along with conditions guaranteeing
the possibility to recover the signal m from the asymptotic statistical properties of .

I.1 Main Results

We place ourselves under the random matrix regime where p, the size of data x1,...,x, € RP is of the same
order as n, the number of data — for practical use, imagine that 1072 < B < 102. The convergence results
will be expressed as functions of the quasi asymptotic quantities p and n that are thought of as tending to
infinity (in practice our results are extremely accurate already for p,n > 100). We will then work with the
notations anp, < O(byp) OF apnp > O(by,) to signify that there exists a constant K independent of p and
n such that a, , < Kby, ) or a,p, > Kb, ,, respectively, and to simplify the notation, most of the time, the

indices n, p will be omitted. In particular we have O(n) < p < O(n). Our hypotheses concern four central
objects:

o Z = (z1,...,%n) € M, , satisfies the concentration of measure phenomenon; all the random vectors
21,...,2n are independent and sup; <, <, [|E[z]]| < O(1);

o 7 =Diag(ry,...,,) € D} satisfy Vi € [n],7; >0and 1 37 7, < O(1);
e m € RP and ||m| < O(1);

u(t)
t

e u: Ry — R, is bounded, ¢t — tu(t) is non-decreasing, ¢t — is non-increasing and Vt > 0: tu(t) < 1.

Those conditions are sufficient to retrieve part of the statistical properties of Z and of the signal m from
the data matrix

X =2Zyr+mi”

through the robust scatter matrix 3 defined in Equation . The standard sample covariance matrix
%X X7 instead inefficiently estimates some of these statistics due to the presence of possibly large (outlying)
7i’s (although L 3" 7 < O(1), it is allowed for some 7;’s to be of order 7; > O(n)). The robust scatter
matrix controls this outlying behavior by mitigating the impact of the high energy data x; with the tapering
action of the mapping u induced by the hypothesis tu(t) < 1 (see Figure .
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Introducing the diagonal matrix A solution to the fixed point equation:

-1
A= lxlT <1XTu(A)X + 7]p> X,
n n
(with u(-) operating entry-wise on the diagonal elements of A) the robust scatter matrix is simply % =
%X u(A)X7T, and the tapering action is revealed by low values of u(A); when 7; is large. As shown on the
central display of Figure compared to %X X, 3= %X u(A)X T has a cleaner spectral behavior which
lets appear the signal induced by m as an isolated eigenvalue-eigenvector pair. This eigenvector can then be
exploited to estimate m (this is a classical random matrix inference problem that will not be studied here).

This chapter precisely shows that the spectral distribution of 3 is asymptotical equivalent to the spectral
distribution of 1 ZTUZ where U is a deterministic diagonal matrix satisfying ||U| < O(1). Interestingly,
the definition of U merely depends on the second order moments of z1,...z, which we denote, Vi € [n],
¥; = E[2;2]], on the vector 7 € R™ of the 7;’s, on the function u, but not on the signal m. The definition of
U relies on the introduction of a function 7 : Ry — Ry derived from w and defined as the solution to

- t
1+ tu(n(t))

and on the diagonal matrix A, : D} — D, For any z € R and A € D, A,(A) is defined as the unique
solution to the n equations:

, 1 1 « YA
Vi€ [n], AL(A); = ;Tr % n Z m + 21,

Jj=1

Introducing the resolvent R : z —= (21, + )™, we have the concentration:

Theorem I.1. For any z > O(1), and any deterministic matrizc A € M,, such that ||A|l. < O(1) there exist
two constants C,c >0 (C,c ~ O(1)) such that, for any 0 < e <1,

n

—1
1 1 UZZZ _ 2
P |Tr(A —-Tr| A fE — 4+ 2] > < ene
r(AR(z)) , r (n 2 15 A (U0, +z p> >e| <Ce

where U = diag(Uy, ...,U,) € D} satisfies U < O(1) and is the unique solution to the equation:
U=71-uon(tAy(U)) (1.2)
(the mappings u and n are applied entry-wise on the diagonal terms on D, ).

The proof of the existence and uniqueness of U is based on contractiveness arguments for the semi-metric
ds introduced in Part [II| (see Theorem 7 therefore, in practice, a precise estimate of U is merely obtained
from successive iteration of .

Employing this theorem with A = %Ip (then ||A]|« = 1), classical random matrix theory inferences allow us
to estimate the spectral distribution of the robust scatter matrix from the estimation of its Stieltjes transform
m(z) = % Tr(R(—%)). This is confirmed in Figure [[.2] which depicts the eigenvalue distribution of the sample
covariance of the data matrix X: (i) deprived of the influence of 7 (i.e., for 7 = I,,), (ii) corrected with the
robust scatter matrix (i.e., it is here the sample covariance matrix of the equivalent data Xu(A)Y/2), and
(iii) without any modification on X. For the two first spectral distributions, we displayed their estimation
with the Stieltjes transform as per Theorem

We additionally can provide guarantees on the alignment of the eigen vector vy.yx associated to the
highest eigen value with the signal m, as expressed on Figure Indeed if we take A = mm” (then
|All« = [|m||* < O(1)), for any path ~ containing the highest eigen value of 3 but no other value from the
bulk we have the identity:

1 T T 2
— ® m" R(—z)mdz = (v,,,m)".
siz § "Rz = (hm)

Estimating m” R(z)m therefore leads to estimating the projection (vl m)2.
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Figure 1.2: Spectral distributions of the matrices -(Z+m1%)(Z+m1%)T, 3 and LXXT against their large
dimensional prediction; p = 500, n = 400 (null eigenvalues remo ved), u : ¢t — min(, ﬁ), the variables
Ti,...,Tn are drawn independently from a Student distribution with 1 degree of freedom, m = 1/,/p € RP;
Z =sin(W) for W ~ N(0, AAT) where A € M,, is a fixed matrix whose entries are drawn from the Gaussian
distribution with zero mean and unit variance (Z o« &; by construction). The population covariance and
mean of Z are computed with a set of p? independent realizations of Z. The values of the projections of
the signal m against the eigenvector vp.x associated to the largest eigenvalue reveals that, with the robust
scatter approach, the diverging action of 7 in the model can be turned into an advantage to infer the signal
m from the data. The choice of the mapping u is not optimized, our goal here is just to show that non
monotonic functions are suited to robust statistics as long as they satisfy our assumptions.

I.2 Preliminaries for the study of the resolvent

Let S, be the set of symmetric matrices of size p and S;{ the set of symmetric nonnegative matrices. Given
S, T € S,, we denote S < Tiif T — S € S;‘. We will extensively work with the set (S;‘)n which will be
denoted for simplicity S;. Given S € S, we finally let Si,...,5, € S;‘ be its n components.

Given two sequences of scalars ay, p, by p, the notation a,, ~ O(b,,,) means that a,, < O(b,,) and
anp > O(by,). We extend those characterizations to diagonal matrices: given A € D;, A < O(1) indicates
that [|A|| < O(1) while A > O(1) means that || 4| < O(1) and A ~ O(1) means that O(1) < A < O(1).

The different assumptions leading to the main results are presented progressively so that the reader easily
understands their importance and direct implications. A full recollection of all these assumptions is provided
at the beginning of our manuscript.

2.1 The resolvent behind robust statistics and its contracting properties

Given v > 0 and S € §, we introduce the resolvent function at the core of our study :

R,: S xDf — M,
—1
1 n
58— (E5ase)
Given a dataset X = (z1,...,2,) € M, p, if we note X - XT = (zizl)1<i<n € S, the robust estimation of

the scatter matrix then reads (if well defined):

3= lXu(A)XT with A = Diag (ixT R, (X - XT,u(A))xi)> . (1.3)

n 1<i<n

In the following, we will denote for simplicity Rff =R, (X-XT, u(A)) To understand the behavior (structural,

spectral, statistical) of 3, one needs first to understand the behavior of the resolvent R, (S, A) for general
SesS)and Ae D;". We document in this subsection its contracting properties.
As the scalar v will rarely change in the remainder, it will be sometimes omitted for readability.
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Lemma I.2. Giveny>0,S €S8}, M € M,,, and A € D}:

k
L(S,0)) A8

1
Ry (S, )] < =
0 =1

(M- M7 A)MA%H <L

P

Proof. We can bound in the space of symmetric matrices:
1 n
— D A+l =yl
[t

thus R, (S,A) < %In. Besides, we can write:

1 n
A)EZAZ& =1,—vR,(S,A) < I,

i=1
Noting S; = m;m} and S = (S1,...S,) = M - MT, we can then deduce that:

1
NG

which provides the second bound. O

n 1/2
R, (M- MT A)MA? = (RW(S, A)% > NS R (S, A)) ,

i=1

Given M € My, and S € §, further define the mapping I, : S x D} — D},

I(S,A) = Diag (1 Tr (S, R, (S, A)))

n 1<i<n
With the notation I (A) = I(X - XT,A), the fixed point A defined in is simply A = If(u(A))
To prove the existence and uniqueness of A we exploit the Banach fixed-point theorem to find contracting
properties on the mapping A +— Iff (u(A)) for which A is a fixed point. As we see in the following lemma,
the contractive character does not appear relatively to the spectral norm on D, but relatively to the stable
semi-metric presented in Part [[I, Chapter [E]

Lemma 1.3. Given S € S} and A, A’ € D},
ds(I(S,A),I(S,A")) < max (¢5(A), ¢5(A)) ds(A, A'),
where 65(A) = ||IL = YR, (S, A)|

Proof. Given a € {1,...,k}, we can bound thanks to Cauchy Shwarz inequality:

we have (the index v being omitted)

105, 8)a — 15, A)a] = |- T (S, (R, (S, A') ~ Ry (5, A)))

k
ST (S0 Ry (S, A) Sy (A — Ay) Ry (S, A))
b=1

k
A —A
ZTr )MAI;RV(S7A)
A,AL

b=1

Sl

\ /\

Sy | A — Ayl

Zﬂ SaR(S, A) NN
b=p

AL R, (S, A’)>

\/ Tr (Sa Ry(S,A) (1 — yR, (S, A)))

H 55

'\/1 Tr(SaR (5, A') (1 -7 R,(S,A%))

¢35 (A)p5 (A)

‘\/ISA I(S,A"),
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O

If one sees the term H%H as a distance between A and A’, then Lemma sets the 1-Lipschitz

character of I(S,-) : A — I(S,A), which is a fundamental property in what follows. We present in the next
subsection a precise description of such functions that will be called stable mappings.

2.2 Fixed Point theorem applied to resolvent equations

To employ Theorem to the fixed point equation satisfied by A, a first step is to look at A — I,(S,A) =
Diag(Tr(5; R(S, A)))1<i<n that we know to be stable from Lemma[[.3] The control on the Lipschitz parameter
required by Theorem [E-I0] is issued from the following preliminary Lemma.

Lemma 1.4. Given S € S} and a function f : D} — D} bounded by fo € D;f,

n

I I 1
VAeDr: —F —— <R(S, f(A) <L where Sll= = S,
b < R(S ) < Isi=7 >

Combined with Lemma[[.3] this result allows us to build a family of contracting stable mappings with the
composition 1(S,-) o f when f € S(D;") is bounded from above (recall that any f in the stable class S(D;)
defined in Definition [22 satisfies VA, A’ € D}, ds(f(A), f(A")) < ds(A,A’)). We thus obtain the following
corollary to Theorem [E.1I0}

Corollary 1.5. Given f € S(D}), and a family of non-negative and non-zero symmetric matrices S =
(S1,...,5%) € Sy, noting Ay the Lipschitz parameters of f for the semi-metric ds, if we assume that f is
bounded from above or that Ay < 1, then the fized point equation

A=T°(f(4))
admits a unique solution in D;}.

Remark 1.6. To give a counterexample when f is nor contractive for the semi-metric, nor bounded from
above, let us consider the mapping f : t — % and the sequence of matriz S = (Ip,...,I,), then we have the
equivalence:

A =I5(f(A)) — Vz‘e[n],'yAi+1:%

which cannot be satisfied for any A € D} when p < n (when p > n, the existence and uniqueness of the
solution can be shown using the contractivity of I° o f for the spectral norm — but this is another problem,).

Proof. We can first deduce from Lemma [[.3] that:
ds (I°(f(A)), I°(f(A")) < Apmax (¢°(f(A)), 65 (f(A")) ds (A, A)

When Ay = 1 but VA € D}, f(A) < fo < oo, we can still deduce the contractivity of I% o f thanks to
Lemma, [[4] that allows us to bound:

1
max (¢°(f(A)),¢%(f(A")) < sup [|L—yR5(f(A))]| < T <L
AeDy MR
and conclude thanks to Theorem O

We will thus suppose from here on that u is a bounde(ﬂ stable function, to be able to use Corollary
and set the existence and uniqueness of A and X as defined in .

Assumption 7. u € S(R;) and there exists u™ > 0 such that ¥Vt € Ry, u(t) < u™.

2We will see later that we need also to assume that ux : ¢t — tu(t) is bounded which implies that u behaves on the infinity
as a mapping t — % which is not contractive for the semi-metric ds. Still, to be able to apply Corollary we need to assume
that u is bounded.
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Proposition 1.7. For X € M, ,, there exists a unique diagonal matriz Ae D;F such that
A=1X (u(A)) .

Now that A, and therefore 3 are perfectly defined, let us introduce additional assumptions to be able to
infer concentration properties on A.

2.3 Assumptions on Z and deterministic equivalent of the resolvent

Having proved the existence and uniqueness of 33, we now introduce statistical conditions on X to study by
in the large dimensional n,p — oo limit. We work under Assumptions [1| that imposes p < O(n), then since
X was some heavy tail behavior, one needs to make the concentration hypothesis on the n p-dimensional
random vector Z = (z1,...,2,) € Mp_,. One therefore assume:

Assumption 1 ter. Z « &.
Assumption 2 ter. The random vectors z1,...,z, are all independent.

We denote their means u; = E[z;] € RP, their second order statistic matrix (or non-centered covariance
matrix) ¥; = E[z;2] ] and their covariance matrices C; = 3; — p;ul € M,,. With this new notation, we still
assume Assumptions [4] and [f] that impose upper bound on p1, ..., py, and lower bound on ¥y, ...,%,.

Given A € D} we will extensively use the notation Rf(A) =R(Z-Z",A) = (1 ZAZT + 4I,)7'. The
study here is more simple than in Part [[]| because we are just interested in the specific case where z < 0 and
for that reason, we further look at R = RZ(A) for z > 0 and even z > O(1) (for concentration issues).

1/2

We recall from Chapter [F| and more precisely Remark that if |z| > O(1), then R is a O(%)—

Lipschitz transformation of Z and, therefore, we can deduce thaﬂ

1
Rx & | — 14

o (ﬁ ) 4
We express the deterministic equivalent thanks to the diagonal matrix A¥(A) € D;f defined, as the unique
solution to:

A =7 (o aie )

its existence and uniqueness is proven thanks to Corollary (here f : A — #AE(A) is bounded by
|A|). This equation allows us to compute A*¥(A) iteratively via the standard fixed-point algorithm. The

deterministic equivalent RZE (A) of RZ(A) is then defined as follows:

-1

-5 A I~ A

R.(A=R, (2, —————= | =| - —— =tz .

= (8) ( In—i—AAE) (n;I—s—AiA?Jer)
Then one can show thanks to Theorem that for any A € D and A € M,, be deterministic matrices
such that ||A|| < O(1) and [|A]|r < O(1):
- 1
Tr(ARZ(A)) € Tr (ARf(A)) L& (ﬁ) (L5)

This theorem will later allow us to estimate the Stieltjes transform of the spectral distribution of 3. Note
that here again, since %ZAZT + vI, > vI,, the resolvent is always invertible and therefore one does not
need to remove the low probability event A introduced in Chapter [F| (here the parameter z of Chapter [F|is
always at a distance bigger than a constant to the spectrum). For this purpose, we need the next corollary
to predict the asymptotic behavior of A defined in ([.3). Recall that IX : A + I(X - X7, A). Then the
following holds (it is a combination of Lemmas and |F.23).

3Here, no need to restrain the study to Ag since z is far from the spectrum.
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Corollary 1.8. For all A € D} with ||Al < O(1),

b
%(a) e IfA(AA)(A) e (\}ﬁ) in (Dol )

Remark 1.9. [t is possible to extend the results of (L.5) and Comllary to the broader case where each
mean u; (i € [n]) can be decomposed as the sum of a particular component fi; of low energy (i.e. with a low
norm) and a bigger component proportional to a general signal s of high energy as follows:

Wi = f1i + 18, (L.6)

where ty,...,t, > 0 aren scalars satisfying % Z?zl t; > 1 and Sup; <1< ti < O(1). The concentration results

are then almost the same with a speed O(\/logn/n) replacing O(1/\/n) and the concentration in is then
only true for A € M, satisfying ||Al. < O(1) (where ||Al|. = Tr((AAT)'/2)).

1.3 Estimation of the robust scatter matrix

3.1 Setting and strategy of the proof

Having set up the necessary tools and preliminary results, we now concentrate on our target objective. Let

= /Tizi + m, 1 < i < n, where 7; is a deterministic positive variable, m € R? is a deterministic vector,
and z1,...,2, are the random vectors presented in the previous section. For X = (x1,...,2,) € My,
we write X = Z72 + m17 where 7 = Diag(7;)i<i<n € D;f and 1 = (1,...,1) € R™. The basic idea to
estimate A, as a solution to the fixed-point equation A = I*(u(A)), consists in retrieving a deterministic
equivalent also solution to a (now deterministic) fixed-point equation. For this, we use the following central
result concerning the stability of the semi-metric ds to perturbations (it is quite similar to Proposition
that was concerning solutions lying in D(H)).

Proposition 1.10. Let f, f' : D;f — D} be two mappings admitting a fized point:
A= f(A) and A = fI(AN.

Further assume that A’ ~ O(1) (i.e. that A’ > O(1) and A’ < O(1)), that X € (0,1), the Lipschitz parameter
of f for the semi-metric ds satisfies A > O(1) and that:

1F(A7) = F(AN)] < o(1).
Then, there exists a constant K < O(1) such that
1A = Al < K[ f(A") = f/(AT)].

Proof. We want to apply Proposition with f* = f, I'* = A and I'* = A’ = f/(A’), we thus need to
bound:

I
ds(A/,f ‘A ‘

But we know that |A’| > O(1) and we can bond:
[FAN = 1 (AD] = [F(AT) = f(AN] = |A| = o(1) = O(1),
therefore ds(A’, f(A’)) < o(1) and we can apply Proposition to obtain:

f(A) - A
VA'A

!

HA - A
VAA!
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Thus, since O(1) < ||A’|| < O(1), we have the bound:

< K" (L7)

VA VA

for some constant K” > 0. We are left to bound from below and above ||A| to recover the result of the
theorem from (I.7). Considering the index ig such that A;; = min(A;)1<;<n, we have:

HA—A’ FA)Y = A

f(A) = A
W <o(1),

so that A;, > Al —o(1) > O(1). On the other hand, one can bound again from (L.7):

‘Aio - A;0| < K”\/ Aio

A’ fay - A’
VA <H + K" || ———=—| < O(1).
VAl <|-% ~x <o)
As a consequence, A ~ O(1), and we can conclude from (L.7)). O

Proposition can be employed when A is random and A’ is a deterministic equivalent (yet to be
defined). If we let f = IX ow(-) (and thus A = A), it is not possible to state that A ~ O(1) since

I* ou(-) = Diag(Laf R™ ou(-)z;)1<i<n scales with 7 which might be unbounded. For this reason, in place

of A, we will consider D = é where:
7 = Diag(max(r,1)) > I,.
We similarly denote 7 = Diag(min(7, 1)) < I,,, note that 7 = 7.

3.2 Definition of D, the deterministic equivalent of D

The matrix D = % satisfies the fixed point equation

xX; — m
= - 25
N \/Eﬂrﬁ

We will note from now on m; = E[z;] and ; = E[%;2]]. In order to apply Corollary [L.8 with the hypothesis
described in Remark [[.9] we will need a bound on the energy of the signal and on the 7;’s.

D= IZ(uT (D)), where Z =

and u” A Tu(TA).

Assumption 8. |m| = O(1).

We still cannot apply Corollary [[.§|since ||u7(ﬁ)|| is possibly unbounded. Still, let us assume for the mo-
ment that ||u™(D)]| is indeed bounded: then, following our strategy, we are led to introducing a deterministic

diagonal matrix D ideally approaching D and satisfying

5 ST
D= Awi(D) (1.8)
I, +um(D)A*(u™ (D))
(where we recall AZ(u7 (D)) = I(%, T (%T)S\Z)(uf(b))))' Before proving the validity of the estimate D of

D, let us justify the validity of its definition (i.e., the existence and uniqueness of D). To this end, we first
introduce a stable auxiliary mapping 1 : Ry — R,

Proposition I.11. Let x € Ry. Then the equation

=—— _neR,.

admits a unique solution that we denote n(x). The mapping n: R — R is stable.
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Proof. Let us show that the mapping f :  — x/(1 + zu(n)) is contracting for the stable semi-metric:

L1 ) _ u(n) —u(n)|
fm)" f(n') \/(% + u(ﬂ)) (% —I—u(n/))

du(F (), F)) = d (

u(n)u(n’) N
S\/( T utm) (& + ol )d((n), (')
< Hlm%dq(n,n’) <udg(n,n')

The Theorem E 0| then allow us to conclude on the existence and uniqueness of n(x). To prove the stability
of n, we are going to use the characterization with the monotonicity of the functions n, : z — @ and
7w — an(z) presented in Property [E.6| - Let us consider z,y € Ry such that < y; if n(x) < n(y), then
Nx (x) < 1x (y). Besides, since in addition u, is non-decreasing,

1 1 1

= > > = .
) @) 1y wllul) = 1+ yu(n(y)) ")
n(x
Similarly, if n(x) > n(y), then n,(z) > n,(y) and
1 1 1
(@) = T ey S T e S 1T aam - W
@t e T vty

We see that in both cases n,(x) > 7/(y) and 7nx(z) < nx(y). Therefore, thanks to Property n €
S(R4). O

The first equation of can be rewritten D = n,(AZ(u7(D))), with 5, : z @ To define D
properly, we thus need to show that A% is stable (with the aim of employing Theorem again).

Proposition 1.12. For any S € S}, the mapping A% . D — Dt s stable and satisfies VA, A" € D :
4, (AS(A), AS(A")) < max(¢5(A), 6 (A)dy (A, A)
(with the notation provided in Lemma )

Proof. Given S € 8 and A, A’ € D;f, there exists ig € [n] such that, if we note A = max(¢5 (A)b, ¢5(A")),
we can bound thanks to Lemma [[3}

dy(A%(A), A(A")) = d, (f <S%+AAAS(A)) 3 (S’ lmAA’zlxs(A’)))

< \d A =
=0\ 1, T AAS(A)' I, + ATAS(A)

= \d, (Z‘ +A5(A), % + A5 (A’ ))
_ ‘ﬁ +AS(A)y, — (A3
A +A%(A);, )( ; (A/)io)
< Amax ‘AS o AS(A/)' |
\/AS S(A)s,

< Amax (d AS(A), AS(A')))
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Thanks to Lemma [[33] the stability rules given in Property [E.B] and the extra tools given by Lemma [E-7]
(already used to prove Property [E.5). As a conclusion,

ds(A%(A), A%(A")) < Amax (dy(A, A), ds(A%(A), A(A")))
which directly implies that d,(A%(A), A%(A)) < Mds(A, A). O
We are thus now allowed to define D.
Proposition 1.13. There exists a unique diagonal matriz D € D, satisfying .

Proof. We already know from Proposition that D — A™(u” QD)) is contractive for the semi metric ds (we
can indeed show as in the proof of Corollary |L.5| that sup 5 .+ o> 5 (u”(A)) < 1 thanks to Lemma|l.4{and since
u” < ||7][u® — be careful here that, possibly [[7]| > O(n), but that is not the question here). The same is true
for . (A¥(u7(D))) since 7 is stable the existence and uniqueness of D thus unfold from Theorem O

3.3 Concentration of D around D

In order to establish the concentration of lA), we need an assumption on 7 to be able to bound D =
7 (A*(u7(D))). This assumption is expressed through a condition on u, justified by the following lemma
that we already made visible on Figure []

Lemma 1.14. The mapping 1, is bounded from below iff, ¥t € Ry, ux(t) = tu(t) < 1.

Proof. If there exists a > 0 (and o < 1) such that Vo € R, @ > «a, then

1 1
77(5) +(1-a)>1 and therefore: m =n®) > =5

which implies that u(n(x))n(z) < 1 — a. But since 7 is not bounded (otherwise lim;_, o 2l — o < «), there

¢
exists a sequence (z,)n>0 € RY such that n(z,) — co. Thus (uy being non-decreasing), Vt > 0,ux(t) <
limy, 00 w(n(zn))n(zn) <1 —a. Conversely, if Vi > 0,ux(t) < 1, Vo € Ry:

) ! thus @) 5 u > 0.
T 1+u n(I) T
O

Assumption 9. u < 1, where u = lim;_, o tu(t).

We complete this extra assumption with two rather “loose” assumptions on .
Assumption 10. 13" 7 < O(1).

These assumptions imply the following important control.
Lemma 1.15. D ~ O(1).
Proof. We already know from our assumptions that O(1) < L Tr(;) + %m;m =1 Tr%; < O(1) and we can
then bound:

AP (D)); > o) > o) > 0(1).

v+ LI Simu(nD)| T v+ supiep 1Sl 200, miue
Therefore, we can conclude thanks to Assumption [9] and Lemma

1 _ - = ~

— (b (7 (D)):) = n AR (D); = O(1).

Ti

D:
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This control allows us to establish the concentration of D:
Proposition 1.16. There exist two constants C,c >0 (C,c ~ O(1)) such that:
Ve € (0,1] : P (HD — bH > 5) < Ce—cne’/logn,

Proof. Let us check the hypotheses of Proposition Let us first bound the Lipschitz parameter (for the
stable semi-metric) A of IZ o u™ around D defined as:

IZ(u7(A)) — IZ(u”(D A—D
aepp. |[@) - rFwdp| H
VT2 (ur ()17 (w7 (D)) VAD
An inequality similar as in Lemma [[.3] gives us:
g

A<\ I1=yREu (D) <1 - S
v v+ Lur (D)1 227

(thanks to Lemma [[.4). B
First, the concentration Z o & implies the concentration of its norm [|Z| € E[||Z||] & &2 satisfying
K =E[|Z]]]/v/n < O(1). There exist then two supplementary constants C,c > 0 such that for all n € N,
vt > 0:
1Z]

P20 >4 k) < e
<¢ﬁ—+ >—Ce ’

and with, say, t = K, we see that with probability larger than 1 — Ce—cK’n (for some constants C,c > 0),
| Z]| < 2K+/n. There exists then a constant K’ > 0, such that under this highly probable event 1 — A > K.
Second, we know that Z = Z7'/2 ~ & and u”(D) < “5 < O(1) from Proposition therefore,

Zu™(D) x & and we can then employ Corollary [L.§ to state that IZ(u™(D)) € D + & (1/+y/n). Thus there
exist two constants C, ¢ > 0 such that

VE>0: m=P (HIZ(UT(D)) - DH > t) <P (‘IZ(UT(B))i ~D;
i€N

> t) < nCe=nt”,

Now since m; < 1, we can choose two constants ¢/, C’ > 0 depending on ¢, C' but independent with n such
that 7, < Cle—¢nt"/logn,

In this last inequality, we can take ¢ small enough (¢ = 4\|I1(7//2m) such that on an event of probability larger
than 1 — C’e=¢""/ 1087 (¢! > (), we have:
Z (o7 (T D /
L [P -B]
D 2

Let us introduce the event:

A= {|Z| < 2K+/n and HIZ(UT(D)) - DH > Aﬁ/;}

It satisfies P(A¢) < C"e~<"™, for some constants C”,¢" > 0.
Applying Proposition we know that there exists a constant K < O(1) such that ¥n € N:

w0 BB B 20) <B (DB 2 0.a) 4 oo
S’/Tt/Kﬁ’C/Ieic”n < C/efc'nt2/logn+Cllefc”n'

We thus retrieve the result of the proposition bounding the value of ¢ and choosing C' and ¢ appropriately. [



L.3. ESTIMATION OF THE ROBUST SCATTER MATRIX 157

It is even possible to give a deterministic equivalent of D independent of the signal m.
Proposition 1.17. The fized-point equation D = 1, o A™> ou™ (D) admits a unique solution, denoted D_,, €
D;F, and which satisfies |D — D_p,]| <O (ﬁ)
Proof. Let us first recall the notations p; = E[z], ¥; = E[z;2]] = C; + p;p! and:
- m m \"
Y, =70 + (\/7?11% + ) (ﬁﬂz + > = 7C; + mm, .
VIi VTi

The existence and uniqueness of D_,, are justified for the same reasons as for D (just take m = 0). We want
to employ again Proposition [LI0] with the deterministic mappings:

f=n0A"ou” and f/:nToAzouT,

and with A = D_,, and A’ = D. We note that D ~ O(1) and the Lipschitz parameter A of f for the
semi-metric satisfies a similar inequality as in the proof of Proposition

.
1—A> > 0(1).
v+ uZ 5l sup [[Zi]]

We then need to bound the spectral norm ||, o A7 o u™ (D) — 1, o A= o u™(D)]|. Note that n is 1-Lipschitz
for the absolute value because, for any x,y € R, the stability of 7 implies:

n@) = @)l _ @) _ 1
2=yl S\/ 2y \/(1+M(n(w))(1+yum(y)))Sl'

Thus 7, is also 1-Lipschitz. We are then left to bounding the distance (in spectral norm) between A ou” (ﬁ)
and A¥ ou™(D), and we are naturally led to employing a second time Proposition since those two values
are both fixed points of stable mappings:

NS (D)) = %, ) (AR (7 (D)) and AT (D)) = I ) (A7 (D))

where, for any S € S and A € D, fi A= T (S, ﬁ). Once again, the first hypothesis is satisfied,
A" (D)) ~ O(1) and X, the Lipschitz parameter of IX satisfies 1 — X’ > O(1). Noting for simplicity
A =u"(D), A =AT(A) and R = RS(S A1) (for S =% or S = C), we are left to bounding, for any

) To+ AR
i € [n],
TEA) - 2] < LR m+ 2 T R
AN IAY = g, n\ o,
~ T3 1 " _j T T T ~ 5
+|—Tr | &R fz —(mj;m+mm;)+ —mm" | R
n n T,
j=1 J J
1 1 -5 =7 1 -5 =7 1
<O|[-+ fmTREEZ-R Zm + — sup mTRZEiR Emj <O <>

non N jen] "

since %, j—J < 1Vj € [n]. Applying twice Proposition |[.10} we retrieve the result of the proposition. O

Propositions [.16] and [[.I7] allow us to set the following result, proved similarly as Lemma [B.18}

Corollary 1.18. There exist two constants C,c > 0 (C,c ~ O(1)) such that:

Ve € (0,1] : IP(

ﬁ _ f)*mH > 8) < Ce—anZ/logn.
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We now have all the elements to prove Theorem [[.1]
Proof of Theorem[I 1. Let us set U = 7u™(D_,,). We already know that ||U]| < SUP; (] % < 0O(1),

which allows us to set, on the one hand, that for any deterministic matrix A € M, satisfying [|A]l. < O(1):

~ % 1
Tr(ARZ(U)) € Tr (ARZ (U)) L&, (ﬁ) :
thanks to (it is true for all A € M, such that ||A||r < O(1), so in particular for the matrices A satisfying
1]l < O(1)).
On the second hand, placing ourselves in the overwhelming event where | Z|| < K+/n as in the proof of
Proposition [[.I6], we can bound thanks to Propositions and

ITr(ARZ(U)) — Tr(AR,)| < % HRZZ(U)Z (mf(

-0 < 7D — A_m|>
< sup =
ielm]  DilA_pli

\[->/>
|
Il
<
Py
>

|
3
N
N
=
=)
N

we can then conclude thanks to Corollary O



Chapter J

Robust convex regression

In modern statistical learning approaches, many optimization problems can be formulated in terms of convex
minimization problem or fixed point equations (soft-max classification, M-estimators, low density classifiers,
soft snm, logistic regression, optimal transport, adaboost, stochastic gradient descent...). As such, a theo-
retical characterization of the behavior of such objects becomes crucial in order to assess the performances
of the underlying algorithms. This chapter has two main objectives: first it provides qualitative inferences
concerning the statistical concentration of the parameter vector learned during the resolution of the problem
and second, some quantitative inferences on a restricted range of regularized empirical risk minimization
problems (see [MLI9]) of objective function 2 3" | h;(2]Y) + ZA|Y|?. Thanks to a convexity hypothesis

on the mappings hi,...,h,, one can express these minimizing problem as a fixed point equation through
differentiation
1o T
Y=— 2; filaTY )y, (J.1)
1=

where we noted f; = hj.

In the following, we stick to ¢?-norm regularization although other kind of regularizations can be found
in the literature [CM22]. We however believe in possible generalization of our approach as it was done
very recently for the Lasso problem in [TSST22|. The class of so called “ridge regularized robust regres-
sion estimators” ([BBEKY13| [Karl3]) contains in particular softmax classifiers that were already studied
in [MLC19bl [SLTC21]. There are been continuous work made around this range of problems with differ-
ent kind of techniques, approximate message passing in [SC19, [DM16], convex Gaussian minmax Theorem
in [TOS20, DKT22|, Meanfield Theory in [MKUZ20] or Replica Method in [MKL™20, [SZ22]. As a naive
comparison to all these works we wish to emphasize the simplicity of the fixed point equation providing the
first statistics of Y given here in Claim [J.2] But the more important contribution is probably a rigorous
justification of the leave-one-out technique introduced in [Karl3l BBEKY13|, this contribution relies on The-
orems and setting the concentration and the estimation of the resolvent (I, — %X DXT)~1 when D
is random and depends on X.

J.1 Main results

1.1 Theoretical results

The concentration of Y is proven thanks to Corollary[C.9|one is then led to try and estimate its first statistics.
For that purpose, one first needs to disentangle the contribution of each x; i Y = % S, fi(@lY)x;. This
is done thanks to the well known “leave-one-out” method that aims at expressing a formula to link Y with a

1To give a arguably valid justification, we mention that if one can write ;Y as a functional &;(z;Y_;) for Y_; independent
of i, then one can resort to Stein identities to estimate f(& (z;Y_;)x;.

159
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random vector Y_; deprived of the contribution of z; and defined followingly:

1 n
Y—i = E Z fj (.T?Y_i)fﬂj (J?)
g
Our first result provides the link between Y and Y_;, it is a combination of Propositions [J.12] and [J.9]

Proposition J.1. Under classical Assumptions we consider a two differentiable convex mappings f; :
R — R, i € [n], such that || fi] oo, Hfl-'||oo,||fi(2)||oo < o0, then for any § € D, let us note Q° = (I, —

Lyt E [%} %)~ where ¥; = E[x;zT]. The equation § = %Diagie[n] (Tr(2:Q%)) has a unique

solution that we note A, and we have the concentration:
Vi>0:P (|x?Y — xiTY_i — Alfl(x?Y)| > t) < Ce—cnt’/logn Ce ",
for some constants C,c > 0 independent of n.

This proposition leads us to introduce the mapping &; defined for any z € R with the fixed point equation

(see Proposition |J.12)

&i(2) = fi(z + Ai&i(2)), &i(z) €R, (J.3)
then one can show (Proposition |[J.12| again) that f;(z]Y) € &(zIY_,) £ & (ﬁ) Finally, noting that
&) = S A1) . (where (;(t) satisfies (;(t) = t + A; f:((t))), one is lead to deduce the following result

1-A; f7(Ci (1))
that could not be demonstrated (although it was validated with practical examples as one can see in next

subsection).

Claim J.2. Considering sequence of Gaussian vectors X,, = (x1,...,%,) € M, , and convex twice dif-
ferentiable mappings h; : R — R satisfying the hypotheses of of Proposition if we note m; = E[z;],
Y = E[z;zl], for all n € N, the unique vector my satisfying:

o my = L3 BI& (N (ms, v:))]Qm;

o Uy =mym¥ +QSQ

¢« Q=(,-0)"

& i EIE W (ma, )Gy

a7 i BIEG N (my, 0))]Z;

e & :R = R is defined for any z € R as the unique solution to &(z) = f; (z + %Tr(CZ-Q)&(Z))

<.

o C
oS

T

o vy = %Tr(EyEi) —m?

Besides, if we note & = S &(mImy)?E;, the solution Y to the fized point equation (J.1)) satisfies the
estimation:

® M; =MmM; My

1 1
E[Y] - <O|—= d EYY'|-%y|, <0 —
B =yl <0 (72) n Jepy™ - sy, <0 (=)
The estimation of the solutions to Claim [J.2] are computed reducing the step of convergence at each
iteration. The convergence is the ensured for the same reasons that transform (J.1)) into the contractive
equation (since I, < d2(¥(X)) < (L+ L sup;cpy 1/ loc))):
Yy -+ ZL:1 f(x?Y)xl

n

1+ %Supie[n] ||f1/HooHXXTH

We were not able to prove this claim that however appears right on all the different practical examples we
studied. We give from Subsection [2.5] and in the next subsections some reachable inferences in the Gaussian
case, however this approach has two main issues:




J.1. MAIN RESULTS 161

e Although we prove that some estimators satisfy those equations with vanishing error (when n — o),
we could not obtain the existence and uniqueness of the solution of the displayed fixed point equation,

e The fixed point equation in question relies on the computation of integrals E[¢;(2)] for z ~ N (m,v,)
and has therefore a very slow rate of convergence.

Those two reasons make us think that the Gaussian approach is not the good one and that one has to
find under the general assumption of concentrated vectors a supplementary equation (giving a link between
E[&[zTY_;] and E[Y] for instance) that will allow us to prove Claim We give in next subsection some
illustration of the validity of Claim

1.2 Application to the logistic regression

To illustrate our theoretical results in a simple way we present the example of a supervised classification
method called the “the logistic regression” already studied by [MLC19al]. Considering a deterministic vector
m € RP and a positive symmetric matrix C € M,, we suppose we are given n Gaussian random vectors
21,-..,2n, €ach one following the law AN (y;m,C) where y1,...,y, € {—1,1} are the “labels” of z; that
determine the classes of our data. We assume for simplicity that the classes are balanced. Our classification
problem aims at deducing from the training set z1,. .., z, and the labels y1, . . . y,, a statistical characterization
of our two classes that will allow us to classify a new coming data x, independent with the training set and
following one or the other law. To introduce the problem, let us express the probability conditioned on a
new data x, and knowing that z; is Gaussian, that y; = y, for a given y € {0,1}:

P(y; = y)P(z | yi = )
Plyi =y)P(zi | yi =y) + P(yi = —y)P(z; | yi = —)
e—(zi—ym)TCfl(zi—ym)/Q

Plyi =y | zi) =

e—(zi—ym)TC=1(z;—ym)/2 + e—(zitym)TC—1(z;+ym)/2
1

= Ty = oWl )

noting o : t — 1/(1 + e~ ) and B8* = C~'m. The goal of the logistic regression is to try and estimate 3 to
be able to classify the data depending on the highest value of P(y; = 1| z;) and P(y; = —1 | 2;). For that
purpose, we solve a regularized maximum likelihood problem:

. A
min © 3" p(872) + S 18)°

perr p i

where p(t) = log(1 +e™t), z; = y;z; and X > 0 is the regularizing parameter. Differentiating this minimizing
problem, we obtain:

f= S fGT By

i=1

1+et”
results thus allow us to set the concentration 3 oc £5(1/4/n) and estimate its first statistics.

The system of equations provided in Conjecture [J-2] can be solved by successive iteration, we can then
deduce the performances of the algorithm from the statistics of Y. We depicted on Figure [J.] some of
these predictions for a minimization problem slightly different where 8 € My, 5, y; = (1,0) if ; in class Cy,
y = (0,1) if z; in class C2 and f(z! B) = Softmax(z!3) € R? for all i € [n]. We displayed on on Figure
the distribution of the random vectors z7 3 € R?, for different test data x € R? independent with 8 € M, 5
and belonging to C; or Co (z and 3 are both randomly drown). The index of the biggest entry of 273
provides the regressed class for this classifier. One can see that when n gets big, the distance between the
two entries of 78 increases, one has indeed more data available to provide an accurate vector 3.

where f :t — —. If one chooses \ sufficiently big, the assumptions of Corollary are all satisfied, our
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The next step of the study is now to have a wider understanding of the formulas provided in Claim [J.2]
in order to provide fast classifier’'s parameter optimization without a full coverage of the parameter space.

0.6
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——- Theoric misclassification error, class 0
0.5 A e
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Figure J.1: Misclassification rate for two class of Gaussian random vectors with p = 500, C; = Cy = I,

m1 = (2,0,0,...), mg = (0,2,0,...), with proportion (#C;/n,#Cs/n) = (

1 3

1 3) for different values for n. Mean

taken on 200 drawings for the estimation of the empiric misclassification error.
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Figure J.2: Distribution of 73 with z, test data following the distribution of C; or Cs, independent with j.

Same setting as Figure

J.2 Fixed point equation depending on independent data x1,...,z,

We will keep Assumptions [I}ff] concerning the definition

of our regime and the concentration, independence

and bounding hypotheses on X; we further add the following assumptions on f, for reasons that will be clear

later:
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Assumption 11. The mappings f; : R — R, i € |[n], are twice differentiable and
3

subicin) [1filloe, 5uPicpuy 157l oc: supiepny 1157 [0 < O(1).

2.1 Leave-one-out approach

To estimate the expectation and covariance of Y, one needs to disentangle the influence of each data x; on Y
with the study of the random vector Y_; defined with the fixed point equation and that is independent
with z; by construction. To link ¥ with Y_; we creates a “bridge” defined by a parameter t € [0, 1], through
a mapping ¥* , : M,,,, — L(F), defined for any A € M, ,, and any y € F with:

VLA = = 3 filaly)a; + thilal v)a
i

Then, noting for any ¢ € [0, 1] y*,(¢), the unique solution (when it exists) to y4,(t) = W' ,(A)(y?;(t)), we see

that: B
- and T
The next lemma sets the differentiability of the mapping y#, : [0,1] — E.

Lemma J.3. Under the differentiablility assumption on h (Assumptz'on the mapping yfi is differentiable
and we have:

Xa(t) 1 -
v (1) = Xal) (1,, ; nAiDAa»ATi)

where x4 : t > tf;(aTy?,(t)) and D4 : t — Diag(—fl(xzFy4,(t)).

Proof. Starting from the fixed point equation satisfied by Y in (J.1]), we apply the inverse function theorem
to the C! bijective mapping:

O:RxRPF — R x RP

1 t
(ta y) — ta y— E Z fl(afy)aj - gfl(a?y)al
=0

Jj#i

It is indeed possible since R x RP is a Banach space, d© is clearly bounded (¥(A) is Lipschitz), and V(¢,y) x
(s,h) € (R x RP)2:

] t .
dO|(1y) - (s,h) = (s, h — Efi(azry)ai - 5f{(a?y)a?hai —A_; Dlag(fi’(a;fpy))ie[n]A_ih>
s .
= (s.h = = filal y)a; — A—y(t) Ding(f}(a] y) e A()R)

if we note A_;(t) = (a1,...,a;—1,ta;,aiy1, -+ ,an) € Mp,. Besides, V¢t € R, f/(t) < 0, thus Q4,(t) =
(Ip+ A_i(t)Da(t)A)~" is well defined and dO), is invertible with:

— 1 O
d@|<t1,y> - < QA (1) filaly)a; Q4,(t) ) '

Therefore, ©~1 is also C! and, we can differentiate yfi(t) = @_l(t, 0) to obtain the identity:
yfi/(t) = A—iDA(t)Aziyili/(t)
1 t
+ Efi(azryéi(t))ai + gf{ (aly2i (1) al v/ (t)as, (J.4)

from which we retrieve directly the result of the Lemma. O
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2.2 Concentration of t — y~/(t)

Introducing, for any ¢ € [0,1], and any ¢ € [n], the diagonal matrix D_;(t) € D,, defined with
D_i(t)i = —tfi (¢7y2i(t) and Vj€lnlj#i: Dait); = —fi (27 y5()

the random matrix da¥* ,(A) |, Writes more simply LXD_;(t)X and we have the identity:

V50 = AT 0)Q 0 (15)
where, Q_;(t) = Q(D_;(t)) = (I, + 1 XD_;(t)X7)~!. Note in particular that:
vte[0,1]: Q@) <1 (J.6)

When ¢t = 0, the random matrix @_;(0), that we note Q_; is then independent with x; like D_; = D_;(0),
since then [D_;]; = 0.

We are going to express the concentration of mappings defined on [0,1] and having value on vectorial
spaces (RP, M, ,, or D,,). Those concentrations are expressed with the infinite norm toward the parameter
t € [0,1], for simplicity, we will superscript the vectorial norms with co to designate those norms. For
instance:

|y = sup [Jy% )]
te[0,1]

We will also need to express norms on product of vectorial spaces. Given two normed vectorial spaces
(B, |- llg) and (Fy| - ||F), we note || - ||z + || - || 7 the norm defined on E x F' as:

V(z,y) e ExF: (|- lle + - Ir)(2y) = llzlle + [lyllr

We will now introduce a family of event indexed by the norm of || X||. Given u > K, we note:

A, = {HX” < U\/ﬁ}

It is possible to bound || X]| thanks to the bound

IEXI < v sup [[Efzi]]| < O(vn)

Proposition allows us to set E[|| X||]] < |E[X]|| + O(v/n) < O(y/n) and therefore || X|| € O(v/n) £&. In
other words

2 2E[[| X]]

Yu > v, P(A;) < Ce™ ™, where v = <0(1),

vnoo T
and C, ¢ > 0 are two constants.

Proposition J.4. For allu > v, and i € [n]:

1 u? . ) =S}
(mmxo0) lauxe (22) i (Mo x @O +1-1)

Proof. Given a (sequence of) parameter u > K, we first know from Lemma and Remark that
(X | Ay) x & We are going to employ Corollary with the mapping ¥, : M, ,, — F((R?)[%) that is
defined for any A,y,t € M, , x RP x [0,1] as:

WL (A)(y) = W(A)y) ~ —h(aly), (17)
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where we recall that U(A4)(y) = % S h(aly). With this choice (recalling that f = f%h/), forall A € M, ,,
y € RP:
1 t
d(‘I’ii(A))\ = gA—ifi(A:Ciy) + ;fi(afy)ai.

To apply Corollary we merely choose yg : t — 0, then for any A € X(A4,):

Y

. b 1 t
Jaw o™ = 150141+ Lo < 17
We can easily bound for any A € X(A,), y € (RP)0:1];
. 2 . 2t
I, < d2(W7i(A))‘y = —EA,i Dlag(fi’(a;‘ry))je[n]A,i — gfi’(aiTy)aZ.aiT I < |1f oot

(recall that ¥t € R, f/(t) <0).
Besides for any y € B(yo, ul|f|le) and any A, B € X(A,) C Mp,:

AW (A))], ~ dB(B))|, I <~ [[(4~ BYLAT)|™ + © | B (:(ATy) - f:(BTy))

||OO

1 oo ! 1 o0
< (A O+ IAIMYI=I Moo 1A = Bll 4 B[4 = Byl 11l
u?
< — | ||A - Bl;
<o( =) 14~ Bl
and the same way, for any a,b € z;(A,) C RP we show that:
Ly aTga - £0Tpu < 0 (2= o -]
n T y 7 y — \/ﬁ I
Therefore, noting E = (R?)[%! we deduce from (J.7) that for all u > K, A — d(¥_;(A))| is O (%)_

Lipschitz from (X(Au), || - [F) to (F(E, E), |- [5(,.4))- We can then deduce from Corollary the result
of the proposition.
O

Corollary J.5. Y () &< Ex(n~1/2) + & (n=3/2).

Proof. Noting that Y is a 1-Lipschitz transformation of ( 1\/ﬁX ,y%:(+)), let us bound thanks to Proposi-

U2
tion for any © > v and any independent copy of Y, Y":
P(fi(Y) = fi(Y) 2t | Ay) < Cement/ and P(A5) < Cem.
One can then apply Lemma with o = 1//n, m =2 an<f| 0= N(M,...|-|) = O(1/n) to obtain the result
of the corollary. O

Let us now prove the concentration of y*,’ that we will integrate in next subsection.

Proposition J.6. Under A,, Vi € [n], y~,/(+) € & (ﬁ) in (RP)OI ) - |[°0).

One could propose as in Corollary a sharper control on the tail of y*;(-) but the expression becomes
complicated, so we prefer not to present it.

Proof. One could once again employ Corollary but it is straightforward here to employ the explicit
formula given by (J.5):

V) = T 0)Q (0

that allows us to state that y*X,/(-) is concentrated as a O(1/,/n)-Lipschitz transformation under A, of the
concentrated vector (X, /nY_;(-), D_;(+)) (recall indeed that |Q—; ()|, || filloos | X ||/v/7, [|D=i]|>° < O(1)).
O

2See Example to get more precision
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ayi(i (t)
ot

2.3 Integration of

Now that the concentration of the objects y~,(¢) and y,(¢)" are well understood, we are able to integrate the
formula provided by Lemmal[J.3|to express the link between Y and Y_;. We just give some preliminary results
to control the matrix @Q_;(-). In a first time, let us study Q_; = Q—_;(0) = Q_;(D—;) which is independent
with z;.

Proposition J.7. Under A,, Vi € [n]:
1Q—-i( )i — Qi € O ( log(n)) +& in (RO 1%)
This proposition is a consequence of the following lemma.

Lemma J.8. Under A,, sup,cjoq)[[D-i — D—i(t)||r < O(1)

Proof. From identity:
1 t
XTy%(t) = = XTX i f(XTy (1) + —X T fia] y (1)),
n n
(where given a vector z € R™, f(2) = (fi(2:))icin) € R™). We can deduce that:

1 t
X7 y%i(t) = XY < sup [|fflooll =X Xl [ X7 Z3(8) = XYl + =X i fulwl %5 (8)),

1€[n]

therefore || X Ty, (t) — XTY_;|| < L X7, fi(2TyX,(t)). Recalling the identity D_;(t) = Diag(f/(XTy*;(t))),
we can bound under A, (recall that || X |, ||z:]] < O(v/n) and || f|le < O(1)):

D= D_s(t)]lr < _sgp]”ﬁg”<>o7’fb|;x%ifi<x?yi2<t>)u < o (1.8)

O

Proof of Proposition[J.] Under A, and for any t € [0, 1], let us bound:
1
1(Q-i(t) = @-o)zill < |Q-i()X—i(D—i — D(t)) XL;Q—izi|

1 T
< i . o
= 0 (ﬁ) HX—ZQ—’L‘T'LHOO7

thanks to Lemma [J.§ and since || X || < O(v/n) and [|Q_;(t)|| < 1.

Now, it is possible to show (see [LC22a, Lemma D.3|) that XZ,Q_,xz; € & (\/n). Besides, one can
bound thanks to the independence between x; and Q—; (A, being overwhelming, it preserves in a sense the
independence relations):

1
B (X7.@-i2: | 4. < B [X.Q-Ei] . +0 ()
< E[IX=ll] [Efz]ll < O(Vn),
derived from Assumption [4| and . Thus, Proposition allows us to bound:
E[[[X5iQ-iwi|. | A/] < O(log(n),

from which we deduce the result of the proposition.

We have now all the elements to prove:
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Proposition J.9. 7 6.8 Under A,, Vi € [n]:

HY -y, - lfi(szY)Q—ixi
n n

(V) s, (1)

Proof. Setting x(t) = tfi(zFy*;(t)) € R, let us integrate between 0 and ¢ the identity y*X./(t) =
X () £Q_i(t)a::

t
V50 = Yoi= LTI+ [ X Qi) — Q-0 (19)
Now, X' (u) = fi(zFyX, (w)) +tf/(xTy*,(v))zlyX, (1), and we know from Proposition and Proposition
that under A,:
o filalyXi() € O(1) £ & and | fi(z]yX;(-)] < O(1)
o filaly()) € O(1) £ & and || fi (2] y™;()) ]l < O(1)
o STYX/() € O(1) + & and [Ty, ()]l < O(1)

therefore }/(-) € O(1) £ & in (RO ||+ ||o), [IXlc < O(1) and one can bound:

X ()(Q-i(u) — @-i(0))xi
<IN OIQ-i() = Q-i(0)z:i| € O(Vlogn) £ &,

in (RO || [|°). Since the integration between 0 and ¢ is 1-Lipschitz for the infinite norm on [0, ], we have
the concentration:

1 t
L [ X @(@Q-0) ~ @-i(O)midu| € O logm) + .
0
O
Note first that Y and Y_; have comparable first statistics.
Corollary J.10.
logn
[Ea, Y]~ Ea Y]] <O ( 5 )
(J.10)

B, [YY7] B, [V, <O ( 10gn> 7

n

where we recall that || - ||, is the nuclear norm satisfying for any A € My, ,, ||All« = Tr(VAAT).

Proof. Tt is just a consequence of Proposition and the bounds:

- 1 1

Ea, _nfi(szY)Q—il'i] ‘ < EEAV [Tz Q-] <O (\/ﬁ)

B | hel Pt Q|| < Ea [RGTRInIIQ- I <0 (1)
[1 Ty \2 T i

Ea, | fi@lY) Q_leY_l} <0 (\/ﬁ) ’
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One can then wonder why we set a result as complex as Proposition [J.9]if it was simply to obtain these
simple relations between the first statistics of Y and Y_;. It is because the behaviors of Y and Y_; diverge
when one looks at projections on x;.

The observable diameter of order O(+/logn/n) in Proposition allows us to keep good concentration
bounds when Y is multiplied on the left by z7, j € [n] (indeed, under A,, ||lz;]| < O(y/n)). This time, the

term %fl(xlTY):r]TQ,le can be of order O(1) in particular when j = i. For all j € [n], £ f;(2TY)z;Q_;z; €
E(1/y/n) (as a 1/y/n transformation of (X, /ny”~;(-))) thus if j # 4
1 1

but when j = i this quantity can be of order O(1), therefore we obtain the concentrations:

Corollary J.11.
T T logn 1 o
;Y —a;Y_ ;€0 . +& ﬁ when j # i
eIy — 2Ty ; - leQ @i fi(2]Y) e O/ logn +& =
i i L—i n i —bi i Ly n 1 \/ﬁ .

2.4 TImplicit relation between z!Y and z!Y_;

(J.11)

The linear concentration (J.11)) interests us particularly because it allows us to replace in the identity
1< T
i—

the quantity f;(z!'Y)z; with a quantity f;((;i(x7Y_;))z; (for a given mapping ¢; : R — R) that is more easy to
manage thanks to the independence between z; and Y_;. The random variable is estimated thanks to a fixed
point equation already introduced, in the case of Wishart matrices, in [SB95) [PP09, [LC22¢|. Introducing the

notation
- -1
D>,
14 Ay(D)D; ’

=1

o E 1 &

where, for all T' € D,,, we note A(T") the unique solution to:

1

vie ) A(D) =~ T (ziQMF)(r))

(see Theorem for existence and uniqueness).
We can then employ Theorems and [G.2) to get:

Q € QYP)(D) £ & (log(n)) + €4 (1/v/n) in (Mp, || -[Ir),
For simplicity, we will note from now on:
A =A(D),

(where the expectation in the definition of Q*(P)(D) is taken on A,). One can then deduce in particular
from this theorem that for any i € [n]:

1
] Quiwi | Ay € Ay £ & (log(n) + £4(1/v/n) (7.12)
It sounds then natural to introduce the equation
z=a] Yo + Aifi(2), z€R (J.13)

whose solution is close to 'Y as stated by next proposition.
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Proposition J.12. Given i € [n], and x € R, the equation:
z=x+A;fi(2), z € R, (J.14)

admits a unique solution that we note (;(x), one then has the approzimation:

1
T T
To prove this proposition, we are going to employ the following lemma which is just an adaptation of the
result of Lemma [C.7] concerning contractive mappings to the case of convex mappings.

Lemma J.13. Given a twice differentiable convex mapping f : RP — R such that for all y € RP, d2f\y > K
and a vector yo € RP such that ||df|, || < 7, we know that the fized point yx = minyerr fi(y) also satisfies:

Yo

-
1y * =yoll < —
K
Proof. One just has to introduce K = sup,cpy,, =) [|d*f|, ||, then the mapping ¢ : y — y — #=df|, is (1 — £)-
Lipschitz on B(yo, =) and one can conclude with Lemma O

Proof of Proposition[J.12 As the solution of the minimizing convex problem (A; > 0):
Minimize: ¢(2) = ||2||*> + Aih(z) — 2] Y_;z2,

¢(2TY_;z) is well defined and unique. Now, we can bound under A,:

Hdéb\szH = |lefY + Aifi(2]Y) — 2] Y ;|| € O (W) + & (\/175>

thanks to Corollary We can therefore employ Lemma, to deduce the result of the proposition. O

We end this subsection with a little result that will allow us to differentiate ¢; and:
§i+t e fiGi(t))
Lemma J.14. Given i € [n], the mapping (; is differentiable and we have the identity:

fi(Gi(®))

SO=T2ArGm)

Proof. Considering z,t € R, let us express:
Gz +1) = G(2) =t + A (fi(Gi(z + 1) = fi(Gi(2)))
thus [(;(z + 1) — Gi(2)] < W (note that it implies that (; is continuous). Let us bound:
Gz ) ~ G ) ~ GG+ 1)~ G

" 211"l
<o 16z + 1) = G2 € —— =
1/ oo 1Gi (2 + 1) = Ci(2)] TENTZIRE

Dividing the upper identity by ¢ we can bound:
tIS " Moo A
5 -
(1= Al o)
We can then let ¢ tend to 0 to conclude that (; is differentiable and we obtain the identity:
Gi(t) =1+ Aifi ()¢ (t).

and one easily deduce from this formulation of ¢/ the expression of &/ O

GG+~ G) — 1= THGENGE+0) - G| <
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The formulation of £, leads us to introducing the notation
- 1 <& B
Q= — > Bl Y-)5) ™!
i=1

that satisfies the estimation:
N _OA logn
Corollary J.15. HQ 9) (]E[D])HF < 0( ﬁ)
The proof can be done with the same diagonal matrix A but we think it would be more interesting to
wait for the final definition of A to show the stronger result.

2.5 Expression of the mean and covariance of Y.

Introducing the notation Vi € [n], & = f o {;, next Proposition gives us first estimations of the deterministic
objects:

my = E[Y] and Yy =E[YYT],

Proposition J.16. Noting Y = %Z?:l &(2TY_ )z, we can approzimate:

steo () oa ()

|2y ~E[FYT]|[, <0 (52).

and we can estimate ||my —E [Y}

Proof. Let us bound:

n

ST (fi@TY) = £i(G(=TY0)) @

=1

1

n

Iy ¥ <

<0 ( sup |z} Y — Cz(%TYz)’)

1<i<n

Besides, we know from Propositions [J.12[ that (|27Y — ¢;(zIY_;)|)1<i<n € & (1(\)%1) in (R™, || - [|oo), thus
Proposition implies that:

logn logn
Ty —¢@lv)leo|—==)+& | —=
2 ey a0 For ) ra )

from which we deduce the first result of the proposition. The estimation of the expectation and the non-
centered covariance of Y is a direct consequence, indeed, for the covariance, note that for any deterministic
matrix A € M, such that ||A|| < 1:

T (A(Sy —E[YYT]))| < [E[YTAY = YTAY]| = |E[(Y - YV)TA(Y +Y)]|

<O (JAE(Y - V]]) <0 (k’g”)

B

O

2.6 Computation of the estimation of the mean and covariance of Y when X is
Gaussian

The estimation given by Proposition becomes particularly interesting when X is Gaussian because in
that case, the random variable z; = 2l Y_; is also Gaussian (when all the random vectors x; are fixed, for
j # 1) and admits the statistics:

Ei[z] = mlIY_, and E;[2?] = Y%, Y.,

(where we recall that m; = E[z;] and ; = E[z;27]). The estimation of quantities of the form E; [£(z;)u” z;]
will then be done in two steps that will be justified by Lemmas [J.18 and [J.I9] below:
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1. “separate” with Stein-like identities, the “functional part” £(z;) from the “vectorial part” ul

E;j [€(z))u"z;],

Zj 1M

2. show that the randomness brought by Y_; in z; can be neglected so that it can be approximated by a
Gaussian random variable z; ~ N (u;, v;) with:

wi = mlImy and vi = Tr(Sy%;) — p, i € [n]. (J.15)

Proposition J.17. Introducing the quantities:
N 1« A - 1< o
iy = L B EIem, and O = LB ()710mQ

we have the estimations ||my — m;””, ICy — C’Q)H* <0 (%)
The estimation merely rely on two lemmas. The first one is a derivation of the Stein identity:

Lemma J.18. Given a Gaussian vector x ~ N(u,C) for p € R? and C' € M, positive symmetric, two
deterministic vectors w,u € RP, and a deterministic matriv A € M, ,,, we have the identities:

Elfi(w")u” ] = E[fi(w")lu”u + E[f](w2)]u" Cw
[ (w"2)o” Az = E[fi(w"0)] Tr (A(us” + C)) + ELf/(w )} C (A + AT)
+E[f" (w” z)]w CACw

The second lemma allows us to integrate over Y, it will be proven after the proof of the proposition.

Lemma J.19. Given two (sequences of) random variables p € R and v € R such that 0 < v < O(1) and
two (sequences of ) deterministic variable i, € R satisfying:

. 1 - 1
ue;z:l:é’g(\/ﬁ) and VEV:l:52<\/ﬁ>,

if we consider a differentiable mapping f : R — R satisfying || f'||cc < O(1), then for any Gaussian random
variable z ~ N (u,v), independent with v and p:

E.[fi(2)] € E[fi(2)] £ & (%)

where B, is the expectation taken only on the variation of z and zZ ~ N (i, 7).

Proof of Lemma[J.19 Let us introduce a Gaussian random variable y ~ N(0, 1), independent with p and v.
We can express:

E.[fi(2)] € E[fi(3)] = Ey[fi(n + Vvy)] = ¢(u, v)
The mapping y — fi(u + ﬁy)e‘yz/ 2 is bounded, we can thus differentiate ¢ and we can bound:

% = Ey[Vufi(p+vry)] < 0(1) %ﬁ

=Ey[fi(n+vry)] < O(1)

Therefore as O(1)-Lipschitz transformations of p,rv under A, ,, we obtain the concentration ¢(u,v) €
o, 7) £ E3(1/4/n) (one can invert the expectation and the function in concentration inequalities of ran-
dom variables), which is exactly the result of the proposition. O
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Proof of Proposition[J.17 Thanks to Lemma [J.I8 we can express for any u € RP symmetric, such that
lull < O(1) and noting E_; = [[1<j<n E;:

J#i

uI'my = ZE_Z fz 2i) uTxl]] + O (szﬁn)

= ZE[gi(Zi)]uTmi +E_; [Ez[fi(zz)]uTCzYﬂ} L0 <1(\)/gﬁn>

= % ;E[fz(zl)]uTml + Rl (z:)]ut Cimy + O (l(ji;)

thanks to Lemma and Corollary We can then deduce, replacing u by u”Q:

n - logn
uI'my = i;E[fi(Zi)]uTQmi +0 ( (\)/gﬁ ) .

To estimate the covariance, we can once again deduce from Propoition that for any A € M, such
that || A|| < 1:

!
Tr(ASy) = E[YTAY] = ZE_Z 620 YT Ax]] + o<f§§)

*ZE s [6GOYEAR)] + TE- [B: (6% Quai] +O(lo¢gff>

fZE &(2)] Tr(my Am;) + E [€)(2)] Tr(Sy AC))

note that we could remove several terms from the formula of Lemma since ||Y_;|| < 1. Replacing A by
AQ), and employing Theorems and we then obtain:

- - 1
Tr(ASy) = mEAmy + Tll;]E [Ei(zi)2 Tr(EZ-QAQ)] +0 ( ‘:%)
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