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Abstract: The present work provides an original framework for random
matrix analysis based on revisiting the concentration of measure theory for
random vectors. By providing various notions of vector concentration (g-
exponential, linear, Lipschitz, convex), a set of elementary tools is laid out
that allows for the immediate extension of classical results from random
matrix theory involving random concentrated vectors in place of vectors
with independent entries. These findings are exemplified here in the context
of sample covariance matrices but find a large range of applications in
statistical learning and beyond, starting with the capacity to easily analyze
the performance of artificial neural networks and random feature maps.
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Nomenclature
iif “if and only if”
R Set of real numbers ; Ry = {z € R|z >0} ; R_ = —R,. If x € RP, one

notes [z];, or more simply x;, 1 <14 < p, the i*® entry of the vector =

(a,b] Considering an interval I C R, we employ the sign “(” if left border of I
is open and “[” if it is closed ; the same rule works for the right border.
To give an example, given a,b € R : (a,b] ={z | a < z < b}

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

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

C Set of complex numbers.

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

A Typical non commutative algebra endowed with the algebra norm || -
||l, the possibly non commutative product is written without operation
character, we have Va,y € A, ||zy| < ||lz]||y]]-

0A Boundary of A C E, if A is the closure of A and /01, the interior of A,

0A = A\ A.
Conv(A) Convex hull of A C F (i.e., Conv(A) = N{C C E, C convex,C D A}).
A A\ {o)

1a Indicator function of AC E, 14 : EF — {0,1} and 14(z) =1 < x € A.
If A is not a set but an assertion (like A= A(t)=(t>1)), la=1if A
is true and 14 = 0 if A is false. If 1 presents no index, it designates a
vector full of one with a convenient size for the context.
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Set of permutations of {1,...,p} ; &y, =G, X &,,.
Decreasing version of x € R?, 3o € &,, such that Vi € {1,...,p}, [z*]; =
Ty and [2V]; < [xt];—q for i > 2.
Majorization relation, see Definition 15
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 My, = M, .
Trace operator on M,, VM € M, TrM = > | M;,.
Transpose operator on M,,, VM € M, ,, [MT];; = M;;, 1 < i < p,
1<j<n.
Identity matrix of My, ([I,]i,j = 0ifi # j and [I,);; = 1,1 < 1,5 < 7).
Spectrum of the matrix M.
Resolvent of the matrix C € M,,. For z € C\ Sp(C), Qc(z) = (C +
2I,) 7L
Diagonal operator. If M € M, ,,, Diag(M) = (M;;)i1<i<min(p,n) ; if
r € RP, Diag, ,,(z) € My, [Diag, ,(z)]i; = =; if 1 < i < min(p,q,n)
and [Diag,, ,(z)]i; =0if i # j, for 1 <i<p, 1 <j<n.
Set of orthogonal matrices of M, : P € D,,,, & P~! = PT ; 0, , =
O, x Oy,
Set of diagonal matrices of M, ,, : D € D, , & D = Diag, ,,(Diag(D))
i D€ D;n & D;; > 0,1 <i<min(p,n); DeD,, & —-Dc D;n.
When n = p, we simply note D, = D,, ,.
Set of symmetric matrices of M, : S € S, & S;; =5;;,1<i<p;
SeStevVueR,u"Su>0;5€S8, & -5 eS8t Given 5,5 €S,
we say that S7 is greater than Sy and we note S; > Sy if §1 — S5 € S;‘.
Square root of the nonnegative symmetric matrix S € S{f (with the di-
agonalization S = PTAP, P € O,, A € D,, we define S*/2 = PTA/2P
where [A'/2];; = Azl/zz)
Set of permutation matrices of M, : P € P, & P € O, and (Jo €
S,, P,j = 1% o(i) = j); we also define P,,, = {(U,V) € P, x
Pn | UL VT =1,,} where I,,,, = Diag,, ,,(1).

p q)l/q_

L4-norm on RP for two integers p,q € N, ; ||z||q = (D0, )

Classical norm of the vector space E one is working on : if £ = RP, the
euclidean norm || - ||2 ; if E = M, ., the spectral norm (VM € M, , :
SUP|ju|=1 [[Maul]).

on RP, the ¢; ; on M,,, the nuclear norm (VM € M,,,||M|: =
Tr(MMT)Y/2)).

Frobenius norm, VM € M, ,, : [|[M||p = VIt MMT = 2 M7
Dual norm on E*. If f € E, | f|l« = supj; <1 f(2)-
Distance associated to the norm ||-||. Given two vectors z,y € E and two

sets A, B C E, dy.(z,y) = [lz — yll, dj.(z, A) = inf{d). (2,y),y € A}
and d”,H(A,B) = inf{dHAH(x,B),x € A}

Closed ball of E of size t > 0, By = {0}; = {z € E | ||z| < 1}, when
t = 1, we note B = B;. We also use the notation By (z,t) = {z}; =
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{y € E || |xr —y|| <t}, the index || - || could be of course a distance d or
simply unspecified when we implicitly consider the classical norm of E.
If AC E, A, is the closed set {z € E | d(z,A) <t} D A.

Level set of f: E — R. Fort € R, St = {x € E | f(z) < t}.

Sphere of RPT! (SP = {z € RPF! | ||z|| < 1}).

B, Norm degree, see Definition 9.

iid.

We implicitly suppose all over the paper that there exists a probabil-
ity space (2, F,P) where F is a sigma-algebra of the set Q0 and P, a
probability measure defined on the elements of F. The random vectors
we consider are then P-measurable applications defined on Q and tak-
ing value in normed vector spaces endowed with the Borel o-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 : F — R and t € R, we note
P(F(X) > £) = P({w € Q, f(X(w))> t})...

The expectation operator. For any random vector X € E and any mea-
surable function f : E — R, we define E[f(X)] = [, f c XdP. When E
has finite dimension, it is possible to define EX by integrating all the
coordinates of X. _

X eMp, oX)e RTH(')’”) is the vector constituted of the singular
values of X in increasing order (i.e. the eigenvalues of (XX7T)Y/2). If
X € F is a random vector, o(X) is the o-algebra generated by X (i.e.,
the o-algebra of sets of ) containing all the sets X ~!(B) when B is a
Borel set of E).

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”.

Conditional expectation. Given a random variable X € R and G, a sub
o-algebra of F, E[X|G] is the unique random variable that

Conditional probability. Given a Borel set A C R and a random variable
X e R, P(4]X) = E[14]X].

Concentration around a pivot or around a deterministic equivalent, see
Definitions 3 and 8.

Lipschitz concentration, see Definitions 2 and 10.

Convex concentration, see Definition 12.

Observable diameter, see Remark 1.2.28

Transversal concentration, see Definition 14.

If i1 is a probability law defined on F, for any function f : F — R, such
that pu(f) = [ fdp =1, we note fdu the measure verifying for all Borel
set B : fdu(B) = [1gfdu.

Lebesgue measure on RP.

Uniform measure on the ball By, of RP.

Uniform measure on S?.

l.
Exponential measure. If p =1 v! = %‘d)\l, forp>1, P =vl ...
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(ptimes).

N(0,1,) Distribution of Gaussian vectors of R? with zero mean and covariance
I,.

my, Stieltjes transform of the probability law pu on R. Let D C R be the
maximal Borel set such that u(R\ D) = 0, then Vz € C\ D, the Stieltjes

transform is defined with the formula m,(z) = [}, dz“ 7(1:;)

Introduction

Sample covariance matrices are key quantities in applied statistics in that they
allow for the estimation of structural information in the second order statistics
of the sampled vectors, and find a wide range of applications in fields as di-
verse as applied statistics (e.g., financial statistics, biostatistics), signal or data
processing, wireless communications, etc. Precisely, for a set of n independent
random vectors 1,...2, € RP stacked in a matrix X = [z1, - x,] € My,
the sample covariance matrix S = %Z?:l Tzl = %X XT e M, provides an
estimator for ¥ = LE[X XT].

If the number of independently sampled vectors n is large compared to the
dimension p of the vectors, then under usually mild assumptions S converges
to . When p and n have the same order of magnitude though, again under
classical assumptions, the operator norm difference ||S — X|| usually does not
vanish and S is thus not a consistent estimator for . In their now famous article
[MP67], Marcenko and Pastur proved that, if the vectors ;, in addition to being
independent, have independent entries of zero mean and unit variance, then, as
n,p — oo with p/n — ¢ € (0,00), the normalized counting measure of the
eigenvalues of S converges a.s. to a limiting distribution having a continuous
density, and now referred to as the Marcenko—Pastur distribution. From this
article on, many works have provided generalizations of [MP67]. This is the case
for instance of [SB95], where the authors assume that the z; can be written
under the form x; = Z%zi for z; a vector with independent zero mean and
unit variance entries. It is to be noted that the independence [MP67], linear
dependence [SB95|, or vanishing dependence [Adall| between the entries of
X is key in the approach pursued in these articles as it provides a necessary
additional degree of freedom in the derivation of the proofs.

These earlier results thus found many practical applications in scientific fields
involving large dimensional matrix models with mostly linearly dependent en-
tries, most notably in applied statistics, electrical engineering and computer sci-
ence. But the renewed interest for machine learning applications, spurred by the
big data era, has recently brought forward the need to understand and improve
algorithms and methods relying on random matrix models involving non-linear
relations between their entries. In some scenarios, as with kernel matrices (that
is, matrices K € R"*" with entries of the type K;; = f(z!z;) for some non-
linear function f), an asymptotic equivalence between these matrices and classi-
cal matrices with linearly dependent entries can be proved [El 10, CB16, KC17],
thereby transferring the asymptotic analysis of the former to that of the latter. In
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other scenarios though, such asymptotic equivalences are not available. This is in
particular the case of so-called random feature maps and neural networks. In ran-
dom feature maps, the vectors z; can be expressed under the form z; = o(Wz;)
for some non-linear (referred to as the activation) function ¢ : R — R, here
applied entry-wise, W a given matrix, and z; yet another random vector. The
randomness in random feature maps arises from the fact that W is usually cho-
sen at random, often with independent and identically distributed entries (this
way allowing to produce p independent non-linear “features” of the vector z;).
Prior to training, neural networks (in particular feedforward neural nets) may
usually be seen as a cascade of such random feature maps. In evaluating the
performance of algorithms and methods based on random feature maps and
neural networks, it is often of importance to understand the statistical behavior
of S.

Still in the scope of the statistical analysis of data processing algorithms,
where sample covariance matrices built upon real data vectors x; are considered,
it is also quite restrictive, if not disputable, to assume that x; can be written
as r; = u+ E%wi for some deterministic ¢ and with w; having independent
entries.

As we shall see in the course of the article, a very convenient assumption
to be made on z; in order (i) to answer the aforementioned controversial real
dataset modeling, (ii) to properly model random feature map and neural net-
work and (iii) to largely generalize the Marcéenko—Pastur and related results,
is to propose that x; satisfies a vector-concentration inequality. In a nutshell,
concentration inequalities being stable under (bounded) linear operations and
non-linear Lipschitz operations, the framework proposed in this study allows for
a natural study of models of S with independent z; of the form o(W z;) with z;
itself a concentrated random vector (so for instance itself of the type oa(Way;)
with y; concentrated, and so on).

The objective of the article is precisely to provide a consistent method for
the analysis of S with z; independent concentrated random vectors based on
elementary concentration inequality principles, particularly suited to practical
applications in large dimensional machine learning. The article notably extends
the results of El-Karoui in [El 09], who first exploited concentration of mea-
sure arguments in place of independence in the classical proof approaches of
[MP67, SB95]. The technical arguments and findings of [El 09] are nonetheless
quite specific and treated lemma after lemma, some of the main results being
valid only for a restricted class of concentrated random vectors (such as ellipti-
cally distributed random vectors). We rather aim here at a self-contained generic
framework for the manipulation of a large class of random matrix models using
quite generic concentration identities. For instance, in the present article, we
provide a very simple expression of the concentration of quantities of the type
T Az when z is normally concentrated and A a deterministic matrix, with a
very synthetic proof (see Lemma 1.1.9 and Theorem 1.2.52). The present work
also follows after a previous article by the same authors [LC17], in which a par-
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ticular model of concentrated random vectors x; = o(Wz;) was studied in the
aim of analysing the performances of a one hidden-layered non-linear random
neural network, commonly referred to as an extreme learning machine [HZS06].
Concentration was there induced by the randomness of W and the Lipschitz
character of o. Yet, not imposing that the input data z; are themselves con-
centrated random vectors led to restrictions in the results of [LC17], to which
the present article easily circumvents. In a subsequent companion article, ap-
plications of the present results to the asymptotic classification and regression
performance of extreme learning machines will be devised.

The present article is also quite general in that it allows to handle sample
covariance matrices for data x; arising from either of the two standard classes of
concentrated random vectors, that is (i) uniformly continuous (so in particular
Lipschitz) transformations of standard Gaussian random vectors, and (ii) affine
transformations of random vectors with independent and bounded entries; the
latter setting follows from the works of Talagrand [Tal95] and requires a more
subtle approach since vector concentration of this kind is only stable through
Lipschitz and convex functionals.

The remainder of the article is structured as follows. We introduce in the
first section a somewhat original (but convenient to our analysis) approach to
the notion of concentration of measure, probabilistically oriented and based on
a collection of efficient lemmas concerning random variables and subsequently
exported to the case of random vectors and matrices (one original specificity of
our approach is to study the stability of the concentration through basic oper-
ations like sums and products in algebras). The aim of this section is not only
to prepare the ground for the study of the sample covariance but also to offer a
generic toolbox beyond our present scope; for this reason we maintain as general
hypotheses as possible in this section. In the second section we then devise so-
called deterministic equivalents for the sample covariance matrix model under
study and we eventually illustrate the robustness of our results to both artificial
and real datasets.

Preamble

Remark 0.0.1 (Definition of S). As a first remark, note that we abusively
define the sample covariance matriz S as S = %XXT rather than the conven-
tional %XXT — %EX]EXT. This choice is not completely marginal in that not
subtracting the matrizc EXEXT from S in general brings additional complica-
tions (because this matriz will in general have unbounded norm as p,n — o00);
our concentration of measure approach however efficiently deals with this term.
From a practical standpoint, the removal of EXEX™T means that this matriz can
be computed, which is in general not the case. Alternatively, centering S by the
empirical average %XlnleT presumes that the x; are identically distributed
which, as is common in classification applications in machine learning, is also
not a desirable assumption.
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In the course of the article, we will be particularly interested in the eigenvalues
li,...,1, of S. More precisely, we will consider the spectral distribution F' of S
defined as the following normalized counting measure of the eigenvalues of S (a
random probability measure):

1 P
F:;j;all,

where 0, is the Dirac measure centered at x. As is conventional in large di-
mensional random matrix theory, we shall retrieve information of F' through an
approximation of its Stieltjes transform mp, defined as:

1 1 .
mp(z) = dF(w:fTr(S—zI )
()= [ —arw) =1 ((5-1,)
where z € C belongs to the complementary of the support of F'. Since the matrix
S is nonnegative definite, it suffices to study mpg(z) for z € R_ to recover mpg
by analytic extension. For convenience, rather than working on R~ we shall
consider mp(—z) for z in RT.

The random matrix Qg(z) = (S + zIp)fl7 referred to as the resolvent of S,
will thus be an object of fundamental importance in the remainder. It shall
be denoted @ when non-ambiguous. The convenience of the resolvent @) as
a cornerstone of random matrix theory analysis is due in part to its simple
boundedness properties:

Lemma 0.0.2. Given a matrix R € M, ,, a nonnegative definite symmetric
matric C € M, and z € Ry, we have the following bounds:

1Qc()l < -

()0l <1 Quar ()R] < Y2

Proof. The upper bound for [|Qc(z)| follows from the smallest eigenvalue of
C + 21, being larger than z. The second result is a consequence of the simple
identity Qc(2)C + 2Qc¢(z) = I, and the fact that Q¢ (z) is symmetric positive
definite. Combining the first two results, we have the bound

1 1
“Q;RRT(Z)HRRTQ;RRT (@) < >

providing the last result. O

Beyond the eigenvalues of S, our interest (also driven by numerous applica-
tions in electrical engineering and data processing) will also be on the eigenvec-
tors of S. For U = [ug,...,w] an eigen-basis for the eigenspace associated to
the multiplicity-I eigenvalue A of S, remark that UUT = ﬁ fFA Q(—2)dz for
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I') a negatively oriented complex contour surrounding A only. As such, beyond
studying the trace of @ (and thus the Stieltjes transform of S), our interest is
also on characterizing @ itself.

Precisely, we shall study so-called deterministic equivalents for @, the pre-
cise definition of which is given in Definition 8 and that can be described as
deterministic matrices Q verifying Tr A(Q — Q) — 0 when A has unit norm
(depending on the tightness of the concentration around Q, the norm of A con-
sidered will either be the Frobenius norm [|Al|, = VTr AAT, either the nuclear
norm ||All; = Tr(AAT)2). Note that if we control Tr A(Q — Q), we also control
uT(Q — Q)v = Trou” (Q — Q) for two deterministic vectors u, v € R with unit
norm (in that case HvuTHF = HUUTH1 = |lu|| ||v]])- In the following lines, we pro-
vide an outline for our subsequent development. First, let us note that a naive
approach would be to think that (X + zlp)_l might be a deterministic equiva-
lent for ). This turns out to be incorrect under general assumptions. Instead,
letting Q = =+ zIp)f1 where ¥/ is some deterministic matrix to determine,
we may first compute the difference:

1

O-EQ=EFE {Q (nXXT _ 2’) Q} -y %E [Q(xizf _ z’)@} .
=1

Here, to go further, we need to make explicit the dependence between z; and
the matrix @ in order to evaluate the expectation of the product Qz;. Let us
denote X_; € M, ,,_1 the matrix X deprived of its i-th column, which leads us
to defining the matrices S_; = %X_iXL and Q_; = (Sx_, + 2I,)! (which is
not Qsy_. as n is not turned in n — 1). To handle the dependence between z;
and @, we will massively exploit in the paper the classical Schur identities:

1 QzixlQ_; ey
0-0_ -+ Q iy Qi and Qu; = ?}xz '
nl+ i Q_iw; 1+ Soy Qx;

(1)

The second inequality allows us to disentangle the relation between @ and z; in
the product Qx; with a similar but easier to apprehend product ) _;z; and a fac-
tor 1/ (1 + %mZT —ﬂi) easily controllable thanks to a first call to concentration
inequalities (see subsequently Property 1.2.52). This leads us to:

- n 2T - n -
0-EQ=) 'k [Qi (” - 2’) Q} - LY B[ waTorq].
i=1 i=1

1,..T
1 + ﬁxi —i Ly

We will see that, due to the supplementary factor 1/n, the norm of the rightmost
random matrix will be negligible compared to that of the other right-hand side
matrix. Thus, if one assumes, say, that the random vectors (;)1<;<n follow the
same law (not our general assumption in the article), one would choose naturally
¥ = Elzl]/(1 + ) where § = LE[z] Q_;z;] = = TrE[Q_;]E[z;x]]. Then,
having established that %]E Tr AQ (and thus %E Tr AQ_;) is close to %Tr AQ,
in particular here for A = E[z;27], one may establish an implicit equation for
4 not involving expectations over @ (or Q_;). The remaining issue, at the core
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of our present analysis, is now to find a convenient setting in the modeling of
the x; for which such a choice of ¥’ would guarantee that % Tr(EQ — (:2) indeed
vanishes. That will be related to the concentration of “chaos-like” quantities (see
[Ver17, Section 6.1]) such as 27 Q_;x; but also of quantities such as Tr AQ or
uTQu as we shall see.

In the first part of the article, we will show that a comfortable approach
is to structure our results as an outgrowth of the concentration of measure
phenomenon. To give a brief insight into our approach, let us give the original
theorem of the theory that we owe to Paul Pierre Levy in the beginning of the
twentieth century and concerns the concentration of the uniform distribution
op on the sphere SP. To demystify the result we mention that it is closely linked
to the isoperimetrical inequality.

Theorem 0.0.3 (Normal concentration of o, [Led01, Theorem 2.3]). Given
a degree p € N and a random vector Z ~ o, for any 1-Lipschitz function
f:RPTY 5 R, we have the inequality :

P (|f(Z) — my| > t) < 2e-P~DF/2 )

where my is a median of f(Z) verifying by definition P(f(Z) > my),P(f(Z) <

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, I,)
that are presented in [Led01] ; 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 [Led01, Theorem 2.4]). Our study will not
evoke the design of such distributions and the validity of their concentration
since this work has already been treated in the past; we will rather directly
assume a similar concentration inequality to (2) for the data matrix X and
then, with the tools developed in Section 1, we will infer the concentration of
the Stieltjes transform mpg(z) for any z > 0 and devise a good estimator of it.
To prepare the applications to come, the dimension p must be thought to be
quasi-asymptotic. In that sense the tightening of the concentration when the
metric diameter of the distribution stays constant is a remarkable specificity
of the concentration phenomenon ; this is furthermore a necessary condition,
required for our study in Section 2. The concentration inequality verified on the
sphere will structure our paper 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 4 2e~ =1 */2 to express it in a simple way.

1. The Concentration of Measure Framework

As Milman has advocated from the beginning of the seventies ([MS86]), the
concentration of a random object appears to be an essential feature leading im-
mediately 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
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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 appre-
hend the theory and set rigorously the study of Section 2 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 function-
als, 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 compu-
tation 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 [Led01].

1.1. Concentration of a random variable
1.1.1. Definition and first Properties

Definition 1 (Concentration function). Any non-increasing and left continuous
function a: 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). The random variable Z is

said to be a-concentrated, and we write Z < «, iff for any independent copy
A

V>0 : P(Z—2Z|>t)<al). 3)

In Definition 1, the different properties required for the concentration func-
tion (« € [0, 1], non-increasing, left-continuous) are important features of any
function ¢ — P (| X| > ¢) when X is a random variable. In particular, if we often
deal with concentration functions « that take values outside of (—oo, 1], it is
implicitly understood that we consider in the calculus ¢ — min{«(¢), 1} instead
of a.

In Definition 2, we see that « 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 vari-
able Z is said to be a-concentrated around the pivot a, and we write Z € a=+ «,
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if :
Vi>0 : P(|Z—al >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

Tp the operator defined on the set of concentration functions that verifies for
any concentration function « :

() = lift<@
AT Vo —0) it t > 6.

Then we have the simple Lemma :

Lemma 1.1.1. Given a random variable Z € R, a concentration function «,
two real numbers a,b € R and 6 > 0, we have the implication :

ZE€ata
— Zebtr-a.

lla — bl <6

At first sight, there exists no pivot a € R such that Definition 2 and Def-
inition 3 are equivalent. We can however find an interesting relation consid-

ering the case a = myz where myz is a median of Z, verifying by definition
P(Z>my)>1/2and P(Z <my) > 1/2.

Proposition 1.1.2 (Concentration around the median, from [Led01, Corol-
lary 1.5]). Given a random variable Z, a median myz of Z and a concentration
function o, we have the implications :

Z X o = Z emg £ 2 = Z x 4a(-/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 = mz) = € may be non zero.
Therefore there exist €1, €5 such that € = ¢; + €5 and :

1 1
P(Z<mz):§—€1 P(Z>mz):§—62.
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Let us take ¢ > 0. The first result follows from the inequalities :

P(Z -2 |>t)=P(|Z—-2Z'|>t,Z' <mz)+P(Z—Z'|>t,Z' > my)
+P(|Z—mz| >t,Z' =mz)
>(1)2—a)P(Z>t+2Z' | Z' <mgz)
+(1/)2—e)P(Z'>t+Z | Z'>my)
+eP(|Z—-mz|>1)
>(1/2—€)(P(Z>t+mz)+P(mz >t+2))
+eP(|Z—mz| >1)

1
§]P(|Z—mz| >1t).
The second result is true for any real a € R replacing my :

B(Z-2|>0) <P(Z-mz+my—Z'| > 1)
<P (|Z —my| > t/2).

O

The reason why Definition 2 was presented firstly and thus given the im-
portance of the naturally underlying 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 func-
tion. The uniform continuity of a function is sized by its modulus of continuity.
Although we presently work on R, we give a general definition of the continuity
modulus between two normed vector spaces because it will be useful in the next
sections.

Definition 4 (Uniform continuity). Any non decreasing function w : Ry — R
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 is said to be contin-
wous under the modulus of continuity w if :

Ve,ye B [[f(@) = fW)llp <w(lz —ylg)

When ¥Vt > 0, w(t) = At¥ for A > 0 and v € (0,1], we say that f is (\,v)-
Holder continuous, v is called the Holder exponent and X is called the Lipschitz
coefficient ; indeed, if v = 1, f is said to be A\-Lipschitz. Of course a function
admits a modulus of continuity iff it is uniformly continuous.

Lemma 1.1.3. Let us consider a random variable Z, a concentration function
a, 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™l(w) = inf{t,w(t) > w}. We have the implication :

Zxa = f(Z)xa(w ().
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Proof. Tt is straightforward to write :

P(f(Z) - f(Z) 2t) <Pw(Z-Z]) > 1)
<P(|Z-Z'>w(t) <a(w ()

since for any w,t > 0, w(t) > w = t > w1 (w) by definition of the pseudo
inverse. 0

Remark 1.1.4. Definition 3 is not so compatible with the w-continuous trans-
formations. Indeed, the simple developments that one finds in the proof above
cannot be performed when strictly assuming that Z € myz + «. In this case, one
would rather combine Lemma 1.1.8 with Proposition 1.1.2 to find :

Zemzta = f(Z)Emij:2a<;w_l(~/2)>.

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 multiplying factor of 2, this is the case :

Lemma 1.1.5. Given two random variable Z1 and Zs and two concentration
functions «, B, we have the implication :

Zy xa and Zyx B = Zy+ Zyxal-/2)+ B(-/2).

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

P(|Z1+ Zo — Z1 — Zy]| > t)
<P(|Z Z’|>E +P(|Z Z’|>E < E + 3 !
= LT al=g 2T 2l=9) = % 2)"

Remark 1.1.6. This time the idea of the demonstration works the same with
the setting of Definition 3, and we have :

O

Zi€ata and Zoeb+f = Zi1+Zac€a+btal(-/2)+08(-/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 1.1.7. Given two bounded random variable Z, and Z5 such that |Z1| <
Ky and |Zs| < Ko and two concentration functions o, 3 :

7y xa and Zy x f3 - ZlZQ“a(%>+ﬁ(%)'
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Proof. Givent >0 :

t t
P(|Z122_Z{Z£| Zt) (|Z1(Z2—Z2)| ) +IP)<|(Z1 —Zi)Zﬂ > 2)

t
_P(|ZQZ§| > > <|Z1 = 2K)

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 1.1.8. Given two random variables Z1 and Zy such that |Z1| < Kj,
two pivot a,b € R and two concentration functions o, 3, if b # 0 one has the
implication :

[\

O

Zi€ata and Z bt = Z1Z2€ab:|:oz(2|b|>+ﬁ<2K1)

if b= 0, then the concentration of Z1 and Zy implies that Z1Z5 € 0 &= 5(71)

We may even go further and dispense with the bounding hypothesis to get
in this case a slightly more complicated concentration form :

Proposition 1.1.9. Given two random variable Z1 and Z,, two pivot a,b € R
and two concentration functions «, f such that 71 € a+ a and Zy € b+ 3, if
a#0 and b # 0, then Z1Z5 is concentrated around ab with :

azmeaza(\5)ve(55) 2 (y5) +2 (5

If a =0 and b # 0, wegetZ1Z2EO:i:a(\f)—&—a(le‘)—i—ﬁ(\g) and if
a=b=0,2Z1Z,€0xa (/) +8(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 : xy —ab = (z—a)(y—b) +a(y —b) +b(x —a)
and the implication zy >t = 2 > v/t or y > /t (for x,y,t > 0):

t t
P (%17, — ab] > 1) sp(zl—(u > \/;> +P<22—b > \/;>
t t
]P’(Zl—a||b >3> +IP’(|ZQ—b| la] > 3).

In the case of the square of a random variable or even an integer power of
any size, the concentration given by Proposition 1.1.9 can simplify.

O
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Proposition 1.1.10. Given m € N and a random variable Z € a £ o with
a € R and a, one has the concentration :

Zm eamia<m> +a(<2>m>

Proof. Let us employ the algebraic identity :

2" =(Z —a+a)™ :i <T>ami(Za)i _am+am§ (T:) <Zaa)i.

i=0

If |£=2| < 1,foranyi € {1,...m}, |%‘Z < |£%| and conversely, if | £=%| > 1,

then ’%‘Z < ‘% . This entails :
)
and therefore :

1
t t\™
P(Zz" —am|>t)<P(|Z—a>—" ) +P |Z—a|><> .
2m |q| 2

O

’ m

Z —a

zm—am < @l |

‘Z—a
+
a

In the same vein, we can give the concentration of the product of m random
variables, we will though obtain better concentration constants in the case of
g-exponential concentration that will be studied in the next subsection. For that
reason we left the formulation and the proof of this result in Appendix A. In
the same appendix, one can find the expression of the concentration of Z” when
r € R} (and Z is concentrated).

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

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

Although we rather find in the literature the definition mentioning contin-
wous and bounded functions, this equivalent definition relying on the class of
continuous functions with compact support is more adapted to our needs (see
Proposition 1.2.59). We start with the preliminary lemma :

Lemma 1.1.11 ([Ouv09], Proposition 14.17). Let us consider a sequence of ran-
dom variable Z,,, n € N, and a random variable Z with cumulative distribution
functions respectively noted Fy, , n € N, and Fy. The sequence (Z,)n>0 con-
verges in law to Z iff for any t € R such that Fyz is continuous ont, (Fz, (t))n>0
converges to Fz(t).
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Proposition 1.1.12. Consider a sequence of random variables (Zy)n>o that
converges in law to a random variable Z, a sequence of pivot (an)n>0 converging
to a pivot a € R and a sequence of concentration functions (an)n>o0 that point-
wise converges to a continuous concentration function «. If we suppose that, for
anyn €N, Z, €a, £ a, then Z € a £ «.

Proof. For any n € N, let us note Y,, = |Z,, — a,| and Y = |Z — a|. We wish to
show first that (Y},)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 n > 0 such that :

lz—yl<n = |[f(x) - fly)| <

N ™

Moreover, since lim,,_, o, a, = a, there exists ng > 0 such that for any n > ny,
|an, — a| < n. Eventually, if we introduce the function g : * — |z — a|, we know
that f o g has a compact support S = a + S Ua — S, and thus there exists
n1 € N such that if n > nq :

[E[f(1Zn = a)] = E[f(|Z = a])]| = [E[f 0 g(Zn)] = E[f 0 g(Z)]] <

| ™

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

[ELf (V)] —=E[fMI < [E[f(1Zn — an]) = f(1Zn — al)]]
+ [Ef(12n —al) = f(1Z —a])]] < e

Then we know from Lemma 1.1.11 that for any ¢ such that the cumulative
distribution function Fy =P (|Z — a| < -) is continuous around ¢ :

P(1Z—al >t)= lim P(|Z, —an| > t) < lim an(t) = a(t).
n— oo n—oo

Since « is continuous and ¢t — P (|Z — a| > t) is decreasing, we recover the
preceding inequality for any ¢t > 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 1.1.13. In the setting of Proposition 1.1.12, if for any n € N
Ly X iy, then Z « .

1.1.2. Exponential concentration
In [Led01], Ledoux defines a random variable as normally concentrated when the

concentration function is of the form Z o« Ce~(-/?)* for two given constants C' >
1 and o > 0. The form of the concentration function has no real importance on
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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 0.0.3) and others in high dimensions.
In order to present a general picture that will be helpful later (when deal-
ing with products of random variables), let us include the general case of ¢-
exponential concentrations that we present with the formalism of Definition 3.

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
q

exists a piwot a € R such that Z € a 4+ Ce= (/)"

Example 1.1.14. 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=()*/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 1.1.15. Given x,q > 0 and C > e, we have the inequality :
min(1, Ce™) < ee~@/21e(C)

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

T 2log(C)?
log(C) —2z < ——— — > _29\)
og(C) — < 21log(C) = 2log(C) — 1’
. 2log(C)? 2log(C)?
Sice QIOg%é‘)ll — log((C’)) <. O

To place ourselves under the hypotheses of Lemma 1.1.15 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 1.1.16. Given the parameters C > e and q,0,0 >0 :
V>0 : 79 Ce /7" <max <€(9/U)q,c) e—(:/20)1

Proof. The increasing behavior of ¢ — ¢ ensures that (¢t —0)? > (¢/2)9 when
t > 26, therefore :

Vt>20 @ P(|Z b >t) < Ce /2"
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The result is also true when 0 < ¢t < 26 since :
P(|1Z—b| >t) <1< ell/0)em(20/20)7,

O

This lemma, combined with lemma 1.1.1, clarifies the notion of tail parame-
ters. 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 concen-
tration ; this will be called later, in the case of random vectors, the observable
diameter of the distribution, following Gromov terminology [Gro79].

Corollary 1.1.17. Given C > e and three positive parameters o, \,q > 0,
two real a and b such that |a — b| < Ao and a random variable Z, one has the
implication :

q . q
Zeat+Ce /) o ZGbiC’eXp(—(Q—>>
o

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 o. 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 concentration.

Proposition 1.1.18 (|Led01, Proposition 1.8]). Given a random variable Z,
and a median my of Z, if we suppose that Z € a+Ce=C/9)" for a pivot a € R,
then :

Z € mgz +2C exp (f (%)q) .

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

1/2§P(Z2mz)§P(Z—a2to)S]P’(|Z—a|Zto),

and we get the same absurd result if we suppose that a > myz + t5. We can

thus conclude thanks to Corollary 1.1.17 (with C’ = max(C, exp(;—%)) = 2Ce%),
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 Corollary 1.1.17.
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Lemma 1.1.19. Given a random variable Z, two parameters C > e and o > 0
an exponent ¢ > 0 and a pivot a € R, if Z € a+ Ce= /)" then Vt > 2|a] :

P(|Z|>t) < Ce”t/29)%,

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

E{(Z1—a1)™ (Zpm —am)™].
For any 61,--- ,0,, € (0,1) such that 6, +---+6,, = 1, Holder’s inequality gives

us directly :

m

E(Z —a)" - (Zn —an)™] <[] (E \Z; — a;

i=1

?)0 . (4)

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 r > 0 can become a characterization (it is
actually a pseudo-characterization since there is no equivalence) of g-exponential
concentrations.

Proposition 1.1.20 (Moment characterization of concentration, [Led01, Propo-
sition 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 :

Zx Ce /)" = Wr>q:E[|Z-2/|"] <CT <;+1) 0" = 7o Cem T
and
—(-/o)d . r r r _ (/)1
ZeaxCe = Vr>q:E[|Z—-a|']<CT|(-4+1)0" = ZeatCe =
q
where T i v [(S " te7tdt, (if n €N, T(n+1) =n!).

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:/ </ ]lt<Zdt>dZ/ P(Z >t)dt,
z \Jo N 0

where 1i<z is equal to 1 if t < Z and to 0 otherwise.
The second implication consists in bounding a probability with an expecta-

tion; it is a consequence of Markov’s inequality, for any non decreasing function
fiR=>R:

P(Z>1) <

These two key indications given we can start the proof.
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Proof. We just prove the first implication, as it will be clear that both can be
proved the same way. Let us first suppose that r > ¢. Knowing that Z oc e~ (¢)",
we consider Z’, an independent copy of Z, and we can bound :

(oo} (oo}
IE[|Z—Z’|T]:/ ]P’(|Z—Z’|T2t)dt:/ rt" P (|Z - Z'| > t)dt
0 0

< Cr/ t“le*“/”)thzcarr/ et dt
0 0

and, since r > ¢ :

7‘/ et dt = f/ teleTtdt =T <r + 1>
0 qa.Jo q

Now, assuming the second term of the implication chain, we know from
Markov’s inequality that Vr > ¢ :

P(Z-7|>t) < w <cr (2 + 1) (%)r <C (q(t;a)qy/q,
Ift> 6%0', we can then set r = % > ¢, and we get :
P(|Z—Z'| >t) < Ce t/)"/e,
If t < evo, we still know that P(|Z — Z'| > t) <1, and we conclude that :
Vt>0 : P(|Z-Z'|>t) <max(C,e)e” /e,
O

Remark 1.1.21. In the last proposition, we did not provide a bound onE [|Z — Z’\T]
and E[|Z — a|"] for 0 < r < q since it is irrelevant to the characterization of
q-exponential concentration. We may nonetheless easily bound these quantities
with Co”. Getting inspiration from our previous derivations, we can indeed ob-
tain when 1 <r <gq :

o q o q
RE[Z - 2Z'|") < CUT/ rt" e dt < Ca"/ trqt? e dt
0 0

1 [e%e)
< CO’T/ gt e " dt + CO’T/ tigti e " dt
0 1
> q
= C’ar/ gt tedt = Co”
0
and when r <1 < q, we conclude with Jensen’s inequality :
E[|Z-Z||<E[Z - Z’HT <C'o" <Co".

The following Lemma gives an alternative result to the aforementioned suffi-
ciency of bounds on E[|Z — a|"] (or on E[|Z — Z'|"]) for r € N.
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Lemma 1.1.22. Given a random variable Z € Ry and three parameters C' > e,

q,0 > 0 one has the implication :
T
() (5
- _
q qe

Proof. When r < 1, we already know thanks to Jensen’s inequality, by concavity

of t — t", that :
T
1 )
qq
since Vt > 0, t* > .

ee
When r > 1, one can invoke the well known result concerning /" norms, where

m

)qam = Vr>0, E[Z"] < Ce

Q3

m
q

olm

Vm €N, E[Z™] gc(

where ¢ = min(g,1).

B[77) < (E[Z)) < C (1)% <cet

3
N—
Q3

in our case, ||Z||,, = E [\Z|r]1/T. Let us consider the general case where we are
given p1,pe > 0 such that p; < r < py and we consider 6§ € (0,1) satisfying
1/r =6/p1 + (1 — 0)/p2. We then have the inequality :

0 1-6
1Z1ler < W Z1ews 1212 -

This implies :

N 1\ 1-6 o .,

q T 6 1-06

E(Z')" < (Cvﬂo (“) ) (Céo (p2> ) < pip,"
q q qe

6 1-0
We would like to bound p{p,? with i Unfortunately, for 6 € ]0,1[, pps =% >

1/(0/p1+(1—-0)/p2) = r (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-—6 _ 1 —p1)f —
(+ )p§p59§<+(p2 P1) )p2 < 1+p2 p1.
p1 Y2 P2 p1p2 P

Q

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

2\ @
E[|Z]"] < Co” (r) .
q
O

Remark 1.1.23. In Proposition 1.1.20, we saw that if Z € a + Ce= (/)"
1/q
then |EZ —a| < E|Z —a| < C (%) o < oo. 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 1.1.24 ([Led01, Proposition 1.9]). With the notations of the previous
proposition, one has :

ZeatCe /) — ZeEZ +eT e (/29),

Proof. We suppose that Z € Ce=("/?)" for a pivot a € R. Proposition 1.1.20

applied in the case r = 1 gives us |[a —EZ| < C(%)% 0. One can then invoke
Corollary 1.1.17, to get the concentration :

ZeRZ+ e /297,

q
with ¢ = max(C, eCT). Tt is then interesting to note that the function g — %q

has a minimum in m where it takes the value elog C'. Then we see that

c4

C:elogC < 6elogC’ <ea,

and we can simplify the head parameter to obtain the result of the corollary. [

If Zeca+Ce (/9" we can then employ EZ as a pivot of Z to get a bound
on the centered moments :

Corollary 1.1.25. With the notations of Corollary 1.1.24, if we suppose that
Zea+Ce /9" then we have :

E|Z - EZ|" <5 (20) (;) "
Provided two identically distributed random variables Z;, Zs € R, even if
Z1 and Zy are not independent, one still intuitively expects that Z; + Z5 and
Z1Zy vary at most like 271 and Z?%, respectively. This simple intuition can
be easily proved valid in the case of g-exponential concentrations thanks to
the characterization given by Proposition 1.1.20. But before getting into this
aspect, let us introduce the notion of controlling random variables that allows
us to handle the case of non identically distributed Z; and Z,.

Definition 7. Given two random variables Z € R and Y € Ry, one says that
Y controls Z wf ¥t >0 :

P(|Z|>t) <P(Y >1t).

Given a set of random variables Zi,...,Z, € Ry, any random variable Y
admitting the cumulative distribution function :

Fy(t) =P <t)=1- sup P(|Z]>1)

1<i<p
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clearly controls Zi,...,Z,. If we consider a random variable Z depending on
Zi,...,%, and want to express the concentration of Z thanks to Proposi-
tion 1.1.20, we are led to bound the quantities E[|Z — Z'|"] or E[|Z — a|"].
The next lemma gives the central idea allowing to control those quantities with
expectations taken on Y only, when r € N and Z = P(Z3,...,Z,) is a polyno-
mial functional with positive coefficients. It simply relies on Holder’s inequality
and the fact that E[Z"] <E[Y™] for all m e N, 1 <4 <p.

Lemma 1.1.26. Given two integers d,p € N, a polynomial

P(Xl,...,Xp): Z Cin)l...le:P
bi+-+bp<d

with positive coefficients ¢, = ¢y, .. p, = 0, by + -+ b, < d and p positive
random variables Z,...,Z, € Ry (possibly dependent), for any nonnegative
random variable Y > 0 controlling Z1, ..., Zy,, we have the inequality :

E[P(Z,...,Z,)] <E[P(Y,....Y)].

Proof. Tt is a simple application of Holder’s inequality :

E(P(Z,....Z) = Y. oE[z ...Z,{’p}
bi++bp<d )
_ le bp
< Y aE Z{”']‘ ‘ ...E[Z]qu “
bit+bp,<d )
= Y E 'Y“"] = E[P(Y,....Y)]
by+-+bp<d )
where [b| =>"F_ b <p. O

Lemma, 1.1.22 combined with Lemma 1.1.26 provides us with the concentra-
tion of the sum of p random variables with a better tail parameter than the one
that would be obtained if we would employ Proposition 1.1.5 p times.

Proposition 1.1.27. Given the parameters C > e, q,0 > 0, p € N, p random
variables Z1, ..., Z, € R satisfying, for anyi € {1,...,m}, Z; € a; + Ce= (/)"
where a; € R and o; > 0, we have the concentration :

e g [\

where o =Y "_ 0y

We will not prove here this proposition since it is a particular case of Propo-
sition 1.2.6 concerning the linear concentration of random vectors. In the same
setting, it is also possible to control the concentration of the product Z; - - - Z,.
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Proposition 1.1.28. Let us consider three parameters C > e, q,0 > 0, an
integer p € N, and p random variables Z1,...,7Z, € R satisfying, for any i €
{1,...,m}, Z; € a+Ce /9" Then, ifa >0 :

m pm

vYmeN : E[‘Zl . ~-Zp — a”|m] < C(Qa’apfl)m (m> ! + (20):0"1 <m> !
q q

while, if a < o :
%
VYmeN : E[|Zy - Z, — a?|™] < 3C(20)P™ <pm> .
q
Remark 1.1.29. We did not express as in Proposition 1.1.27 the concentration
of Zy -+ Zy, around a? since the bounds on E[|Zy - - Z, — aP|™] are too complex
to allow for simple optimizations of the Chernoff inequalities as in the proof
of Proposition 1.1.20. Still, for a < o, we can infer from Lemma 1.1.22 (and
Proposition 1.1.20) :

Zy-Zy €ab + 3e'/¢Cexp (—qu (2p.ap>p> .

Remark 1.1.30. We will prove below a stronger result than Proposition 1.1.28
when in presence of multiple tail parameters and pivots. In the setting of Propo-
sition 1.1.27, we will show that for any X >0 :

oo ({0 D) o ()0 ()7
(5)

Then when the pivots a1, ... ,a, are equal to a and the tail parameters oy, ...,0p

are equal to o, one can retrieve the result of Proposition 1.1.28 choosing A = 1

when a < o and)\:%whenaZU,

Proof. Placing ourselves in the general setting of Proposition 1.1.27, we consider
a parameter A > 0 and aim at proving (5). To employ Lemma 1.1.26, let us
introduce the polynomial

P(Xq,... aXp) = (01 X1 +as]) - (Upo + ‘ap|) —lax - "ap|

P O'Z‘Xi
ol > S T

=1 Ic{1,....,p} i€l
#I=1

that has positive coefficients and verifies :

Zy — Zy —
|Z1...Zpa1...ap|§P< ! a1|,...,| P ap|).
o1 Op
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Given a random vector Y € Ry with the cumulative distribution function 1 —
Ce~ ", one knows from Lemma 1.1.26 that for any m € N :

E(|Zy-Zp—a1--ap|"] <E[P(Y,....,Y)"]
P

Slaale || Y TIo

#I=1

since P™ has positive coefficients (since P does). Let us introduce for all | €
{1,...,p} the coefficient ¢; that depends on A and verifies :

Decomposing the computation of the expectation between the expectation on
the set of drawings where \Y < 1 and \Y > 1, one obtains :

E(|Z1--Zp —a1--ap|™] < <a1 e ap| ch> (EAY)"] + E[(AY)P™]).
1=1

We then easily retrieve (5) thanks to Proposition 1.1.20 since :

P
1 1 o1 o
|a1"'ap;Cl_P<)\""’)\) - (7+|a1|)“'(yp+|%|>7|a1"'ap|-

O

The previous development of g-exponential concentration primarily aims at
providing a versatile and convenient “toolbox” (note that most introduced in-
equalities 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 var-
ious 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 0.0.3 and that we will extend to other type of random
vectors in what follows.

1.2. Concentration of a random vector of a normed vector space
In Section 2, the random vectors under study are either in £ = RP endowed

with the Euclidean norm ||z|| = \/Y_5_, 27 or the ¢;-norm ||z|; = >F_, |2, or
in £ = My, p,n € N, endowed with two possible norms :
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e the spectral norm defined as || M| = sup <, [[Mz]],

e the Frobenius norm || M|, = /Ziékggp M,

(where M € M,, ,). Note that the Frobenius norm can be seen as a Euclidean
norm on RP™ with the bijection that concatenates the column of a matrix.

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 — ZH > 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 distribution on the sphere of radius /p presented in The-
orem 0.0.3 or the Gaussian vectors of identity population covariance matrices.
When the dimension grows, those random vectors concentrate around a grow-
ing sphere which is the exact opposite behavior of being concentrated around
a point. Yet, they present strong dimension free concentration properties that
we will progressively identify through the presentation of three fundamental
notions :

1. The linear concentration which is the concentration of u(Z — Z) for some
deterministic vector Z € E (the so-called deterministic equivalent) and
for any bounded linear form u : F — R. For instance, we know from
Theorem 0.0.3 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.

2. 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: E — R.

3. The convex concentration which is the concentration of f(Z) — f(Z') for
any Lipschitz and weakly convexr map f : E — R. This notion is of course
weaker than the Lipschitz concentration, its presentation here is only jus-
tified by the fundamental Theorem 1.2.47 owed to Talagrand that pro-
vides concentration properties on random vectors with independent and
bounded entries. It is less “stable” than the Lipschitz concentration, mean-
ing there exist very few transformations that preserve convex concentra-
tion. As a consequence one usually naturally returns to linear concen-
tration after some refinement. For instance, supposing that X is convexly
concentrated, only a linear concentration can be obtained for the resolvent
Q=XXT/n+zI,)" 1.

Although a seemingly basic notion, linear concentration still has quite interesting
features that justify an independent treatment at the beginning of this section.

1.2.1. Linear Concentration

Considering the linear functionals of random vectors allows us, in particular,
to introduce the notion of deterministic equivalents, which play the role of the
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pivots we presented in the concentration of random variables.

Definition 8. Given a random vector Z € E, a deterministic vector Z € E and
a concentration function o, we say that Z is linearly a-concentrated around the
deterministic equivalent Z if for any bounded linear form u : E — R with a unit
operator norm (i.e., ¥z € E, |u(z)| < ||z||) :

uw(Z) e u(Z) £ a.

We note in that case : Z € Z +a in (E, |-||).

Remark 1.2.1. Definition 8 is clearly compatible with Definition 3 for the case
where E = R. Indeed, in R the linear forms are the scalar functions and for any
coefficient A € R, and any random variable Z € R we have the equivalence :

Zeata = AZ edata(-/A).

Remark 1.2.2. The advantage of linear functionals is that they preserve the
expectation which gives us the simplest deterministic equivalent. For instance if
Z s linearly q-exponentially concentrated, then we know from Corollary 1.1.24
that EZ is a deterministic equivalent for Z since for any continuous linear form
u, Elu(Z2)] = w(E[Z]). For instance, thanks to Theorem 0.0.3, one knows that
Jor any p €N,, if Z ~ 0, then Z € 042~ /2 since E[Z] = 0.

Since the Frobenius norm is larger than the spectral norm, for any random
matrix M € M, ,,, we have the implication :

MeM=+a in My, |lp;) = MeM+a inMp,,||)

for some deterministic matrix M and some concentration function oe. When the
choice of the norm is not ambiguous (when F = RP in particular), we will allow
ourselves not to specify the norm.

Remark 1.2.3. The same way that linear forms in RP are fully described with
the scalar product, in M, ,, the linear forms are fully defined by the functions
fa: M — TrAM for A € My, where fa is said to have a unit norm if

I fall. =1, de.,

o in (Mpu, [l-llp) - [A]p = vTH(AAT) =1,
o in (Mpn, [I-]) - |All; = Tr(AAT)z = 1.

Linear concentration is provided by classical concentration inequalities like
Bernstein’s or Hoeffding’s inequalities.

Example 1.2.4. [Bernstein’s inequality, [Verl7, Theorem 2.8.2]] Given p in-
dependent random variables (Z;)1<i<p € RP, and three parameters C' > e and
c,q > 0, we have the implication :

Vie{l,...,p},Z; €E[Z]+Ce™/° = ZeE[Z]+2e /) y20ec/,

where ¢ is a numerical constant depending only on C'.
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Example 1.2.5. [Hoeffding’s inequality, [Ver17, Theorem 2.2.6]] Given p inde-

pendent random variables Z, . . ., Z,, € [0, 1], the random vector Z = (Z1,...,Z,) €

RP is linearly concentrated and verifies Z € E[Z) + 22" in (R?, ||-).

We will see in Subsection 1.2.3 about convex concentration a generalization
of Hoeffding’s theorem with the theorem of Talagrand.
Even if one does not suppose the independence between the random variables

Zi,..., 2y, one can still get a concentration result on the random vector Z =
(Z1,...,Zp) in the case of g-exponential concentrations. The basic idea is that
if Z1,...,Z, are identically distributed then Z is at least as concentrated as the
random vector (Z1,...,Z7).

Proposition 1.2.6. Given the parameters C > e, q,0 > 0, p € N, p vec-
tor spaces (E;, N;)i<i<p, p deterministic vectors Zi € Ey,..., Zp € B, and p
random vectors Zy € Ey,...,Z, € E, (possibly dependent) satisfying, for any
ie{l,...,m}, Zi € Zi+ Ce /7" we have the concentration :

(Zl,...,Zp)6(Zl,...,Zp):I:eéCexp(—ge(é)q), in (B, || - [loo),

where we introduced on E = Ey x --- X E, the norm || - ||oc verifying for any for
(z1,...,2p) € E :

121, 2p)lloo = sup Ni(zi),
1<i<p

and we recall that § = min(g, 1).

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

lulloo = sup_fu(z)] < 1.
lell o<1

Given i € {1,...,p}, let us note u; : E; — R the function defined as w;(z) =
u((0,...,0,2,0,...,0)) (where z is in the i*® entry). For any z € F, one can
write :

P
u(z) =Y Ni(ui)uj(2),
i=1
where N;(u;) = supy,.)<y wi(2) and uj = u;/Ni(u;) (Ni(u') = 1). With the
convenient notation n; = N;(u;), we have the inequality :

P

P
Zni = an sup ui(z;) = sup wu(z) <1.
i=1

i=1 Ni(z:)<1 llzlloo <1

With this bound at hand, we plan to employ the characterization with the cen-
tered moments. Considering m € N,, we introduce the polynomial P(X1,..., X))
(ni X1 + -+ 4+ npX,)™: it has positive coefficients which allows us to employ
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Lemma 1.1.26 in order to bound :

(f}nuﬂ&)%<2)>m]
)

EHM@—uﬁwng

=0

<ElY" < ¢ (m> o,
q
where Y > 0 is a nonnegative random variable having a cumulative distribution
function equal to 1 —min(1,Ce~(/9)") (such a variable controls Z1, ..., Z,). We
can then conclude thanks to Lemma 1.1.22 (and Proposition 1.1.20). O

Given p random variables verifying Z; € a; + Ce (/)" ¢, € R and o; > 0,
we can apply Proposition ;2.6 tp the funqctional Uz Zle 0;z; taken on the
p random variables Z] = 2+ € oL £ Ce™" :

p _ q
1 q )
Ejzzuwa“waoeiﬁmﬂw**W(‘%(m+~~w%>>’

i=1 i=1

since [jull,, = Y.%_, 0;. One can recognize here the concentration given by
Proposition 1.1.27. The following corollary generalizes this result.

Corollary 1.2.7. Given p € N, two parameters ¢ > 0 and C > e, and p ran-
dom wvectors Zy,...Z, € E, respectively concentrated around the deterministic
equivalents 7, . . .,Zp € R? such that Vi € {1,...,p}, Z; € Zi+ Ce= /7" for
some parameters oq,...,0p >0 :

~ ~ a0 . q
ZitotZye hbet Gy retCen (-1 (2)),
e \o

where o = 01 + - - + 0p.

Dealing with g-exponential concentrations, we can get an analogous result
to Corollary 1.1.17 that allowed us to interchange the pivot a with any other
real in a ball around a with a diameter of the same order as the tail parameter.
The tail parameter will be called in the case of a random vector an observable
diameter. Given a random vector Z € E, we will say that Z is g-exponentially
concentrated around Z with a head parameter C' and an observable diameter o if
Z € Z+Ce (/9" The observable diameter is the diameter of the “observations”
of the distribution that could be seen as linear projections (for other types of
concentrations to be introduced subsequently, they will alternatively be related
to 1-Lipschitz or quasi-convex maps) on R. Intuitively, it is the diameter of the
observation in the “real world” ; refer to [Gro99] for a both more precise and
more general definition.
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Lemma 1.2.8. Let us consider a random vector Z € E, two deterministic
vectors Z,7Z' € E and three parameters C > e, A\,o > 0. If ||Z — Z'|| < Ao then
we have the implication :

ZeZ+Ce /) = Z € Z' £ max(C,eM)e= /",

One might expect for concentrated random vectors a similar proposition to
Proposition 1.1.9 giving the concentration of a product of random variables. In
the case of vectorial objects, we are looking for the concentration of a scalar
product of two random vectors X,Y € FE or, closer to our present interest as
announced in the preamble, for the concentration of ©” Qz where u is determin-
istic, @) is a concentrated random matrix and x a concentrated random vector.
If one looks closely at the proof of Proposition 1.1.9, it becomes obvious that
although some steps can be fully adapted, the method gets stuck when trying
to bound :

P(lu((X —EX)(Y —EY))| = 1).
It is tempting here to invoke the Cauchy-Schwartz inequality :
u((X —EX)(Y —EY)) < |lull | X — EX]|| Y - EY]|,

where ||lu| is the operator norm of u. However, as we explained it with the
example of spherical and Gaussian vectors in the introduction of this subsection,
unlike u(X — EX) and u(Y — EY) the quantities || X — EX| and ||Y — EY||
are far from being concentrated for concentrated random vectors X and Y of
practical use. We will see in Proposition 1.2.10 that it is still possible to express
the concentration of the norms and obtain consequently loose bounds for the
concentration of (X —EX)(Y —EY) as presented in Examples 1.2.16 and 1.2.17.

Before that, to present a setting where the concentration is satisfactory, we
suppose in addition to the concentration that the two vectors are independent
and one is bounded.

Proposition 1.2.9. Let us consider two normed vector spaces (E1,|-||;) and
(Es2, |I]l5), two independent random vectors Zy € Ey and Zy € Ey and a bilinear
form [ : Eq x Ea — R such that for any (z1,22) € E1 X Ey :

[ (21, 22) < |zl [lz2l; -

If there exist two concentration functions o, B : Ry — Ry and two deterministic
vectors (Z1,Zs) € Ey X Ey such that :

Zy€ Zy+a in (B, |-y and Zy € Zy £ B in (Ea, |-|l,),

and if || Z2]|, is bounded by a real Ko > 0, then :

f(Zy,2Z2) € f (Zl,Z2> +a <2K) + 8 <2||é1||1) .
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Proof. Given t > 0, we just compute :

P(|f(21.2) - (2. 22)| 2 1)

~ t ~ ~ t
<E [P (’f(Zl - Zl,Z2)’ 25 | ZQ)] +P <’f(Z17Z2 - Zz)‘ > 2)
t t

al —7 |+ —

(2K2> ’ (2211)

since © — f(x,Z3) and y — f(Zy,y) are both linear and respectively K-
Lipschitz and || Z;]|-Lipschitz. O

IN

If a random vector Z is linearly concentrated around a deterministic equiva-
lent Z, it is possible to control the norm || Z — Z|| if the norm || - || can be defined
as the supremum on a set of linear forms. For instance, in R” endowed with the
sup norm |[|-|| o ([|z|l =sup{|zi[,1 <i<p}),if Ze Z+ta:

P (12~ 2l > 1) =P( sup ef<Z—Z>zt) (©)
1<i<p
<p sup P (el (Z~2)21t) < pald), (7)
1<i<p
where (e1,...,ep) is the canonical basis of RP (e; is a vector full of 0 with 1 on

the i*" coordinate). To manage the infinity norm, the supremum is taken on a
finite set {eq,...ep}; things are more complex if we look at the Euclidean norm
because this time one comes to use the identity ||z|| = sup{u?x, ||u|| < 1} where
the supremum is taken on the unit ball. To tackle this loss of cardinality, it is
convenient here to introduce the so-called e-nets to discretize the ball in order
to approach sufficiently the norm and at the same time find a good bound for
the probability (see [Taoll]). We leave the proof in the appendix.

Proposition 1.2.10. Let us consider a normed vector space (E,||-||) of finite
dimension such that there exists a subspace H of the dual space (E*,|-||,), and
a ball By = {f € H,|f|l, <1} C H verifying for any z € E :

[zl = sup f(z). (8)

feBu

Given a random vector Z € E, a deterministic equivalent Z and a concentration
function «, if we suppose that Z € Z + «a then we have the concentration :

HZ—ZH € 0+ glim(), (5) 9)

where dim(H) is the dimension of H.

Remark 1.2.11. One always has ||z]| = sup s <1 f(2), so one might be tempted
to systematically consider H = E*. For instance in (RP,|-|), H is taken
to be equal to R? and dim(H) = p. The same way, in the Euclidean space
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Mpn, |l | ), we take H = My, (and dim(H) = pn). However, we can re-

duce greatly the dimension dim(H) in the case of (My,,||-||) since for any
MeM,, :
|M]|| = sup ‘uTMv‘.
llull,llv]<1

Thus it is wise to consider H = {fy,r,u,v € RP X R"} (see Remark 1.2.3 for
a definition of fa ; here, || fourll, = HvuTHl = |lu|| [|[v]|) and the dimension is
then only dim(H) = p + n.

Taking into account the two results (6) and (9), we are led to introduce an
indicator characteristic to the norm that gives the speed of the concentration.

Definition 9 (Norm degree). Given a normed vector space (E,|| - ||), and a
subset H C E*, let us define the degree ng of H as :

o ny =log(#H) if H is finite
o ny = dim(Vect H) if H is infinite

where #H is the number of elements in H and Vect H is the subspace of E
generated by E. We note then n(E, || - ||) or more simply .| the degree of || - ||
that is defined as :

= n(E - 1) = inf{nH,H CE"|VeekE |z = ;ggf(fv)}

In the setting of the last proposition :
HZ—ZH € 0+ MBIl (5) (10)

where c is a numerical constant. In the case of the g-exponential concentration, it
is possible to rearrange the concentration of ||Z — Z|| to obtain a head parameter
of order 1.

Proposition 1.2.12. Given a random vector Z € E, a deterministic vector
Z € RP and three parameters C > e, ¢,o > 0, we have the implication :

ZeZ+Ce /) = 1Z — Z|| € 04 Ce= (/200" 2emy
where c is the same numerical constant as in (10).
Reciprocally :
1Z—-2Z|| €04 Ce/)* — ZeZ+Ce /)

The second result of the proposition is trivial (and quite useless) and the first
result is just a simple consequence of (10) combined with Lemma 1.1.15.

Example 1.2.13. We can give some examples of norm degrees :

o N(RP, |- [[oc) = log(p)
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o n(R[[-[l) =p forr =1

o n(Mpm,|[-[[) =n+p

o n(Mpn, |- IlF) = np.

In the particular case of g-exponential concentrations, the norm degree allows
us to bound the expectation of the norm of Z — Z thanks to Proposition 1.2.12.

Corollary 1.2.14. Given a random vector Z € E, if we suppose that Z €
Z+Ce /9" and q > 1, we can bound :

E HZ — ZH < C”crnﬁ_/uq
where C' is a constant depending on C.

Example 1.2.15. Let Z € RP and M € M, ,, be two random vectors. Then,

o ifZeZ+22 in R, ||) :E||Z|| < | Z]| + C/p
o if M e M+2e"/2 in My, |- 1) : E|[M]|| < ||M]|| +CypFn,
o if Me M+2e/2 in (My, |- |lz) : EIM| < | M|+ C./pn.

Now that we can control the quantities ||Z — Z|| when Z is a deterministic
equivalent of Z, it is tempting to extend Lemma 1.1.8 to the concentration of the
product of any linearly concentrated random vectors. The examples presented
below are just here to give an idea of what could be obtained, they are not rel-
evant in practice since the bounds are too loose. Unlike Lipschitz concentration
as it will be presented in next subsection, linear concentration is not suited to
study the concentration of the product of random vectors.

Example 1.2.16. Let us note ® the product in RP wverifying for any x =
(x1,...,2p) and y = (Y1,---,Yp), TOY = (T1Y1,...,TpYp). It gives an alge-
bra structure to RP where || - ||oo and || - ||2 are both algebra norms (||z © yll2 <
lz ®yll = X0 [ziyi| < llzll2l|ylle thanks to the Cauchy Schwarz inequality).

Therefore we have for any vector Z € Z 42/ in (R, || - ]l2) -
o 29 _ z0Z ZT?Z + Ceo + Ce= WP /IZD* i (R, || - |12)

p p
o2 5©2 o B s 2
Z— € £—+Cem + CemeVIEr- /I Z1)" i (RP, || - ||oc),

where C > e and ¢ > 0 are two numerical constants.

Example 1.2.17 (Concentration of the sample covariance). Given a matriz
X € My, and three parameters C,q > 1 and ¢ > 0, if we suppose that X €

X 422 in My, |-l ), then :
o X o Ceme /7 4 Cemelm [IXID™ i (M, |1 )

n? -
o XX e /A +C€_C("'/HXH)2 in (Mpn, [I])

n

o XX¥ o Cexp <_1+clogp> + Ce—cWhogn - /I Xll=)? 4 (Moo, |11l o0)s

logn

Tog n

where v = 2,5 = v+ 1 > max(y,1) and C > e, ¢ > 0 are two numerical
constants.
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As rich it could be the notion of linear concentration is insufficient when
dealing with the resolvent of random matrices, starting with the resolvent of the
sample covariance Q = (X X7 /n+1,)~1. It is possible to infer the concentration
of the sample covariance in (M,, ||-||) from the concentration of X as we saw in
Example 1.2.40, we can even track the concentration of the resolvent since the
inverse of a matrix of M,, can be written as a polynomial of degree p, but the
observable diameter will then be of diverging order. To solve these issues, one
needs a stronger notion of concentration to be introduced next : the Lipschitz
concentration.

1.2.2. Lipschitz Concentration

Theorem 0.0.3 given in the preamble provides us with the concentration of the
Lipschitz and even uniformly continuous functionals of random vectors uni-
formly distributed on the sphere, that is to say, cases that go far beyond the
linear case and that let us hope for interesting inference on the resolvent of
random matrices

As firstly evoked in Lemma 1.1.3, the concentration of a random vector Z can
be expressed through the concentration of any random variable f(Z) € R when f
is Lipschitz. As before, this approach of concentration has the asset of bringing
back the concentration on any normed vector space to a mere concentration
on R, that we deeply studied at the beginning of the section. The following
definition allows us to generalize the notion of concentration to any metric space
as presented in [Led01].

Definition 10 (Lipschitz Concentration of a random vector). Given a concen-
tration function o, a random vector Z is said to be Lipschitz a-concentrated
iff one of the following three assertions is verified for any 1-Lipschitz function
f:E—=R:

e f(Z) x «, and we will note in that case Z x «

o f(Z) € ms + a, and we will note in that case Z X

o f(Z)€E[f(Z)] £ a, and we will note in that case Z & a,
where my is a median of f(X).

The Lipschitz concentration is the strongest notion of concentration we will
present and it is the one that received most of the interest from the scientific
community; therefore, we allow ourselves to omit the term “Lipschitz” when men-
tioning this kind of concentration. In our paper, such Lipschitz concentration of
random vectors can only be obtained through Theorem 0.0.3 or Theorem 1.2.20
below, and they are both set on the normed vector space (R?, ||-||) (or the analo-
gous one (M, . ||| 7). We will thus allow ourselves to omit the precision about
the normed vector space on which is made the concentration when we are on
(R?, |I-]1), on (Myp p, |-l ) or when we are on the formal normed vector space

(& (11D
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Remark 1.2.18. We know from Lemma 1.1.3 that Definition 10 is compatible
with Definition 2 when E = R, so there are no conflicts between the different
uses of the notation o< for random vectors and random variables.

Remark 1.2.19. Given a random vector Z € E and a concentration function
«, we know thanks to Lemma 1.1.2 :

m

Zxa= Z X 2a = Z x 4a(-/2).

Also, by definition of the linear concentration :

7 & a — Z€EZ+a,

and we can link this concentration to the other two thanks to Proposition 1.1.18
and Corollary 1.1.24 in the case of a q-exponential concentration :

Z& e = Z &LV g B 20" /ae(/40)%
for any q,0 >0 and C > e.

We thought useful to present the theorem of concentration of Gaussian vec-
tors in our new formalism, to add this setting to the historical example of the
concentration on the sphere.

Theorem 1.2.20. A canonical Gaussian vector Z is mormally concentrated
independently of its dimension. For any p € N :

Z ~N(0,1p) == Z82eC/D" nd 7 & 2~/

where N(0, ) is the distribution of the canonical Gaussian vectors of dimension
p that have independent zero mean and unit variance Gaussian entries.

A structural proof with a geometrical approach from the Poincaré lemma
tracks the concentration of Gaussian vectors from the concentration of the uni-
form distribution on the sphere. A more functional approach based on the log-
Sobolev inequalities can be found in [Led01]. An alternative proof is found in
[Taoll], originally proposed by Maurey and Pisier, which does not provide the
optimal constants but is more efficient and simple.

Theorem 1.2.20 can be generalized to any random vector X € RP with density
dPx (z) = eV @ d\,(x) where U : RP — R is a positive functional with the
hessian bounded inferiorly by, say cl,, ¢ > 0. In that case, X o 2e=c’/2
[Led01, Theorem 2.7])

Let us add for the general picture a result from Talagrand [Tal94, Theorem
2.4] (or [Led01, Proposition 4.18]) concerning the concentration of the exponen-
tial distribution, that we shall denote v?, which is the distribution of random
vectors of RP with independent entries having density %e*Hd)\l.

, (see

Theorem 1.2.21. [Led01, Proposition 4.18] There exist two numerical con-
stants C' > 1 and ¢ > 0, such that for any p € N :

Z ~ VP — Z ox Ce™¢
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As an example of g-exponential concentrations when ¢ € [1,2], one may
consider vectors uniformly distributed on the balls of R, that is By, = {z €

RP | [lzllg = (3 af)!/7 < 1}; let us note 7 this distribution.

Theorem 1.2.22. [Led01, Proposition 4.21] Given q € [1,2], there exist two
numerical constants C > 1 and ¢ > 0, such that for any p € N :

Z ~ By = Z x Ce "

Remark 1.2.23. The independence of the concentration of a random vector to
its dimension can be interpreted as a conservation of its observable diameter
through dimensionality when the actual diameter increases. This second diam-
eter, that can be referred to as the metric diameter, can be naturally defined as
the expectation of the distance between two independent random vectors drawn
from the same distribution. Theorem 1.2.20 states that the observable diameter
of a Gaussian distribution in RP is of order 1, that is to say % times less than
the diameter (that is of order /p). The same result holds for the uniform dis-

tribution on the sphere of RP and for any distribution that would be called for
that reason concentrated.

Definition 10 only presents the concentration of Lipschitz functionals of Z (if
f is A-Lipschitz then f/\ is 1-Lipschitz and the product with a constant is easy
to manage, we find f(Z) o< a(- /X)), but it is possible to show the concentration
of any uniformly continuous functional of Z :

Proposition 1.2.24 (Concentration of the uniformly continuous transforma-
tions). Given two normed vector spaces E and G, a random vector Z € E, a
concentration function o, a modulus of continuity w, a function ¢ : E — G,
w-continuous, we have the implication :

7 X« = (Z) & a(w™L(-)).

Proof. Let us introduce a 1-Lipschitz function g : G — R, we note f = go ¢.
We introduce my, a median of f(Z) and the sets A_ = {z, f(2) < my} and
Ay = {z f(z) = my} (they verify by definition P(Z € Ay),P(Z € A_) > 3).
The image through f of the boundary 0Ay = 0A_ = AL NA_ is equal to {my}.
Since the boundary is closed, for any z € A, there exists a sequence z, €
OA_ such that ||z — z,]| = d(z,0A_) = d(z,A_), then since f is uniformly

continuous like ¢, we can bound :
7 —mgl =l [£(2) — F(z)] < lim (e 2)
< w(d(z, A2)) = w(ld(z, A_) - d(z AL)]),
and the same inequality is also verified for any z € A_. This entails :
P(If(Z) —mys| > 1) <P (|d(Z, A=) = d(Z,A4)| 2w (#))

and we can then conclude since f:zmd(z,A_) —d(z,Ay) is 1-Lipschitz and
f(Z) admits 0 as a median. O
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Remark 1.2.25. Theorems 0.0.3 and 1.2.20 combined with Proposition 1.2.24
give us immediately a gq-exponential concentration of all the random wvectors
F(Z) where F : RP — R? is uniformly continuous and Z ~ o, or Z ~ N (0, 1,).
This describes a wide range of random vectors that remarkably do not need to
present independent entries.

As for Corollary 1.2.7, in order to show the concentration of the sum X +Y
of two random vectors X,Y € E, we first need to prove the concentration
of the concatenation (X,Y) € E2. In Proposition 1.2.6, we saw how to show
this result when one supposes that X and Y have g-exponential concentration.
Interestingly enough, an assumption of independence was not necessary (we saw
that if X and Y are identically distributed then (X,Y) is at least concentrated
as (X, X) up to a small change of the tail parameter). In the case of the Lipschitz
concentration, the independence between X and Y plays an important role but
still not essential as we will see in Theorem 1.2.35. We first present a way to
infer the concentration of (X,Y) when X and Y are independent and we don’t
make further assumptions on their concentration (the particular case of the
g-exponential concentration is studied in Appendix B.4).

To get interesting inferences from the concentration of the measure theory,
one has to base its initial inequalities on a theorem of the kind of Theorem 0.0.3,
1.2.20 or 1.2.21 providing distributions with an observable diameter far smaller
than the metric parameter (see Remark 1.2.23 for precisions). The following
proposition is just a tool that can be some help when one wants to study a
limited (with regard to the dimension) concatenation of concentrated vectors.
In what follows F and F are two normed vector spaces respectively equipped
with the norms |||z and [|-[| . We again note |||, the norm of E' x F' defined

as [[(z,y)ll,, = =l + 1yl p-

Proposition 1.2.26. Given two independent random vectors X € E and Y €
F, if we suppose that X andY are concentrated then (X,Y") is also concentrated.
Given two concentration functions a, : Ry — Ry, and any X € (0,1) :

{izg — XV xal) BN,

If we suppose that « is invertible and piecewise differentiable, we also have the
implication :

X xa Xy ,
Y o 8 = (X, Y)xa+ B8 —a * 8,

where * is the convolution operator (f x g(t) = [, f(u)g(t —u)du). Since o and
B are only defined on Ry, we implicitly compute the convolution with a null
continuation of a and B on R_. The implications are also true if we work with

. . E
concentrations around the medians (X & o) or around the means (X x a).

In the second result, be careful that, since the concentration functions are
decreasing, o’ is a negative function.
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Proof. For the proof of the first implication, refer to [Led01, Proposition 1.11].
Let us consider a 1-Lipschitz function f : E x F' — R. We will work with the
concentration around the means since it is easier and we will note for simplicity
Ef=E[f(X,Y)] and E[f|Y] =E[f(X,Y) | Y] ; we can bound :

POf(XY)-Ef| > 8) <EP(f(X,Y) -E[f[Y]| >t - [Ef —E[f|Y]] [ Y)]
<Ela(t - [Ef —E[f[Y])] + P(ESf -E[f[Y]] > 1)

g/o P(a(t— [Ef ~E[fY]) 2 u)du + B(2)
1
< / P(t—|Ef — E[fIY]] < o™ (w) du + A1)

< / B (t—a~t(w) du + olt) + B(t)
a(t)

0
:/t o' (W)B (t — u) du + a(t) + B(E).

O

In the first result of Proposition 1.2.26, ) is often chosen to be equal to % as in
Lemma 1.1.5 for instance. However, we allow ourselves to choose small values of
A when we want to maintain almost untouched a concentration as will be done
in the following useful example that allows to transmit the absolute continuity
of the Gaussian distribution to any random vector, while, at the same time,
preserving the concentration (see Theorem 1.2.35 for an effective use).

Example 1.2.27. Given an integer p > 0, a concentration function «, an a-
concentrated random vector X € R, and an independent random vector U € RP
verifying \/%U ~op_1 or U~ N(0,1,), we have the concentration :

1 1 )
X+ -U 14— - 2" /2,
rpvsa((e ) ) e

Remark 1.2.28. The two results of Proposition 1.2.26 can be compared if we
consider a generalization of the notion of observable diameters, as defined for
the exponential concentration before Lemma 1.2.8, and that is slightly different
from the observable diameter introduced by Gromov in [Gro99, Chapter 3.1/2].
Still, it is of the same order when the dimension is large. Given a concentration
function o, we note Ry, = fooo a, and for any random vector X the observable
diameter Rx is defined as Rx = inf{R, | X « a}. Our definition comes
from the fact that if, say, X « «, then for any 1-Lipschitz function f and any
independent copy X' :

B - 1)) = [ BUSCO - fXO 2 0de < [ a=Ra
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With the first result given by Proposition 1.2.26, we find :

Rx Ry
< MY
R(X7y)_1_)\+ N

and with the second result :
Rix,y) < Rx + 2Ry,

since for any differentiable concentration functions o, 5 :

[Teen= [ een= [T [T o= ooms

The second inequality is clearly better than the first one, however we are far
from the stability of the observable diameter that we find in Theorems 0.0.3
and 1.2.20.

One can assert easily that the concentration could be generalized to non-
independent random vectors since we know for instance that (X, f(X)) is con-
centrated as a 2-Lipschitz transformation of X when f : E — E is 1-Lipschitz.
However, there exists a lot of examples where (X,Y") is far from being concen-
trated despite X and Y being concentrated.

~

X Y

Fic 1. The sum of two concentrated random vectors can be non concentrated

Example 1.2.29. Given p > 0, let us consider a random vector Y ~ o,. We
define the random vector X as being equal to' Y on \/pSt = \/pSP N (R4 x RP)
and equal to =Y on \2/§S11 = /PSPN(R_ xRP). Note that X ~ o), ~ 21 55y 0p
and Y are both 2~ /?-concentrated (see Theorem 0.0.3) and therefore Rx <
Ry < Ry < fooo 2e=t*/2dt = \/21r. As we see on the schematic Figure 1, the
distribution of X +Y is completely different from the distribution of X and Y
since it is discontinuous. If one looks at the variations of the random variable
|IX 4+ Y|| that is a 1-Lipschitz functional of (X,Y), one notes that 0 is a median
of | X +Y| and we have :

1ift=0
PX+YI>0=1 1 ite (0]

0 if t > \/2p.
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Therefore, with the notation of the observable diameter we introduced in Re-
mark 1.2.28, we see that :

o0
Rixy) 2 Rjx+v| = /O POIX +Y]| >t)dt = \/g > 4v2r > 2(Rx + Ry)

For p sufficiently large, it contradicts the inequalities given in Remark 1.2.28 and
we see in particular that the random vector (X,Y) has an observable diameter of
the same order as the metric diameter which is of order \/p. The vector (X,Y")
is not concentrated in the sense given by Remark 1.2.25.

In this example, X was chosen in a way that its relationship with Y changes
dramatically through the plane {0} xR? : there is what we shall call an unlimited
defiance of X towards Y. To be able to infer concentration properties on (X,Y)
from the concentration of X and Y one needs to limit this defiance under a
modulus of continuity in a way defined below.

Definition 11. [Defiance between random vectors| Given two random variables
X eFEandY € F, and a continuity modulus w : Ry — R4, one says that X
defies Y under w iff for any 1-Lipschitz function f : E — R, any t € R and any
y1,y2 € F -

PfX) =t |Y =y1) <P(f(X) 2t =w(llyr =2l | Y = y2)

If there exist two parameters A > 0 and v € (0, 1] such that Vt > 0, w(t) = At",
one says that X (\,v)-Holder defies Y and if v = 1, one says that X A-Lipschitz
defies Y .

We give some basic examples of the notion of defiance in the next lemma.

Lemma 1.2.30. Let us consider four normed vector spaces E, F,G, H, three
random vectors X € E,Y € F, Z € G, two continuity modulus w,e : Ry — R4 ;
a w-continuous transformation ¢ : F — E, a transformation ¢ : ExXG — H that
we suppose to be w-continuous on the first variable (i.e. Vz € G : x — Y (x, 2) is
w-continuous) :

o if Z and Y are independent then Z defies Y under 0
e o(Y) defies Y under w
o if X defies Y under € then (X, Z) defies Y under woe.

Example 1.2.31. For w # 0, the defiance under w (and in particular the 1-
Lipschitz defiance) is a non symmetric relation. For instance if we consider a
random variable X € [—1,1], say, uniformly distributed, we know that Y =
max(X,0) 1-defies X but it is not possible to find a modulus of continuity w
such that X would defy Y under w. Indeed, if we suppose that such a modulus
of continuity exists, we would have for any t >0 :

1<P(X>t|Y=t)<P(X>t—w(t)|Y =0),
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and since P(X >t —w(t) | Y =0) is null if w(t) < t and equal to w(t) — 1
otherwise, it is necessary that :

VE>0 : w(t)>t+1,

therefore, w is clearly not continuous at 0.

However, the defiance under 0 is a symmetric relation equivalent to the rela-
tion of independence.

Proposition 1.2.32. Given two random vectors X and Y :
X defies Y under 0 < Y defies X under0 < X andY are independent.

In Definition 11, it is possible to integrate the inequality on ys to get a
necessary condition for defiance that might help the understanding of the notion.

Lemma 1.2.33. Given two random vectors X € E and Y € F, and a modulus
of continuity w, if we suppose that X defies Y under w, then for any y € F and
€e>0:

PX)2t|Y =y) <P(f(X)Zt+w(s) | Y €Bs)

The last point of Lemma 1.2.30 gave us an easy way to build couples (X, Y) of
defiant random vectors from two independent random vectors (X, Z). However,
recalling that our goal is to show the concentration of (X,Y), the example
X = ¢(Y, Z) with ¢ w-continuous is easy to treat since (¢(Y,Z2),Y) is a 2w-
continuous transformation of the vector (Y, Z) that is concentrated when Y and
Z are concentrated thanks to Proposition 1.2.26. To let the reader imagine other
kinds of defiant vectors, we present an example of simple uniform distribution in
R? that could possibly be expressed as the w-continuous transformation ¢(U, V')
of two independent random variables U,V but whose defiance can be shown
straightforwardly, without Lemma 1.2.30.

Example 1.2.34. Let us consider the random vector (X,Y) € R? following the
uniform distribution on the set {(z,y) € R% | 2% + y? < 1}. We are going to
show that X (v/2, %)—Hb'lder defies Y and for the same reason, since X and Y

play symmetric roles, Y (v/2, %)-H()'lder defies X. Let us consider yi,y2 > 0,
a 1-Lipschitz function f : R — R and a threshold t > 0; we want to bound

P(f(X)>t|Y =ya) withP(f(X) 2t—ﬁ|y1—y2|é | Y=y1) and we note

for simplicity w = /2 |y; — y2|% and for any y € [0,1], r, = /1 —y2.
If y1 > ya, it is easy to see that :

PAX)2t|Y =) SP(FX) 2t | Y =) SP(F(X) 2 t—w | Y =)

Ifyp. < yo, f P(f(X)>t—w | Y =y1) is equal to 1, there is nothing to
show, we can thus suppose that it is strictly lower than 1. For any x € [0,7y,]
verifying f(z) <t —w, Yu € [—w,w] :

flat+u) < flx+u)— flz)+ flz) <u+t—w<t,
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|
0 Yy 1Y

Fic 2. An example of (\/2, %)—Hé’lder defiance. In shaded grey on the right, the uniform
distribution on the disk quarter ; on the left of the figure, the graph of a given 1-Lipschitz
function f. The red vertical lines on the right of the figure represent the set { f(X) > ¢,Y = y}.
Keep in mind that due to the Lipschitz character of f, when t is shifted by w > 0, the red
horizontal dotted boundaries are shifted at least by w. For any y1,y2,t € R, P(f(X) >t |Y =
y1) < P(F(X) >t —2Jy1 —y2| /2 | Y = y2), the inequality is the tightest when 1> y2 > y1
and when y1 is close to 1.

since f is 1-Lipschitz. Therefore {f <t—w}, C{f <t} (where A, = {y | Iz €
A, llz —y|l < w} is the closed neighborhood of order w of A) and we have the
inequality :

Ty1 Tyy
/ ]]'f(x)ztdx +w< / ]]-f(:c)zt—wdx <1
0 0

With our hypothesis, vy, < 1y, , we can then bound :

P(f(X)zt—w|Y =w)

1 Ty1 1 Tya
= 7/ Lf@)>t—wdz 2 T/ 1y@)>ede +
Y1 JO Y1 JO

rys = Ty Jo? Ly >ide L

w
ryl

>2P(f(X)2t[Y =y2) -

ryl Ty2 Ty1

SPFX)> |V =)+ 2w “Twe)

ryl

FEventually, with the basic inequalities :

Tyl—ryQZ\/l—yf—\/l—yﬁé\/y%—y§§\/2(y1—yz)=w,

we can conclude that X (v/2,3)-Holder defies Y.

Now that we gave some insights into the notion of defiance, we can enunciate
our theorem.
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Theorem 1.2.35. Given two integers p,q € N and two random vectors (X,Y) €
RP x RY | if we suppose that they are both concentrated, and that X defies Y
under a modulus of continuity w, then the concatenation (X,Y) is also concen-
trated in (RPF |||, ), where |[(z,y)ll,, = Izl + |ylly- More precisely, given
two concentration functions «, B, we suppose that X « o and Y < 8 and we
note to > 0 verifying o(to), B(to) < 1 — \% Then, with the shifting operator T,
introduced in the context of Lemma 1.1.1, we have the implication :

{X“O‘ — (X,Y) a2 (a0 (14 w)L(-/2) + B(-/2)
Y xf ’ © ’

where (1 +w)~! is the pseudo inverse of 1 + w.

Since for any (x,y) € R? x R?, [[(z,y)l,, < V2||(z,9)|l5, we can adapt the
result of Theorem 1.2.35 to a mere concentration in RPT¢ endowed with the
Euclidean norm just with a slight modification of the concentration function.

The translation coefficient ¢y appearing in the result arises from the expres-
sion of the concentrations around quantiles on which the proof of Theorem 1.2.35
relies. Given a random variable Z, and a parameter 6 > 0, we use the notation qQZ
to designate a #-quantile of Z that verifies by definition P (Z > qez) >1—6and
P (Z <qf ) > 0. Of course there can be several quantiles; we then suppose that
the assertions that contains the notation g7 are true for all the #-quantiles of
7. Assuming that a random variable Z is concentrated, it is possible to express
the behavior around a quantile.

Lemma 1.2.36 (|Led01, Lemma 1.1]). Given a random variable Z, a median
my of Z, a concentration function « : Ry — Ry and a threshold 6 € (0,1), we
have the implication :

Zemgzta == ZGqGZ:I:Tte-a,

where tg verifies a(ty) < min(0,1—0) and 7, is the translation operator defined
before Lemma 1.1.1.

Proof. By definition of the quantile g7, we know that |mz —g#| < t¢ , since the
concentration of Z implies when ¢t =ty :

]P)(ngz—tg)ga(tg)<9 mZ_tBSQQZ
—
P(Z >mz +tg) < afty) <1-0 my +to > qj .
We can then conclude thanks to Lemma 1.1.1. O

Note that if we only suppose a(ty) < 6, then we cannot infer any behav-
ior around a quantile because there can be plenty of them and the inequality
P(Z <mz —tyg) <6 does not entail anything remarkable.

Proof of Theorem 1.2.35. In the proof we need the uniqueness of the quantiles
and of the median; we will thus first suppose that the Lebesgue measure Agp+q is
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absolutely continuous with respect to i (x. y), the distribution of (X,Y’), which

is classically written as App+e < p1(x,y) and means that for any Borel set A C
RpPta.

]P)((X, Y) (S A) = 0 — )\Rp+q (A) = O

That allows us to say that any 1-Lipschitz function f : £ x F — R and any
a,b € R such that a < b :

P(f(X,Y) <
{P(f(X,Y)z = P(a< f(X,Y) <b) >0.

Indeed, if we suppose that the left assertions are true, then taking (x,,y,) €
{f <a}and (xp,ys) € {f > b}, the intermediate value theorem states that there
exists a point (2o, %0) € [(%asYa), (b, Yp)] belonging to the open set {a < f < b}.
The set {a < f < b} has then a positive Lebesgue measure as it contains a non
empty open subset and P (a < f(X,Y) < b) > 0 by hypothesis made on (X,Y).
We then see that if 8 € (0,1), the 6 quantile qg(x,y) is unique, in particular we
note my the median of f(X,Y).

Let us introduce a parameter 6; € (0,1) that we will precise later and shall
be considered as increasing with ¢t. We start with the decomposition :

P(f(X,Y)>my+1t) = /]P’(f(x,Y) >my+t| X=2)dP(X =z). (11)
It is then tempting to employ Markov-like inequality distinguishing the draw-

ings « of X where P(f(z,Y) >mys+t| X =x) > 1— 6, from the others. It is
possible to simplify the expression of the two cases noting that for any = € R? :

P(f(z,Y)>my+t| X=2)>1—-6, = qp, > my +t,
e f(@Y) | X=zx . i . . _
where g5, = g, is the 6;-quantile of the random variable f(z,Y) | X =

x. We get the inequality :
P(f(X,Y)>msp+t) <P(qp >myg+1t)+ (1-P (g5 >my+1))(1—6,)
=P (g5 >my+1t) 0+ (1—0,).

Now, to find a lower bound of P (qgf >mys + t), let us first consider the case
t = 0 and for that purpose we employ again the decomposition (11) :

%:]P’(f(X,Y) > my) >P(q9X0 >mf) (1—16p).

That leads to the inequality :

1
X
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As suggested in the hypothesis of the proposition, it appears natural to introduce

0y = 1 — 1/4/2 because in that case 1 — 6y = 1/2(1 — ) and by definition of
X

the quantile, we directly see that my > quo. We could have chosen for 6y any

value in (%, 1), but the present choice symmetries and somehow optimizes the

concentration — if & = 8. Here be careful that due to our choice of notation, leO

0

. . . 5y -
is a random variable depending on X and qes is a constant.

X
When t > 0, the inequality m; > qggo directly implies :

P (g > my +1t) <P(q9 >qZZ°+t).

It is interesting to bound the random variable qgf with qQX(J to let appear a
X

concentration inequality involving a random variable q9X0 with its quantile qzso
as in Lemma 1.2.36. For that purpose, considering the parameter ¢y introduced
in the proposition, we set o1, = 1 — B(%) With that choice of ;, thanks to
Lemma 1.2.36, we know that for any ¢ >0 and z € R :

P(f(z,Y)>qg +to+1t) <B(t) =1—0Os344,),
thus Vi > 0, gg +1+ 10 > q§2( e That entails :
t+tg
X q90 t —1 t
P(q9t+2t0>mf—|—t+2t0)§IP’ q90>q9O —|—§—|—t0 <ao(l+w) 3/

The last inequality was obtained with Lemma 1.2.36. Indeed, the function z —
g, is (1 + w)-continuous, given x1, 73 € E :

S}P’(f(scl,Y) gol |X:o:1)

<P (f(z2,Y) < f(21,Y) = flz2,Y) + gy | X =)
<SP (f(22,Y) < [lzg — 21l g + g5} | X = 1)

<P (f(z2,Y) < (1 +w) (22 — 1]l g) + a5, | X = x2),

thus (1 + w) ([[z2 — 21llg) + g5, > gp; and we get the same way the inequality
g5 = a52 < (1+w) (122 — 2l ).
Combmlng our results all together, we can bound :

PUCLY) 2y +r) < (1-5(3)) acarw (5) +6(5)

and we get the same bound for the probability P (f(X,Y) < m; —t — 2ty) that
eventually gives us the result of the proposition in the case where the distribution
of (X,Y) controls the Lebesgue measure.

In the general case we can approximate (X,Y) with a sequence of random
vectors (X,,Y,) verifying Agr+e < pux,,v,) Vn € N. For that purpose, let
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us introduce U,V two independent Gaussian random vectors verifying U ~
N(0,1,)) and V' ~ N(0,1;) and respectively independent to X and Y. We
know from Example 1.2.27 that

1 m 1 2
X,=X+-UXa, wh W(t) = 14— | t)+2e /2
—l—n X o, where @, (t) a((—l—\/ﬁ))—&—e

1 m 1 2
Y, =Y+~ . wh (1) = 14— |t] +2 /2
+nVo<B where S, (%) B((—k\/ﬁ))—ke )

and we know that Agp+q is absolutely continuous under p(x,, v, )- Let us consider
a 1-Lipschitz function g : RPt? — R. We note m,, the median of g(X,,Y,),
m4 = sup{m,P (¢(X,Y) >m) > 3} and m_ = inf{m,P (9(X,Y) <m) > 3}.
For any ¢ > 0, there exists § > 0, such that we can bound :

n

1 1
30 SPEOLY) Sy +9) <P (900 ¥0) = LIV 2 my +e)
1
<P ¥ 2 e +29) +F (IO 2 ).

and if n is large enough, we know from Proposition 1.2.10 (and Proposition 1.2.26 :
(U, V) is concentrated since U and V are independent and concentrated) that

P(L|(U, V)| =€) tends to 0 when n tends to infinity. Therefore we obtain

for n large enough the inequality % < P(g9(X,,Y,n) > m_) that directly entails

m4+2¢ < m,,. With similar considerations, we show that the sequence (my, )nen

belongs to [m_ — 2, my + 2¢] for all n large; then, replacing e by the elements

of a sequence &, tending to zero, we can extract a subsequence of (M, )nen

that we will still abusively note (m,),en and that converges to a real value

mg € [m—,my]. The limit m, we obtain is then clearly a median of ¢(X,Y).

The hypothesis of Proposition 1.1.12 :

e m, tends to my
o g(X,,Y,) tends in law to g(X,Y)
o Ty -2 (an 0o (14 w)7(-/2) 4 Bn(-/2)) point-wise converges to
v =Tt 2 (o (L+w) ' (/2) + B(-/2))
are verified, we can thus conclude that (X,Y) & ~.
O

In the case of exponential concentration, we can employ Lemma 1.1.16 to get
the simple corollary :

Corollary 1.2.37. Given two random vectors X,Y € E and three parameters
C > e, 0,q >0, we have the implication :

X,V & Ce (/)" — (X,Y) & 4Ce~ (/4"

We can then express the concentration of a sum of two exponentially concen-
trated random vectors :
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Corollary 1.2.38. In the setting of Corollary 1.2.37 :
XY & Ce= /) = X +Y & 4Ce™ /40",

If we now consider that X and Y are two vectors of an algebra A endowed
with an algebra norm ||-|| (verifying || XY|| < || X|||IY]|), we can express the
concentration of the product XY thanks to Lemma 1.1.8. We present the result
in the case of exponential concentration for which the expression is simple, but
the proof could be adapted to any other type of concentration function.

Proposition 1.2.39 (Concentration of the vector product). Given two inde-
pendent random vectors X, Y € A, and three parameters, ¢ > 1, C > e and

c>0,if XY & Ce= /9" then noting X,Y, some deterministic equivalents
of respectively X and 'Y, we have :

(X -X)(Y -Y) x C’le—(‘/cla%ﬁ(\\q)q + C’ze—('/cfz”?)‘”z7

where Cq,c1,Ca,co > 1 are four numerical constants depending only on C and
.| s the degree of the norm || - ||, presented in Definition 9.

Of course if one (or both) of the random vectors X and Y has a bounded
norm, then the concentration is tighter.

Proof. Let us suppose for simplicity that X=Y=0. Noting m x| and my,
the median of respectively ||X|| and [|Y]|, we know from Corollary 1.2.14 that
1/q

myx|,myy) < Clonylf,
for some numerical constant C’ > e proportional to C. We note = C/C”?ﬁ./uq > 0.
Considering a 1-Lipschitz function f : A — R, we are going to show that
f(XY) is concentrated as the product of two concentrated random variables

- _ __JXY)

Zy = | X[[+[Y[|+n and Z; = XY+ .
that Z1 o<+ m x| +myy| = 2Ce~(/29)" Second, Proposition B.4.1 gives us
the concentration (X,Y) & 4Ce~ (/%" "and we want thus to show that the map
g (2,y) = i is Lipschitz. Given (h, k) € A% such that ||k, |[k] < %,
let us bound :

. First, we know from Proposition 1.1.5

]l = llz + Al + llyll = [y + &Il
(I + Al + ly + Kl + ) (] + [yl +n)
L @+ )y + k) = fay)]

lg(x +h,y + k) — g(z,y)| < | f(zy)]

el + Tl + 7
< (1nl1-+ 1)L + 20 + .

Let us suppose without loss of generality that f(0) = 0; the Lipschitz char-
acter of f gives us the inequality :

flzy) < eyl < [l ]l -
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Therefore g is 2-Lipschitz and we know from Proposition 1.1.9 that there exist
two medians myz, and mz, of respectively Z; and Z3 such that :

FXY) = 2,25 € mg,myz, + Ce=(/4oImzD" | gCe=(/160ma)" | Co=(/207)17

That allows us to conclude since mz, < 27 and besides, H-T\lf-ifﬁgl)Hn < max(l\wQIIHIyH) ’

and thus mz, <. O

Example 1.2.40. We give as in Examples 1.2.16 and 1.2.17 some results for
the product © in RP and the matricial product in My, . Therefore we consider
a random vector Z € RP and a random matrix X € M,, verifying Z, X
2¢=C/2% for the Buclidean norm (the Frobenius norm in Mpy,) and such that
E[Z] =0 and E[X] =0 :

. Z\;;Q _ Z%Z - CefC'Q I Ce—cp1/4. in (R?, || - [l2)
o Lo Cee” 4 Cemetosn " in (B2, | o)

o XXT o Ce=tIVD* 4 e/ in (M, || )

o X o Ceme VD 4 Cem VIO in (M, 1)

T 2 .
* T < Cexp (nfm) + CemVRET in (M, [0,

Tog n

where v = £, 4 = v +1 > max(y,1) and C > 1 and ¢ > 0 are two numerical
constants. One can note in these examples that the Lipschitz concentration pre-
serves the concentration rates better than the linear concentration through the

product of random vectors.

Let us pursue our study of the concentration in algebras with the concentra-
tion of the power of a random vector as in Proposition B.3.1.

Proposition 1.2.41. Given an integer m > 2, a random vector Z € A and
two parameters C > e and o > 0, if Z < Ce~/9)" | there exist two numerical
constants C' > e and ¢ > 0 depending on C, q and m such that :

q .
Zm / o : 1 —c(-/a™)m / 7c(~/a)q.
x¢ eXp( ‘ (aﬂa[nzmm—1> > e e

Remark 1.2.42. If one compares Proposition 1.2.41 with Proposition B.3.1
that gives the linear concentration of Z™ when Z is linearly concentrated, one
sees that the Lipschitz concentration is more respectful to the power of random
vectors since the observable diameter of Z™ 1is WMq smaller (for any m > 2)
in the case of Lipschitz concentration. To be more precise, with the notations

of the propositions and in the case where |[EZ| ~ O’?]ﬁ_/”q, the leading tail pa-

. . . . . . m .
rameter in the combination of exponential concentrations is Umn”_H/q for linear

concentration and Umnmfl)/q for Lipschitz concentrations.

Proof. Given a 1-Lipschitz function f : A — A, we decompose as in Propo-
sition 1.2.39 the functional f(Z™) into the product of two random variables,
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Z1 = (n+ ||Z]])™ where n = EI[||Z]|] plays the same role as before and Z; =
f(Z™)/Zy = g(Z). We know from Proposition 1.1.10 that :

q
m ) —(-/25™)a/™
71 € (2E[||Z|]])™ £ C exp (- (22m10E[||Z||]m1> ) L Ce i

We are just left to show that ¢ is Lipschitz. Let us consider a parameter ¢ > 0
that will tend to zero and two vectors xz, h € A, such that ||h]| < ((14¢)/™ —

1) ||z||), we know that VI < m, ||z + h|' < (1+¢€) ||z||' and we have :

lg(z +h) — g(=)]
| +hl™ = [l=|™

’ [f (&™) = f((z+h)™)]|
— [l + Al ) (] +n)m

(N[l +n)™

[f((z +h)™)| +

_ Rl )™ Q™2 e bl R 1 (et ™)
B (N[l +n)™ (I + All +m)m
2+ 2™ — flaf™

2m
< (T+e)— ||h] -
LEDE ‘ L+l

As before we suppose, without loss of generality, that f(0) = 0 and therefore that
Vo € A, f(z) < |lz||. Of course, the same inequality holds if x =0 and h € A is
2m

chosen arbitrarily. Therefore, letting € tend to 0, one sees that g is T—Lipschitz

and Zy = g(Z) € E[Zs) + Ce—(n/2ma)t/* Besides, knowing that Zs < 1, we can
deduce the concentration of f(Z™) = Z;Z5 thanks to Lemma 1.1.8 :

. 22m
f(Z™) e EZ1EZy £ 2C exp (— ( B /
o

q q
—(-/40™)m —(-/8mo)?
W) ) + Ce ¢/ ) + Ce ¢/ )

O

In the preamble, we presented the resolvent as the convenient object that one
wants to study to get some insight into the spectrum of the sample covariance
of a concentrated random vector. Given a matrix X € M, , and a positive real
number z > 0, recall that the resolvent Qg of the sample covariance matrix
S = %XXT is defined as :

Qs(z) = (XXT/n+21,) .

We will simply note it @ to lighten the notations. Following Example 1.2.40, it
is possible to show that the resolvent is concentrated with the same observable
diameter as S (and X). However, it is possible to get a better concentration
rate if we take advantage of the fact that @ is a \/%—Lipschitz transformation

of X; we gain this way a factor of order /n in the concentration that will be
vital in Section 2. This suggests why the resolvent is so efficient for the study
of the spectral distribution of S.
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Proposition 1.2.43. Given z > 0, a random matrizx X € M, and a concen-
tration function o, we have the implication :

—1 / 3
X x« = Q(lXXTJerp) oca( gz )
n

In particular :

X &a = QeE[Q]ia<'gzg.>.

We need a preliminary lemma before giving the proof to control the Frobenius
norm of a product :

Lemma 1.2.44. Given A € My, and B € M), one has the bound :
[AB|| = < [[All | B] and |AB|[ g < [|Allp || B

One must be careful that in most cases ||AB| p # ||BA||p, which is why we
need to display both inequalities. Recall in passing that the Cauchy-Schwarz
inequality gives us directly |AB|» < || 4|z | B ¢-

Proof. Lemma 1.2.44 is just a consequence of the computations :

p D
2 2 2 2 2 2
IABI[Z <Y IAB 15 < IAIP D IIB. 41l < I1AI° 1B -
j=1 j=1

The role of A and B could be inverted in the calculus without any problem. [

Proof of Proposition 1.2.43. The function ¢ : M, ,, — M,, defined as ¢(R) =
(RRT + zlp)fl is 2/2%/2-Lipschitz. Indeed, given R, H € M2

$(R+ H) — ¢(R) = (R+ H)(R+ H)T +21,) " — (RR” + 2I,)
=¢(R+ H) (R+ H)H + HR") ¢(R).

Thus ||¢(R+ H) — ¢(R)|| < 2||H| » /2*/? because the Frobenius norm controls
the spectral one and because of the basic result ||¢(R)R|| < 1/y/z and ||¢p(R)]|| <
1 enunciated in Lemma 0.0.2 in the preamble. Now, since Q(z) = ¢(X/y/n),
we recover directly the result of the proposition thanks to the hypothesis on X.
The second implication is just a consequence of Remark 1.2.19. O

If we try to characterize geometrically, and roughly speaking, the range of
random vectors concerned by Theorem 0.0.3, we would describe the set of re-
spectful modifications of the sphere where bounded dilatations or the removals
of some parts are tolerated but any cut is forbidden (we have about the same
statement considering Theorem 1.2.20). This represents already a good range
of distributions but one might be interested in representing discrete or at least
“discontinuous” distributions.
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1.2.3. Convex Concentration

With a combinatorial approach, Talagrand showed in the nineties that it is pos-
sible to find a weaker notion of concentration to apprehend the concentration
of partly discrete distributions. In these cases, to be concentrated the “observa-
tion” not only needs to be Lipschitz but also to be quasiconvex, in the sense of
the following definition.

Definition 12 (Quasiconvexity). A function f: E — R is said to be quasicon-
vex if for any real t € R, the set {z € E : f(z) <t} = {f <t} is convex.

Remark 1.2.45. Quasiconverity concerns of course convex functions, but also
any monotonous function supported on R. More generally, given a convex func-
tion f and a non decreasing function g, the composition g o f is quasiconvez.

The 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.

Definition 13 (Convex concentration). Given a random vector Z € (E,|-||)
and a concentration function o, we say that Z is convexly a-concentrated if one
of the three assertions is verified for any 1-Lipschitz and quasiconvex function
f:E—=R:

e f(Z) x «, and we will note in that case Z x. «
o f(Z) € my £ «, and we will note in that case Z &Ko

o f(2) € E[f(2)] £ o, and we will note in that case Z gc «,
where my is a median of f(X).

Remark 1.2.46. [t is clear that the concentration of Definition 10 implies the
convex concentration of Definition 13. Those two notions are equivalent when
E =R since they are then both equivalent to Definition 2.

Once again, when non ambiguous, we will omit the precision “in (E, ||-||)”. We
clearly have the implication :

Zxa = 74 X.oa.
In the case of a g-exponential concentration, we have the implication chain :
Z2&Ce /)" —  Z2& Ce /) —  ZeRZ4e /7

The fundamental example that alone justifies the interest in convex concen-
tration is owed to Talagrand and provides to our study a supplementary setting
to the “smooth” scenarios given by Theorems 0.0.3 and 1.2.20.
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Theorem 1.2.47 (Convex concentration of the product of bounded distribu-
tions, [Tal95, Theorem 4.1.1]). Given a random vector Z € [0,1]™, m € N, with
independent entries :

Z&C de= 774,

Considering the example of the preamble, we are tempted to look for a similar
theorem where the sets [0, 1] are compact sets of R? bounded by K and m is
taken to be equal to n. It is not so interesting however, the issue being that
the factor K that would appear in the tail parameter would jeopardize most of
the applications since it should be of order 1 while || Z;|| is often of order ,/p
when Z; € RP. This can however find some use when considering sparse random
vectors.

The interesting setting is the case where £ = R, and m = pn. Then we
do not exactly consider the concentration on R™ but the concentration on
M, (endowed with the Frobenius norm). Theorem 1.2.47 gives us in that
case a convenient tool to build convexly ¢-exponentially concentrated random
matrices. In that case, the bound |Z;| < K on the entries of a random vector Z
is no more an unreachable hypothesis for applications; however we will need in
that case an independence between the entries.

Theorems 0.0.3 and 1.2.20 allow us to track easily concentration properties
from a vector Z € RP verifying Z ~ o,_1 or Z ~ N(0,1,) to any Lipschitz
transformation and even to any uniformly continuous transformation f(Z) €
RY. Theorem 1.2.47 is not so easy to generalize because the convexity (or the
quasiconvexity) 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 1.2.48. Given two vector spaces E, F and a quasiconvez (resp., convex)
function f : E — R, for any affine function g : FF — E, the composition fog
is also quasiconvex (resp., convex).

Remark 1.2.49. Given two convexly concentrated random vectors X,Y € E,
it is not possible to adapt the proof of Proposition 1.2.35 to the convex case to
show the concentration of (X,Y). For convex concentration, the independence
between X and Y appears as a crucial element to deduce from a concentration
on X and Y a concentration on (X,Y). We advice again the reader to take
a look at Proposition B.4.1 in Appendiz B.4 to see how to express the convex
concentration of (Z1,...,2Z,) when Z,...,Z, are all g-exponentially convexly
concentrated. This result is the same for Lipschitz and convex concentration.

We can give a supplementary useful proposition that will allow us to keep
the properties of convex concentration when thresholding a random vector. But
before let us give an immediate preliminary lemma. We present it without proof
since it is a direct consequence of Lemma 1.1.19.
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Lemma 1.2.50. Given a random vector Z, an exponent ¢ > 0 and two positive
constants C > e and o > 0, if we note m)z| a median of ||Z||, we have the
implication :
Z &, Cem U/ = Wt >2myy P(|Z]| > t) < Cem /29",
The lemma displays a slight modification of the concentration constants, with
here the behavior of the tail only beyond 2E || Z||. The next proposition allows us

to say that the concentration of a g-exponentially convexly concentrated random
vector occurs under a threshold of order 2m 2.

Proposition 1.2.51. Given a random vector Z € E a constant K > 2m z||,
we introduce the vector Z = min(1, ﬁ)Z If there exist an exponent ¢ > 0 and

two parameters C > e and o > 0 such that Z &Ko Ce= /9 then
7 o, 4Ce=C/40)",
If Z o Ce=("/9)" it is possible to see Z as a 1-Lipschitz transformation of
Z that would be naturally concentrated. However the hypothesis of quasicon-

vexity of the functionals f(Z) required by the convex concentration cannot be
extrapolated so simply.

Proof. Let us consider a function f : E — R quasiconvex and 1-Lipschitz. We
know from Proposition 1.1.2 that Z o, 2Ce~ (/29" thus introducing Z’, an
independent copy of Z, we can bound :

P(|f(Z)-f(Z)|=t) <P(|f(2)-f(Z)]| 2t,]Z]| <K and [Z'| <K)
+P(|f(2)-f(Z")| 2t 1Z]| > K or [|Z'| > K)
<P(f(2) - f(Z) 2t) +P(|Z] > K or [|Z']| > K)
< 20~ t/20)" 4 o0~ (K/20)",

The last inequality results from the hypothesis on Z and f and Lemma 1.2.50.
By construction HZH , ||Z’|| < K, thus HZ - Z’H < 2K and f being 1-Lipschitz :

if t >2K, P(|f(2)-f(Z)|>t)<P(||Z~-2Z]>2K)=0.
Now, for any t < 2K :
K\ t\?
on(-(£)) 2o (&)

therefore, if we rejoin the different regimes, we obtain :

Vt>0: P(|f(Z)- f(Z)] >t) <ACexp <— (40>q> ;

and we can show exactly in the same manner that :

>0 P(f(Z)—E[f(2)]] > 1) <4Cexp (_ (L_)q) .
O
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Contrarily to the linear and Lipschitz concentrations, convex concentration
does not seem to be preserved through the product. To derive any results on the
product from a convex concentration, we will thus develop the habit of returning
on the linear concentration configuration which is weaker but in a sense “stable”
on algebra, like the Lipschitz concentration.

If we fail to maintain the concentration of the vectorial product, as implicitly
evoked Lemma 1.2.50, we still have the concentration of the norm as it is a
Lipschitz and convex map. That makes a fundamental difference with the linear
concentration which entices an important result on quadratic forms quite similar
to the Hanson-Wright inequality as found in [Ver17, Theorem 6.2.1] for instance.
It is also a good improvement to [El 09, Lemma 8] :

Theorem 1.2.52. Let us consider two integers ¢,m € N and a random vector
Z € RP, two positive constants C > e and o > 0 and a matriz A € M. If we

suppose that Z gcc Ce= (/9" then we have :

ZTAZ € Tr(AE[ZZ7]) + 2Ce~C Mol AIEIZI" | 9ce=(- /214l

It is possible to replace the mean with the median if needed.

Proof. Let us first consider the case where A is symmetric nonnegative definite;
in this case, ZTAZ = ||A2 Z||2. Theorem 1.2.52 is a particular case of Propo-
sition 1.1.10 that gives the concentration of the r-power of a random variable
lu(Z)|| when u is quasiconvex and 1-Lipschitz and r > 1 :

Sk

lu(2)" € Ellju(2) )" £ Ce= (/2B 4 gemamirar)™. - (12)
The function z — ||A2 2| is || A||2-Lipschitz and convex. Therefore :
4} 2] € B[] 4/22]) £ CemCIoAAIbEIA 221

Since |A2 Z|| < ||Az ||| Z]|, E[|A"/2Z|]] < || A% ||E[|| Z||] and we can then conclude
thanks to (12).

Now if we consider a general matrix A € M, let us decompose A = A, —
A_+ Ay where A, is nonnegative symmetric, A_ is non positive symmetric and
Ap is antisymmetric. We have clearly ZTAZ = ZTA,Z — ZTA_Z and we can
conclude thanks to Lemma 1.1.5. O

Remark 1.2.53. The original Hanson-Wright inequality does not take as hy-
pothesis the concentration (or the convex concentration) of the whole vector
Z = (z1,...,2p) but just the concentration of each one of its coordinates z;.
However, it assumes that the different coordinates of Z are independent which
s quite a strong hypothesis and also that their means are equal to zero. The
concentration result obtained under these hypotheses is not exactly the same,
and relies on a quantity K that could be seen as the maximum tail parameter
of the {z;}1<i<p (K = o in our case). The Hanson-Wright concentration can

imsart-generic ver. 2014/10/16 file: output.tex date: February 14, 2019



Louart & Couillet/Concentration of Measure and Large Random Matrices 56

indeed be written :

t2 t
P(|ZTAZ —EZTAZ| > t) < 2exp [ —cmin , ,
( =1) K*||All7 K2 | A]

where K = max{||z;[|,, }1<i<p is the mazimum of the Orlicz norms defined as :

2

2]y, = inf{t > 0: Ego(|z] /t) <1}  with tha(x) =e€” — 1.

The tail parameters of the 1-exponential component is the same as the one of
Theorem 1.2.52. The tail parameter of the 2-exponential component is propor-
tional to K || A||  while in our result, it is proportional to [|A|| E[| Z]|] ~ /P ||A]-
Therefore, considering that in most cases, i.e., when A has a high rank and
eigenvalues mainly of the same order, ||Allz ~ /p|All, we see that the result
of Theorem 1.2.52 is quite similar to the Hanson- Wright inequality if we do not
take into account the hypotheses which are quite different (on the one hand they
are stronger because they only require the whole vector Z to be concentrated,
on the other hand they are weaker since they do not exploit the independence
between the entries).

Although Definition 10 is perfectly adapted to the study of the resolvent Q
(= Qg), the problem is far less immediate in the setting of Definition 13, i.e.,
when X . «. Indeed in the setting of convex concentration, there does not
exist any analogue to Proposition 1.2.43 since it does not seem clear whether
a functional of @, f(Q), with f 1-Lipschitz and quasiconvex can be written
g(X/+/n) with g verifying the same properties. In this case, the function ¢ cannot
transfer the quasiconvexity and the study must then be conducted downstream
directly with the random variables such as Tr Q.

It is interesting to note that TrQ = Tr(XXT /n + 2I,)~! stays unmodified
if we multiply X on the left or on the right by any orthogonal matrix. More
formally, 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)€ Opn, M€ My, : (UV)-M=UMVT.

The function f : R € My, — Tré(R) is O, n-invariant, in the sense that
YU, V) € Oppn, VR € My, f(UV)-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 ma-
trices of M, :

DY, = {(Mi,j)llgéﬁ EMy, |i#je M=0andVie{l,. . . d:M.,> 0},

where d = min(p,n).
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Theorem 1.2.54. If a O ,-invariant function f : My, — R is quasiconvez

on Dy ,,, then it is quasiconvex on the whole set My, .

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 convezity of f
and not its quasiconverity — but it is actually simpler to treat). We provide in
Appendix C a rigorous proof of Theorem 1.2.54 with the help of some results
borrowed from [Bha97].

Let us define the subgroup of row permutations P, = {U € O, | U;; €
{0,1},1 < 4,5 < p} and the subgroup of full permutations :

P = LU, V) € Py x Py UL, VT =1,,} C Opon,

where I, ,, € Dp, is a matrix full of ones on the diagonal. Given a matrix
A € My, we note Diag(A) = (A11,...,A444), the vector composed of its
diagonal terms. It is tempting to identify the set D;j », With R‘j_, and the actions
of P, on a diagonal matrix A to the actions of the group of permutation &4
on the vector Diag(A), where we define the action of &4 on R? as :

Vr€Gg,Vz eR? 7.z = (@r1), - Tray)-

With these considerations in mind, we see that a direct interesting consequence
of Theorem 1.2.54 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 01(A4) > ---04(A) > 0 and
for 1 < i < d, the i** singular value of M can be defined as :

0i(A) = max min [|Mz|| = min  max |[Mz]] (13)
dimF>i |z|=1 dimF>n—i+1 |z|=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 :

o Mp, — Ri
Moo (M), ou(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 convex
concentration transversally to the action of a group G acting on FE.

Definition 14. Given a normal vector space E, a group G acting on E, a
concentration function o and a random vector Z € E, we say that Z is convexly
a-concentrated transversally to the action of G and we note Z X «a iff for
any 1-Lipschitz, quasiconvex and G-invariant function f : E - R, f(Z) is «
concentrated.

Remark 1.2.55. In the setting of Definition 14, we have the induction chain :

Zxa = Zx.a = Zota

imsart-generic ver. 2014/10/16 file: output.tex date: February 14, 2019



Louart & Couillet/Concentration of Measure and Large Random Matrices 58

Definition 14 is perfectly adapted to the next theorem whose proof can also
be found in Appendix C (it is a similar result to in [Led01, Corollary 8.21| that
concerns the eigenvalues of a random symmetric matrix).

Theorem 1.2.56. Given a normal vector space E, a concentration function «
and a random matriz X € M, ,, we have the equivalence :
X« a <= oX)xg, o

b,

Theorem 1.2.56 can be rather powerful to set the concentration of symmetric
functionals of random singular values. For our present interest, we will prove the
concentration of the Stieltjes transform mp = %’HQ of the covariance matrix
S = XXT/n when X € M,,, is convexly concentrated (recall that F' stands
for the normalized counting measure of the eigenvalues of .S).

Proposition 1.2.57. Given a random matriz X € M, ,,, a concentration func-
tion o and z > 0 :

3
Xx.a = TIQO(20é< gj ) with d = min(p,n).

Let us introduce a simple preliminary lemma without proof :

Lemma 1.2.58. Given an integer d € N, if a function f : R — R is convez,
then the function F : RY — R defined as F(z1,...,14) = Z?zl f(x;) is also
CONVEL.

Proof of Proposition 1.2.57. Assuming X . «, we know from Remark 1.2.55
and Theorem 1.2.56 that o(X) & «, where d = min(p,n). Let us introduce
the function :

1
2+ 2
This function verifies 0;(Q) = f(0;(X)/v/n) and TrQ = Z?:I floi(X)/v/n). Tt

is also Zf/Z—Lipschitz, for s > 0:

fis—

2s 2

"(5)] = ————, thus f'(s) < —.
£0) = G thus F(5) <
Therefore, the random variable Tr @ is a Lipschitz and &y-invariant transfor-
mation of o(X). However, it is not quasiconvex. The result of convexity can be
obtained decomposing f = g — h with g and h both convex, then we will be
able to conclude thanks to Lemma 1.1.5 giving the concentration of a sum of

random variables. Let us set h(s) = (£ — 2=)2 if s € [0,1/2] and h(s) = 0 if

: TV
s >+/z,and g = f + h. We have :
652 — 2z 2 2
i : "8) = "0 + = > "(s) = = >
if s € [0,/2] g"(s) (52+z)3+22_0 and  h'(s) 22_0
. 652 — 2z
if s >+/z: g”(s):mzo and  h"(s) =0.
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Besides, h is Zg%—Lipschitz, therefore g is Z;%—Lipschitz. We next introduce as
in Lemma 1.2.58 the functions G, H : R¢ — R defined as :

d d

Glsi,-5q) = ) glsi) H(s1,-sq) = Y h(s0).

i=1 i=1

The functions GG and H are both &4-invariant and convex from Lemma 1.2.58.
Besides, G is ;%—Lipschitz and H is Z%% -Lipschitz. Therefore, we know from
Lemma 1.1.5 that

TrQ = G(o(X)/v/) — H(o(X)/v/n) x 20 (8{‘ ' ) .

O

In the case of a convex concentration of X, an analogous to Proposition 1.2.43
setting the convex concentration of ) does not seem obvious, even with the help
of Theorem 1.2.54.

It actually seems impossible to construct a quasiconvex and Lipschitz shift of
Tr A¢ supported on the whole vector space My, ,, as we did in Proposition 1.2.57.
On a bounded subset of M,, ,,, it is always possible to shift a Lipschitz function
with a convex one so that the sum verifies quasiconvex and Lipschitz properties.
If we place ourselves in a convex g-exponential concentration setting, Proposi-
tion 1.2.51 helps us treat first the concentration of Tr AQ for a bounded version
of a random vector X and then we can take advantage of the contracting be-
havior of the resolvent (see Lemma 0.0.2) to generalize our first result to any
unbounded concentrated vector X.

Proposition 1.2.59. Given a random matriz X € My, z > 0, an exponent
q > 0 and two parameters C > e and o >0 :

23n -

Xx.E£Ce (/" — QeEQiZCe_( 4”) in (M, ||| )

Before proving the result we formulate a preliminary lemma :

Lemma 1.2.60. Given a symmetric nonnegative definite matrizc A € M, and
a matriz B € M, one has the bound :

| Tr AB| < || B| Tt A.

Proof. There exits a diagonal matrix A = Diag(\;)1<i<p and an orthogonal
matrix U € O, such that UT AU = A. If we note u; the i*" column of U, we can
write A =>""_ Nju;ul, and for any i € {1,...p}, |lu;]| = 1, so that :

p p p
TrAB = X\ Tr(Buwu]) = Mul Bu; <Y X |B|| < ||B|| Tr A.
i=1 i=1 i=1

We show the other bound the same way (||ul| <1 = v’ Bu > —||B||||u]). O
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Proof of Proposition 1.2.59. With the function ¢ introduced in Proposition 1.2.43
and given A € M), verifying ||A||» < 1, let us note :
f : R — TrA¢(R).
Given R, H € M, ,,, let us differentiate :
Vg =—6(R)A¢(R)R — RT¢(R)Ad(R)
V2 fIr(H, H) = 2Tt (A¢(R)L(R)LS(R)) — 2 Tr(Ag(R)HH" ¢(R)),
with the notation L = RHT + HRT. Let us suppose first that A is nonnegative
symmetric. In that case, we know from Lemma 1.2.60 (||A|| < ||A]|» < 1) that :
T 2 T
Tr(A¢p(R)HH" ¢(R)) < o) TrHH',
and we recognize here the Hessian of the function g : R — Z% Tr RRT taken in
(H, H). If we note h = f 4+ g we know that
V2hir(H, H) > 2Tr (A¢(R)Lé(R)Lo(R)) > 0.

Besides, on the set {R € My, |R|| < /z}, the function g is —Z5-Lipschitz
and convex. If we suppose first that || X| < /n, we know from Lemma 1.1.5
that the sum f(X/v/n) = (h — g)(X/y/n) is concentrated :

23/2m
Tr AQ € Tr AE[Q] + 2Ce~ 5" -, (14)

Now, if we suppose that there exists a constant K > 1 such that || X| <
23y/Kn, then we have thanks to (14)) and Lemma 1.1.3 :

1 XxT -
TrAQ = = Tr A (Kn+ ;{IP) .

And since X/vVKn & a(v Kn-) the concentration (14)) and Lemma 1.1.3 en-
tail :

'n.zS

Tr AQ € Tr AE[Q] £ 2Ce™ 4o

In the general case, we consider the sequences of random matrices X (™) whose
entries Xi(ZL)7 1<i<p, 1<j<n, are defined as :

/23
X(m) = min ]., M Xi,j~
X1l

By construction, HX(m)HF < vnz3m. Besides we know from Remark 1.1.23
that E || X|| < oo and for m sufficiently large such that 2E || X|| . < vVnz3m,

we know from Proposition 1.2.51 that X (™) <I>E<C a. Thus, as above :

N (m)
Tr AQU™ € Tr AE[QU™] £ 2Ce™ 45, with: Q™ =¢ (Xf ) .
n
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If we let m tend to oo, X" tends in law to X and thus Tr AQ(™ tends
also in law to Tr AQ and we recover the result of the proposition thanks to
Proposition 1.1.12 and Corollary 1.1.24. O

We set in Subsections 1.2 the comfortable environment where our subsequent
results will easily unfold. We notably introduced most of the expressions of con-
centrated random variables needed in the subsequent section. We are thus now
in position to provide results on the spectral distribution of sample covariance
matrices of concentrated random vectors.

2. Spectral distribution of the sample covariance
2.1. Setup and notations

We consider here a general case of the example presented in the preamble where
the n independent random vectors z1, ..., z, are distributed in k classes repre-
sented by k distributions p;, 1 <1 < k, supposedly different from one another.

All results presented below (with the exception of Propositions 2.2.8, Theo-
rem 2.2.9 and Corollary 2.2.10) are valid for any choice of p and n, but they will
of course gain more value when p and n are sufficiently large for the convergence
to arise. This is the reason why we will call this study quasi-asymptotic. What
we call a constant is supposed to be independent of the two quasi asymptotic
quantities p and n and a bounded quantity is simply a quantity lower than a
constant.

We place ourselves under an hypothesis of convex g-exponential concentra-
tion :

Assumption 1 (Concentration of X). There exist three constants C > e, ¢ >
0 and g > 0 such that for any m € N, any 1 € {1,...,k}, and any family
of independent vectors yi,...,Ym, each one following the law p;, we have the
concentration :

(Y1, -y Ym) Xe Ce=""/e

where the concentration occurs in the normed vector space My, endowed with
the Frobenius norm.

The parameters of the concentration C' and ¢ cannot be preserved throughout
the different concentrations of the quantities that will be mentioned in this
paper. However to lighten the expression of the result we will abusively keep
the notations C' and c to designate slight modifications of the original C and ¢
by numerical constants.

Remark 2.1.1. Assumption 1 is in particular verified for the distributions con-
cerned by Theorems 0.0.8, 1.2.20 and 1.2.47. Forl € {1,...,k}, the law u; can
respect one of the two settings :

o Setting 1 : py is a pushforward of the canonical normal distribution on
R?, or of the sphere S¥1 through the mapping of a uniformly continuous
function (see Proposition 1.2.24).
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o Setting 2 : yu; is an affine pushforward of a product of distributions on R
with support belonging to [—1,1] (see Lemma 1.2.48).

Note that p; can also be the sum of two independent distributions, each one
coming from a different setting. In the literature, it is possible to find plenty of
other cases of q-exponential concentration with q # 2 (and still with Euclidean
norm!); their presentation goes far beyond the objectives of our paper and we
invite the reader to refer to [Led01] for more information. We will see at the
end of this paper that our results are still valid on different types of practical
data. Thus we come to think that convex q-exponential concentration is a general
hypothesis that can be adopted in a large range of applications where the data
have a satisfactory entropy compared to the diameter of their distribution (the
link with entropy is explored once again in [Led01]).

The behavior of the sample covariance matrix S = %2?21 izl = XXT/n
clearly depends on the frequency each distribution p; is drawn to form the
different columns of the matrix X. To take into account this important feature,
for I € {1,...,k}, we introduce the set I; C {1,...,k} to index the random
vectors x; following a distribution p; ; the cardinality of the set I; is denoted
n;. We further denote X; € M, ,, the matrix composed of the columns of
X indexed by I;. Assumption 1 gives us directly the concentrations X o<,
Ce~"/¢, that directly entail the concentration of the whole matrix X.

Assumption 2. The number of classes k is bounded.

With this last assumption, and Proposition B.4.1, we can state that the
observable diameter of the random matrix X = [z1,...,,] is bounded.

Proposition 2.1.2. There exist two constants C' > e and ¢ > 0 such that :
X . Ce™""/e.

With this proposition, we have access to the results of the propositions and
remarks of Subsection 1.2 concerning the matrix X but also those concerning the
random vectors x; and the resolvent ). To begin with, we can rewrite the first
result of Proposition 1.2.59 to get the concentration of the Stieltjes transform
of F, the spectral distribution of S :

mp(z) = %Tr@(—z) where Q=Q(z)=(XXT/n+ zlp)71 .

We saw in Proposition 1.2.59 that Q € EQ + Ce~ (V=" )"/¢ in (M, , ||| ), for
some constants C' > e, ¢ > 0. Since the linear form M € (M, ., ||| z) — %TrM

has an operator norm equal to % ||l = 1/+/p, the linear concentration of @
implies directly the concentration of the Stieltjes transform with a tail parameter

of order +/z3np.

Proposition 2.1.3. There exist two numerical constants C' > e and ¢ > 0 such

that for every z > 0, mp(—2) € %TrIEQ + Ce~(V#Ppn)"/e,
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Now that we know that the Stieltjes transform is concentrated in R, we
expect to find a deterministic quantity localizing this concentration. The deter-
ministic equivalent we presented in the preamble can inspire us for a choice of
a deterministic equivalent in this more general setting. We need for that some
notations.

Given a class [, 1 <[ < k, we introduce a generic random vector equal to
one of the z; following the law y; that will be noted y;. All the y; are supposed
to be independent and we write by ¢; the mean of the distribution p;. When
computing an expectation involving the matrix X, this notation allows us to
group the different terms depending only on their class I € {1,...,k} and not
on their index in the matrix ¢ € {1,...,n}. We note C_,, or even abusively C_,
when [ € {1,...,k} the sample covariance S deprived of the contribution of one
vector of the ™ class (n; is supposed in that case to be greater than 1). That
leads to the notations Q—; = Q—y, = Qc_,, -

Finally, given [ € {1,...,k}, we note ¥; the population covariance matrix of
w and :
"o
1
Y= —X.

To complete the lacuna of the concentration notion that does not give any
information on the order of a random vector X, as concentrated it could be,
one needs to give restrictions to the size of the quantities ||g;||, 1 <1 < k. The
practical assumption that we need for our result is :

Assumption 3. Vi € {1,...,k} : %IE llyill is bounded.
However, thanks to Corollary 1.2.14, it is possible to make a simpler hypoth-
esis concerning directly the mean §; if we suppose that ¢ > 2 (then p'/9 < VD)

Assumption 3 bis. ¢ >2 and Vi € {1,...,k} : | is bounded.

ﬁ i
Assumption 3 (or 3 bis) allows us to control Tr Y.

Proposition 2.1.4. For anyl € {1,...,k}, %Tr ¥ is bounded.

Proof. Since |jy|| € Ce™"/¢, we know from Proposition 1.1.28 that :
TS = E ()] = B llwll) +E (lull - Ellul)® < Cp,

for some constant C' > 0. O

2.2. Estimation of the spectral distribution of the sample covariance

With the general setting presented above and assuming Assumptions 1, 2 and 3
(or 3 bis) we will show that the deterministic matrix :

k

A - . ng X
Q(S = QZg - (25 + ZIp) ! Wlth 25 = Z ! !
l

— d >0
=1n1+5z an z
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is a deterministic equivalent for the resolvent Q(z) if § = (61,...,0x) € R¥ is

chosen correctly. One must be careful that the notation ¥, does not have the

same meaning whether x is an integer of the set {1,...,k} or a vector of Ri.
Following the calculus of the preamble in this more general case, one gets :

k
Qs —EQ=)_ "'E[A+q
=1

1 1 )
A = _ B T
1 <1+szszz/n 1+5l> Q-yy1y; Qs

1E {Q—y,yzleQElQ5}
n 1+

with :

€] =

where we took advantage of the independence between Q_; and y; to say that
E[Q_y,2iQs/(1+8)] = E[Q_y,yiy Qs/(1+6,)]. The two matrices A; and ¢, will
be used several times in our proof arguments; we thus invite the reader to remem-
ber their definition. The form of A; entices us to set § = (+ Tr(SEQ_y, ))1<i<k
to show that Qs is a deterministic equivalent for Q. We will show afterwards
that the same result holds for Qs with & € R* chosen as a solution of the
system (see Proposition 2.2.7 for the validity of this definition) :

1 b 5 B
5 =—Tr zl< M _Zh +zIp> 1<1<k.
n he1 n

The first choice § can seem unsatisfactory because it relies on the computation
of EQ_; which is uneasy to treat. On the contrary, the second option ¢’ is
much more interesting as it can be approximated by iteration of the fixed point
equation as we will see in Proposition 2.2.7. In particular, this second choice
reveals that the deterministic equivalent can be chosen in a way that it only
depends on z and on the covariances and the means of the laws yu;, 1 <1 < k,
as will be fully explained in Remark 2.2.11.

2.2.1. Design of a first deterministic equivalent

Let us first show the concentration of the random variable yi' Q_,,y;/n around
its mean §;. To simplify the concentration bounds, we introduce the real 1 >
zp > 0, and from now on, z is supposed to be greater than z.

Proposition 2.2.1. Given z > zy, there exists two numerical constants C,c > 0
such that :

vl Q_yui/n € 6+ Ce=(Fon)2 /e L e (Vzin: /e

where vy = 2 and 5 =+ 1 > max(y,1).

n’
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Proof. This proposition looks like Theorem 1.2.52 and Proposition 1.2.59 ap-
plied with independent random objects, respectively y; and )_,, that we know
to be concentrated thanks to the initial concentration on X given by Proposi-
tion 2.1.2. The independence allows us to consider )_,, as deterministic when
we bound a probability involving y; and conversely.

)

nt
<E |:]P> (|leQ—yzyl - TrElQ—yL’ > ? | X—yz):|

t
>
> 1)

< Ce—Gent)E /e | ce=(nit/n)/e 4 o= ()3 t/p) /e

1 1
P(|=yfQ_,y — - Tr(ZEQ_,
(‘nle Yl n I‘( l Q Jz)

+P (‘711 ’I‘rzl(Q*yl - ]Enyz)

for some C,c¢ > 0. We employed Theorem 1.2.52 together with Lemma 0.0.2
to control the variation of y7'Q_,y | X_y, ; and to control the variation of
LT vQ-y,, v;fe employed Proposition 1.2.59 thanks to the fact that || %[, <
Try = Ellyl” <p.

O

We are interested in bounding the first centered moments of %leQ,yl Y1, thus
the exponent m is considered to be a constant of the problem and that simplifies
the expression of the bound. Assumption 3 allows us to simplify the bound :

Proposition 2.2.2. Given |l € {1,...,k} and r > 0, there exists a constant
C > e such that :
T r _o \T/2
] o(3)”
n zZgn

Proof. Tt is a simple consequence of Proposition 1.1.28 applied to the concen-
tration of %leQ,yl y; given by Proposition 2.2.1 :

r _o\ T/2
d |<(%)
— \ zin (zom)"

and we recover the bound of the proposition thanks to :

_o\ /2
(Qj) > ¢ (recall that zg < 1).
ZoM (zom)"

T

Y Q—yzyl 1

=z - —Tr(5Q_,
n n r(Q—y)

O

To show the concentration of the Stieltjes transform around %TrQ(; (we
already know from Proposition 2.1.3 that it concentrates around %Tr EQ) but

also to bound ||§ — &’||, it is important to control ||[EQ — Qs||. This quantity
being defined as the maximum of u” (EQ — Qg)u for u on the unit sphere, we
will see in Proposition 2.2.5 that we naturally need to consider the concentration
of objects like u”Qsy; and u'Q_y 1.
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Proposition 2.2.3. Given z > zy, there exist two numerical constants C > e
and ¢ > 0 such that for anyl € {1,...,k} and for any u € RP of unit norm, we
have the concentrations :

3

25 .

uT'Qyyy ox Ce™(0°)%/e and UTny;,yl x Ce_(%)q7

where as above, v = £ and 7 = 1+ ~. Moreover, there exists a numerical
constant C' such that for anyr > 1 :

~ r ~ 2 . ~/ 2
E HUTngl’ ] <C (%) and E [|uTQ_ylyl|T] <C <n’y3)
nzgy nzy

The relation between y; and @) _,, is characterized by the multiple appearance
of vectors x; following the law y; in the matrix X_,,. Similarly, Qs lets appear
in its definition the matrix ¥; characteristic of the distribution of ;. These
relations allow us to bound the moments E[[u” Qsy|"] and E[ju”Q_,,u|"], and
explains the appearance of the coefficient L. Without these structural relations
we could consider instead of y; any random vector y with an expected norm of
order ,/p. In that case Eu?Qy and EuTQ_,,y would be rather of order /D like
the norm of y. The next preliminary lemma explains how this control can be
realized when we deal with the deterministic equivalent Qg.

2 EZQ(S

Proof. The result is similar to the result of Lemma 0.0.2. Recall the nota-

tion X5 = Zi:l oh Hz_g} and the definition Qs = (X5 + 2I,)~!. With the or-
der relation on the set of symmetric matrices, we deduce from the inequality
%% < X5 + zI, that Q(;" L T Q5 < I, (see [Bha97, Lemma V.1.5]). We
know from Lemma 1.2.60 and Assumption 3 that :

Lemma 2.2.4. Givenl € {1,...,k},

1 1 ¥
0 = - ITrEQ—y Bi| € LB Q| Tr < 1 (15)

We can then conclude thanks to the bound (146;) < % (recall that zo < 1). O
Proof of Proposition 2.2.3. Let us introduce the bilinear form :
fiMp xR — R
(M,y) —  ul My.

We know that f(Qs,4) = uTQy; is a \/——LlpSChltZ linear form on y;, it thus

concentrated as y;. Since Q_,, € EQ_,, + e —Wzon)t/e and y; € Ce /¢ are
independent, and ||Q_,, || < 1/zo, we know from Proposition 1.2.9 that :

23 q
W' Q_yy € uTE[Q_y ] £ C’e_(Zg Ve e (e

Cu'E[Q_y )7 £ C’e*( )/e
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for some constant parameters C' > e and ¢ > 0 since E |ly;|| < (/p (the inclu-
sion between combination of g-exponential concentration functions is defined in
Subsection 1.1.2).

Now that we set the concentrations, we know from Corollary 1.1.25 that for
any r > 0 there exists a constant C' such that :

E HUTQ(M —= 1)

r} < g
S 26
N Cy/?
E [}UT (nylyl - Enyzgl)‘ } < Z:;VT
0

Therefore, we know from the convexity of ¢ — t" (because r > 1) that :

T Cir/z T
0l <2 (G +1B0al ).
0

~ T C ~
E HuTle‘ } <ot (ZT + ‘UTQQI
0

We thus conclude that all the centered moments are bounded as soon as we
find a real s > 1 such that E[|u” Qy|*] is bounded since we know from Jensen’s
inequality that [u7Qu|" < E[|[uTQy|*]5. This is the case of EuT Qyyl Qu =

uTQE,Qu < 7:;33 (see Lemma 2.2.4). The case of uTQ,yl 1y is harder to control

and we need to employ the Schur formula (1) :
E [[u"Q-yul] =E[[u" Qu| 1 +uQ-yu/n)]
VE [T Quyf Qu] E[(1+ piQ—yu1/n)?]

g ) )
ML) [uTQXIZXEQu < 7

= 5
Zo Ny n n 2y

IN

IN

where we recall that X;, € M, ,,, is the matrix composed of the columns of X
indexed by I; (of cardinality n;). The inequalities are consequences of Proposi-
tion 2.2.1 and Lemma 0.0.2. U

Proposition 2.2.5. There exist a constant C > 0 such that :
- CH?
5o Q| < ST
[ - & < A

Proof. As already mentioned, it is sufficient to bound for any vector u € RP of
unit norm the quantities |u” (EQ — Qs)u| since EQ and Qs are both symmetric
matrices. Recall from the heuristic approach displayed at the beginning of this
subsection the set matrices A; and ¢; verifying :

ul (EQ — Qs)u = Z f (Ju”Aw| + [u"€ul) .

=1

n
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Thanks to Holder’s inequality and Properties 2.2.2, 2.2.5, we can bound :

}uTAlu| =

~ T
ElUTQ—yzszleau %4 Ot/ ]

(1 + 51) (1 + lenylyl/n)

= B[ Qo | |@su] 161 — o Q-yo/n]] <

m O
n zgy/n’

For the same reasons :

1 ~ n; C¥
|uleu| < —E [|uTnylsz\ ‘yfoy,ZzquH < —=.
n n nzg
Therefore if we sum on € {1,...,k}, we see that there exists a constant C' > e
such that :
~ Ck~?
VueR? - uT(EQ—Q(;)ug Sty
z5\/n

and that gives us directly the bound on |[EQ — Qs]| thanks to Assumption 2 (k
is bounded). O

This last proposition together with Proposition 1.2.59 and Lemma 1.2.8 im-
plies that Qs is a deterministic equivalent for Q.

Proposition 2.2.6. Q € Qs &+ Ce~(=aV7-/3")"/c (Mpns [I)-

Proof. We know from Proposition 1.2.59 that Q € EQ+Ce~(V=")"/¢in (M, ,, ||| )
so in particular :

Q € EQ + Ce= vV /7 e in (M, |I-])-

But since |[EQ — Qs < g—j/%, Lemma 1.2.8 entails the result of the proposition.
0
]

2.2.2. A second deterministic equivalent

Let us introduce a substitute for § that we note ¢’ and that will only depend on
the means and covariances of the laws p; and on the cardinality coefficients “*
of the different classes.

Proposition 2.2.7 (Definition of §’). The system of equations :
1 & 2 -
vie{l,...,k} : § =—"Tr El< ntherp>
" h= " h

admits a unique solution in R’j_ that we note ¢'.

imsart-generic ver. 2014/10/16 file: output.tex date: February 14, 2019



Louart & Couillet/Concentration of Measure and Large Random Matrices 69

Proof. The scheme of the proof follows the formalism of standard interference
functions as presented in [Yat95]. Following the ideas of Yates, we introduce the
function :

) k k
I: Rt RE
1 y
<<k +— -~ Tr (&Q&) ,

where Q, = (X, + 2I,)~", and ¥, Zl R s for o = (z1,...,2) € RF.

Given z,y € R* we note x < y iff VI € {1,...,k}, ; < y;. The function I is
increasing in the sense that :

r<y = I(x)<I(y).

This is simply due to the fact that for any I € {1,...,k}, ¥; is symmetric
nonnegative definite and z — Q, is increasing (with the classical order relation
defined on the set of symmetric matrices see [Bha97, Section V| for more details).
Besides, we know from Lemmas 0.0.2 and 1.2.60 that for any » € R*, I(z) <
Trzl . Therefore the vector

(T&Zl Tr2k>
To = PR
nz nz

verifies I(xg) < xg. Then the monotonicity of I implies that the sequence
(I"(0))n>0 is decreasing and since I takes its values in Ry, it converges to
a fixed point ¢’ > 0.

Let us now show the uniqueness of this fixed point. Let us suppose that there
exists v # ¢’ such that I(v) = v. Given [ € {1,--- ,k}, we have the identity :

k
1 N "yh—(s;l ~ ~

m—o==—Te (S BT 505540, |,

1m0 = (h_l n (L4001 + ) 1Qs XnQ

|V1751,|

v (I+v) (1+67) :

and if we introduce the vector € = (¢;)1<i<k defined as ¢, =

1 k np, %Q Z Q” %
— T
& no (hzjl n /(1+46}) 1+5/) \/(1+’Yh)(1+’/l) |€h>

1 Tr (Ethg/E(;/Qé/ 1 Tr (ZleZ Q )
n 144 n 1+y

IN

el (16)

where for any = € R¥ %, we recall that X, = 2221 %ﬁ;h. Recall that by

definition of the resolvent Q, = @x,, we have the identity
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This allows us to write for any z € Ry such that I(z) = (1 Tr(21Qu))1<i<k = 2 :

%Tr (EleZxQz) =1 — %Tf (&Qi) < 1+

Therefore, we know from the inequality (16), true for every [ € {1,...,k}, that
lell., = 0, in other words ¢’ = v, the fixed point is unique. O

Proposition 2.2.8. If ¥ and % are bounded and n s large enough, there exists
a constant C > 0 such that :
l5—o << and @@ <
— — n — Qs —.
= n R (R
Proof. Let us employ as in the proof of Proposition 2.2.7 a vector ¢ = § — ¢'.
Given ! € {1,...,k}, we compute :

C

Tr Z(EQ — Qs)

1
lei] = =
n

< ’YHEQ - Qa” +% Tr$1(Qs — Qo)

C 73 1 Ir (ElQ(S’Eé’QtS') 1 Tr (Zléézééé)
< — 1 - -
~ z23vn * n 1+4; n 1+4; lellc

where we employed for the first inequality the result of Lemma 1.2.60 and in the
second inequality the intermediate result (16)) of the proof of Proposition 2.2.7.
We already know that :

1 Tr (216}5/25'@5') Tr (Zléézééé) 5 C7
— <1 and <
n 14 0; n 146 -1+ 61 zg/n’

and we know from (15) 2 is bounded from

1—0—5
=3

below and C;{ is bounded from above, 1f n is large enough :
0

Tr (&Qé&;@é) C 73
R eV A and thus el < <2
z5/n

n 1+ 5[
Now, let us bound the spectral norm of the difference Q5 — Qs :

k

16— 16 — 5’|| cH
SZE 146)(1+0)) HQ‘SEQ‘SH< S o

HQ5 —- Qs

for some C' > e. ]

We now have all the elements to set the linear concentration of @ around the
second deterministic equivalent Qs+ with the same arguments as those given to
justify Proposition 2.2.6.
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Theorem 2.2.9. If¥ and zi are bounded and n is large enough, there exist two
numerical constants C > e and ¢ > 0 such that :

Q S Q(;/ + Oei(ﬁ')q/c m (Mp,na H”) .

As for Proposition 2.1.3, we can directly deduce that %Tr Qs is a pivot of
the Stieltjes transform. This time the linear form M ~— % TrM is seen as a
1-Lipschitz transformation from (M, ||||) to R (see Lemma 1.2.60).

Corollary 2.2.10 (Estimation of the Stieltjes transform). In the setting of
Theorem 2.2.9, for z >0 :

1 =~
mp(—z) € ETrQy(z) + Ce~(Wn)"/e,

Remark 2.2.11 (Central limit theorem for covariance matrices). Let us define :

XN = (Zk(l)lev + Uy, s Ek(n)xﬁ[ + Uk(n))

where -2 are independent Gaussian vectors with zero mean and unit
variance entries and for a given i € {1,...,n}, k(i) € {1,...,k} designates the
class of x;.

From the definition of &' and Qs we can remark that the deterministic equiv-
alent Q(;/ is the same for a resolvent Q constructed with the sample covariance
of X or of the matriz XV This implies that the asymptotic spectral distribution
of the sample covariance matriz of X strictly depends on the means and the co-
variances of the laws p;, 1 <1 <k, but not at all on the intrinsic distribution of
those laws. In that sense, the Gaussian case describes all the possible asymptotic
spectral distributions of sample covariances of any concentrated data respecting
our two assumptions.

In a future paper this remark will be the key idea to show a theorem of central
limit for some quantities depending on the resolvent (with applications to random
neural networks, such as extreme learning machines [HZS06]).

2.3. Illustration of the results

In this section, we are interested in the asymptotic spectral distribution of S, in
the sense that if we index with n all the quantities characteristic to the matrix
X (that we write for instance X,,), we wish here to express the limit of the
spectral distributions F,, when the number of data n tends to co. The size p of
the data can then be seen as a function p, of n that cannot grow too fast to
maintain the validity and the strength of our results. Corollary 2.2.10 requires in
particular v = 22 to be bounded, and this will be from now on a supplementary
assumption. Regarding the convergence, it appears convenient to work with the
notion of the weak convergence of distributions that was essentially presented
in Definition 5 through the convergence in law of random variables. We shall
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say indeed that a sequence of measures (H,)nen tends weakly to a measure H
if for any function f : R — R with compact support :

lim [ f(O)dH (1) = / F()dH (1),

n—roo R

and we write H,, — H.

Now, it is important to keep in mind that the distributions F,, are random
objects and, therefore, we will be looking for a weak convergence almost surely.
Let us note X the sequence of random matrices (X, ),en that we suppose to
be independent. If we note o(X) = o(X;) X ---0(X,,) X - - -, the sigma-algebra
generated by X', we look for an event (i.e., an element of o (X)) of probability 1
on which happens the weak convergence. As we could expect from the different
results of the last sections, the convergence of the spectral distribution is a con-
sequence of the convergence of the Stieltjes transforms. This is a classical results
of the field of random matrices, we provide in Appendix D a proof inspired from
the paper [CDS11].

Theorem 2.3.1. With the above notations and hypotheses, if we suppose that
there exists a complex function m : C+— C such that :

Vz>0 piTrQn(z)—>m(z),

then there exists a measure H in R such that :

dH(t
Vz e D, m(z) = / ti() and a.s. : F, % H.
R —Z

(Recall that Q,, is the matriz Qg indexed with the number of data n)

If we go back to the original task we presented in the preamble, we need to
evaluate the limit distribution H appearing in the result of Theorem 2.3.1. We
can be helped by a basic proposition of the theory of large random matrices :

Proposition 2.3.2. Given a probability distribution H in R, we note my : z —
fR ) the Stieltjes transform of H. Given t,s € R, we have the identities :

t—z 7

o H({1}) = limy_yos ylmlms (z + iy)]
o H([t,s]) = Llim, o+ [ Im[mpy(z + iy)]dz.

In Figure 3, we compare the spectral distribution of different sample co-
variance matrices with their asymptotic profile as described by Theorem 2.3.1.
Inspired by Proposition 2.3.2, we basically computed % Tr Qy (z + dy) for small
values of y to obtain the density of F'. We see that the prediction is valid for dif-
ferent values of v = £ and for data constructed as a mixture between Gaussian
and Bernoulli random vectors.

The range of validity of our results seems to be rather wide since one can see
on Figure 4 that our predictions are rather good for “raw” data as the one of the
MNIST data base (left graph) or even more refined data as some feature vectors
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T T
04 00  empirical distribution |

— prediction from % Tr Qg/

0.3 - 04}

spectral density dF ()
IS}
L)
I

eigenvalues \ eigenvalues A

Fic 3. Spectral distribution of the empirical covariance matriz of a sum of Gaussian and
Bernoulli data. On the left, n = 2000, p = 500 and ¥ has two eigenvalues : 1 and 12 with the
repartition (i, %) On the right, p = 2000, n = 1000 and X is a symmetric Toeplitz matrix

whose first line is (0.4,0.4%...0.4P) ; since p > n, we removed the p — n zero eigenvalues of
S to simplify the graphs.

of traffic sign images (right graph). Be careful that we drew the distribution of
a push-forward of the spectral distribution dilated around zero, otherwise the
distribution would be huddled against 0 and at the same time sparsely spread up
to high values. The refined feature dataset satisfies our prediction better that the
MNIST dataset. This statement allows us to think that in the concentration of
the measure framework, the treatment of the signal though the diverse neurons
tends to “normalize” the data.
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dF(A\O-1)

| A o |

| | | | | |
0.210 0.610 110 1.410 0 0210 0410 0610 0810 110

eigenvalues A eigenvalues \

Fic 4. Distribution of the push forward of the spectral distribution of the covariance matrix
of real datasets through the map A — X0l ; the population covariance and the mean are
empirically computed from a larger and independent dataset. On the left, images the digit O
of the MNIST data set ([LCB98]); p = n = 784. On the right, “HOG” features (Histograms
of Oriented Gradients) of a class of traffic sign images presented in the paper [SSSI11] ;
p=mn="T00 (just the first p features are considered)

Appendices

Appendix A: Concentration of the product and powers of random
variables

Proposition A.0.1. Let us consider a pivot a € R, a concentration function o
and p random variables Z1, ..., Z,, such that for anyi € {1,...,p}, Z, € ata.
Then the product Zy - - - Z, is concentrated in the sense of Definition 3, and we
have :

1
P - _)*
Zy - Zy € al £ pa 2P|a|p71 +pa<<2) )

Note that in the case of g-exponential concentration, if, say, o = Ce~ (/)"
C > e, 0,q > 0, we can employ Proposition 1.1.20 and obtain Vr > ¢ the bound :

E [‘Zl o Zp B ap|r] < Cp(2|a‘p710)r <;> a + Cp(Qo'p)T <qu) q

which is looser than the one obtained in Proposition 1.1.28 (when r € N).

Proof. Let us bound :

P Zi—a P P\ | Zs —a
nog-w-oy, X T(5) e (7))
=1

=1 I1c{1,....,p} 1€l
#I=1

l

imsart-generic ver. 2014/10/16 file: output.tex date: February 14, 2019



/ 75

where Z, is the random variable verifying |%| = SUPj<i<, |Zi;“ | As in the

proof of Proposition 1.1.10 distinguishing the cases |%’ > 1 and ’%| <1,
we obtain the bound :
)

and we are left to express the concentration around 0 of the random variable
|Zs —al :

Js—a
a

212, - < 2l (| -

‘Zsa
+

P(|Zs—al>1t) <Y P(|Zi—a| >t) <pa(t)
i=1

and we recover the result. O

One can be interested in the concentration of Z” when r is not an integer. If
we write r = ﬁ [r] where [r] is the integer part of  plus 1, we see that thanks
to Proposition 1.1.10 our problem can be reduced to the concentration of Z"
when 0 < r < 1. That can be managed easily thanks to the following lemma :

Lemma A.0.2. Given a,b € R andr € [0,1], |a|” — |b" <|a—b|".

Proof. When a,b > 0, it is just a consequence of the triangular inequality verified
1 . e . .

by the £¥-norm on R. If a or b are negative, it is just a consequence again of

the triangular inequality of the absolute value : ||a| — |b]| < |a — b]. O

Interestingly, when r» < 1, the concentration of Z" is easier to show in the
formalism of Definition 2. Indeed we can employ Lemma 1.1.3 since we know
from Lemma A.0.2 that ¢ — ¢" is (1, r)-Holder continuous.

Proposition A.0.3. Given an exponent r € (0,1] and a concentration function
a, if a non-negative random variable Z > 0 is a-concentrated in the sense of
Definition 2 then Z" o af- 7).

Remark A.0.4. Thanks to Proposition 1.1.2, we can adapt the result of Propo-
sition A.0.3 to the formalism of Definition 3. This gives us when r € (0, 1], with
the upper notations :

1
Zemgzta = Z’"emgim(;),

where myz is a median of Z (note that implicitly mentioned in the upper impli-
cation, mY, is a median of Z" since the function t — t" is monotonous).
One can then look at the concentration of any power Z" where r € RY -

T T 1 : i 1 . %
semsn =+ remann(gh (i) )20

where [r] designates the integer part of r plus 1.
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Appendix B: Results of linear concentration
B.1. Proof of Proposition 1.2.10

Given ¢ € (0,1), a set A C By is said to be an e-net of By if v,y € A =
|z — y|| > e. We consider here Ny, a maximal §-net of By with respect to
inclusion. We know that the balls of radius i centered on the points of Ny /5 are
all disjoint by hypothesis, and their volume is equal to Vg, /4P (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 83 (),

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

fo-2-1(2-2) <|s (- 2)- 1 (2-2)

- 1 -
<If=sl.|2-2|| < 5”2_2\\.

Therefore :
HZ—ZH < QSup{f € Nyjp ¢ u” (Z—Z) u}

and this inequality being true for any drawing of Z, we have then by hypothesis :

VE>0 : P (HZ - ZH > t) < Nz: o (;) < glim(H), <;) .
1/2

B.2. Linear concentration of the product

We place ourselves in an algebra A endowed with an algebra norm ||-|| (verifying
lzyll < llz|llly]l). To simplify the result we place ourselves in the exponential
concentration setting, the reader is required to adapt the proof for generalization
if needed.

Proposition B.2.1. Given two random vectors X,Y € A and three parameters
C >ceand o,q >0, if X and Y follow the same concentration X € X +
Ce /D" andY €Y £ Ce= /9" then XY is also concentrated :

q

. . q
XY eXY+Cexp | — 02 +Cexp(—<~c~>>,
i KT+ 7T

where ¢ is a numerical constant independent of C and o.

Proof. As for Lemma 1.1.8, we employ the identity :

XY - XY =X -X)(Y -YV)+Y(X - X)+Y(Y -Y)
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For any linear function u with an operator norm bounded by 1, we have :

w(XY = XY) < || X = X||[|Y = Y| +up(X — X) +up (Y —Y)

where for any z € A we defined u, :  — u(zz). To conclude, we just have to
note that u, is a linear function the operator norm of which is bounded by ||z||
(since [lu(zz)[| < [lull |[2]] ]|2]])- O

B.3. Linear concentration of the power

Let us adapt Proposition 1.1.10 to get the linear concentration of a power of a
random vector, we leave to the reader the expression of the concentration of the
product of m linearly concentrated random vectors.

Proposition B.3.1. Given m € N, a random vector Z € A, a deterministic
vector Z € A and three parameters C > e, o,q > 0, if we suppose that Z €
Z+Ce /D" then :

q i
Zm e Z™+Cexp | — S +exp | —c

1 ~ m
2ot | 2] 20y

where ¢ is a numerical constant depending only on q and m.

Proof. As in the proof of Proposition 1.1.10, we bound :

m
|zr-zn| =Y S z-2rzz-zpaz- g
k=1 i1 4...4i, <m—k

Wé (%) (Z;IZ'Y

- 1Z]l 1Z]™

IA

Since we know from Proposition 1.2.12 that ||Z — Z|| € 0 & Ce=(¢*/@)*/m1 for
some numerical constant ¢ > 0, we get the concentration :

q a4
om m
o/ +Cexp | — ¢

3

Hzm _ ZmH €0+ Cexp | —

1 ~ m
ant 1 Z|/m=1 20y

and we get the same concentration for Z thanks to the second result of Propo-
sition 1.2.12. O
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B.4. Concatenation of convexly concentrated random vectors

Through the characterization with the centered moments given by Proposi-
tion 1.1.20, the g-exponential concentration allows to explore the concentration
of a random vector constructed as a concatenation of p independent random
vectors (Z1,...,Z,). This approach is indifferently adapted to the Lipschitz or
convex concentration. We use the index (c¢) under the sign o to specify that
the proposition is valid in both settings (for Lipschitz or convexly concentrated
random vectors).

Proposition B.4.1. Given p normed vector spaces (Ev, N1),...,(Ep, Np), con-
sider p independent random vectors (Z1,...,2Z,) € E = E1 X --- x E,, verifying
for any i € {1,...,p} that Z; () Ce™ /) for two given parameters C' > e,
o > 0. The space E can then be seen as a normed vector space endowed with
the norm |[-||,, defined as :

Vz=(21,...,2) €EE1 x - xEp : |lzll,, = Ni(21) + ... 4+ Np(2p).

Then the concatenation Z = (Zi,...,2Z,) is q-exponentially concentrated in
(E,|Ill,,) with an observable diameter lower than poet :

(o) Ce~ (/P /e,

Proof. Let us consider a function f : E — R, 1-Lipschitz (resp. 1-Lipschitz
and quasiconvex), and Z’' an independent copy of Z. We plan to employ the
characterization with the centered moments given by Proposition 1.1.20. Given
i € {0,...,p}, we note Z&) = (Zy,.. ZisZiyy;s- -5 Z,) (with this notation :
Z©) = Z and Z®) = Z'). For any r > max(q, 1), let us exploit the convexity of
t+— t" to bound :

E[If(2) - #(Z)] <p'~ 1ZEHJ’ (26=2) ~ £ (29)[ ].

Therefore, since for any (z1,...,2p) € RP and for any ¢ € {1,...,p}, z —
f(z1,-..,2i—1, %, Zit1,. .. 2%p) is Lipschitz (resp. Lipschitz and quasiconvex), we
can employ Proposition 1.1.20 to bound :

r
q

E[1f(Z) - [(Z)] < Cp' <q> o

If ¢ < r <1, the concavity of ¢ — t" allows us to write thanks to Jensen’s
inequality :

Q3

E[/(2) - (2] < €[1(Z) - [Z)) <O @ o<y () o

since r < 1 < (9. The last implication of Proposition 1.1.20 then gives us the
desired result: f(Z) Ce—(-/po)?/e, O
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Appendix C: Davis theorem for rectangle matrices
C.1. Proof of Theorem 1.2.5/4

Let us first present basic notions to set the theorem. Given a vectorial space F
and a group G acting on E, for any subset A C F, we note G- A ={g-a,g €
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-2z) = 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 LZ(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.

Theorem C.1.1 (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 sup-
pose that for any U C T, the set G - Lg(U) is convex ; we call this property
the convexity conservation of G from T. Then any G-invariant function f is
quasiconvez iff its restriction to T is quasiconvex.

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 T'. A curious reader might be interested
in simplifying the convexity conservation property as we presented it from a
transversal subset T' C E to a mere conservation of the convexity of any convex
subset U C E (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|p the restriction of f on 7. Given any ¢ € R, we
know that the set {f|p < t} = {z € T, f(z) < t} is convex. Then the set
{f <t} =G - {fir <t} =G LE{f1r < t}) is also convex thanks to the
convexity conservation of G from T. U

To simplify the application of Theorem C.1.1, Grabowsky and Hijab provide
us with a useful property :

Proposition C.1.2 (Convexity conservation, [GHO05|, Theorem 3). With the
notations of Theorem C.1.1, if for any x,y € T, the set G- LS ({x,y}) is conver,
then G conserves the convexity from T.

Proof. Let us consider U C T, and two points z,y € G - L%(U). There exists
x*,y* € T such that z,y € G - {z*,y*}. We know by hypothesis that the set
G - LE({z*,y*}) is convex, and moreover, it contains z 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 C.1.1 can be applied to the
transversal set of nonnegative diagonal matrices D; ,, for the action of the group

Op,n- The transversal character of D}, is a consequence of the singular value
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decomposition. Indeed, for any matrix M € M, ,,, there exists (U,V) € O,
such that
M =UXV" with ¥ =Diag,,(0s(M))1<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 D, having the values a; on the diagonal.

To prove Theorem 1.2.54, let us characterize the sets L(X) = O"’P({X})

when X € ’DJr We know that DJr is invariant under the action of the subgroup
of permutatlons Pp.n- Given a Subset U of a vector space, we note Conv(U) the
convex hull of U.

Proposition C.1.3. Given X € D), ,, L(X) = Conv(Pp.., - {X}).

Proof. We know from the uniqueness of the singular value decomposition that
for any U C D} ,,, (Opn-U)ND,, = Ppn-U. Consequently, since the convexity
is stable under the action of P, , (they are linear transformations), L(X) =
Conv(P, - {X}).

Here the tools of majorization as presented for instance in [Bha97| are per-
fectly adapted to the description of Conv(S,,, - {x}) that we identify with
Conv(Ppn - {X}) = L(X). Given a vector z = (z1,...24) € R?, let us note

b = (af,- ~~z$), a decreasing ordered version of z (z} > xﬁ and Jo €

Definition 15. Given two vectors x,y € R?, d € N, we say that y is majorized
by x and we note y < x iff :

k k d d
Vke{l,...d} : Zyjﬁme and Zwl:Zyz
i=1 i=1 i=1

Majorization offers a complete characterization of Conv(&, - {z}), z € R¢ :

Theorem C.1.4 (|Bha97|, Theorem I1.1.10). Given a vectors x € R :
{yeRYy <2} = Conv (&, {z}).

Majorization appears to be the pertect tool to control the singular decom-
position of a sum of matrices as we will see in Theorem C.1.6. This is the core
argument to justify the convexity consevation of O, ,, from DZ'; ,», that we need to
prove Theorem 1.2.54. Let us first give an intermediate result that we originally
owe to Schur and whose proof can be found in [MOA11] or [Bha97].

Proposition C.1.5 (Schur’s Theorem, B.1. in [MOA11]). Given a symmetric
matriz S € M, we have the majorization Diag(S) < o(S).

This proposition entails a kind of triangular inequality for the set of singular
values.

Theorem C.1.6 ([Bha97|, Exercise I1.1.15). Given two matrices A, B € My, ,,
0(A+ B) <o(A) +0o(B).
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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 € My, there exists (Us, Vg) € Op, such
that Uy AV = Diag,, ,, 0(S5), thus :

k k

> Diag(UsSV{) = > o(S)

where givenz € RYand k € {1,...d}, > ¥z = Zle :Eli Besides, since o(USVT) =
o(S), we know from Proposition C.1.5 that :

k k

Y o(S)= sup Y Diag(USVT). (17)

(U V)EOpn

Now, if we suppose that we are given a general matrix AM,,,, and (Ug,Va) €
Op.n such that U4 AV = Diag, ,, o(A). If we introduce the matrices :

A= ( ffT) (3) ) € Mpypn, and P= ( (g) (3) > € Mpin

we have the identity :

(0) D

P/IPT< D (0)

) € Myyn,  with D = Diag, ,(o(4)).

Depending on the relation between p and n, we introduce the invertible matri-
ces :

Ia  (0) I I 1o (0)
ifd=n:Q= 0) I (0) andifd=p:Q=| —Ia Iy (0) |,
—Ig (0) Ia ©) (0) I

thenif d = n, QPA(PQ)T = Diag(c(A),0---0,—0(A)) and ifd = p, QPA(PQ)” =
Diag(c(A), —a(A),0---0). Thus in both cases, we obtain a diagonalisation of A
that allows us to generalize the identity (17)) 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, , :

0(A+ B) < o(A) + o(B).

Now that the picture is clearer, we can prove Theorem 1.2.54 :

Proof of Theorem 1.2.54. To employ Theorem C.1.1, let us show the convex-
ity conservation property of O, , from D; - Inspired by Proposition C.1.2,

we consider two non-negative diagonal matrices X,Y € D;: n, and we note

N
L(X,Y) = LZZ‘Z({X, Y}). We want to show that O, ,, - L(X,Y) is convex.
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Noting = Diag X and y = DiagY’, let us first show that L(X,Y) = K(x,y),
with :
K(z,y)={Z € DJ,,DiagZ < Az + (1 - Ay, 1 <A< 1}.

p,n?

We know from Theorem C.1.4 that for any U € D, L(U) = {Diag Z <
Diag U} and therefore, since for any ¢t € [0,1], tX + (1 — )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(z,y) is convex (we already
know that Op, - K(x,y) N D,f,, = Ppn - K(z,y) = K(x,y) by definition of the
relation <).

We consider A, B € K(z,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 — \)y and
Diag B < px + (1 — p)y, therefore :

DiagC < (tA+ (1 —t)p) = + (A -N+Q-t)1—p))ye [z

In conclusion, since X,Y € K(z,y) and K(x,y) is Pp n-invariant and convex
we recover the second inclusion K (z,y) C L(X,Y).

Thus we are left to show that O, ,, - K(z,y) is convex. We consider this time
A,Be Oy, - K(z,y), t €0,1], and we introduce C' = tA + (1 — t)B. We know
from Theorem C.1.6 that :

o(C) <to(A)+ (1 —t)o(B),

and as we saw before, that implies that Diago(C) € K(z,y). We can then
conclude with the relations

CeOpy-{Diago(C)} C Opr - K(z,y) = Op, - LIX,Y).

We can apply Proposition C.1.2 to get the hypothesis of Theorem C.1.1 that
entails Theorem 1.2.54 in our setting. O

C.2. Proof of Theorem 1.2.56

Let us first show the Lipschitz character of o, it is a well known result that can
be found for instance in [GL96] :

Lemma C.2.1 (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 (13)) that :
M(A+H) = min  max ||[(A+ H)z||

FCR"™ rzEF
dimF>n—i+1 |z|=1

IA

min <max |Az|| + max |Hx||>
FCR"™ zEF zEF
dimF>n—i+1 \ |lz[=1 lzl=1

<  min  max |Az| + max |Hz|| < MN(A)+ M\ (H),
FCR™ cEF x ER™
dimF>n—it+1 ||z|=1 lzll=1
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and the same way, we can show that A\;(A + H) > A\;(A) — A\, (H). Therefore,
we get :

|Xi(A+ H) = Ai(A)] < max(A (H), A (H)) < [ HI|.

O

Proof of Theorem 1.2.56. 1t is a simple corollary of Theorem 1.2.54. If X och)
p,n

«, and given a 1-Lipschitz, convex and &,-invariant function f : R? — R, one
can introduce the function F' defined as :

F:M,, — R
M — flo(M)).

The function F' is 1-Lipschitz thanks to Lemma C.2.1 and O, ,,-invariant because
of the uniqueness of the singular decomposition. Besides we can identify the set
D;f,, with R? and introduce a function f : D, — R verifying f(diag, ,(z)) =
f(x) for € R In that case, since f is Sg-invariant and convex, f is also
convex and since f F 1D, Theorem 1.2.54 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) ocg o, and let us consider a 1-Lipschitz, convex and O, ,-
invariant function F M., — R. The restriction F' 1D is also 1 Lipschitz,
convex and P, ,-invariant. Thus, with the same identification as before between

Dy, and R?, we can assert by hypothesis that F(X) = F‘D;rn o(X)) is a-

concentrated (we defined F‘D;rn(x) = Flps (diag, ,(2)), it is a G4-invariant

N

function). O

Appendix D: Proof of Theorem 2.3.1 : convergence of the spectral
distribution of the sample covariance

Corollary 2.2.10 states that for any z > zg :

P <’mpn(—z) — %’ITQ(;/(z) >

t> < Ce—Wn-)/e

Then if we introduce the events of o(X) :

1 ~ 1
A= { e (=) = S Qo) > 5 b
we know that
(o) (o) /4
Z]P’(An) = Z Ce ™"/ < .
n=1 n=1
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Thus the Borel-Cantelli lemma ensures that
P(mnEN Ukzn An) = 0.

Therefore, a.s., for any € > 0, there exists an integer ng > 1 such that for any
n>ng:

mp, (—z) — %’HQ(;/(z) <e.

In other words, a.s., the Stieltjes transform of F, taken in z converges to
L Tr Qs (2), and the next theorem justifies how this convergence can be ex-
ported to the sequence of spectral distributions Fj,.

Theorem D.0.1 ([BCL09|, Theorem B.9). Let H,, be a sequence of probability
distribution on R and m : C — C, a complex function. If there exists a set
D C R with an accumulation point such that :

VzeD : mpy,(z) — m(2),

then there exists a measure H in R such that :

dH(t w
Vz e D, m(z):/ti() and H, — H.
R —z

For any k € N*| let us note 2z = 2z + %, and Ay the event of probability one
“mp (zk) — %Tr le(zk) — 0”. We know that the event A = Nj>1 A has prob-
ability one as a countable intersection of events of probability one. Therefore,
if we consider the set D = {zp + %,k € N}, we know that a.s., for all z € D,

mp, (2r) — %Tr Qs — 0. To be able to exploit Theorem D.0.1, and prove The-

orem 2.3.1 one ultimately needs to show that %Tr Qs is a Stieltjes transform.
This is given by the next proposition.

Proposition D.0.2. %Tr Qs and %Tr Qs are two Stieltjes transforms.

The proof exploits an argument already exposed in [CDS11].

~ -1
Proof. Given 6 € R¥, we introduce for any m € N, Qém) = (E(gm) + zIp> ,
where we set the block matrix :
Y (0)
e = € Mpm.
(0) Yoy

We clearly have TrQy = % TYQém), the idea of the proof is to show that if
0 =4 or theta = ¢/, mip Tr Q((,m) converges to a Stieltjes transform and so does
LTr Qp.
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Let us expand our notations to our random objects, we note Q™ = Qgim (2),
where :

x@ (0)
glm) — X(m)X(q;n) _ .
= T and X(m) = .. S Mpm,nma
©  xm

where XM ..., X(™) are m independent copies of X. We know that X(m) and
all its intrinsic parameters verify the different hypothesis of Proposition 2.2.6
and we have :

Q(m) c Q((Sm) 4 Ce—(zgx/nm./:ﬁ)q/c in (Mpm,nm7 ”H)’

note that we implicitly used the identity

5l( ) _ %TI‘ (El( )EQ(—Z)) = 5TI‘ (ZEQ_;) = d;. (18)

As in Corollary 2.2.10, it can be shown that :

1 A ~2\q
Mmpmm (—2) € = Tr Qs 1+ O (z0vnm- /5% e,
p

where F("™) is the spectral distribution of S(™. Therefore, if we let m tend to
infinity, for reasons that we exposed above this Proposition, we know thanks
to the first result of Theorem D.0.1, that %Tr Qs is a Stieltjes transform as a
limit of Stieltjes transforms on a set with an accumulative point (e.g. [0, 20)).
To treat the case of % Tr Qs , one needs a similar result to (18) — it is immediate

considering the definition of ¢'.
O
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