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Liberté infinitésimale et modéles matriciels
déformés

Le travail effectué dans cette thése concerne les domaines de la théorie
des matrices aléatoires et des probabilités libres, dont on connait les riches
connexions depuis le début des années 90. Les résultats s’organisent princi-
palement en deux parties : la premiére porte sur la liberté infinitésimale, la
seconde sur les matrices aléatoires déformées.

Plus précisément, on jette les bases d’une théorie combinatoire de la
liberté infinitésimale, au premier ordre d’abord, telle que récemment intro-
duite par Belinschi et Shlyakhtenko, puis aux ordres supérieurs. On en donne
un cadre simple et général, et on introduit des fonctionnelles de cumulants
non-croisés, caractérisant la liberté infinitésimale. L’accent est mis sur la
combinatoire et les idées d’essence différentielle qui sous-tendent cette no-
tion.

La seconde partie poursuit I’étude des déformations de modéles matri-
ciels, qui a été ces derniéres années un champ de recherche trés actif. Les
résultats présentés sont originaux en ce qu’ils concernent des perturbations
déterministes Hermitiennes de rang non nécessairement fini de matrices de
Wigner et de Wishart. En outre, un apport de ce travail est la mise en lu-
miére du lien entre la convergence des valeurs propres de ces modéles et
les probabilités libres, plus particuliérement le phénomeéne de subordination
pour la convolution libre. Ce lien donne une illustration de la puissance des
idées des probabilités libres dans les problémes de matrices aléatoires.

Mots-clés : Probabilités; Matrices aléatoires; Probabilités libres ; Proba-
bilités libres de type B; Liberté infinitésimale ; Cumulants non-croisés infi-
nitésimaux ; Systéme dual de dérivation ; Subordination; Modéle matriciel
déformé ; Plus grande valeur propre; Valeur propre extrémale; Matrice de
Wigner ; Matrice de covariance empirique.



Infinitesimal freeness and deformed matrix
models

This thesis is about Random Matrix Theory and Free Probability whose
strong relation is known since the early nineties. The results mainly organize
in two parts : one on infinitesimal freeness, the other on deformed matrix
models.

More precisely, a combinatorial theory of first order infinitesimal freeness,
as introduced by Belinschi and Shlyakhtenko, is developed and generalized
to higher order. We give a simple and general framework and we introduce
infinitesimal non-crossing cumulant functionals, providing a characterization
of infinitesimal freeness. The emphasis is put on combinatorics and on the
essentially differential ideas underlying this notion.

The second part carries further the study of deformations of matrix mod-
els, which has been a very active field of research these past years. The re-
sults we present are original in the sense they deal with non-necessarily finite
rank deterministic Hermitian perturbations of Wigner and Wishart matri-
ces. Moreover, these results shed light on the link between convergence of
eigenvalues of deformed matrix models and free probability, particularly the
subordination phenomenon related to free convolution. This link gives an
illustration of the power of free probability ideas in random matrix problems.

Keywords: Probability; Random matrices; Free probability; Free proba-
bility of type B; Infinitesimal freeness; Infinitesimal non-crossing cumulants;
Dual derivation system; Subordination; Deformed matrix model; Largest
eigenvalue; Extreme eigenvalue; Wigner matrix; Sample covariance matrix.
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Notations

Throughout this document, we will use the following notations :

o R, C respectively denote the fields of real and complex numbers.

e The real and imaginary parts of a complex number z € C are denoted
by Rz and $3z.

e When A is a commutative unital complex algebra, My (A) is the set
of square matrices of size N with entries in A, and My p,(A) is the set
of rectangular matrices with N rows and p columns, and with entries

in A.
o We will use Tr for the trace of a matrix :
N
VX € My(A), Te(X) =) Xii,
i=1

and tr for the normalized trace :

1
tr = NTr.

e The (real) eigenvalues of a Hermitian matrix are enumerated in the
decreasing order
{)\1 > ZAN}

e A probability triple (2, F,P) is given by a non-empty set 2, a tribe
F on Q and a probability measure P on (Q,F). The expectation is
denoted by E.

e The Lebesgue measure on R™ is denoted by dx.
e The support of a probability measure p is denoted by supp(pu).
o [m]:={1,...,m}.

e For amap f: X — Y, when F is a family of subsets of X, we will
use the notation f(F) for the family {f(A), A € F} of subsets of Y.
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Chapter 1

Introduction to Random
Matrix Theory

1.1 General context

Random Matrix Theory was born in 1928, when J. Wishart suggested, for
statistical data analysis, to study a random matrix of fixed size [Wis28|. This
study has been carried further by several statisticians [Fis39],[Hsu39],[Gir39].
The interest in random matrices was renewed in the fifties by a nuclear physi-
cist, E. Wigner. According to the principles of quantum mechanics, the en-
ergy levels of a system may be described by the eigenvalues of an operator,
the Hamiltonian, aging on a Hilbert space of infinite dimension. In the case
of a system of highly excited nuclei involved in a slow reaction, the Hamilto-
nian is unknown, and the computations would be anyway too complicated.
Wigner proposed to replace this Hamiltonian by a symmetric random matrix
of large size. This idea was confirmed by a huge amount of empirical mea-
surements and is the origin of the study of large random matrices ([Meh04]).
Since then, new applications frequently appeared in theoretical physics, to
enumerate planar maps [Zvo97], in chords theory, in the study of growth
models [K6n05], in information theory, particularly in wireless communica-
tion, and in every subject needing the analysis of a great amount of statistical
data, etc.

The object of Random Matrix Theory is the matriz model, that is a mea-
surable map from a probability triple (2, F,P) into a measurable matrix
space. When this latter space is the set of Hermitian matrices Hy or sym-
metric matrices Sy, as in the following pages, one talks about Hermitian or
symmetric matrix models. Nevertheless, Random Matrix Theory does not
reduce to these particular models : some important matrix models are nei-
ther Hermitian nor symmetric, such as the Haar measure on the unitary and
orthogonal groups, or the Ginibre ensemble [Gin65| and its generalizations.
Once the matrix model chosen, an important question is the asymptotic

11



12 Chapter 1 : Introduction to Random Matriz Theory

global and local behaviors of its spectrum.

The global behavior is the study of the whole spectrum. More precisely,
given a matrix model Xy, how should the spectrum be normalized for the
empirical spectral measure

1N
UN = — Y Oy,
N N;)\

to converge?

The local behavior is concerned with a small amount of eigenvalues. If the
spectrum is real, we will be mainly interested in the largest eigenvalues.
One may also consider the smallest eigenvalues, completing the study of
the edge of the spectrum, or the spacings between neighbouring eigenvalues
picked, roughly speaking, in the bulk of the spectrum. The problem of spac-
ings, which is of physical interest [Meh04], was the object of a conjecture
of Wigner (Wigner’s surmise) which was proved to be wrong [Meh60], and
the results obtained ([Meh04|, [JohOla]) seem to establish an analogy with
number theory, and in particular with Riemann Hypothesis on the zeros of
the ¢ function [KS99].

1.2 Wigner matrices

Let us begin by the study of the matrix models introduced by Wigner, for
which we will adopt the following definition :

Definition 1.2.1. By real Wigner matriz of size N and associated to the
probability measure p, we mean a symmetric matrix model Wy of size
N such that ((WN)Z'Z')ISZ'SN y ((ﬂWN)ij)lgz(jSN are independent random
variables which are identically distributed according to .

We also define its complex analogue :

Definition 1.2.2. By complex Wigner matriz of size N and associated to
the probability measure p, we mean a Hermitian matrix model Wy of size
N such that

(Wn)iir<isn, V2R((WN)ij)i<icj<n, V23((Wn)ij)1<icj<n are indepen-
dent random variables which are identically distributed according to pu.

The global behavior of Wigner matrices was the object of the first asymp-
totic result in Random Matrix Theory : the semicircle law or Wigner’s The-
orem.

Theorem 1.2.3. [BS10] Let Wi be a (real or complex) Wigner matriz of
size N and associated to a probability measure p of finite variance o®. Then

a.s.
1 =
MWWN N oo Mo s
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where

o (dz) = ! V4o? — 22195 90](7)dx (1.1)

" 2702
15 the semicircle distribution of parameter o.

The first version of this theorem was proved by Wigner himself in 1955
[Wighb]. His result was the convergence of the mean empirical spectral
measure of a real Wigner matrix associated to a Bernoulli measure. He
noticed a few years later [Wigh8|] that his method could adapt to a more
general symmetric probability distribution p all of whose moments are finite.
This method, based on the convergence of the moments of the mean empirical
spectral measure towards the moments of the limiting distribution, is called
the moments method. An important remark is the identity, for each k € N :

/kadu\/lﬁWN(g;) :tr((%)k>a

allowing to express the k-th moment of the mean empirical spectral measure
as a polynomial in the moments of the entries of the matrix. One thus
obtains :

N
1
E| [ 2*d z)| = E[(WN)iris -+ (WA )igiy -
[/R M\/LWWN( )] N% ilp%:1 [(WN)iyio (WN )igia]
If k is odd, each term in this sum vanishes, by symmetry of u. Otherwise, if
k = 2K is even, then, among the terms which do not vanish by symmetry of
1, one identifies those contributing when N goes to infinity, and one proves

that their contributions correspond to the k-th moment of the probability

measure Uqs :
, .2k
2k 2k
dpig(z) = o — 22
Aw (@) =0 (K + 1)!

The quantity Cp = #ﬁrl), is known as the k’-th Catalan number for its
numerous combinatorial interpretations [Sta99].

One may prove this way the convergence in probability of the empirical
spectral measure [Gre63]. Arnold will considerably weaken the hypothesis
made on p and will also prove an almost sure result [Arn67|,[Arn71|. The
case of complex Wigner matrices is similar [WegT76].

There are other proofs of Wigner’s Theorem ; one of them characterizes the
empirical spectral measure by its Stieltjes transform :

Definition 1.2.4. The Stieltjes transform of a finite positive measure p on
R is the function G, defined by :

Gu(e) = [ 2

)
zZ— T

for any z € C\ R.
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It is easy to see that G, is actually defined and analytic on C\ supp(u).
Its behavior in the neighbooring of the support of p allows to retrieve all the
information on y :

Lemma 1.2.5. Let u be a probability measure on R.
(1) The nontangential limit at x € R of (z — x)Gu(2) exists and is equal

to p({z}).

(2) The nontangential limit at x € R of G, (z) exists almost everywhere
and is equal to —m f(z), where f is the density of the absolutely con-
tinuous part of u (with respect to Lebesque measure).

Another property of Stieltjes transform is its characterization of the con-
vergence of probability measures :

Lemma 1.2.6. Let (jup)nen be a sequence of probability measures on R.

(1) If (un)nen weakly converges towards a probability measure u, then one
has the simple convergence of G, towards G, on C\ R.

' stmply converges on owards G, then G is the Stieltjes
2) If G, simpl C\R ¢ ds G, then G is the Stieltj
transform of a subprobability u, and (p,)nen vaguely converges towards

1

The Stieltjes transform of the empirical spectral measure of a matrix
model is the normalized trace of its resolvent : if puy denotes the empirical
spectral measure of a Hermitian matrix model Xy, then

Vz € C\ R, G,y (2) = tr((zIy — Xn)7h).

This justifies the name of resolvent method given to the use of Stieltjes
transform in Random Matrix Theory. The proof of Wigner’s Theorem by
the resolvent method amounts to showing the convergence of the Stieltjes
transform of the empirical spectral measure of a Wigner matrix towards the
Stieltjes transform of the semicircle distribution, satisfying the remarkable
following functional equation :

Vz € C\R, 062G, (2)* — 2G,, (2) +1 = 0.

It is interesting that the limit of the empirical spectral measure is both
deterministic and universal, in the sense that this limit is the same (under
the same normalization) for all the Wigner matrices associated to probability
measures p sharing the same finite variance.

The second moment plays a crucial role, since the value of the variance
appears in the expression of the limiting distribution (1.1). Ben Arous and
Guionnet studied the global behavior of real Wigner matrices associated to a
probability measure u whose variance is infinite [BAGO08]. Such a probability
measure may be obtained by choosing a sufficiently heavy tail, as follows :
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Definition 1.2.7. [Sen76] A function L : Rt — R*™* is said to be slowly
varying when :
L(tx)

—
L(xz) z—+o0

Vit > 0, 1.
Definition 1.2.8. [Res07] A probability measure p on R is said to be heavy-
tailed of index a > 0 if

Ve >0, u({te R || > 2)) = L

xo
where L : RT — R™ is a slowly varying function.

For a heavy-tailed probability measure p of index o > 0, one has
Vk > a,/ |lz[*dp(z) = +oo0.
R

In particular, when « €]0;2[, the second moment of y is infinite.
It is proved in [BAGOS| that the empirical spectral measure of Wigner ma-
trices associated to heavy-tailed probability measures of index a €]0;2[ con-
verge under another normalization towards a new limiting distribution (both
depend on the value of «).
In Wigner’s Theorem, one may estimate the speed of the convergence of the
empirical spectral measure towards the semicircle distribution by considering
the uniform distance of their repartition functions. This speed is conjectured
to be of order + (see [BS10]).
A consequence of the semicircle law is that the largest eigenvalue of a Wigner
matrix satisfying the assumptions of Theorem 1.2.3 cannot be with positive
probability smaller that the right endpoint 20 of the support of the limiting
distribution. To be able to prove its almost sure convergence towards 2o,
one has to bound it almost surely by 20. Following [FK81|, one uses the
bound

AR < T (W )?), (1.2)

where (ky)nven+ is a sequence of integers going slowly to infinity, and one
then studies the large trace Tr((Wx)2*N) by a refinement of the combina-
torics involved in the proof of the semicircle law. This argument is sometimes
called the large traces method. The assumption that progressively appeared
to be minimal for almost sure convergence of the largest eigenvalue towards
20 is the existence of a finite fourth moment for pu :

Theorem 1.2.9. [BY88] Let Wi be a real or complex Wigner matriz of size
N associated to a centered probability measure pu of variance o and whose
fourth moment is finite. Then

)\1 a.s.

— 20.
\/NN:)OOU
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The necessity of the assumption of finite fourth moment, proved by Bai
and Yin [BY88|, was illustrated by the work of Soshnikov first [Sos06] and
Auffinger, Ben Arous and Péché [ABAP09| afterwards. They considered real
Wigner matrices associated to a heavy-tailed probability distribution of index
a €]0; 2] for the first named, and more generally « €]0; 4] for the others, and
they show that the largest eigenvalues suitably renormalized converge to a
Poisson process. In particular, one has :

Theorem 1.2.10. Let Wy be a real Wigner matriz of size N associated to
a heavy-tailed probability distribution p of index o €]0;2[, or to a centered
heavy-tailed probability distribution p of index o € [2;4[, and set

2
o e . < — 1
by :=inf{z > 0 | p(] — oo, —z[U]z; +o0[) < N(N + 1)}
Then
p(ﬁ <z) — exp(—x %)
by — N—+o0 P .

Under the assumptions of Theorem 1.2.9, the largest eigenvalue converg-

ing almost surely towards 20, the question of its fluctuations around its limit
is natural. They were identified by Tracy and Widom [TW94|, [TW96]| in
the case of Wigner matrices associated to the centered Gaussian distribution
of variance o (obviously satisfying the assumptions of Theorem 1.2.9).
A complex Wigner matrix of size N associated to the centered Gaussian
distribution of variance o2 belongs to the Gaussian Unitary Ensemble of pa-
rameter o2 (abbreviated G.U.E(N,0?)). Its distribution on the space Hy,
up to the identifiation Hy ~ RNZ, is the following :

1 1
— —_Tr(X?))dX
N,02,2 e 202 M)A,

PN,UQ,Q(dX) =
where Zy ;2 5 is a normalization constant to ensure that

/ PN70.2 Q(dX) - 1
Hu '

Parallely, one calls Gaussian Orthogonal Ensemble of parameter o2 (abbre-
viated G.O.E(N,0?)) the real Wigner matrix of size N associated to the
centered Gaussian distribution of variance o2, and whose distribution on the
space Sy, up to the identifiation Sy ~ RVNW+1/2 g .

1
Py o21(dX) = exp(—ETr(XZ))dX,

N,02,1
where Zy ,2 1 is a normalization constant. One analogously defines a Gaus-
stan Symplectic Ensemble.

The name Gaussian Unitary (resp. Orthogonal, Symplectic) Ensemble comes
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from the invariance of its distribution under the conjugation by a matrix from
the unitary group Uy (resp. orthogonal group Oy, symplectic group Spy).
Using this property characterizing in a sense the Gaussian Ensembles among
the Wigner matrices (see [Meh04]), Weyl’s formula provides an explicit ex-
pression of the joint distribution of the eigenvalues on RY that one can find
in [Dei99] :

N
1 B
Qn.o25(dN) = = T - /\j\ﬁexp(—raz > ADdA,
2 . -
N.o%,8 1<i<j<N i=1

where 8 = 2 (resp. 8 =1, § = 4) corresponds to G.U.E. (resp. G.O.E.,
G.S.E.). The normalization constant ZN,UQ,ﬁ may be computed using Sel-
berg’s integral [Sel44].

In the case of the G.U.E. (corresponding to 5 = 2), the point process of the
eigenvalues has a determinantal structure ([Meh04], see also [Sos00]) whose
kernel is expressed in terms of the orthogonal polynomials associated to the
weight exp(—%). These are precisely the Hermite polynomials, justifying
the name of Hermite Ensemble sometimes attributed to the spectrum of the
G.U.E.. The local behavior of the G.U.E. is thus linked to the asymptotics
of Hermite polynomials, called Plancherel-Rotach asymptotics [PR29|.

The asymptotic corresponding to the edge of the spectrum is linked to the
Fredholm determinant of the operator K 4; whose kernel is the Airy kernel :

Kai(ey) = Ai(:r)Ai’(y; - yAi’(:v)Ai(y)’

where Ai is the Airy function, unique solution on R of the differential equa-
3
tion f”(z) = zf(z) satistying f(x) ~ (471\/5)%(37%”.

T—T00

Theorem 1.2.11. Let Xy be a G.U.E(N,0?) matriz, and denote by \; its
largest ergenvalue.
Let g : R — R be the unique solution of the differential equation

¢"(x) = zq(x) +2q(2)°
such that q(x) ~ Ai(x). Then
: 2, A
lim P(N3( —20) < s) = Fy(s),

N—+o00 \/N
where Fy(s) = exp(— [["(z — s)¢*(2)dx).

There is a more general result on the fluctuations of the m largest eigen-
values of the G.U.E. [TW94]|. Moreover, from the complex case, Tracy et
Widom [TW96| deduced that the fluctuations of the largest eigenvalue of the
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G.0O.E. and the G.S.E. are at the same scale than in the complex case, but
with modified repartition functions

1 [+
Fi(s) = VB ew(—5 [ ala)d

and

1 1 [t 1 [t
Fils) = VEG)(ew(y [ al)b) +exp(—3 [ ala)d),
S S

The distributions whose repartition functions are Fp, o, Fy are now known
as the Tracy-Widom distributions. They appear in the asymptotic study
of percolation models ([BS05],[BM05],[PS00]), of growth models [Joh00], of
the symmetric group (|[BDJ99],[BDJ00],[Joh01a], [BRO1]). One may consult
[K6n05] for an introduction.
For a wide class of real (resp. complex) Wigner matrices, the universality
of fluctuations of the largest eigenvalues around their limit are conjectured
to be universal, in the sense that these fluctuations do not depend on the
particular choice of p. Soshnikov’s work [So0s99] is a great advance since it
gives a proof of universality of the fluctuations of the largest eigenvalues of
real (resp. complex) Wigner matrices associated to symmetric probability
measures u with the same variance and satisfying the subgaussian moments
condition :

3C >0, Vk € N¥, / 2 du(z) < (Ck)F.

R

In this work, universality of the fluctuations is reduced to universality of the
asymptotics of large traces similar as in (1.2), but with ky going sufficiently
fast to infinity (ky ~ N %) It remains then to refine the large traces method
of [FK81] and [BY88] following [SS98b], [SS98a]. The results of [Sos99] were
improved by the same strategy by Ruzmaikina [Ruz06], Péché and Soshnikov
[PS07], [PS08] and Khorunzhy [KV08], [Kho09], [Kho10].
Notice in [FS08] a new promising approach of the large traces method. Re-
cently, Tao and Vu proved a variant of Soshnikov’s universality result, by a
Lindeberg method, without assuming symmetry condition [TV10].
Finally, the spacings between neighbouring eigenvalues of a Wigner matrix
were the object of several recent developments : Johansson [JohO1lb]|, then
Tao and Vu [TV09b], showed that the results known to hold for the G.U.E.
for fifty years (|[Meh04|) were quite universal ; Ben Arous and Bourgade
studied the maximal spacings.

1.3 Sample covariance matrices

The interest of statisticians in Random Matrix Theory is mainly focused on
sample covariance matrices, that we define as follows :
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Definition 1.3.1. A real (resp. complex) sample covariance matrix is a
symmetric (resp. Hermitian) matrix model of size N and of the form Xy =
E%AA*E%, where A is a rectangular matrix with N rows and p columns
whose entries are independent identically distributed real (resp. complex)
random variables and ¥ is a deterministic symmetric (Hermitian) definite
positive matrix of size N. The matrix X is called true covariance matriz, p
the number of variables and N the sample size.

The matrix model originally considered by Wishart in [Wis28], named
Wishart matriz, is a particular case of real sample covariance matrix, when
one chooses for the entries of A independent real standard Gaussian vari-
ables.

We first deal with white sample covariance matrices, that is whose true co-
variance matrix is ¥ = o2Iy.

We restrict ourselves to p > N, by simply noticing that the spectra of AA*
and A*A only differ by p — N zeros.

The distribution of white Wishart matrices, in the case p > N, is absolutely
continuous with respect to the Lebesgue measure on Sy, with support in the
set of positive symmetric matrices, and density given by :

p—N-—-1

(detX) 2 exp(—

L m(x)),

Zp7N’071 20_2

where Z, N1 in a normalization constant.
This distribution is invariant under conjugation by a matrix of the orthogonal
group O, and one obtains an explicit expression of the joint distribution of
the eigenvalues, whose support is in (RT)? :

1 N o No1 1 N
— I ])\i—/\j|i1_[1)\i 2 exp(—w;Ai)dA.

Zp,N,o? 1 1<i<j<N

Once again, the normalization constant Zp7 No2,1 may be computed using
Selberg integral. The orthogonal polynomials associated to the weight

P ()

20

are explicitely known : these are the Laguerre polynomials, providing an
explanation of the name Laguerre Orthogonal Ensemble (1.O.E.) of size N
with p degrees of freedom also attributed to this model. One defines analo-
gously the Laguerre Unitary Ensemble (I.U.E.) and the Laguerre Symplectic
Ensemble (L.S.E.).

About the global behavior of white sample covariance matrices, one has the
following result :
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Theorem 1.3.2. Let (p(N))nen+ be a sequence of positive integers such that

and let o > 0, consider the real or complex sample covariance matrix Xy =

AA* where A is a rectangular matriz with N rows and p(N) columns whose

entries are independent identically distributed random variables of variance
2

o“. Then

a.s.
1 = T
Plxy Nroo "1

where

o () =~ /b~ 2)(@ — @)l (2)de, (1.3)

2no2x
setting a = 0(\/7 — 1)? and b = o*(\/7 + 1)

The distributions 7, , were identified for the first time by Marchenko and
Pastur in [MP67], and are for this reason called Marchenko-Pastur distribu-
tions. The original proof of [MP67] initiated the use of Stieltjes transform
in Random Matrix theory.

In Theorem 1.3.2, the common value of the variance of the entries of A ap-
pears in the expression of the limiting distribution (1.3). Belinschi, Dembo
and Guionnet studied in [BDGO09| the global behavior of white real sample
covariance matrices AA* when the entries of A follow a heavy-tailed distri-
bution of index « €]0;2[. The empirical spectral measure converges in this
case, under a new normalization, towards a new limiting distribution (both
depend on the value of «).

As in Wigner’s Theorem, one may study the speed of the convergence in
Theorem 1.3.2 : it seems that it is also of order %, even if this has not been
proved yet for a general sample covariance matrix [BS10].

A consequence of Theorem 1.3.2 is that the largest eigenvalue of a sample co-
variance matrix satisfying the assumptions of Theorem 1.3.2 is almost surely

greater than the right endpoint b = o%(1 + \/g)2 of the support of the lim-

iting distribution. Assuming that the distribution of the entries of A have a
finite fourth moment, one gets an almost sure convergence result :

Theorem 1.3.3. [YBKS88] Let (p(N))nen+ be a sequence of positive integers
such that

and let o > 0, consider a sample covariance matric Xy = AA*, where A
is a rectangular matriz with N rows and p(N) columns whose entries are
idependent random variables identically distributed according to a centered
distribution of variance o and having a finite fourth moment. Then

)\1 a.s. 2 2
W N:m 7 (\/"74- 1) '
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The first result of convergence of the largest eigenvalue of a sample co-
variance matrix is due to Geman [Gem80], who proved, by the large traces
method, the almost sure convergence for centered subgaussian entries. The
assumptions were progressively reduced to those of Theorem 1.3.3. The
necessity of the assumption of finite fourth moment to have almost sure con-
vergence was proved in [BSY88]|. Note that, to obtain the convergence in
probability, one knows a weaker necessary and sufficient condition [Sil89].
In [ABAPOQ9], real sample covariance matrices AA*, with entries of A follow-
ing a centered heavy-tailed distribution of index « €]0;4[, are studied. It is
shown there that the largest eigenvalues, suitably normalized, converge to a
Poisson process.

The fluctuations of the largest eigenvalue around its limit were identified in
the cases of the L.U.E [Joh00] and of the L.O.E. [JohOlc].

Theorem 1.3.4. Denoting by A1 the largest eigenvalue of a L.U.E. matriz
of size N, with p(N) degrees of freedom, satisfying

p(N)
—_— >
N N~>_+)oofy - 17
one has
2
. Ns Al o p(N) .o
lim P( (= —0“(1+/ —=72)7) < 5) = Fa(s).
N—+o0 o2(1 + /p(]{/\/))(l_i_ /p(]}fv))% N N

Theorem 1.3.5. Denoting by A1 the largest eigenvalue of a L.O.E. matriz
of size N, with p(N) degrees of freedom, satisfying

p(N)
—_— >
N NHJroofy_ 17
one has
2
. N3 Al o p(N) .o
lim P( (= —0“(1+1/ —=2)7) < 5) = Fi(s).
N—+o0 o2(1 + /p(zilV))(l_i_ /p(]}fv))% N N

As for Wigner matrices, it is conjectured that the fluctuations of the
largest eigenvalues around their limit are universal for a wide class of real
(resp. complex) white sample covariance matrices. This universality was
proved for sample covariance matrices whose entries are symmetric and sub-
gaussian in [Sos02], [Péc09], and more general entries in [TV09a).

We now focus on non-white sample covariance matrices 23 AA*Y2 where
31 is more general. Although there is a direct statistical interest of this
model, we rather view it as a deformation of the white case and we analyze
the influence of % on the asymptotic behavior of the spectrum. We restrict
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ourselves to a deterministic symmetric (resp. Hermitian) definite positive 3,
even if some results adapt to random true covariance matrices independent
of A. Such a random diagonal X, with independent identically distributed
diagonal entries, is indeed considered in [MP67]. We will also make the
following assumption on 3 :

= 1.4
oo =P (1.4)
where p is a compactly supported probability measure on RT.

The influence of the deformation on the global behavior is the following :

Theorem 1.3.6. [Sil95] Let (p(N))nen+ be a sequence of positive integers
such that
p(N)

— >1
N N—»—&-ooﬂ)/ ’

and let X be a deterministic Hermitian positive definite matriz satisfying
condition (1.4), consider the sample covariance matriz Xy = L2 AA*Y?2,
where A is a rectangular matriz with N rows and N columns, with real or
complex independent entries identically distributed according to o distribution
of variance 1. Then

a.s.
1 = T
'U/WXN N—too VP
where 7, , is characterized by :

1
GW%P(Z) - A zZ — t(l + ’YZGT"%P (Z))

pldt). (1.5)

We are now in position to examine the convergence and the fluctua-
tions of the largest eigenvalue of a sample covariance matrix. For instance,
Bai and Silverstein proved, under certain additional assumptions compared
to T heor?m 1.3.?, the almost sure convergence of the largest eigenvalue of
Xy = X2 AA*Y2 towards the right endpoint of the support of the limiting
distribution 7, , [BS98|. They put into evidence a more precise phenomenon,
the exact separation phenomenon : to any compact interval I in the comple-
mentary of the spectrum of 3, one associates an explicit compact interval J
in the complementary of the spectrum of Xy for N sufficiently large, and
moreover there are as many eigenvalues of X on the right of J as eigenval-
ues of ¥ on the right of I [BS99]. In the same direction, El Karoui proved, for
non-white Wishart matrices associated to a large choice of true covariance
matrices, not only convergence of the largest eigenvalue towards the right
edpoint of the limiting support, but also that its fluctuations were governed
by Tracy-Widom distribution [EK07|. However, some choices of ¥ perturb
the behavior of the largest eigenvalue. This is sometimes the case with the
spiked population model, introduced by Johnstone [JohOlc|.
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Definition 1.3.7. By spiked population model we mean a sample covariance
matrix whose true covariance matrix ¥ is a deterministic diagonal matrix of
size N and of the form :

Y = Diag(01,...,0,,1,...,1),
where 61 > --- > 0,.

Baik, Ben Arous and Péché established in [BBAPO5| a phase transition
for the largest eigenvalue of the spiked population model.

Theorem 1.3.8. Let Xy be a Gaussian spiked population model defined
above, with r,01,...,0, fired independently of N and

p(N)
ASAPA >
N N:m vzl
then :
o if=...=0>1+ /7 and Oy > O,
VN A 1
(NI—U 701 (1 m) <s) N Gr(s),
\/79 7(91 1)? z)
where Gy, is the distribution of the largest eigenvalue of a G.U.E(k,1).
] if@lz...:0k21—|—\ﬁ et 011 <1—|—\ﬁ,
Niys N

P— (*—U(1+f)) s) o Fipa(s),

(1+f)§ N—+o00

where Fi19 is a modification of Tracy-Widom distribution.

o ifh <1+,/1,

o=

Niys M\
P(m(ﬁ —o*(1+7)*) <s )N—jroo Fy(s),

where Fy is the Tracy- Widom distribution.

This result was generalized in different directions : to real spiked pop-
ulation models by Paul (at least for the first point)[Pau07], singular spiked
population models by Onatski [Ona08], non-Gaussian by Baik and Silver-
stein for the convergence [BS06] and Bai and Yao on the one hand [BY08b],
Feéral and Péché on the other hand [FP07], for the fluctuations. The argu-
ments of Bai and Yao allow to deal with non-diagonal ¥ (but still with a
fixed number of eigenvalues different of 1). An improved result was recently
proved by Bai and Yao, about the following generalized spiked population
model :
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Definition 1.3.9. By generalized spiked population model we mean a sam-
ple covariance matrix whose true covariance matrix Y is a deterministic
Hermitian positive definite matrix of size N with r fixed eigenvalues 67 >
-+ >0, and N — r other eigenvalues (8; N)i<i<N—r-

The result is the following :

Theorem 1.3.10. Let Xy be a generalized spiked population model of size
N defined above ; assume that r,01,...,0, are fived independently of N, that

p(N)
N N—+o0o

=
120 Notoo P,

v=1

dist(3; 0
| Jmax dis (Bi,n,supp(p)) N oo

and (||X])nen+ is bounded. Then, denoting

0() =0+0 [ ol

o if 0; is the m;-th eigenvalue of X (in the decreasing order) and satisfies
Y'(0;) > 0, one has almost sure convergence of /\ﬁi towards (0;) with

Gaussian fluctuations.

o if 0; is the m;-th eigenvalue of X (in the decreasing order) and satisfies
Y'(60;) <0, there are two cases :

— if the mazimal interval of the complementary of the support of p
contains a subinterval I on which 2’ is positive, then one has al-

Am; . .
most sure convergence of =+ towards 1 (x) where x is an endpoint

of I ;
— otherwise, )‘;V”i almost surely converges to the p([0; A\, ])-quantile

of T.p-

1.4 Additively deformed model

The content of the last part of the preceding Section was the study of the
influence of a multiplicative perturbation on the local behavior of sample
covariance matrices. We now investigate the influence of an additive pertur-
bation on the local behavior of Hermitian matrix models.
We restrict to fixed (independently of N) rank r perturbations. In this case,
the empirical spectral measure of the deformed model still almost surely con-
verges towards the semicircle distribution (1.1).
For a deformed G.U.E. -

—N 1 An,

VN
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where Wy is a G.U.E(N, 0?) matrix and Ay is a deterministic Hermitian
matrix of rank r fixed independently of N and whose r nonzero eigenval-
ues are fixed, Johansson, following the work of Brézin and Hikami [BH96],
|[BHO7], proved in [Joh01b] that the spectrum still has a determinantal struc-
ture, with a modified kernel. His result, which applies to a more general
deformed model, relies on Harish-Chandra-Itzykson-Zuber integral and on
an interpretation in terms of nonintersecting Brownian motions. In [Péc06],
Péché obtains, by a saddle point analysis, the local statistics at the edge of
the spectrum of the deformed G.U.E(N, o) via the asymptotic of the kernel.
Her approach adapts to a perturbation whose rank is negligible compared
to N. One observes a phase transition phenomenon analogous to Theorem
1.3.8: denoting by 6; the largest eigenvalue I?Vf Ap, the limiting value and the
N

fluctuations of the largest eigenvalue A\ of v T Apn depend on the position

of 6 with respect to o :

e if 1 < o, one has convergence of A1 towards 2¢ with Tracy-Widom
fluctuations.

e if §; = o, one still has convergence of \; towards 20 but with modified
fluctuations.

e if 01 > o0, one has convergence of \; towards pg, := 01 + ‘;—f > 20, with
Gaussian fluctuations.

As in the multiplicative case, the phase transition phenomenon exhibits some
universality. Péché and Féral proved indeed in [FP07] that the conclusions
above still hold for a deformed Wigner model
Wn
N + An,

where Wy is a real or complex Wigner matrix of size N associated to a sym-
metric subgaussian distribution with variance 02, and Ay is a deterministic
matrix whose entries are all equal to % where 6 is any fixed real number.
Without an explicit formula for the density of the eigenvalues, beyond the
Gaussian case, Féral et Péché’s strategy is the large traces method, as devel-
oped by [SS98b], [SS98a|, [S0s99]. Recall that, in this method, one links the
convergence and the fluctuations of the largest eigenvalue of a matrix model
to the asymptotics of large traces, for which it is possible, by an ad-hoc com-
binatorics, to prove that they only depend on the values of § and o. This
implies that the asymptotic behavior of the largest eigenvalue is the same in
the general case as in the Gaussian case. The result of [FP07] is completed
by the older result of [FK81] on the largest eigenvalue of Wigner matrices
associated to a non-necessarily centered distribution. The results of [FP07]
are limited by the very particular form of the perturbation Ay, of rank 1
and all of whose entries are equal.
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More general finite rank perturbations are considered in the work of Capi-
taine, Donati-Martin and Féral in [CDMF09]. Note that the model, as well
as the method used and the conclusions obtained, are a bit different than the
preceding. More precisely, the model, authorizing more general finite rank
perturbations, also replaces the subgaussian moments condition on the dis-
tribution u of the entries of the Wigner matrix, by an assumption of Poincaré
wmequality, that is :

Definition 1.4.1. A probability measure p on R satisfies a Poincaré inequal-
ity if there exists a positive constant C such that, for all function f: R — C
of class C! and such that f and f’ are in L?(u),

V() <C / 2,

where V(f) = E(|f — E(f)|?) denotes the variance of f.

The convergence result of the largest eigenvalues in [CDMFO09] is the
same phase transition as in previous works.

Theorem 1.4.2. [CDMF09] Let W be a real or complex Wigner matriz
of size N associated to a symmetric probability measure of variance o and
satisfying o Poincaré inequality, let Ax be o fized rank r deterministic sym-
metric or Hermitian matriz having a fired number J of real nonzero fired
distinct eigenvalues

01 >--->0y,

of muliplicities k; (of course Z;'le ki = r), among which Ji, (resp. J_s)
are greater than o (resp. lower than —o). Then, for 1 < i < Jy, or
J—J_+1<i< N, the k; eigenvalues

Asi

j=1

DA

—1kj+17 " b

of ﬁWN + AN (in the decreasing order) converge almost surely towards pe, .

Moreover,
A 25 20
Zjif ki+1 N—+oo ’

a.s.
AN_Z;:J—J70+1 kj+1 N:oo —20.

However, another progress of [CDMF09] is to put into evidence the non-
universality of fluctuations : there are perturbations, a matrix whose only
nonzero entry is at first row and first column and is greater than o for in-
stance, which bring fluctuations of the largest eigenvalue depending on the
distribution of the entries of the Wigner matrix. A more careful study of
these non-universal fluctuation is carried in [CDF09].

The plan of the proof of Theorem 1.4.2 follows the proof of the result of
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Baik and Silverstein on sample covariance matrices [BS06|, as suggested by
Féral in her PhD dissertation : they first show an almost sure inclusion,
for N large enough, of the spectrum of ﬁWN + Ay in a neighborhood of
the set composed of the support of the semicircle distribution and of the
{po, }1<i<s. Then, they establish, an exact separation phenomenon between
the spectrum of Ay and the spectrum of ﬁWN + Apn. Nevertheless, the
strategy differs from [BS06] in the proof of the inclusion of the spectrum,
prefering a method initiated by Haagerup and Thorbjornsen in [HT05], and
developed further in [Sch05], [CDMO07|. This method relies on a precise es-
timation of the Stieltjes transform of the mean empirical spectral measure.
A systematic study of the largest eigenvalues and of their associated eigen-
vectors is carried by Benaych-Georges and Rao in [BR09| for general unitarily
invariant models deformed by finite rank perturbations. Their elegant proof
mixes arguments from linear algebra and from concentration of measure the-
ory.
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Chapter 2

Introduction to free probability

2.1 From operator algebra to free probability

Free probability is rooted in the theory of operator algebras, more precisely
in the problem of classification of structures named von Neumann algebras,
because the mathematician John von Neumann introduced them in the thir-
ties.

Definition 2.1.1. Let H be a Hilbert space, a von Neumann algebra in ‘H
is a x-subalgebra A of the algebra of bounded linear operators of H equal to
its bicommutant :

A=A"

Among von Neumann algebras, let us focus on those built from a dis-
crete group G. On the Hilbert space [?(G), equipped with an orthonormal
basis (eg)geq, consider the left regular representation A on G defined by
A(h)(eg) = eng. Then L(G) := A(G)" is a von Neumann algebra in (*(G),
called the group von Neumann algebra of G.

The group von Neumann algebra of a discrete group G has a state, that
is a linear functional ¢ which is positive (Va € L(G),p(x*z) > 0) nor-
malized (¢(1) = 1), and with the special properties of tracialty (Vx,y €
L(G),¢(zy) = ¢(yx)), and ultraweak continuity.

Any commutative von Neumann algebra being isomorphic to an algebra of
essentially bounded random variables L*°(Q, F,P), which, equipped with
the expectation E, is the framework of classical probability, we adopt the
following definition :

Definition 2.1.2. We call W*-probability space the pair (A, ), where A
is a von Neumann algebra in a Hilbert space H, and ¢ is a ultraweakly
continuous state.

We often work in the following simpler and more general structure, which
is the framework of noncommutative probability :

29
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Definition 2.1.3. We call noncommutative probability space the pair (A, ¢),
where A is a unital complex algebra, and ¢ is a linear functional on A
satisfying ¢(14) = 1.

In a noncommutative probability space (A, ¢), A plays the role of the set

of random variables L>°(Q, F,P) in classical probability, and ¢ the role of
the expectation E. The elements a € A are therefore called noncommutative
random variables.
If n # m are two distinct positive integers, we know that the free groups
F,, and F,, are not isomorphic, but the problem to decide whether their
von Neumann algebras are or not isomorphic remains open. The idea of
Voiculescu, motivated by this isomorphism problem, was to translate the
algebraic freeness condition from the level of groups to the level of group
algebras and to develop a noncommutative probability theory, on a noncom-
mutative probability space, in which this new notion of freeness plays the
role of independence in classical probability [Voi85].

Definition 2.1.4. Let (A, ¢) be a noncommutative probability space, unital
subalgebras (A;);cr are said to be free if they satisfy the following condition:

If 49,...,i, € I are such that iy # io #£ ... # iy,
and if a; € A;y,...,ay € A;, are such that p(a1) =+ = p(a,) =0,
then p(a;---an) = 0.

Subsets of (A, ¢) are said to be free if the unital subalgebras they generate
are free.

The program of free probability is the development of a free version
of the classical theory of probability. One may distinguish two alternative
approaches : the analytical approach and the combinatorial approach.

2.2 Analytical approach

In a classical probability space (L*°(Q2, F,P),E), the distribution of a com-
plex random variable X is a probability measure ux on C, defined, for each
Borel set B of C, by

px(B) =B(X~Y(B)).

In a W*-probability space (A, ), one defines the distribution of a non-
commutative random variable a € A, under the extra assumption that it is
normal, that is satisfying a*a = aa®, in the following way : using the spectral
theorem, one associates to the linear functional

[ o(f(a)),
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defined on the set of measurable maps on C, a compactly supported proba-
bility measure p, on C satisfying, for each measurable map f, the relation:

o(f(a)) = /R F(@)dpaa(2).

The measure u, is the distribution of the noncommutative random variable
a. For any compactly supported probability measure p on C, it is possible
to construct a W*-probability space (A, ) and a normal noncommutative
random variable a € A with distribution u.

In the same way as, in classical probability, one may realize in a probability
space two independent random variables of given distributions, one may also
realize in a W*-probability space two free noncommutative random variables
of given distributions, by the construction of a free product [VDN92].

2.2.1 Free additive convolution

In the correspondence above between normal noncommutative random vari-
ables and compactly supported probability measures on C, the selfadjoint
variables, satisfying a* = a, correspond to compactly supported probability
measures on R. Using the free product, one defines an operation on com-
pactly supported probability measures on R, named free additive convolu-
tion, and denoted by H : if u and v are two compactly supported probability
measures on R, B v is the distribution of a + b, when a and b are free self-
adjoint noncommutative random variables of respective distributions p and
v [Voi86]. The operation H was successively extended to probability mea-
sures with finite variance [Maa92|, then to general probability measures on
R [BV93].

The linearization of the classical convolution of measures is obtained by the
log-Fourier transform ; its free analogue is called the R-transform [Voi86],
[BV93]. For a probability measure p on R, the Stieltjes transform G, has a
right inverse K, defined on a domain of the form

U{z=2+4+iy:0<y<dq,z<ay}.
a>0

Definition 2.2.1. Let p be a probability measure on R, we call R-transform
of p1 the function R, defined by

R,(z) == K,(z) — —.

Theorem 2.2.2. Let o and v be two probability measures on R, then there
exists a domain of the complex plane where R,m,, R, and R, are defined
and related by :

Rym, = R, + Ry
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Free additive convolution of probability measures has an important prop-
erty, called subordination :

Theorem 2.2.3. Let p and v be two probability measures on R, there exists
a unique analytic map wy, : Ct — CT such that

Vz e CT, Gum(2) = Gulwuw(2)),

Vz € CT,Swy,(2) > Sz

and »
hIIl w}’L?V (Zy)

yl+oo 1Y

= 1.

This phenomenon, first observed by Voiculescu under a generic assump-

tion [Voi93], was proved in full generality in [Bia98]. A new proof was
given later, using a fixed point theorem for analytic self-maps of the upper
half-plane [BB07|. Subordination allowed to prove some remarkable regular-
ity properties of the free additive convolution of two probability measures
([Voi93],[BV95],|Bia97a],[BVIS|,|BB04],[Bel06],[Bel08],[BBGG09]) or to give
a new definition of free additive convolution [CGO8al.
Following the analogy with classical probability, one proves free versions of
the most famous limit theorems : weak law of large numbers [BP96], central
limit theorem (|Voi86],[BV95|,[Kar07]|) or Poisson theorem. We state here a
version of the free central limit theorem :

Theorem 2.2.4. Let (ay,)nen+ be a sequence of free noncommutative random
variables in a noncommutative probability space (A, ), satisfying :

Vn € N*, p(a,) =0,

1 n
lim — ng(a?) =02 >0,
=1

n—-+oo N 4

supyp(al) < oo.
1€N*

Then

n = .
'Ulﬁ Zz‘:l ai n—-4oo MG

It is remarkable that the limiting distribution in the free central limit
theorem is the semicircle distribution, exactly as in Wigner’s Theorem. This
distribution is therefore the free analogue of the Gaussian distribution ; one
sometimes calls it the free Gaussian distribution. The free Poisson distribu-
tions appear as the limits in the free version of the free Poisson theorem:

Theorem 2.2.5. Let v >0, 0 > 0, then

(1= Dydo+ Lo, =m0
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The free Poisson distributions coincide with the Marchenko-Pastur distri-
butions. Free Poisson and free Gaussian distributions are particular cases of
H-infinitely divisible distributions, whose definition is the following rewriting
of the classical definition :

Definition 2.2.6. A probability measure p on R is said B-infinitely divisible
if, for each n € N*, there is a probability measure u, on R such that :

=y,

Infinitely divisible distributions are important for two reasons : on the
one hand, they are the distributions p generating a free additive convolution
semigroup (¢ )e>o0 (satisfying po = do, p1 = p, ps B e = psye, Vs, £ > 0 and
t — i is continuous for the weak-* topology) allowing to define a process
with free and stationnary increments. We denote then p; = p®. Notice
that, contrary to the classical case, for each probability measure y, one may
define a partial free additive convolution semigroup (u¢)e>1 ([BV95],[NS96]).
On the other hand, infinitely divisible distributions are the possible limits in
free convolution limit theorems [BP0O].

The R-transform of a free additive infinitely divisible distribution has a rep-
resentation, analogous to the Lévy-Hincin representation of the log-Fourier
transform of classical infinitely divisible distributions [BV93] : there is a
nonnegative real number 8 > 0 and a finite positive measure ¢ on R such

that
z+t

1—1tz

VzeC™, Ry(z) =0 —|—/ do(t).

R
The analogy is deeper, since Bercovici et Pata built a bijection between
classical and free infinitely divisible distributions, with the nice property to
conserve the partial domains of attraction [BP99|.
The study of limit theorems, initiated by Bercovici and Pata, was general-
ized to infinitesimal triangular arrays by Chistyakov and Goétze [CG08a| and
Bercovici and Wang [BWO08al.

2.2.2 Free multiplicative convolution

Contrary to the classical case, in which the exp function allows to deduce
results on multiplicative convolution of probability measures from results on
additive convolution, free multiplication requires a special study.

Free multiplicative convolution, denoted by X, is an operation defined on
two sets of probability measures : probability measures on the unit circle T
and compactly supported probability measures on R™ [Voi87].

Probability measures on T correspond to unitary noncommutative random
variables, that is satisfying a*a = aa* = 1 4. The free multiplicative convolu-
tion associates to a pair of probability measures p and v on T the distribution
uXwv of ab, where a and b are free unitary noncommutative random variables
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of a W*-probability space (A, ¢) with respective distributions y and v.
Compactly supported probability measures in R correspond to noncommu-
tative random variables that one can write as z*z, for an « € A : they are
said positive. Free multiplicative convolution associates to a pair of com-
pactly probability measures 4 and v on RT the distribution pXv of a%ba%,
where a and b are free positive noncommutative random variables of a W*-
probability space with distributions p and v. As in the additive case, free
multiplicative convolution was extended to an operation on general probabil-
ity measures on Rt [BV93]. We choose to detail the study of this extended
operation.

The role of Mellin transform in classical probability is played in free proba-
bility by the S-transform [Voi87],[BV93] :

Definition 2.2.7. Let p # dp be a probability measure on R, the function

u(z) = / Lz

(Cl—Zt

is invertible on the half-plane iC", with inverse y,. We call S-transform of
 the function S, defined by :

Su(z) = z —: 1xu(z).

Theorem 2.2.8. Let i # & and v # &y be two probability measures on RT,
then there exists a domain of the complex plane where

S = SuS,.

The difficulties set by centered measures are discussed in [RS07| and
[AEPA09]|. Free multiplicative convolution also presents a subordination
phenomenon (|Bia98],[BB07]), allowing to deduce regularity results on the
free multiplicative convolution of measures (|Bel03|,[BB05]) :

Theorem 2.2.9. Let yu # 6y and v # &y be two probability measures on RT,
there exists an analytic map w : Ct — CT such that

Vz € C, ¢umy(2) = Yu(w(z))

and
Vz € CT, arg(w(z)) > arg(z).

One defines X-infinitely divisible distributions :

Definition 2.2.10. A probability measure p on RT is said X-infinitely di-
visible if, for each n € N*, there exists a probability measure p,, on R* such
that :

o= pe.
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According to [BV93], a probability measure g on Rt is K-infinitely di-
visible if and only if g = §p or there is a real number a € R, a nonnegative
number b > 0 and a positive measure ¢ on R such that

z

|
Vz € Ct, ,(2) := Su( ) :exp(a—bz—l-/ iz

0 z—1

do(t)).
- o(1))
The study of multiplicative limit theorems, initiated by Bercovici and Pata
[BP0O0|, was generalized to infinitesimal triangular arrays by Bercovici and
Wang [BW08b| and Chistyakov and Gotze [CGO8D.

2.3 Combinatorial approach

For the combinatorial approach of free probability, the framework is a non-
commutative probability space (A, ) in which the distribution of a non-
commutative random variable is defined as the linear functional u, on C[X]
satisfying :

VP € CIX), ja(P) = p(P(a)).

A Dbenefit of this approach is to take into account n-tuples of noncomutative
random variables. The distribution of a n-tuple of noncommutative random
variables (ai,...,a,) € A" is simply the linear functional on the space of
noncommutative polynomials in n indeterminates C(X7y, ..., X,,) defined by:

VP € C(X1,..., Xn)s Hay,...an)(P(X1, .., Xn)) 1= @(P(ay, ..., an)).

We have an algebraic free product construction, allowing to define oper-
ations of free additive and multiplicative convolution on the set of linear
functionals on the space of noncommutative polynomials in n indeterminates

C(X1, ..., Xn).

2.3.1 Non-crossing partitions

There is a combinatorial approach to classical probability, due to Rota, with
framework the lattices of partitions of finite sets.

A partition of a finite set E is a family p = {V1,...,V;.} of non-empty and
disjoint subsets of E such that

s
UV, =FE.
i=1

The subsets Vi,...,V,. are called the blocks of p ; the set of blocks of p is
denoted by bl(p), its cardinal by |p|.

Two elements i, j of E belonging to the same block of a partition p are said
linked in p and we denote this by ¢ ~, j.

On the set I1g of all partitions of E, one defines a partial order <, the reverse
refinement order, by :
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p < q if and only if any block of p is included in a block of q.

In the partially ordered set (IIg, <), any pair (p,q) of partitions has a least
upper bound p Vi1, ¢ and a greatest lower bound p A, ¢ : (Ilg, <) is a
lattice.

The combinatorics of free probability is governed by non-crossing partitions.
Non-crossing partitions, whose study was initiated by Kreweras [Kre72], are
partitions of a totally ordered set (F, <) without crossing. More precisely,
for a non-crossing partition p of (E, <), whenever i < j < k <[ with i ~p, k
and j ~, [, one necessarily has i ~,, j.

A block W of a non-crossing partition p of (E, <) is called an interval-block if
it is of the form W ={z € E:a < x < b}, for a < bin E. Any non-crossing
partition has an interval-block, and it is easy to check the stronger following
statement : let p be a non-crossing partition of (E, <), let V' be a block of p,
and let a and b be consecutive in V' (meaning (i,7) NV # (). If the interval
(i,7) is itself non-empty, then there exists a block-interval W in p such that
W C (i,7).

The set (NCA(E), <) of non-crossing partitions of (E, <) equipped with
the reverse refinement order is a lattice. Its maximal element 1r has E for
only block ; its minimal element O has each singleton of E as a block. When
E=[m]:={1<...<m}, we write NC)(m) instead of NC“)([m]).

It is nice to represent a non-crossing partition p € NC(m) in the fol-
lowing geometric way : represent 1,...,m by equidistants points clockwisely
ordered on a circle, and draw, for each block of p, the convex polygone whose
vertices are the elements of the block. It is necessary and sufficient for a par-
tition to be non-crossing that the polygones built this way do not intersect.
The lattice of non-crossing partitions has two remarkable properties : it is
selfdual and its intervals have a canonical factorization.

The selfduality is a consequence of the existence of an anti-automorphism
discovered by Kreweras |Kre72|, the Kreweras complementation map, de-
noted by Kr, and defined as follows : given a non-crossing partition p of [m],
Kr(p) is the biggest partition (for the reverse refinement order) of

m] :={1<...<m}

such that p UKr(p) is a non-crossing partition of

[m] U [m] = {

There is an elegant geometric construction of the Kreweras complement of a
non-crossing partition. The number of blocks of the Kreweras complement
of a non-crossing partition is related to the number of blocks of this partition
by the formula :

—

<I<...<m<m}

Ip| + |[Kr(p)| = m+ 1, Vp e NCW (m). (2.1)
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Notice also that, for p € NC(m), the description of Kr?(p) is easy
in the geometric representation above : Kr?(p) is obtained from p by a
counterclockwise rotation of angle %’r
In addition to selfduality, the lattice (NC)(m), <) has another important
property : its intervals, that is the sets of the form

[p.q) = {m € NCW(m) | p <7 < g},
have a canonical factorization :

Theorem 2.3.1. [Spe94] For p,q € NC™(m) satisfying p < q, there is a
sequence of integers (ki, ..., kny) € N™ such that

[p,q] = NCO (1) .. 5 NCW (m)Fr.

As a finite partially ordered set, (NC)(m), <) is the frame of a convo-
lution operation and of a Moebius inversion formula :

Proposition 2.3.2. There is a function
Mab™Y : {(p,q) € NCW(m) | p < ¢} — C,

such that, for f,g: NCA) (m) — C, the following formulas are equivalent:

Vpe NCW(m), f(p)=_9g(q). (2.2)
¥p e NCW(m), g(p) = f(a) M5 (g, p). (2.3)

M3b“) s called the Moebius function of NC') (m).

2.3.2 Non-crossing cumulant functionals
We adopt the following notation :

Notation 2.3.3. Let A be a unital complex algebra, let (a1, ...,a,) € A",
and let V ={v; < ... <wvp} C[n], then we denote

(a1, ap) |V i=(Gyyy ...y ay,) € A™.

For a family of multilinear maps (1, : A" — C)7°,, one defines, for each

n € N and each 7 € NC™(n), the n-linear functional 7 : A" — Cj, by
re(ar, ... an) == [ rv((a1,. .. an) | V).
Ver

A fundamental object in the combinatorial approach of free probability
is the family of non-crossing cumulant functionals, defined in [Spe94] by the
free moment-cumulant formula :
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Definition 2.3.4. Let (A, ) be a noncommutative probability space, the
non-crossing cumulant functionals are the family of multilinear functionals
(kn + A" — C)°2,, uniquely determined by : for each n > 1 and each

n=1»

ai,...,an € A,

> rplar,. . an) =p(ar--an). (2.4)

peNCA) (n)

The formula (2.4) has an inverse by Moebius inversion :

fnlan,...an) = Y Mob(p,1,)ep(a1, ..., an), (2.5)
pENC(A) (n)

generalizing simply by

Kp = Z MsbA) (7, p) - oW Vp e NC(n). (2.6)
TeNC(n), m<p

The multilinear functionals (¢, : A" — Ci)52 implicitely used in formula
(2.5) are obviously defined by

on(ar,...,an) = play---ay).
The non-crossing cumulant functionals have the following properties :

Proposition 2.3.5. One has ky(a1,...,a,) =0 whenever n > 2,
ai,...,an € A, and there is 1 < i < n such that a; € Cl 4.

Proposition 2.3.6. [KS00] Let x1, ...,z be in A, and consider products of
the form

A1 = X1 " Tgyy A2 = Tgy41 """ Tsgy -+ an:$sn_1+1"'$sn,

where 1 < s1 <89 < - <8, =8. Then

En(al, ... ap) = Z Kre(X1,...,25),

TeNC(s) such
that TVvVO=14

where 8 € NC(s) is the partition :
0={{1,....s1},{s1+1,....8} ..., {sn1+1,...,8n}}.

The importance of non-crossing cumulant functionals in free probability
comes from the following result, due to Speicher :
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Theorem 2.3.7. [Spe94] Let (A, ) be a noncommutative probability space
and let My, ..., M,, be subsets of A. The following statements are equiva-
lent:

(1) My,..., My, are free.

(2) For each m > 2, each iy,...,im € {1,...,n} not all equal, and each
ar € Mi,,....,am € M, , one has kp(al,...,a,) = 0. One says that
My, ..., M, have vanishing mixed cumulants.

An immediate corollary of this result is the simple formula describing the
addition of two free n-tuples of noncommutative random variables :

Proposition 2.3.8. Let (A, ) be a noncommutative probability space, and
My, My be free subsets of A. Then, for each n > 1, and each n-tuples
(a1,...,an) € MY, (b1,...,by) € MG, one has :

En(ar +b1,...,an +by) = kp(ar,...,an) + En(br, ..., by). (2.7)

More surprisingly, non-crossing cumulants describe the multiplication of
free n-tuples :

Proposition 2.3.9. Let (A, p) be a noncommutative probability space, and
let My, My be free subsets of A. Then, for each n > 1 and each n-tuples
(a1,...,an) € MY, (b1,...,by) € M3, one has :

fn(atbr, . anbe) = Y Kplar, s an)k g (01 ba). (2.8)
peENC(A) (n)

These two results may be written in a more compact form by the use
of formal series. For simplicity, we restrict ourselves to the case of a single
variable, and we will use the following notation :

Definition 2.3.10. Let C be a unital complex algebra, we denote by @((ZA)

the set of formal power series of the form
o
f(Z) = Z a’nzn7
n=1

where the o,,’s are elements of C.

An important example of formal power series of @((;4), is the series :

C((ZA)(Z) = Z 12",
n=1

An operation on formal power series with complex coefficients is introduced
in [NS96|, as a convolution on the lattices of non-crossing partitions. Here
is the definition, in the case of a single variable, but with coefficients in any
commutative complex unital algebra.
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Definition 2.3.11. On @éA), one defines a binary associative and commu-

(A)

tative operation , as follows : if

n=1

and

= iﬁnz” € @(CA),

then flc g is the formal power series > > | 72", where

h
Ym = Z (H ®card( E) H Bcard

peNCAW (m) =1
pZ:{El,...,Eh}
Krp):={F,...F}

A formal power series f € Q(C ) is invertible with respect to ((3 ) if and

only if its coefficient of degree 1 is itself invertible in the algebra C. In
( )

particular, CéA is invertible with respect to , and we call its inverse

the Moebius series, denoted by Mobé ). The proofs of these statements are
direct adaptations of the proofs one can find in [NS96].

Definition 2.3.12. Let (A, ¢) be a noncommutative probability space, and
let a € A be a noncommutative random variable. We call moments generat-
ing series of a the formal power series :

=3 plamx" e 0, (2.9)

n=1

and R-transform of a the formal power series :
Zmn o)X eol, (2.10)

The free moment-cumulant formula (2.4) and its inverse (2.5) read at the
level of formal power series :

Proposition 2.3.13. Let (A, p) be a noncommutative probability space, and
let a € A be a noncommutative random variable. Then, one has :

M = RO

Ry = MM MoptY
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The importance of the operation ((CA) in free probability comes from the

fact, proved in [NS96], that ((CA) furnishes the combinatorial description of
the multiplication of two free noncommutative random variables, in terms of
their R-transforms.

Proposition 2.3.14. [NS96] Let (A, ) be a noncommutative probability
space, and let a, b be free noncommutative random variables in A. Then, one
has

Royvp = Ry + Ry

and
Rap = Rl Ry,

Although the proposition above generalizes without difficulty to free n-
tuples of noncommutative random variables, the single variable case has
some special features. One may for example define a Fourier transform for
multiplicative functions on non-crossing partitions [NS97| : this is a map
F associating to a formal power series f(X) in one indeterminate and with
nonzero coefficient of degree 1 (to ensure invertibility with respect to com-
position of maps) the formal power series F(f)(X) := %ﬂ_l) (X). The map
F has the important property to transform the operation |4 into the multi-
plication of formal power series : F(f(Yg) = F(f) - F(g). If a € (A, )
is a non-centered noncommutative random variable in a noncommutative
probability space, the series F(R,) is the combinatorial approach to the
S-transform.

Definition 2.3.15. Let (A, ) be a noncommutative probability space, the
S-transform of a non-centered noncommutative random variable a € A is
the formal power series S, defined by :

1
Sa(X) = XR@ D(x).
Proposition 2.3.16. Let (A, ¢) be a noncommutative probability space, and
let a,b € A be two non-centered noncommutative random variables, then one
has :

Su(X) = Su(X)Sy(X).

The R- and S-transforms of a compactly supported probability mea-
sure p are analytic in a neighborhood of 0 and one may thus identify their
power series developments to the formal power series given by the R- and S-
transforms of a noncommutative random variable in a W*-probability space
having distribution u. This is equivalent to identifying a compactly sup-
ported probability measure on R to the sequence of its moments : this is a
simple particular case of the famous moments problem.
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2.4 Relation to Random Matrix Theory

In the first chapter, we studied random matrices from the point of view of
classical probability, as random variables with values in a matrix space, in
general noncommutative. We may also take the point of view of noncommu-
tative probability.

We have to restrict ourselves to the algebra My (L%7) of matrix models
whose entries are random variables with finite moments. On this algebra,
the expectation of the normalized trace

p(M) = E[tr(M)]

is a linear normalized (and tracial) functional : we get a noncommutative
probability space.

The fundamental fact, discovered by Voiculescu in 1991 [Voi91], is that free-
ness appears as the asymptotic relative position in this space of certain inde-
pendent matrix models, when their size goes to infinity : this is asymptotic
freeness.

Definition 2.4.1. Given a sequence of noncommutative probability spaces
(Apn, ©n)nen, a sequence of families of noncommutative random variables

((al(-n))ie I)nen converges in distribution if there exists a linear functional u
on C(X;,t € I) such that

VP e C(Xii€ ), on(P((a™)icr)) — u(P).

n—-+00
The distribution p is called the limit distribution.

Definition 2.4.2. In the preceding notations, if

I=U I]‘
JjeJ
is a partition of I, the sequence of families (((agn))iejj)jej)nel\] is asymptot-
ically free as n goes to infinity if it converges in distribution towards p and

if in addition the families ((X;)er,),j € J are free in the noncommutative
probability space (C(X;,i € I), u).

In the results of asymptotic freeness for random matrices we are going
to state, the sequence of noncommutative probability spaces is

(M (L77), Eftr(-)]).

In this particular case, one can sometimes prove stronger asymptotic free-
ness results, for instance show that the convergence of the random variables
tr(P((Xi(n))Z-g)) holds not only in mean, but also in probability or almost
surely.
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Asymptotic freeness for Wigner matrices was examined by Voiculescu (see
[Voi91], [Voi98]), Dykema (|[Dyk93]), Capitaine and Casalis ([CC04]), Thor-
bjornsen ([Tho00]) and Hiai and Petz ([HP00]). We record the following
theorem, stating that independent Wigner matrices and a family of deter-
ministic Hermitian matrices are asymptotically free.

Theorem 2.4.3. Let (Wn(i))ier be a family of independent real or complez
Wigner matrices of size N and associated to a centered distribution of L°°~
and of variance 1, and let (Dn(j)) e be a family of deterministic Hermitian
matrices converging in distribution and satisfying

x|

1
Sup max sup Ntr(|DN(j)|k) < 400.

keN* J€J NeN*

Then, the sequence of families {(DN(j))jeJ},{WNTA(;)}ie[ is asymptotically
free.

This result may be considered as a multi-matricial version of Wigner’s
Theorem 1.2.3, and sheds light on the ubiquity of the semicircle distribution
as limiting distribution in the global behavior of Wigner matrices and in the
free central limit theorem. As a corollary, one obtains a description of the
limiting distribution in the global behavior of the deformed Wigner model.
Such asymptotic freeness results are proved for other matrix models : inde-
pendent Wishart matrices ([CC04]), independent Haar unitary or orthogonal
matrices ([Voi91], [Voi98|, [Col03]), independent permutation matrices, etc...
These results may sometimes be precised by results of almost sure conver-
gence of operator norms :

VP e C(X;,iel),

PUX™ien)||, 5 IP(@idienl],

n—-+o0o

where (z;);er is a family of free noncommutative random variables with dis-
tribution p in a W*-probability space. From such results ([HT05], [Sch05],
[CDMO07], [Mall0]), one may deduce, from the point of view of random ma-
trices, the almost sure convergence of the largest or smallest eigenvalue of
deformed models towards an endpoint of the support of the limiting distri-
bution.

The discovery of the relation between Random Matrix Theory and free prob-
ability gave birth to a new approach of random matrices, as middle ground
between classical probability, whose object is independent scalar random
variables, and free probability, whose object is free noncommutative random
variables, realized as operators acting on a Hilbert space of infinite dimen-
sion. Let us mention that matricial realizations of the Bercovici-Pata bijec-
tions were built in [BG05] and a theory of matricial cumulants was initiated
in [CC06],[CCO07].
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2.5 Free probability of type B

The lattices of partitions of a finite set may be reinterpreted as the inter-
section lattice for the hyperplane arrangement corresponding to the type A
root system |[Rei97]. The non-crossing partitions may be seen in particular
as combinatorial objects of type A, justifying the notation NC'4)(E).

This inscription of the lattice of non-crossing partitions in combinatorial ob-
jects of type A was clarified by Biane, who gave in [Bia97b| a bijection ¢
between NC(A) (m) and the set of points lying on a geodesic in the Cayley
graph of the symmetric group S,,, when the set of generators is chosen to
contain all the transpositions. This bijection associates to a non-crossing
partition p € NCW(m) the permutation t(p) € S,, whose restriction to
each block V of p is the trace of the cycle (1,...,m) € S, on V. When
a € [m], t(p)(a) will be called the neighbour of a in p. Geometrically, this is
the first point linked with a that one meets when one clockwisely describes
the circle, starting from a.

There are other types of root systems, such as the type B, for which Reiner
built a lattice of non-crossing partitions |[Rei97]. To describe the lattice
NCB)(n) of non-crossing partitions of type B, we consider the totally or-
dered set

[tn]={1<2<...<n<-1<-2<...<—n}

One defines NCP)(n) as the subset of NCY([£n]) consisting of non-
crossing partitions that are invariant under the action of the inversion map
T — —T.

In such a partition 7 € NCB)(n), there is at most one inversion-invariant
block, that we call, whenever it exists, the zero-block of w. The other blocks
of m come two by two : if F'is a block which is not inversion-invariant, then
— F is another block (obviously not inversion-invariant). Let us give a special
notation to the subset of non-crossing partition having a zero-block :

NCZPB)(n) := {x € NCP)(n) | 7 with a zero-block}, (2.11)

Immediately, NC®)(n) is a sublattice of (NC)([£n]), <), with the same
minimal and maximal elements.

Moreover, NC(B)(n) is stable by Kreweras complementation map (consid-
ered on NC([4n])), which, restricted from NC@ ([4n]) to NCB) (n), will
give an anti-automorphism of NC(B)(n), still named Kreweras complemen-
tation map (on NCB)(n)) and denoted by Kr. In this case, the important
relation (2.1) becomes

7| + |Kr(7)| = 2n + 1,7 € NCP)(n).

As a consequence of this formula, for 7 € NC(B)(n), exactly one of the two
partitions 7 and Kr(7) has a zero-block. Moreover, the Kreweras comple-
mentation map is a bijection between NCZ)(n) and its complementary
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NCPB) (n)\ NCZPB)(n).
In the description of a non-crossing partition of type B, one uses the map
Abs : [£n] — [n] sending £i on i. One has then the following result :

Theorem 2.5.1. [BGN03] The map m — Abs(w) is a (n + 1)-to-1 cover
from NCB)(n) onto NC (n).

More precisely, a non-crossing partition of type B m is characterized by
its image p by the map Abs, which is a non-crossing partition of NC)(n),
and the choice of the block of pUKr(p) (there are indeed n+1 choices for this,
due to relation (2.1)) corresponding to the unique zero-block of 7 U Kr().
The lattices NC(®)(m) are the frame of a Moebius inversion ; the Moebius
functions of type B are denoted by Mob(P ), and are related to Mob( in the
following way :

(a < rin NOZ® (n)) = Mob® (0, 7) = Mob@ (Abs(e), Abs(r)).
(2.12)
To prove this, observe that Abs is an isomorphism of partially ordered sets
between the interval [o, 7] € NCB)(n) and [Abs(c), Abs(7)] € NC(n), and
use the fact that the values of M6b(®) (g, 7) and Msb() (Abs(c), Abs(T))
only depend on the isomorphism classes of these intervals.
The lattice NC'®)(m) of non-crossing partitions of type B may also be ob-
tained as the image by Biane’s bijection of the set of points lying on a
geodesic in the Cayley graph of the hyperoctaedral group W, for a relevant
choice of generating set [BGNO3].
One may construct a combinatorial theory of free probability of type B by
replacing the occurences of the symmetrics groups and of the lattices of non-
crossing partitions of type A by their type B analogues, the hyperoctaedral
groups and the non-crossing partitions of type B [BGN03]. A central role is

played by the type B analogue (B) of the operation ((CA).

Definition 2.5.2. [BGNO03]

1. Denote by ©) the set of formal power series

fz) =) (an, an)",
n=1

11>
n

2. Let f(2) := 300 (o, a)z™ and g(2) = 320 (B4, B)2" be in ©F).
For each m > 1, consider the scalars «/, and 4,/ defined by

where the o ’s and o//’s are complex numbers.

h

l
Vo = Z (H alcard(Ei))(H Béard(Fj))’

peNCA) (m) =1 Jj=1
p={E1,....Ep}
Kr(p):={F1,...F1}
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h !
Vi = Z (H alcard(Xi))agard(Z)/z(H ﬁézard(yj))
j=1

peNCB) (m) with zero—block =1
p:={Z,X1,—X1,....Xn,—Xn}
Krp):={vi,—11,....Y;,-Y;}

h l
+ Z (H aé:ard(Xi))ﬁ,C/ard(Z)/z(H ﬂ::ard(yj))'
j=1

peNCB) (m) without zero—block =1
p::{Xl,le ,...,Xh,th}
Kr(p):={zy1,-Y1,...Y1,- Y1}

Then the series Y 7 | (7),,7n)2" is called the type B convolution of f
and g, and denoted by f {P)g.

As noticed in [BGNO3], the type B convolution operation coincides with
a type A convolution operation on a certain algebra G.

Theorem 2.5.3. [P :(E;A), where G is the two-dimensional Grassman
algebra generated by an element ¢ satisfying €% = 0.
Thus G is the extension of C defined by

G={a+¢ef|a,peC}, (2.13)
with the following multiplication rule :

(a1 +¢efr) - (2 +€B2) = aran + e(a1fP2 + fraz).

The specificity of the operation (B) leads naturally to define a type B
noncommautative probability space as a system (A, p,V, f, ®), where

e (A, ) is a usual noncommutative probability space,
e V is a complex vector space,

e f:V — Cis a linear functional,

e P: AxV x A— Visan action of A on V.

Practically, one works in the link-algebra A x V, equipped with its natural
vector space structure and with the multiplication given by :

(a1,&1) - (a2,&2) = (a1a2, (a1, &, 14) + (14, &1, a2)).

A type B noncommutative random variable is an element of the link-algebra
(a,€) € A xV, its distribution is the linear map from C[X] into G :

P — E(P((a,))),
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where E((a,£)) = p(a) + =f(€).
One also defines non-crossing cumulant functionals of type B [BGN03| with

values in G by :

Yoo wPan &) (ann &) = B(ar, &) - (an, ). (2:14)

peNC(A) (n)

It is important to notice that the first component of a type B non-crossing
cumulant in (A, ¢, V, f, ®) is simply a non-crossing cumulant in (A, ¢).
The notion of freeness of type B for (A1, V1),...,(Am, Vi) in the type B
noncommutative probability space (A, ¢, V, f, ®) is defined in terms of mo-
ments to ensure the vanishing of mixed type B non-crossing cumulants :

Definition 2.5.4. [BGNO03| Given a type B noncommutative probability
space (A, p,V, f,®), let Aq,..., A, be unital subalgebras of A and let
Vi,...,Vm subspaces of V such that each V; is invariant by the action of
Aj, for each 1 < j <m. Then, (A1,V1),...,(Am, Vn) are said to be free of
type B if Ay, ..., A, are free in (A, ¢) and

p(aibr) -+ - p(anbn) f(£),

flam---a1&by---by) = ifm=mnandi; =7j1,....%5 = jn (2.15)
0, else,
whenever
o m,n > 0;

e a; € Aiy,...,am € A, b1 € Ay, ... by € Aj 6 € Vg, where two

im?
consecutive indices among iy, ..., %1, R, J1, ..., jn are different ;
o olam) =+ =¢(a1) =0 = p(b1) = -+ = @(bn).

Free additive convolution of type B, denoted by B, describing the dis-
tribution of the sum of two free (of type B) type B noncommutative random
variables, is an operation on the set of pairs (19, u(1)) of linear functionals
on C[X] satisfying (*)(1) = 1 and ™M (1) = 0.

Later, Popa established type B versions of the limit theorems and of the
S-transform [Pop07].

Recently, the analytic aspects of free probability of type B were investigated
by [BS09] ; the authors underline an interesting interpretation of free prob-
ability of type B, in terms of infinitesimal freeness :

Definition 2.5.5. Let (A, ¢) be a noncommutative probability space, let T
be a subset of R having 0 as accumulation point, and let s families {a%(¢) |
1 < v < my}ier, indexed by T, of noncommutative random variables in
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(A, ). These families are said to be infinitesimally free if, for any choice of
noncommutative polynomials Py, ..., P,, one has

p((Pr(ag, (1), 1 < v <mi) — p(Pi(a], (1),
(t),1<w

whenever i1 # io # ... # in.
When the family (indexed by T') of distributions (u¢)¢er of
{an(®) [1<v<my, 1 Su<sher

has zeroth and first derivatives at 0, that is a pair of linear functionals
(19, uM) satisfying

10 = lim g (2.16)
t—0
and p )
W == 4 =lim>(u — p9) (2.17)

dt |t=0 t—0 t ’

the condition of infinitesimal freeness is equivalent to the two following con-
ditions :

pO(PL— O (Pr)) - (P = O(P,))) =0 (2.18)
and
WPy = g OP)) (P - OB = (29
> Py = O (Pr)) -y D (Py) - (P = O (Po))). (2:20)
j=1

The link, put into light by [BS09]|, between infinitesimal freeness and
freeness of type B has the following consequence : given two families (uu)ter
et (14)ier of distributions with zeroth and first derivatives at 0, the zeroth
and first derivatives at 0 of y; H 1, are then given by :

(B) (hm v 1)

(2.21)

(G Bw) = (g, ) B

(hm(,ut By, i

d
dt jt= " dt 1=



Chapter 3

Presentation of results

We present the main results of the following chapters, which may be orga-
nized in two distinct parts : the first one (Chapters 4 and 5) develops a
combinatorial approach of infinitesimal freeness ; the second one (Chapters
6 and 7) further studies certain additively deformed models.

3.1 First order infinitesimal freeness

Infinitesimal freeness (see Definition 2.5.5) appeared in [BS09| as analytic
interpretation of free probability of type B. A possible frame for the com-
binatorial approach of infinitesimal freeness is thus the type B noncommu-
tative probability space introduced in [BGN03]. We propose another frame,
both simpler and more general, the infinitesimal noncommutative probability
space:

Definition 3.1.1. By infinitesimal noncommutative probability space, we
mean the structure

{ (A, ¢,¢"), where A is a complex unital algebra (3.1)

and ¢, ¢’ 1 A — C are linear with ¢(14) =1, ¢/(14) = 0.

A particular case of infinitesimal noncommutative probability space is
already considered in [BS09] : this is the algebra of noncommutative polyno-
mials in m indeterminates C(X7, ..., X,,), equipped with linear functionals

(0) (1)

o=p" ¢ =p

obtained as zeroth and first derivatives at 0 of a family of distributions
(1t)ter indexed by a subset T of real numbers having 0 as accumulation
point. Reformulated in our new frame, infinitesimal freeness from [BS09]
reads :

Definition 3.1.2. Let (A, ¢, ¢’) be an infinitesimal noncommutative proba-
bility space and let Ay, ..., A, be unital subalgebras of A. Then A4,..., A,

49
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are said to be infinitesimally free with respect to (¢, ¢’) when they satisfy
the following condition :

Ifiq,... i, € {1,...,m} are such that i 75 12,19 #ig,...,in,1 7& in,
and if a; € A;y,...,ay € A;, are such that p(a1) =+ = p(a,) =0,
then p(ai---a,) =0 and

p(ar an)p(az an—1) - ©(A(n-1y/2 Am+3)/2) - @ (An+1)/2);

Spl(a,l . ~~a,n) = if n is odd and il = in,ig = in—la . 77;77,—1 = in+3,
2 2

0, else.
(3.2)

Taking into account the original link between infinitesimal freeness and

freeness of type B, it is expected that the structure of infinitesimal noncom-
mutative probability space is related to the structure of noncommutative
probability space of type B. Given a noncommutative probability space of
type B (A, ¢, V, f, ®), the link-algebra (A x V, ¢, ¢'), equipped with the lin-
ear functionals ¢((a,&)) := ¢(a) and ¢'((a,§)) = f(£), is an infinitesimal
noncommutative probability space. The infinitesimal noncommutative prob-
ability space is therefore a simpler and more general frame for free probability
of type B.
Some practical difficulties may arise when making computations with the
two linear functionals defining an infinitesimal noncommutative probability
space (A, p,¢"). That is why we will often work in the equivalent structure
of scarce G-probability space, introduced in [Oan07] :

{ (A, o), where A is a unital complex algebra (3.3)

and ¢ : A — G is C-linear with ¢(14) =1,

where G is the two-dimensional Grassman algebra (see Definition 2.5.3). The
correspondence between infinitesimal noncommutative probability space and
scarce G-probability space relies on the simple formula :

p=¢+ey.

Notice that the structure of scarce G-probability space (A, @) differs from
the frame of G-valued free probability, in that the map ¢ is in general not
G-linear.

One of the first fundamental facts of the free probability theory is the exis-
tence of a free product, that is the existence of a noncommutative probability
space containing free copies of given noncommutative probability spaces. We
present an infinitesimal free product construction :

Proposition 3.1.3. Let (A1, ¢1), ..., (Am,om) be noncommutative proba-
bility spaces, and consider their free product

(“47 QO) = (‘Al’@l) * ook (-Amvsom)'
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Assume that, for each 1 < i < m, one has a linear functional ¢, : A; — C
such that ©;(14) = 0. Then there exists a unique linear functional ¢’ :
A — C such that ¢’ | A; = ¢, 1 < i < m, and such that Ai,..., A, are
infinitesimally free in (A, o, ).

An important step in the combinatorial approach of infinitesimal free
probability is the introduction, in addition to Speicher’s non-crossing cumu-
lant functionals in the noncommutative probability space (A, ), of infinites-
imal non-crossing cumulant functionals in the infinitesimal noncommutative
probability space (A, ¢, ¢') :

Definition 3.1.4. For each n > 1, consider the multilinear functional «/, :
A" — C defined by the formula

kh(ay, ... ap) = (3.4)

3 [Méb(ﬂ,ln) (a1, a) | V) ] go‘w‘((al,...,an)\W)},

meNC(n) Wen
Vem W#V
for ay,...,a, € A. The functionals !, are called infinitesimal non-crossing

cumulant functionals associated to (A, ¢, ¢').

We prove that these infinitesimal non-crossing cumulants play the same
role as the non-crossing cumulants in usual free probability : for instance,
the following infinitesimal analogue of the famous result of Speicher.

Proposition 3.1.5. Let Ay, ..., A, be unital subalgebras of A. The follow-
ing statements are equivalet :

(1) Ai,..., Ay are infinitesimally free in (A, p, ).

(2) For each n > 2, each i1,...,i, € {1,...,m} not all equal, and each
a1 € Aiy,...,an € A;,, one has ky(a1, ... a,) =kl (a1,...,a,) =0.

These infinitesimal non-crossing cumulants may be interpreted from dif-
ferent points of view :

e When ¢ and ¢’ are obtained as zeroth and first derivatives at 0 of a
family of distributions (¢¢)ier indexed by a subset T' of real numbers
having 0 as accumulation point, the n-th infinitesimal non-crossing cu-
mulant associated to (A, ¢, ¢’) is then the derivative at 0 of the family
(nﬁf))tg, where nﬁf) is the n-th non-crossing cumulant associated to
(Av (pt)‘

This gives a recipe for obtaining formula (3.4) : it may be obtained by
taking a formal derivative in the usual free moment-cumulant formula

(2.4).
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e Given an infinitesimal noncommutative probability space (A, ¢, ¢’),
one may define, in the scarce G-probability space associated (A, @),
G-valued non-crossing cumulant functionals by rewriting simply the
usual free moment-cumulant formula :

fu= Y MobW(m 1) G n> 1 (3.5)
TeNC(n)

The infinitesimal non-crossing cumulants associated to (A, ¢, ¢') ap-
pear then as e-component of the cumulants &,. This correspondence
between infinitesimal non-crossing cumulants on the one hand and
the associated cumulants in the scarce G-probability space indicate
a method to easily prove infinitesimal analogues of classical results
of free probability : it is to check that their G-valued versions hold,
which is often straightforward because the combinatorics involved is
essentially the same as in usual free probability, and to take the e-
component of formulas obtained this way. We illustrate this method
by the example of the formula for the multiplication of infinitesimally
free n-tuples, and its consequences on compressions by infinitesimally
free projections and on the construction of families of variables follow-
ing an infinitesimally free Poisson distribution.

e The type B essence of infinitesimal freeness remains in certain formu-
las. For instance, by reindexing the sum in (3.4) by the set of type
B non-crossing partitions with a zero-block, infinitesimal non-crossing
cumulants may be viewed as type B non-crossing cumulants. More
generally, the formulas describing the alternating products of infinites-
imally free variables may be rewritten using the type B language.

After noticing that an infinitesimal noncommutative probability space

(A, ¢, ¢") is obtained by adding to the usual noncommutative probability
space (A, @) another linear functional ¢’ satisfying ¢'(14) = 0, and that in-
finitesimal freeness of unital subalgebras Aj, ..., A, with respect to (¢, ¢’)
implies their freeness with respect to ¢, the folowing question is natural:
given a noncommutative probability space (A, ¢) and unital subalgebras
A1, ..., Ay, that are free with respect to ¢, how to construct a linear func-
tional ¢’ satistying ¢’(14) = 0 and such that Ay, ..., A,, are infinitesimally
free with respect to (¢, ¢’) ?
In an infinitesimal noncommutative probability space (A, ¢, ¢’), the relation
between ¢’ and the infinitesimal non-crossing cumulants (k!,)pen+ on the
one hand and ¢ and the usual non-crossing cumulants (£, )nen+ on the other
hand may be formalized thanks to the notion of dual derivation system. In
particular, a simple dual derivation system may be built from any derivation
of the algebra A, providing a possible answer to the question above :

Proposition 3.1.6. Let (A, ) be a noncommutative probability space, and
let Ai,..., Ap be unital subalgebras of A that are free in (A, p). Assume
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that D : A — A is a deriwation such that D(A;) C A; for each 1 < i < m.
Then A, ..., Ay are infinitesimally free in (A, p, '), where ¢’ = po D.

3.2 Higher order infinitesimal freeness

For a family (pu)ier of distributions indexed by a subset 7" of R having 0 as
accumulation point, one has already defined its zeroth and first derivatives at
0 by formulas (2.16) and (2.17). Assuming that the limits considered exist,
it is possible to define recursively higher order derivatives by :

(z) i—1

, w — tJ
viz2 o %5%# z_%g'“

.

When (u¢)ier and (vy)ier are two such families with as many derivatives
at 0 as necessary, we investigate the problem of the derivatives at 0 of the
family (u¢ B v¢)ier of their free additive convolutions. We know by [BS09]
that

)8 (i

li B v muvy, —
(tl—{%('ut t) im0 dt |t=0

Vt).

(ue B 1)) = (lim pee,

qa
" dt [t=0 dt [t=0

The appearance of the type B convolution in this formula comes from the
link found by Belinschi and Shlyakhtenko between free probability of type
B and infinitesimal freeness defined for time-indexed families by Definition
2.5.5. To get the higher order derivatives, one generalizes the notion of
infinitesimal freeness to any order k € N :

Definition 3.2.1. Let (A, ¢) be a noncommutative probability space, let T
be a subset of R having 0 as accumulation point, and let s families {a?,(¢) |
1 < v < myter, indexed by T, of noncommutative random variables in
(A, ). These families are said infinitesimally free of order k € N if, for any
choice of noncommutative polynomials P, ..., P,, one has

p((Prag (1), 1 <v <miy) = p(Pi(a; (1), 1 <v <mj))) -

(Pnlai, (t),1 v =mi,) —@(Palag,(8),1 v <my,)))) = o(t*),

whenever i1 # ia # ... # in.

The combinatorial approach of infinitesimal freness of order k£ has for
natural frame the infinitesimal noncommutative probability space of order k,
built by adding not only one but k linear functionals to a usual noncommu-
tative probability space (A, p) :

Definition 3.2.2. By infinitesimal noncommutative probability space of or-

der k we mean a structure (A, (9(")o<i<k), where A is a unital complex

algebra ©© . A — C is a linear functional satisfying ¢ )(IA) =1, and
A — (C, 1 <i < k, are linear functionals such that ¢ (14) = 0.
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The distribution of a n-tuple of infinitesimal noncommutative random
variables of order k is the family of k+1 linear functionals (11()o<;< defined
on C(X1,...,Xy) by :

VP € C(X1, ..., Xn)s nD(P(X,. ., Xa)) 1= 0D (Plass...,ap)).

The practical difficulties arising when dealing with k£ + 1 linear functionals
lead us to work in the structure, equivalent to (A, ((p(i))ogigk), in which the
k + 1 linear functionals ¢V, 0 < i < k, are consolidated in only one C-linear
map ¢ = (cp(i))ogigk with values in the algebra Cj of dimension k+ 1, which
generalizes the two-dimensional Grassman algebra G :

Definition 3.2.3. Let Cj be the commutative complex (k + 1)-dimensional
algebra C**1, equipped with its usual vector space structure and the follow-
ing multiplication : if & = (a9, ..., a®) € €y and g = (B, ..., %) e ¢,
then

a-B= (7(0)7.”,7(16))
is defined by

A0 = 3 Gl gD, (3.6)
§=0

The structure defined this way is called a scarce Ci-noncommutative prob-
ability space.

Definition 3.2.4. By scarce Cy-noncommutative probability space, we mean
a pair (A, p), where A is a unital complex algebra and ¢ : A — C is a C-
linear map satisfying ¢(14) = 1¢,.

The transposition to this frame of the definition of infinitesimal freeness
of order k is not easy to formalize, and is not clear enough to be taken
as a definition. We adopt the idea to first introduce the infinitesimal non-
crossing cumulant functionals of order k, and then to define infinitesimal
freeness of order k£ by the condition of vanishing mixed infinitesimal non-
crossing cumulants of order k.

Definition 3.2.5. Let (A, ((p(i))ggigk> be an infinitesimal noncommutative
probability space of order k. The infinitesimal non-crossing cumulant func-
tionals of order k are a family of multilinear functionals (mg) A" - C,0<
i < k)9°;, uniquely determined by : for each n > 1, each 0 < i < k and each
ai,...,a, € A, one has

> Y ot an s an) = oD@ an), (3)
peNC@) (n) AEAL;
p::{vlv"'v‘/h}

where

h
Api={A=(A1,..., M) eN"[ YN =i} (3.8)
j=1
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As in first order infinitesimal free probability, one may interpret the in-
finitesimal non-crossing cumulants of order & :

e When (¢())g<;<p are obtained as successive derivatives at 0 of a fam-
ily of distributions (¢¢)ier indexed by a subset T' of R having 0 as
accumulation point, the n-th infinitesimal non-crossing cumulants of
order k associated to (A, (p)g<i<k) are then the derivatives at 0 of
the family (m(nyt))teT, where £, ) is the n-th non-crossing cumulant
associated to (A, ¢1).

Thus, the formula (3.7) may be obtained by taking i times the formal
derivative in usual free moment-cumulant formula (2.4).

e On the other hand, given (A, (¢(")g<i<)) an infinitesimal noncommu-
tative probability space of order k, one may define, in the associated
scarce Cg-probability space (A, @) the Cg-valued non-crossing cumu-
lants by simply copying the usual free moment-cumulant formula :

o= Y MobW(m,1,) @r, n>1. (3.9)
TENC(n)

The n-th infinitesimal non-crossing cumulants of order k£ associated
to (A, (¢D)o<i<k) appear then as the components of the cumulant
functionals k,. As in the first order, one may use this correspondence
between infinitesimal non-crossing cumulants of order k£ and cumulants
of the associated scarce Cg-probability space to write direct proofs of
infinitesimal analogues of classical results of free probability.

e The last possible point of view on infinitesimal non-crossing cumulants
of order k is related to their combinatorial nature : to develop it, we are
led to introduce and study a new set of non-crossing partitions likely
to index the sums defining these infinitesimal cumulants. This is the
set NV C(k)(n) of non-crossing partitions of type k geeralizing the set
of type B non-crossing partitions (which correspond to the particular
case k = 1). It still has the important property to be a cover of the set
of non-crossing partitions of type A.

As announced, we use the infinitesimal non-crossing cumulants of order k to
define the infinitesimal freeness of order k via a condition of vanishing mixed
cumulants :

Definition 3.2.6. Subsets M1, ..., M, of an infinitesimal noncommutative
probability space of order k are infinitesimally free of order k if they satisfy
the vanishing of mized infinitesimal cumulants condition, that is, for each
0<i<k,

W (ar,... am) =0

whenever a; € M;,,...,ay, € M;, and 31 < s <t < m, such that is # i;.
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Defined this way, infinitesimal freeness of order k coincides with Defini-
tion 3.2.1, providing a characterization in terms of moments.

Theorem 3.2.7. Let (A, (0®)o<ick) be an infinitesimal noncommutative
probability space of order k, and A, ..., A, unital subalgebras of A. Then
A, ..., A, are infinitesimally free of order k if and only if, for each | € N*,
and each a1 € A;,, ..., a1 € A;,, one has

prl(ar = er(ar) - (a — @i(a))) = ot*), (3.10)

whenever iy # ... # i, where ¢ 1= Zf 0 @;,)tl The condition (3.10) is
equivalent to the k + 1 following equations :

Vi€ {0,...,k}, Z Z 1)#Hm2LAn >0k ) (M) (py .. pM) (P)) = 0,
J=0 XA,
(3.11)
where fN)(P) := P — O (P) if A =0, and fWM(P) := M (P) else.

Infinitesimally free convolutions B®*) and X®*)  describing the distribu-
tions of the sum and of the multiplication of two variables that are infinites-
imally free of order k, provide the k first derivatives of the free convolutions
of time-indexed families of distributions :

Proposition 3.2.8. Let {u}ier (resp. {vi}ier) be a family of linear func-
tionals on C(X,,1 < u < m) (resp. C(Yy,1 < u < m)) such that pl) =

d vy) exist for 0 <1i < k. Let us set

dtz ‘t Ol'l’t (Tesp V( )

= i |t=0
(1oizh = (1 )oziz B® D)ok,

(e(i))0<i<k = (pl No<ick B¥ )t ))0<l<k

Then n® = L= |,_o 1 By and@(l)—@’t 0 pe Xy,

dtl

3.3 Eigenvalues of spiked deformations of Wigner
matrices

The results on Wigner models deformed by a deterministic Hermitian matrix
of finite rank, recalled in Section 1.4, may be interpreted in terms of free
probability.
First, the asymptotic freeness result stated in Theorem 2.4.3 gives a new
proof to the global behavior of the deformed Wigner model

MN = @ + AN,

VN
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where Wy is a complex Wigner matrix of size N associated to a centered
distribution in L~ and of variance o2 and Ay is a deterministic fixed
rank Hermitian matrix : since the empirical spectral distributions of W—\/%
and Ay converge respectively towards the semicircle distribution p, and
the distribution dp, one obtains the convergence of the empirical spectral
distribution of My towards s B dy = s

For the convergence of the largest eigenvalue of My, one distinguishes in
Theorem 1.4.2, and actually in the results of [Péc06],|FP07],|CDMF09], two
situations : denoting by 61 the largest eigenvalue of Ay and A; the largest
eigenvalue of My, one has :

e if 01 < o, A1 converges towards 20.
e si ) > o, A\ converges towards pyg, := 01 + %f > 20.

The semicircular distribution p, being infinitely divisible for free additive
convolution, the subordination function of u, H v with respect to any com-
pactly supported probability measure v satisfies the conclusions of the fol-
lowing proposition :

Proposition 3.3.1. [Bia97a] Let p,v two probability measures, p being B-
infinitely divisible, one defines H,, on C* by :

Vz € CH Hypu(z) = 24+ Ru(Gu(2)).

Then the subordination function w,,,, is a conformal bijection from Ct onto
a domain 2, , of C™*, whose inverse is the restriction of H,, toQ,,.

In particular,
2

Vz e CT, Hs, u,(2) = 2 + %.

The condition 6 > o rewrites then :
0 ¢ supp(do) =0 , Hy, , (6) > 0.

Moreover, when this condition is satisfied, the limit of the largest eigenvalue
is

Po = H50,/Aa (9)
For the Gaussian spiked population model (see Definition 1.3.7), the asymp-
totic freeness result for a Wishart matrix and a deterministic Hermitian
positive matrix, combined with Marchenko-Pastur Theorem 1.3.2, offers a
new point of view on the global behavior : the empirical spectral measure
converges towards the distribution ., 1 Xd; = 7, 1. The subordination equa-
tion of 7,1 M é; with respect to 61, written in terms of Stieltjes transform,
gives :
N 1
Vz e CF, Gr,,(2) = Gy, (71 — ;)
2Gr., | (2)
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and the

The inverse of the function z — 1%1 isY:zr— 2+ 5

- ZGW,Y_yl (2)
condition

0 ¢supp(d1) =1 , '(6) >0

is equivalent to the condition

0>1+ vy

appearing in the work of |[BBAPO5|, |Ona08|,[Pau07|,|BS06|, as necessary
and sufficient condition for the largest eigenvalue to converge outside of the
support of m, 1. Moreover, the limit of the largest eigenvalue when this con-
dition is satisfied is exactly ().

The relevance of this interpretation in terms of subordination function is
confirmed by the results of Theorem 1.3.10 on the generalized spiked popu-
lation model : the function ¥ in the statement is indeed the inverse of the
function involved when one writes the subordination equation of w1 X p
with respect to p in terms of Stieltjes transforms.

In Chapter 6, we use this interpretation of the behavior of eigenvalues of
deformed models in terms of free probability to establish a more precise re-
sult on the eignevalues of the deformed Wigner model My = ﬁWN + An
where

o Wy is a complex Wigner matrix of size IV associated to a symmetric
distribution p with variance o2 and satisfying a Poincaré inequality.

e Ay is a deterministic Hermitian matrix converging in distribution to-
wards a compactly supported probability measure v. We also assume
that there exists a fixed integer r > 0 (independently of N) such that
An has N —r eigenvalues (3, v satisfying

| dist(5;(N), supp(v)) — 0.

The other eigenvalues are J fixed real numbers 6; > ... > 0; outside
the support of v such that 6; is an eigenvalue of Ay with multiplicity
ki (3_; ki =1). The 6; are called the spikes of Ay .

In this particular case, the condition
6 &supp(v) , H,, (6)>0,

is equivalent to
0 g UV,MJ?

where Uy, is the open set introduced by Biane in [Bia97a] :

Uv o ::{UGR7/R(5V_(2))2>;2}.
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The main result we prove gives a precise description of the convergence of
eigenvalues of My according to the position of the 6;’s with respect to U, ,,,
and to the connected components of the support of v :

Theorem 3.3.2. For each spike 0;, let n;_1 + 1,...,n;_1 + k;, be the de-
scending ranks of 0; among the eigenvalues of A .

1) If 0; & Uy, , the ki eigenvalues (M, +;(Mn), 1 < j < k;) converge
almost surely outside the support of p, Bv towards py, = H,, ,, (6;).

2) If 6; € U,,,, then we denote [s;,,t;,] (1 < I; < m) the connected
component of U, ., containing 0;.

a) If 0; is on the right (resp. on the left) of every connected com-
ponent of supp(v) included in [s;,, 1], then the k; eigenvalues
Mi+i(Mn), 1 < j < ki, almost surely converge towards the
endpoint Hy, ,, (t;,) (resp. Hy,,(s1,)) of the support of p, Buv.

b) If 0; is between two connected components of supp(v) included in
[s1,,1,], then the k; eigenvalues (A, ,+;(Mn), 1 < j <k;) almost
surely converge towards the a;-quantile of s B (i.e. qqo, defined
by a; = (o Br)(] — 00,4qq,])) where a; = 1 —limy(ni—1/N) =
V(] — 00, 91])

As a byproduct of our analysis, we obtain the following proposition in
the non-spiked case :

Proposition 3.3.3. If the model My is non-spiked, i.e. r =0, the largest
(resp. smallest) eigenvalues Ay (My) (resp. An—_k(Mp)) almost surely
converge towards the right (resp. left) endpoint of the support of p, Bv.

The heuristic underlying our results is the following : the eigenvalues
of My are the poles of GMMN, which is well approximated by G, g, Ay
This last Stieltjes transform has poles outside the support of the limiting
distribution given, using subordination equation

GloBuay = Guay ©Wpay pos

by some Hy,, ., (6:).
The proof mainly follows the overall plan of [BS06], as in [CDMF09| :

1. we show, for N large enough, an almost sure inclusion of the spectrum
of My in a neighborhood of the set formed by the support of u, Hv
and the py,;

2. then, we establish an exact separation phenomenon between the spec-
tra of My and Ap.
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More precisely, to obtain the first point, we give a precise estimation of
gn(2) — gn(z), where gy = E(GMMN) and gy = GuoﬁﬂuAN :

Proposition 3.3.4. For z € C\ R,

Ex(z)| _ P32
N - N2

\gmz) n() + (3.12)

where P is a polynomial with nonnegative coefficients and En(z) is given by

BEx(2) = {o*3n(2) = Lhgrs

D [(Gay(z = 0*gn(2)) il Gay (2 = o gn (2)]ii([Gay (2 — g (2))]n)*.

il

The proof relies on a "approximate matricial subordination equation",

thanks to an integration by parts lemma, exact in the Gaussian case, ap-
proximate in general.
We deduce the required inclusion in two steps : on the one hand, an adap-
tation of the method used by Haagerup and Thorbjornsen in [HT05], and
developed further in [Sch05], [CDMO07], [CDMF09], [Mal10], leads to the in-
clusion of the spectrum of My in a neighborhood of the support of ps B4, ;
on the other hand, the study of the support of a free additive convolution by
a semicircular distribution carried by Biane in |Bia97a| allows to show that:

Theorem 3.3.5. For each € > 0,

supp(pto B f1ay) C supp(pe Bv) | J{pa,, 0 € R\ Ty, } + (=€, 6),
for N large enough.
Finally, the second point is the following result :

Theorem 3.3.6. If iy satisfies
Ain+1(AN) < wep(a)  and Ny (AN) > weu (D), (3.13)
one has
PXiy+1(Mn) < a and Ny (My) > b, for all large N] = 1. (3.14)

Let us insist on the fact that the inclusion of the spectrum of the deformed
model in a neighborhood of the support of a certain free convolution of
measures and the exact separation phenomenon are the additive analogues
of those described in [BS98|, |[BS99| for sample covariance matrices. Note
however that Bai and Silverstein do not use the language of free probability
and obtain the inclusion of the spectrum by considering Stieltjes transforms
of not averaged empirical spectral measures.
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3.4 Largest eigenvalues of additive deformations of
Wishart matrices

In Chapter 7, we adapt the same method to the study of the largest eigen-
values of the additively deformed Wishart model :
1
My(p(N)) = 5 XN + AN
e Xy is a white complex Wishart matrix of size N and p(N) degrees of
freedom,

[ ] 11mN~>+oo w =o > O,

e Ay is a deterministic diagonal matrix converging in distribution to
a compactly supported probability measure v. We also assume that
there is a fixed integer » > 0 (independent of N) such that Ay has
N — r eigenvalues (3, v satisfying

| nax dist(f;(N), supp(v)) —— 0.
The other eigenvalues are J fixed real numbers ¢; > ... > 6 indepen-
dent of N outside the support of v and such that 6; is an eigenvalue
of An with multiplicity k; (D, k; = 7). The 6; are called the spikes of
An.

Our study follows the same scheme as in the deformed Wigner model: one
writes an "approximated matricial subordination equation" by integrating
by parts, which provides a precise estimate of gn(2) — gn(2), where gy =
E(G )and gy =G

KM p (p(N)) 7Ta,153#AN :

Proposition 3.4.1. Vz € CT,

(IS271)

on(2) — v ()] < (2] + K D (3.15)

where K and a are positive numbers and P is a polynomial with nonnegative
coefficients.

One deduces the almost sure inclusion of the spectrum of My (p(N)) in
a neighborhood of the support of w41 B p14,, by a variant of the method of
Haagerup and Thorbjornsen, then one studies this support, to obtain :

Theorem 3.4.2. Ve > 0,
P(For N sufficiently large, Spect(Mpy(p(N))) C

{x,dist(:c,supp(ﬂml Hr)u {H,,,M’l(ei), 1<i< J}) < e}) =1.
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Notice that we cannot rely, in the study of the support of a free addi-
tive convolution by a Marchenko-Pastur distribution, on the work of Biane
[Bia97al, like we did in the semicircular case, because his work only focuses
on the semicircular distribution. Among the original results of the Chapter
7, one gives a descritption of supp(m,,1 Br), analogous to this of supp(p,HBv)
as the image by a homeomorphism of the closure of the open set U, :

Proposition 3.4.3. H, ., is an increasing diffeomorphism from R\ Fy .,
onto R\ supp(m,1 B 1), where

Frr, =R\RNON, - U{z e R;7({z}) >~}

Finally, one proves a weak exact separation phenomenon, only allowing
to conclude the convergence of the largest eigenvalue of My (p(V)) :

Theorem 3.4.4. (1) If ) > max F, o, ,, the k1 eigenvalues
(A (My(p(N)), 1 = j < k1)

almost surely converge outside the support of mo1 B v towards pg, =

Hl’,ﬂ'a,l (01) :

(2) If 61 < maxFy, ., ,, then, for each k € N, the first k eigenvalues
(Aj(Mn(p(N)), 1 < j < k) almost surely converge to the right end-
point of the support of mo1 Huv.



Chapter 4

First order infinitesimal
freeness

This chapter is the text of the article “Infinitesimal non-crossing cumulants
and free probability of type B” [FN10], written in collaboration with A. Nica
and published in Journal of Functional Analysis.

4.1 Introduction

4.1.1 The framework of the chapter

This chapter is concerned with a form of free independence for noncommuta-
tive random variables, which can be called “freeness of type B” or “infinites-
imal freeness”, and occurs in relation to objects of the form
(A, ¢, ¢"), where A is a unital algebra over C (1)

and ¢, ¢’ 1 A — C are linear with ¢(14) =1, ¢/'(14) = 0. '

The motivation for considering objects as in (4.1) is three-fold.

(a) This framework generalizes the link-algebra associated to a noncom-
mutative probability space of type B, in the sense introduced by Biane,
Goodman and Nica [BGNO3]. One can thus take the point of view that (4.1)
provides us with an enlarged framework for doing “free probability of type
B”. This point of view is justified by the fact that lattices of non-crossing
partitions of type B do indeed appear in the underlying combinatorics — see
e.g. Theorem 4.5.4 below, concerning alternating products of infinitesimally
free random variables.

(b) It turns out to be beneficial to consolidate the functionals ¢, ¢’ from
(4.1) into only one functional

2 A—-G, ¢:=¢p+ey, (4.2)

63
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where G denotes the two-dimensional Grassman algebra generated by an
element ¢ which satisfies €2 = 0. Thus G is the extension of C defined as

G={a+ef|a,peC} (4.3)

with multiplication given by (aq +061) - (e +e82) = arag (a1 82+ fraz),
and the structure from (4.1) could equivalently be treated as
(A, @), where A is a unital algebra over C (4.4)

and ¢ : A — G is C-linear with ¢(14) = 1. ’

The framework (4.4) was discussed in the PhD Thesis of Oancea [Oan07|,
under the name of “scarce ' G-probability space”. Specifically, Chapter 7 of
[Oan07] studies a concept of G-freeness for a family of unital subalgebras in
a G-probability space, which is defined via a vanishing condition for mixed
G-valued cumulants, and generalizes the concept of freeness of type B from
[BGNO3].

(c¢) The recent paper [BS09| by Belinschi and Shlyakhtenko discusses a
concept of “infinitesimal distribution” (C(X1, ..., X), u, ) which is exactly
as in (4.1), with C(X1,..., X)) denoting the algebra of polynomials in non-
commuting indeterminates X1, ..., X;. This remarkable paper brings forth
the idea that interesting infinitesimal distributions arise when g is the limit
at 0 and p’ is the derivative at 0 for a family of k-variables distributions
(e : C(Xq, ..., Xk) — C)er, where T is a set of real numbers having 0 as
accumulation point. As we will show below, this ties in really nicely with
the G-valued cumulant considerations mentioned in (b); indeed, one could
say that [BS09| puts the € from (4.3) in its right place — it is a sibling of the
e’s from calculus, only that instead of just having “c? much smaller than £”
one goes for the radical requirement that €2 = 0.

Upon consideration, it seems that what goes best with the framework
from (4.1) is the “infinitesimal” terminology from (c), which is in particular
adopted in the next definition. Throughout the paper some terminology
inspired from (a) and (b) will also be used, in the places where it is suggestive
to do so (e.g. when talking about “soul companions for ¢” in subsection 4.1.3
below).

Definition 4.1.1. 1° A structure (A, ¢,¢’) as in (4.1) will be called an
infinitesimal noncommutative probability space (abbreviated as incps).

2° Let (A, ¢, ¢") be an incps and let Ay, ..., A be unital subalgebras
of A. We will say that Ay,..., A; are infinitesimally free with respect to
(p,¢’) when they satisfy the following condition:

1The adjective “scarce” is used in order to distinguish from the concept of “G-probability
space” from operator-valued free probability, where one would require the functional ¢ to
be G-linear.
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Ifir,...,in € {1,...,k} are such that iy # ig,i2 # i3, ..., In—1 # in,
and if a; € A;y,...,an € A;, are such that p(a1) =--- = p(a,) =0,
then ¢(ay ---a,) =0 and

p(a1 an)p(az an-1) -~ @(ans an1)¢' (agy1y2),
O'(a--ay) = if n is odd and iy = iy, 49 = in—1,- 0 int = ings,
0, otherwise.
(4.5)

Recall that in the free probability literature it is customary to use the
name noncommutative probability space for a pair (A, ¢) where A is a unital
algebra over C and ¢ : A — C is linear with ¢(14) = 1. Thus the concept
of infinitesimal noncommutative probability space is obtained by adding to
(A, @) another functional ¢ as in (4.1). It is also immediate that Definition
4.1.1.2° of infinitesimal freeness is obtained by adding the condition (4.5) to
the “usual” definition for the freeness of Aj,..., Ay in (A, ¢) (as appearing
e.g. in [VDN92|, Definition 2.5.1).

Definition 4.1.1.2° is a reformulation of the concept with the same name
from Definition 13 of [BS09]. The relations with [BS09], [BGNO03| are dis-
cussed more precisely in Section 4.2 (cf. Remarks 4.2.8, 4.2.9). Section 4.2
also collects a few miscellaneous properties of infinitesimal freeness that fol-
low directly from the definition. Most notable among them is that one can
easily extend to infinitesimal framework the well-known free product con-
struction of noncommutative probability spaces (A1, p1) * -+ * (A, pr), as
presented e.g. in Lecture 6 of [NS06]. More precisely: if (A, 1) * - *
(A, o) =: (A, ) and if we are given linear functionals ¢} : A; — C such
that ¢}(14) = 0, 1 < i < k, then there exists a unique linear functional
¢’ : A — C such that ¢’ | A; = ¢}, 1 <i <k, and such that Ay,..., Ay are
infinitesimally free in (A, ¢, ¢’). (See Proposition 4.2.4 below.) The result-
ing incps (A, p, ") can thus be taken, by definition, as the free product of
(A, @i, ¢)) for 1 <i <k,

4.1.2 Non-crossing cumulants for (A, ¢, )

An important tool in the combinatorics of free probability is the family
of non-crossing cumulant functionals (k, : A" — C),>; associated to a
noncommutative probability space (A, ¢). These functionals were introduced
in [Spe94|; for a detailed presentation of their basic properties, see Lecture
11 of [NS06]. For every n > 1, the multilinear functional &, : A" — C
is defined via the summation formula (2.5) over the lattice NC'(n) of non-
crossing partitions of {1,...,n}. Here we only pick a special value of n that
we use for illustration, e.g. m = 3. In this special case one has, for all
ai,as,a3 € A,

r3(a1,a2,a3) = @laragas) — (a1)p(azas) — p(az)p(arasz) (4.6)
—p(az)p(araz) + 2¢(a1)p(az)p(as).
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The expression on the right-hand side of (4.6) has 5 terms (premultiplied
by integer coefficients 2 such as 1, —1, or 2), corresponding to the fact that
INC(3)| = 5.

Let now (A, ¢, ¢’) be an incps as in Definition 4.1.1. Then in addition to
the non-crossing cumulant functionals x,, : A" — C associated to ¢ we will
define another family of multilinear functionals (k] : A" — C),>1, which
involve both ¢ and ¢'. For every n > 1, the functional &}, is obtained by
taking a formal derivative in the formula for x,, where we postulate that
the derivative of ¢ is ¢’ and we invoke linearity and the Leibnitz rule for
derivatives. For instance for n = 3 the term ¢(ajazas) on the right-hand
side of (4.6) is derivated into ¢'(ajazas), the term ¢(a1)p(azas) is derivated
into ¢'(a1)p(azas) + ¢(a1)¢’ (azas), ete, yielding the formula for k% to be

r3(a1,a2,a3) = ¢'(a1a2a3) — ¢'(a1)p(azaz) — o(a1)¢ (azas) (4.7)
—¢'(az)p(aras) — p(az)y'(a1as) — ¢'(as)p(araz)
—p(az)p’(araz2) + 2¢'(a1)p(az)p(a )
+2p(a1)¢' (az)p(az) + 2¢(a1)p(az)¢ (a3).

We will refer to the functionals k] as infinitesimal non-crossing cumulants
associated to (A, ¢, ¢"). The precise formula defining them appears in Def-
inition 4.3.7 below. The passage from the formula for %, to the one for s},
is related to a concept of dual derivation system on a space of multilinear
functionals on A, which is discussed in Section 4.7 of the chapter.

The role of infinitesimal non-crossing cumulants in the study of infinites-
imal freeness is described in the next theorem.

Theorem 4.1.2. Let (A, p,¢') be an incps and let A, ..., Ax be unital
subalgebras of A. The following statements are equivalent:

(1) A1, ..., A are infinitesimally free.

(2) For every n > 2, for every ii,...,in € {1,...,k} which are not all
equal to each other, and for every a1 € A;,,...,an € A;,, one has that
knlai,...,an) = KL (a1,...,a,) =0.

Theorem 4.1.2 provides an infinitesimal version for the basic result of
Speicher (Theorem 2.3.7) which describes the usual freeness of Ay, ..., A
in (A, ¢) in terms of the cumulants x,.

In the remaining part of this subsection we point out some other inter-
pretations of the formula defining &/, (all corresponding to one or another of
the points of view (a), (b), (c) listed at the beginning of subsection 4.1.1).
The easy verifications required by these alternative descriptions of k!, are
shown at the beginning of Section 4.4.

First of all one can consider, as in [BS09], the situation when ¢, ¢’ in (4.1)
are obtained as the infinitesimal limit of a family of functionals {¢; | t € T'}.

2The meaning of these coefficients is that they are special values of the M6bius function
of NC(3), see Proposition 2.3.2.
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Here T is a subset of R which has 0 as an accumulation point, every ¢y is
linear with ¢;(14) = 1, and we have

p(a) = }in% ¢i(a) and ¢'(a) = %ir% M, Vae A (4.8)
(Note that such families {¢; | t € T'} can in fact always be found, e.g. by
simply taking ¢ = ¢ + t¢', t € (0,00).) In such a situation, the formal
derivative which leads from &, to k], turns out to have the same effect as a

“%” derivative. Consequently, we get the alternative formula
/ d @)
Kp(al, ... ap) = [ pr (a1,...,an)] 05 (4.9)

(t)

where x\ denotes the nth non-crossing cumulant functional of ;.

Second of all, it is possible to take a direct combinatorial approach to the
functionals «/,, and identify precisely a set of non-crossing partitions which
indexes the terms in the summation defining ) (a1, ...,a,). This set turns
out to be the set NCZP)(n) defined by (2.11). Hence in a terminology
focused on types of non-crossing partitions, one could call the functionals
kpn and k], “non-crossing cumulants of type A and of type B”, respectively.
The idea put forth here is that, in some sense, summations over NCZ5)(n)
appear as “derivatives for summation over NC'(n)”. A more refined formula
supporting this idea is shown in Proposition 4.6.6 below, in connection to
the concept of dual derivation sytem.

In the case n = 3 that we are using for illustration, the 10 terms appearing
on the right-hand side of (4.7) are indexed by the 10 partitions with zero-
block in NC(B)(3). The relation between a partition 7 and the corresponding
term is easy to follow: the zero-block Z of 7 produces the ¢'(---) factor,
and every pair V, —V of non-zero-blocks of 7 produces a ¢(---) factor.

Finally (third of all) one can also give a description of &, which corre-
sponds to the “G-valued” point of view appearing as (b) on the list from
subsection 4.1.1. This goes as follows. Let = ¢ + ¢’ : A — G be as in
(4.2), and consider the family of C-multilinear functionals (K, : A" — G),>1
defined by the same summation formula as for the usual non-crossing cumu-
lant functionals (k, : A" — C),>1, only that now we use ¢ instead of ¢ in
the summations. So, for example, for n = 3 we have, for each a1, a9, a3 € A,

R3(a1,a2,a3) = P(arazaz) — $(ar)p(azas) — P(az)p(aras) (4.10)
—@(az)p(ara2) +2¢(a1)p(az2)p(as) € G.

It then turns out that the functional k], can be obtained by reading the
g-component of &,.

We take the opportunity to introduce here a piece of terminology from the
literature on Grassman algebras (see e.g. [DeW92|, pp. 1-2): the complex
numbers «, 3 which give the two components of a Grassman number v =
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a+ef € G will be called the body and respectively the soul of 7; it will come
in handy throughout the paper to denote them 3 as

a =Bo(y), B =So(7). (4.11)

This notation will also be used in connection to a G-valued function f defined
on some set S — we define functions Bo f and So f from S to C by

(Bo f)(z) = Bo (f(x)), (Sof)(x)=So(f(x)), VaeS. (4.12)

Returning then to the functionals &, : A" — G from the preceding para-
graph, their connection to the ] (and also to the x,,) can be recorded as

Bo &, = kpn, S0 Fp =k, Vn>1. (4.13)

Due to (4.13), &, can be used as a simplifying tool in calculations with
k,, (in the sense that it may be easier to run the corresponding calculation
with %,, in G, and only pick soul parts at the end of the calculation). In
particular, this will be useful when proving Theorem 4.1.2, since the con-
dition kp(a1,...,a,) = K} (a1,...,a,) = 0 from Theorem 4.1.2(2) amounts
precisely to &n(a1,...,a,) = 0.

4.1.3 Using derivations to find “soul companions”

When studying infinitesimal freeness it may be of interest to consider the
situation where we have fixed a noncommutative probability space (A, ¢) and
a family Aq, ..., Ag of unital subalgebras of A which are free in (A, ). In
this situation we can ask: how do we find interesting examples of functionals
¢+ A — Cwith ¢/(14) = 0 and such that Aj, ..., Ax become infinitesimally
free in (A, ¢, ¢")? A nice name for such functionals ¢’ is suggested by the
G-valued point of view described in subsection 4.1.1 : since ¢ and ¢’ are
the body part and respectively the soul part of the consolidated functional
@ : A — G, one may say that we are looking for a suitable soul companion ¢’
for the given “body functional” ¢ (and in reference to the given subalgebras
Ay Ag).

Let us note that the remark made at the end of subsection 4.1.1 can be
interpreted as a statement about soul companions. Indeed, this remark says
that if (A, p) is the free product of (A1, ¥1),. .., (Ak, ¢r), then a ¢’ from
the desired set of soul companions is parametrized precisely by a family of
linear functionals ¢ : A; — C such that ¢;(14) =0, 1 <17 <k.

The point we follow here, with inspiration from [BS09]|, is that some
interesting recipes to construct “soul companions” for a given ¢ : A — C

®Besides being amusing, “Bo” and “So” give a faithful analogue for the common nota-
tions “Re” and “Im” used when one introduces C as a 2-dimensional algebra over R.



4.1 Introduction 69

arise from ideas pertaining to differentiability. This is intimately related to
the fact that ], is a formal derivative for x,, hence to equations of the form

dn(kn) = KL, Vn>1,

where (dp)n>1 is a dual derivation system on A. Indeed, suppose we are
given a derivation D : A — A; then one has a natural dual derivation
system associated to it, which acts by

(dnf)(a1,. - van) =Y flar,.. am-1,D(am), ami1, .- an),  (4.14)
m=1

for f: A" — C multilinear and a4, ..., a, € A. By using the d,, from (4.14),
we obtain the following theorem.

Theorem 4.1.3. Let (A, ¢,¢") be an incps, and let K, and k|, be the non-
crossing cumulant functionals associated to it. Suppose D : A — A is a
derivation with the property that ' = ¢ o D. Then for every n > 1 and

ai,...,an € A one has

n
kh(at,...,ap) = Z En(al, ... am—1,D(am), Gmi1, .., a0p). (4.15)
m=1

Moreover, when combined with Theorem 4.1.2, the formula for infinites-
imal cumulants obtained in (4.15) has the following immediate consequence.

Corollary 4.1.4. Let (A, p) be a noncommutative probability space, and let
Ay, ..., A be unital subalgebras of A which are free in (A, ). Suppose we
found a deriation D : A — A such that D(A;) C A; for every 1 < i < k.
Then Ay, ..., A are infinitesimally free in (A, ¢, ¢'), where ¢' = po D.

For comparison, let us also look at the parallel statement arising in con-
nection to infinitesimal limits. This is essentially the same as Remark 15
from [BS09], and goes as follows.

Proposition 4.1.5. Let (A, ) be a noncommutative probability space, and
let Ay, ..., A be unital subalgebras of A which are free in (A, ). Suppose
we found a family of linear functionals (¢ : A — C)er with ¢i(14) = 1
for every t € T and such that:

(i) Ai,..., A are free in (A, ) for everyt € T.

(i1) limy_g pi(a) = p(a), for every a € A.

(153) The limit ¢’ (a) := limy_o(pt(a) — p(a))/t exists, for every a € A.
Then Ay, ..., Ay are infinitesimally free in (A, ¢, "), where ¢' : A — C is
defined by condition (i1i).

A natural example accompanying Proposition 4.1.5 comes in connection
to H-convolution powers of joint distributions of k-tuples (cf. Example 4.7.9
below). In Section 4.8 we also discuss a couple of natural situations when
Corollary 4.1.4 applies (cf. Example 4.7.7).



70 Chapter 4 : First order infinitesimal freeness

4.1.4 Outline of the rest of the chapter

Besides the introduction, the chapter has six other sections. In Section 4.2
we collect some basic properties of infinitesimal freeness, and we discuss the
relations between Definition 4.1.1 and the frameworks of [BS09|, [BGN03]. In
Section 4.3 we introduce the non-crossing infinitesimal cumulants, we verify
the equivalence between their various alternative descriptions, and we prove
Theorem 4.1.2.

Sections 4.4 and 4.5 address the topic of alternating products of in-
finitesimally free random variables. Section 4.4 uses this topic to illustrate
a “generic” method to obtain infinitesimal analogues for known results in
usual free probability: one replaces C by G in the proof of the original re-
sult, then one takes the soul part in the G-valued statement that comes out.
By using this method we obtain the infinitesimal versions of two important
facts related to alternating products that were originally found in [NS96] —
one of them is about compressions by free projections, the other concerns a
method of constructing free families of free Poisson elements. In Section 4.5
we remember that the concept of incps has its origins in the considerations
“of type B” from [BGNO03|, and we look at how the essence of these consid-
erations persists in the framework of the present paper. The main point of
the section is that, when taking the soul part of the G-valued formulas for
alternating products of infinitesimally free random variables, one does indeed
obtain nice analogues of type B (with summations over NC(B)(n)) for the
type A formulas. In particular, this offers another explanation for why the
infinitesimal cumulant functional ], can be described by using a summation
formula over NCZ5) (n).

In Section 4.6 we return to the point of view of treating !, as a derivative
of the usual non-crossing cumulant functional k,, and we discuss the related
concept of dual derivation system on a unital algebra A. Finally, Section 4.7
elaborates on the discussion about soul companions from the above subsec-
tion 4.1.3. In particular, we show how the dual derivation system provided
by a derivation D : A — A leads to the setting for infinitesimal freeness
from Corollary 4.1.4. Section 4.7 (and the chapter) concludes with a cou-
ple of examples related to the settings of Corollary 4.1.4 and of Proposition
4.1.5.

4.2 Basic properties of infinitesimal freeness

In this section we collect some basic properties of infinitesimal freeness, and
we discuss the relations between Definition 4.1.1 and the frameworks from
[BS09], [BGNO3|.

Definition 4.2.1. Here are some standard variations of Definition 4.1.1.
1 The concept of infinitesimal freeness carries over to *-algebras. More
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precisely, we will use the name *-incps for an incps (A, p, ') where A is a
unital x-algebra and where

(i) @ is positive definite, that is, p(a*a) > 0, Va € A,

(ii) ¢ is selfadjoint, that is, ¢'(a*) = ¢/(a), Va € A.

2° Another standard variation of the definitions is that infinitesimal free-
ness can be considered for arbitrary subsets of A (which don’t have to be sub-
algebras). Soif (A, p, ') is an incps (respectively a #-incps) and if A7, ..., Xk
are subsets of A, then we will say that X1, ..., Xy are infinitesimally free (re-
spectively infinitesimally x-free) when the unital subalgebras (respectively
x-subalgebras) generated by X, ..., X} are so.

Remark 4.2.2. Let (A, p) be a noncommutative probability space and let
Ai, ..., A be unital subalgebras of A which are free in (A, ). It is very
easy to see (cf. Remark 2.5.2 in [VDN92| or Examples 5.15 in [NS06]) that
the way how ¢ acts on Alg(A; U--- U Ag) can be reconstructed from the
restrictions ¢ | A;, 1 < i < k. The simplest illustration for how this works
is provided by the formula

p(ab) = p(a)p(b), Vae€ A, be A, with iy # i, (4.16)

which is obtained by expanding the product and then collecting terms in the
equation gp( (a—p(a)lg) - (b— @(b)lA)> =0.

A similar phenomenon turns out to take place when dealing with in-
finitesimal freeness: the way how ¢’ acts on Alg(A; U --- U Ag) can be
reconstructed from the restrictions of ¢ and of ¢’ to A;, 1 < i < k. For
example, the counterpart of Equation (4.16) says that

¢’ (ab) = @' (a)p(b) + p(a)¢'(b), Ya € A, be A, where iy #is. (4.17)

This is obtained by expanding the product and then collecting terms in the
equation gp’( (a—p(a)ly)-(b— cp(b)lA)> = 0 (which is a particular case of
Equation (4.5)), and by taking into account that ¢'(14) = 0.

We leave it as an easy exercise to the reader to verify that the similar
calculation for an alternating product of 3 factors (which makes a more
involved use of Equation (4.5)) leads to the formula

(arbas) = ¢/ () (b) + p(ara) (8) (118)
for a1, a2 € A;y, b € Ai,, with i1 # io.

Remark 4.2.3. (Traciality.) Another well-known fact in usual free proba-
bility is that if the unital subalgebras Aj, ..., Ay C A are free in (A, ¢) and
if o | A; is a trace for every 1 < i < k, then ¢ is a trace on Alg(A;U- - -UAg).
This too extends to the infinitesimal framework: if Aq,..., A; are infinites-
imally free in (A, ¢, ¢’) and if ¢ | A;, ¢’ | A; are traces for every 1 <i < k,
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then ¢ and ¢’ are traces on Alg(A; U---U Ag). Rather than writing an
ad-hoc proof of this fact based directly on Definition 4.1.1, we find it more
instructive to do this by using cumulants — see Proposition 4.3.16 below.

We next move to describing the free product of infinitesimal noncommu-
tative probability spaces announced at the end of Section 4.1.1.

Proposition 4.2.4. Let (A1, ¢1), ..., (Ag, pr) be noncommutative probabil-
ity spaces, and consider the free product (A,¢) = (A1,01) * -+ * (Ag, k)
(as described e.g. in Lecture 6 of [NS06]). Suppose that for every 1 <i <k
we are given a linear functional ¢, : A; — C such that ©;(14) = 0. Then
there exists a unique linear functional ¢’ : A — C such that ¢’ | A; = ¢},
1 <i <k, and such that Ay, ..., A are infinitesimally free in (A, p, ).

Proof. We start by reviewing a few basic facts and notations related to
(A, ). Each of Aj,..., Ax is identified as a unital subalgebra of A, such
that ¢ | A; = ;. For 1 < i <k we denote A? = {a € A; | ¢(a) = 0}, and
for every n > 1 and 1 < i1,...,4, < k such that iy # i9,...,ip_1 # i, We
put

Wit ooin 1= span{a1 canlay €AY, an € .Afn}. (4.19)

It is known that Wj;, ;. is canonically isomorphic to the tensor product
A ® -+ ® A9, via the identification ay---an ~ a1 ® -+ ® ay, for a1 €
Agl, e, Ay € Afn. Moreover it is known that the spaces W, ;, defined in
(4.19) realize a direct sum decomposition of the kernel of ¢. (See [NS06],
pp. 81-84.)

Due to the direct sum decomposition mentioned above, we may define
the required functional ¢’ by separately prescribing its behaviour at 14 and
on each of the subspaces W, ;.. We put ¢'(14) := 0. We also prescribe
¢’ to be 0 on W;, ;. whenever n is even, and whenever n is odd but it
is not true that i, = ip4y1-m for all 1 < m < (n —1)/2. Suppose next
that n = 2m — 1, odd, and that the indices 41,...,7, are such that i; =
12m—1, 92 = 12m—2, -+, bm—1 = bm+1. By using the identification W;, ;. =~
A? @ - ® A7 it is immediate that we can define a linear map on W
by the requirement that

17---7in

ar---agm—1 4+ @i, (a102m—1)Piy (a202m—2) - - - Piny 1 (Gm—10m+1) - ¢;7,L(am),

o
R

for every a1 € A
is to act on Wi, _i,.-

Directly from Definition 4.1.1 it is immediate that, with ¢’ : A — C
defined as in the preceding paragraph, Aj, ..., Ay are infinitesimally free in
(A, ¢, ¢"). The uniqueness of ¢’ with this property is also immediate. O

- an € A7 ; we take this as the prescription for how 74

Definition 4.2.5. Let (A1, ¢1,¢)),..., (Ak, ¢, ¢)) be infinitesimal non-
commutative probability spaces. We define their free product to be (A, ¢, ¢')
where (A, ¢) = (A1, p1)*- - -x( Ak, pr) and where ¢’ : A — C is the functional
provided by Proposition 4.2.4.
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Remark 4.2.6. In the context of Proposition 4.2.4, suppose that the proba-
bility spaces (A1, 1), .- ., (Ak, ¢k) are *-noncommutative probability spaces.
Then so is the free product (A, ) (see [INS06|, Theorem 6.13). If moreover
each of the functionals ¢} : A; — C given in Proposition 4.2.4 is selfadjoint,
then it is easily checked that the resulting functional ¢’ : A — C is selfad-
joint too. Hence, if in Definition 4.2.5 each of (A;, ¢s, ¢}) is a *-incps, then
the free product (A, ¢, ') is a x-incps as well.

Example 4.2.7. For an illustration of the above, we look at a simple exam-
ple where the spaces W;, . ;, are all 1-dimensional. Consider the k-fold free
product group Zg * --- * Zg and let ¢ be the canonical trace on the group
algebra A := C[Zy * - - - x Zs]. So A is a unital x-algebra freely generated by

k unitaries uq, ..., uy of order 2, and has a linear basis B given by

> < i1yein <
n>1, 1<iq, yin < Kk, } (4.20)

B = {1A}U{ui1”'ui" with 41 # i2,...,in—1 7# in

The linear functional ¢ : A — C acts on the basis B by
p(la) =1, and @) =0, Vbe B\ {la}.

It is easy to verify (see e.g. Lecture 6 in [NS06]) that we have (A,p) =
(A1, 1) % -+ % (Ak, @), where for 1 < i < k we denote A; = span{1,u;}
(2-dimensional x-subalgebra of A), and where ¢; := ¢ | A;. The direct sum
decomposition of A with respect to this free product structure simply has

Wii....in = 1-dimensional space spanned by w;, - - - u;,,,

for every n > 1 and every alternating sequence i1,...,%, as described in
(4.20).

Now let ¢} : A; — C be linear functionals such that ¢}(14) =0, 1 <i <
k. Clearly, these functionals are determined by the values

P1(ur) = af, .., pp(ug) =: aj.
The free product extension ¢’ : A — C then acts by

o , ifnisodd, n=2m—1,
go'(uil s uzn) = and il = Z.Qm,l, ey Z'm,1 = ’L'm+1 (421)
0, otherwise.

Note that formula (4.21) looks particularly nice in the case when k = 2 —
indeed, in this case the requirement that i1 = dopm—1,...,0m—1 = Imy1 IS
automatically satisfied whenever n = 2m — 1 and iy, ...,14, are as in (4.20).

Remark 4.2.8. (Relation to [BS09]). Definition 13 of [BS09] introduces
a concept of infinitesimal freeness for unital subalgebras Ay, A2 C A in an
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incps (A, p, 1) As explained there (immediately following to Definition 13),
and reviewed in (2.18), (2.19), this amounts to two requirements: that A4, Ay
are free in (A, 1), and that they satisfy the following additional condition:

i (o1 = 1) 14) -+ (o0 = 1(pn)10) ) = (4:22)

n
u( (p1 = p(p1)1a) - 4 (Pm) -+~ (P — M(pn)lA)>
m=1
for p1 € Aiy,...,pn € A;,, where i1 # i9,...,ip—1 # in. By denoting
Pm — pw(pm)la =: ¢n and by taking into account that p'(gm) = 1/ (pm),
1 < m < n, one sees that condition (4.22) is equivalent to its particular case
requesting that

W gn) =Y @ Gm1gme1 - qn) - 1 (am) (4.23)

m=1

for g1 € Aiy,...,qn € A;,, where i1 # i9,...,in—1 # i, and where u(q;) =
= p(gn) = 0.

But now, let A;, A2 be unital subalgebras of A which are free in (A, p).
A standard calculation from usual free probability (see e.g. Lemma 5.18 on
page 73 of [NS06]) says that, with q1,..., ¢, as in (4.23), one has

(g1 Gm—1gm+41 - qn) =0

unless it is true that m — 1 = n — m and that 41 = tmt1,tm—2 =
Tmt2, - - -, 11 = in; moreover, if the latter conditions are satisfied, then

(a1 Gm—19m+1 - Gn) = M Gm-1Gm+1) 1(Gm—2@m+2) - - 1(q1qn)-

This clearly implies that the sum on the right-hand side of (4.23) has at most
one term which is different from 0; and moreover, when such a term exists,
it is exactly as described in Equation (4.5) of Definition 4.1.1.

Hence, modulo an immediate reformulation, the concept of infinitesimal
freeness from [BS09] is the same as the one used in this chapter (which
justifies the fact that we are calling it by the same name).

Remark 4.2.9. (Relation to [BGN03]). A noncommutative probability space
of type B is defined in [BGNO03] (see also Section 2.5) as a system

(A, @V, f, @),

where (A, ¢) is a noncommutative probability space, V is a complex vector
space, f : ¥V — C is a linear functional, and ® : A x V x A — V is a two-
sided action. We will write for short ab and respectively a&, &b instead of
®(a,&,b) and respectively ®(a, &, 14), P(14,&,b), for a,b € Aand € € V. Let
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A1, ..., A; be unital subalgebras of A and let Vi, ..., Vi be linear subspaces
of V, such that V; is closed under the two-sided action of A;, 1 < i < k.
Definition 7.2 of [BGNO03] (Definition 2.5.4) introduces a concept of what it
means for (A1, V1),..., (A, Vi) to be freein (A, o, V, f, ®). This amounts to
two requirements: that Ay, ..., Ay are free in (A, ), and that the following
additional condition is satisfied:

@(aiby) - w(anbn) f(£),
flam ...a1&by ... by) = ifm=nandi; =7j1,...,0 = Jn (4.24)
0, otherwise,

holding for m,n > 0 and a1 € A;,...,am € A;,,b1 € Aj,....b, €
Aj,. . & € Vi, where any two consecutive indices among i, . .., %1, R, j1, .- ., Jn
are different from each other, and where ¢(a,) = -+ = ¢(a;) = 0 =
p(b1) =+ = @(bn).

Now, to (A, ¢, V, f,®) as above one associates a link-algebra, which is
simply the direct product M = A x V endowed with the natural structure
of complex vector space and with multiplication

(a,&) - (b,n) = (ab,an +&b), Ya,be A, §,ne V. (4.25)
If we define ¥,¢' : M — C by
Y((a,8)) = ¢(a), ¢¥'((a,8)):= f(§), Y(a,§) € M, (4.26)

then (M, ,4’) becomes an incps. Let again A1, ..., A; be unital subalge-
bras of A and V1, ...,V be linear subspaces of V such that V; is closed under
the two-sided action of A;, 1 < i < k. Then My := Ay x Vy,..., My :=
A X Vg are unital subalgebras of the link-algebra M, and we claim that

(A1, V1), (Ag, Vi) My, ..., My are free
are free in (A, p, V, f, @), & in (M, ,9'), in the
in the sense of [BGNO03| sense of Definition 4.1.1

(4.27)
In order to prove the implication “<" in (4.27), we only have to write

flam ...a1&by ... by) = ¢/((am,01})-"(a1,0v) (04,8) - (bl,Ov)"'(bn,Ov)>

and then invoke Equation (4.5). For the implication “=", consider some
elements (a1,&1) € Miy, ..., (an, &) € M,;, where i1 # i9,...,in—1 # in
and where ¥((a1,&1)) = -+ = ¥((an,&)) = 0 (which just means that
v(a1) = -+ = p(ap) = 0). By using how the multiplication on M and how
)" are defined, we see that

W( (ah 51) t (ana én) ) = Z f(al cet am—l&mam—Fl te an)- (428)
m=1
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But because of (4.24), at most one term in the sum on the right-hand side
of (4.28) can be different from 0; moreover such a term can only occur for
m = (n+1)/2,if (nis odd and) i1 = i9m—1,--,0m—1 = Im+1. Finally, if
the latter equalities of indices are satisfied, then the unique term left in the
sum from (4.28) is ¢(a1a9m—1) - ©(@m-1am+1)f(&m), and the conditions
defining the infinitesimal freeness of My,..., My in (M, ),v’) follow.

Hence, by focusing on the link-algebra, one can incorporate the freeness
of type B from [BGNO03] into the framework of this chapter.

4.3 Infinitesimal cumulants

Remark 4.3.1. We will work with the Grassman algebra G from subsection
4.1.1, and with the maps Bo,So : G — C defined in subsection 4.1.2. It is
immediate that the multiplication of G is commutative, and that the “body”
map Bo : G — C is a homomorphism of unital algebras. Concerning how
the “soul” map So behaves with respect to multiplication, we record the
immediate formula

n

So(y1-++m) =3 (So(w)- [[ Bo()), ¥n>1, ¥y, €G.
=1 1<j<n,
J#i

(4.29)

Notation 4.3.2. In the following, we fix a pair (A, p) where A is a unital
algebra over C and ¢ : A — G is C-linear with ¢(14) = 1. In connection to
this ¢ we will repeat all the constructions of functionals described in subsec-
tion 2.3.2, with the only difference that the range space of these functionals
is now G. So for every n > 1 we put

On(a, ... an) = @(ar---ap).

Then for every m € NC(n) we define ¢, : A" — G by

Orlar, ... ap) = H <ﬁ|v|((a1,...,an) | V), ay,...,ap € A, (4.30)
Ven

This is followed by defining a family of cumulant functionals (%, : A" —
G )p>1, where

Fp = Z Msb@ (1,1, - @, 1> 1. (4.31)
TeNC(n)

Finally, for every m € NC(n) we define %, : A" — G by

Fr(ar, .. an) =[] Ryi((a1,. . an) [ V), a1,...,an € A (4.32)
Ven
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It is easily seen that, exactly as in the C-valued case, the families of func-
tionals {f; | 7 € NC(n)} and {px | 7 € NC(n)} are related by moment-
cumulant formulas (i.e. by summation formulas as shown in Equations (2.4),
(2.5). We only record here the special case of moment-cumulant formula
which expresses ¢1, as a sum of cumulant functionals, and thus says that

olay---ap) = Z Re(ai,...,an) €G, Vai,...,a, € A (4.33)
TeNC(n)

Remark 4.3.3. The next thing to do concerning (A, Q) is to see if the
analogue of Theorem 2.3.7 holds. Both conditions (1) and (2) from the
statement of that theorem can be faithfully transcribed to the G-valued
framework, but it turns out they are no longer equivalent to each other — the
implication (2) = (1) still holds, but its converse does not. This is discussed
in more detail in Remark 4.3.14 below.

In the remaining part of this subsection we will point out two other facts
from the theory of usual non-crossing cumulants where (unlike for Theorem
2.3.7) both the statement and the proof can be transcribed without any
problems from the C-valued to the G-valued framework.

Proposition 4.3.4. One has that Rn(a1,...,a,) = 0 whenever n > 2,
ai,...,an € A, and there exists 1 < m < n such that a,, € Cly.

Proof. This is the analogue of Proposition 11.15 in [NS06]. It is straightfor-
ward (left to the reader) to see that the proof shown on p. 182 of [NS06]

goes without any changes to the G-valued framework. O
Proposition 4.3.5. Let z1,...,xs be in A and consider some products of
the form

A = T1°"Tgyy A2 = Tgy41 " Lsgy «vvy An = Ts, 141" Lgy,

where 1 <81 <89 <--- <8, =358. Then

Fn(a1, ... an) = > Fr(21,...,25), (4.34)

TeNC(s) such
that mVvO=14

where § € NC(s) is the partition with interval blocks {1,...,s1}, {s1 +
1,o.0,80), oo {sn1+1,..., s}

Proof. This is the analogue of Theorem 11.20 in [NS06], and the proof of
this theorem (as shown on pp. 178-180 of [NS06]) goes without any changes
to the G-valued framework. O
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Notation 4.3.6. Throughout this whole section we fiz an incps (A, p,¢).
We will use the notation “k,” for the non-crossing cumulant functionals
associated to ¢, as described in Section 2.3.2. Moreover, we will denote,
same as in the introduction:

p=p+ep : A—-G

and we will consider the family of non-crossing cumulant functionals (&, :
A" — G),>1 which are associated to ¢ as in formula (4.31).

Definition 4.3.7. For every n > 1, consider the multilinear functional &/, :
A" — C defined by the formula

kn(at,...,an) = (4.35)

3 [M'db(w,ln) ey ((ar..ovan) | V) TT owi((ar,- - van) | W) |,
TeNC(n) Wen
ver W#V

for ai,...,a, € A. The functionals k), will be called infinitesimal non-

crossing cumulant functionals associated to (A, ¢, ¢').

A moment’s thought shows that Equation (4.35) is indeed obtained from
the fomula (2.5) defining £, where one uses the formal derivation procedure
announced in subsection 4.1.2 of the introduction.

We next state precisely (in Propositions 4.3.8, 4.3.10 and Remark 4.3.9)
the equivalence between Definition 4.3.7 and the other facets of ], that were
mentioned in subsection 4.1.2.

Proposition 4.3.8. Suppose that o, ¢’ are the infinitesimal limit of a family
{¢t | t € T}, in the sense described in Equation (4.8). Let us use the notation

RS) for the non-crossing cumulant functional of ¢, fort € T and n > 1.
Then for every n > 1 and every ay,...,a, € A one has that

En(ai,...,an) = %i_r}émg)(al, ceyQn),

and

t=0"

d
kh(ay, ... ap) = { ﬁmg)(al,...,an)}

Proof. Fixn >1 and ay,...,a, € A. For every t € T we have that

kar,.. . an) = Y MebW(r, 1) - [ e (ar,-. . an) [ V). (4.36)
TeNC(n) Ven

From (4.36) it is clear that lim;_q /igf)(al, ceoyap) = Kpl(aq,...,a,). More-
over, it is immediate that the function of ¢ appearing on the right-hand side
of (4.36) has a derivative at 0; and upon using linearity and the Leibnitz
formula to compute this derivative, one obtains precisely the formula (4.35)
that defined «/,(a1,...,a,). O



4.8 Infinitesimal cumulants 79

Remark 4.3.9. As observed in Section 2.5, the set
{(m, V)| me NC(n),V € r}

which indexes the sum on the right-hand side of Equation (4.35) is the image
of NCZB)(n) via the bijection

(1 € NCZ"P)(n) with zero-block Z) — ( Abs(7), Abs(Z)).

When 7 and (7, V') correspond to each other via this bijection, we have that

MsbB) (7,14,,) = Mab@ (. 1,,) (cf. implication (2.12)) ; moreover, the rest

of the product indexed by (7, V') on the right-hand side of Equation (4.35)
(B)

is precisely equal to 7 (a1, ...,ay,), where we anticipate here the notation
(p(TB) from Equation (4.77). In conclusion, the change of variable from (V)

to 7 converts (4.35) into a summation formula “of type B,

k= Y MebP(r1s,) - olP). (4.37)
TENCZ(B)(n)

It is easy to see that (4.37) is equivalent to a plain summation formula
which writes ¢'(a;---ay) in terms of cumulants (cf. Remark 4.5.5 below,
where one also sees that the absence of terms indexed by partitions from
NC®B)(n)\ NCZ®B)(n) is caused by the fact that ¢'(14) = 0).

Proposition 4.3.10. For everyn > 1 one has that Bo Ky, = k, and So k, =
Kl

Proof. For the first statement we only have to take the body part on both
sides of Equation (4.31) and use the fact that Bo : G — C is a homomorphism
of unital algebras. For the second statement we take soul parts in (4.31) and
then use the multiplication formula (4.29). O

We now go to Theorem 4.1.2. Note that, in view of Proposition 4.3.10,
the equalities “kp(a1,...,a,) = K} (a1,...,a,) = 07 from condition (2) of
Theorem 4.1.2 may be replaced with “k,(a1,...,a,) = 0”. We will prove
Theorem 4.1.2 in this alternative form, which is stated below as Proposition
4.3.12.

Lemma 4.3.11. Suppose that n is a positive integer and m is a partition in
NC(n), such that the following two properties hold:

(i) For every 1 < i < n —1, the numbers i and i + 1 do not belong to the
same block of .

(1) ™ has at most one block of cardinality 1.

Then n is odd, and 7 is the partition

{ fLnh 20 =1} A= 1)/2, (0 +3)/2}, {(n+1)/2} }.
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Proof. We will use the observation about interval-blocks of non-crossing par-
titions that was recorded in Subsection 2.3.1. Clearly, condition (i) implies
that 7 cannot have interval-blocks V' with |V| > 2; by also taking (ii) into ac-
count we thus see that 7 has a unique interval-block V,, of the form V, = {p}
for some 1 < p <n.

Let V be a block of =, distinct from V,. We claim that

VAL <1, VAl <1 (4.38)

Indeed, assume for instance that we had | V. N [1,p) | > 2. Then we could
find 4,5 € V such that i < j < pand (¢,j) NV = . Note that j # i+ 1, due
to condition (i); but then, as observed in Subsection 2.3.1, the partition 7
must have an interval-block W N (¢, 7), in contradiction to the fact that the
unique interval-block of 7 is V.

For every block V' # V,, of m it then follows that

[VALp) [=lVn(pn]|=1

Indeed, if in (4.38) one of the sets VN [1,p), V N (p,n] would be empty, then
it would follow that |V| = 1 and hypothesis (ii) would be contradicted.

The list of blocks of m which are distinct from V, can thus be written in
the form

{ ‘/1 :{i17j1}7"‘7vm:{im7jm}, where

. . ] ) . . ) (4.39)
HNLXP<Jlyenrtm <P <Jm, and ig <ig < -+ < ip.

Observe that in (4.39) we must have j; > jo > -+ > jp. Indeed, if it
was true that js < j; for some 1 < s < t < m, then it would follow that
is < iy < p < js < jt, and the blocks Vi, V; would cross. Hence we have
obtained i1 < -+ < iy < p < Jm < --- < j1; together with (4.39), this
implies that n = 2m 4 1 and that = is precisely the partition indicated in
the lemma. O

Proposition 4.3.12. Let Aq,..., A; be unital subalgebras of A. The fol-
lowing statements are equivalent:

(1) Ai,..., A are infinitesimally free in (A, @, ¢').

(2) For every n > 2, for every ii,...,in € {1,...,k} which are not all
equal to each other, and for every a1 € A;,,...,an € A;,, one has that
/%n(al, ey an) = 0.

Proof. “(1) = (2)”. We prove the required statement about cumulants by
induction on n. For the base case n = 2, consider elements a; € A;; and
az € A;,, where i1 # i5. By using the formulas which define k2 and /€/2 and
by invoking Equations (4.16) and (4.17) from Remark 4.2.2 we find that

{ ra(ar, az) = p(araz) — p(ar)p(az) =0 and
Ky(ar, a2) = ¢'(araz) — ¢'(a1)p(az) — p(ar)¢'(az) = 0,
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hence Ro(ay, a2) = ka(a1,az) + erh(ar, az) = 0.

We now prove the induction step: assume that the vanishing of mixed
cumulants is already proved for 1,2,...,n — 1, where n > 3. We consider
elements a1 € A;,,...,a, € A;, where not all indices 41,...,i, are equal
to each other, and we want to prove that &y(ai,...,a,) = 0. By invoking
Proposition 4.3.4 we may replace every a,, with a,, — o(am)la, 1 <m <n,
and therefore assume without loss of generality that ¢(a1) = -+ = p(a,) =
0. Observe that this implies p(ap)P(aqg) = (e¢'(ap)) - (e¢'(aq)) = 0, hence
that

Ra(ap, aq) = Plapag) — Glap)plag) = Plapay), Y1 <p<qg<n. (440)

Another assumption that can be made without loss of generality is that
im # tm+1,V1 < m < n. Indeed, if there exists 1 < m < n such that
im = im+1, then we invoke the special case of Proposition 4.3.5 which states
that

Fn—1(a1, ..oy Qmmity ... Gp) = Rn(ay,...,ap) (4.41)

+> TE€NC (n) with |7|=2 Rr(at,...,an).
7 separates m and m—+1
The induction hypothesis gives us that the left-hand side and every term
in the sum on the right-hand side of Equation (4.41) are equal to 0, and it
follows that &y (ai,...,a,) must be 0 as well.

Hence for the rest of the proof of this induction step we will assume that
ela1) = -+ = ¢(ap) = 0 and that iy # i2,...,ip—1 # in. This makes
ai,...,a, be exactly as in Definition 4.1.1, so we get that p(a;---a,) =0
and that ¢'(ay---a,) is as described in Equation (4.5). In terms of the
functional ¢, we have

Plar---ap) =e¢'(ar---an) = (4.42)

ep(ar an)p(az an—1) - p(am-1)y/2 A(ns3)/2) - €' (A(nt1y/2),
= if n is odd and 11 = in,ig = in—la ey i(nfl)/Q = i(n+3)/2,
0, otherwise.

Now let us consider the relation (4.33), written in the equivalent form

Rnar,...,an) = @lar--an) — Y Relar,...,an). (4.43)
TeNC(n),
£l

Observe that if a partition 7 € NC(n) has two distinct blocks {p}, {q} of
cardinality one, then the term indexed by 7 on the right-hand side of (4.43)
vanishes, because it contains the subproduct &1(ap)R1(aq) = @(ap)p(aq) =
0. On the other hand if # € NC(n) has a block V' which contains two
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consecutive numbers ¢ and ¢ + 1, then the term indexed by 7 on the right-
hand side of (4.43) vanishes as well, due to the induction hypothesis. Hence
the sum subtracted on the right-hand side of (4.43) can only get non-zero
contributions from partitions 7 € NC(n) which satisfy the hypotheses of
Lemma 4.3.11; from the lemma it then follows that the sum in question is 0
for n even, and is equal to

Ra(a1, an)Ra(az, an—1) - Fa(am—1)/2, A(n13)/2) - F1(a(nr1)/2) (4.44)

for n odd.

Let us focus for a moment on the quantity that appeared in (4.44).
The vanishing of mixed cumulants of order 2 (which is part of our induc-
tion hypothesis) implies that this quantity vanishes unless i1 = i, iy =
in—1s---5n-1)/2 = i(nt3)/2- In the case that the latter equalities of indices
hold, we can continue (4.44) with

= @(aran)p(azan—1) - P(a(n-1)/20(n+3)/2) - P(A(nr1)/2) (due to (4.40))

= ep(aran)p(azan—1) - P(ap—1)/20m+3)/2) - ¢ (@(n11)/2)- (4.45)

(The equality (4.45) holds because @(a(41y/2) = €¢'(a(n41)/2), and due to
how the multiplication on G works.)
So all in all, what we have obtained is that

Rn(ai,...,an) = (4.46)
Plar---an) —ep(aran)p(agan-) - p(an-ianss) - ¢ (anp),
if nis odd and 47 = 4,90 = tp_1,...,0n-1 = Inst3,
2 2

o(ay -+ ay), otherwise.

By comparing Equations (4.46) and (4.42) we see that, in all cases, we have
Rn(ai,...,an) = 0. This concludes the induction argument, and the proof
of the implication (1) = (2) of the proposition.

“(2) = (1)”. Consider indices i1,...,i, € {1,...,k} such that
01 F 12,5 lin—1 F in

and elements a1 € A;,,...,a, € A;, such that

plar) =---=p(an) = 0.

We have to prove that ¢(aq ---a,) = 0 and that ¢'(ay - - a,,) is as described
in formula (4.5) from Definition 4.1.1. To this end we consider the G-valued
moment @(ag - an) = @(ar---an) +e¢’(ar---ay), and write it in terms of
G-valued cumulants as in the beginning of the section :

plar---an)= > [ &pvi((ar,... a0) | V). (4.47)

meNC(n) Ven
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An argument very similar to the one used in the proof of the implication
(1) = (2) above shows that the sum on the right-hand side of (4.47) can
only get non-zero contributions from partitions 7 € NC(n) which satisfy
the hypotheses of Lemma 4.3.11. If n is even then there is no such partition,
and we obtain @¢(aj---a,) = 0. If n is odd, then the sum in (4.47) reduces
to only one term and we obtain that

@lar---an) = kaar, an)kao(az, an—1) - K2(a(m-1)/2, Ant3)/2) " F1(A(ny1)/2)-

(4.48)
Moreover, in the case when n is odd, the hypothesis that mixed cumu-
lants vanish gives us that the right-hand side of (4.48) is equal to 0 unless
we have i1 = in, ..., im—1)/2 = i(ng3)/2- And finally, if the latter equali-
ties of indices hold, then the right-hand side of (4.48) gets converted into
ep(aran)p(azan—1) - p(a(n-1)/20(n+3)/2) * ¢ (A(ns1)/2); by the same argu-
ment that led to (4.45) in the proof of the implication (1) = (2). The
conclusion is that ¢(ai---a,) = 0 (in all cases), and that ¢'(aj ---ay) is as
in Equation (4.5), as required. O

Corollary 4.3.13. Let X1, ..., X} be subsets of A. The following statements
are equivalent:

(1) Xy,..., X are infinitesimally free in (A, o, ¢’).

(2) For every n > 2, for every iy,...,i, € {1,...,k} which are not all
equal to each other, and for every x1 € X, ,...,xn € X, one has that
Rn(x1,...,25) = 0.

Proof. This is a faithful copy of the proof giving the analogous result over
C (cf. Theorem 11.20 in [NS06]). For the reader’s convenience, we repeat
here the highlights of the argument. Let A; denote the unital subalgebra
of A generated by X;, 1 < ¢ < k. The infinitesimal freeness of Xj,..., X}
is by definition equivalent to the one of Ay, ..., Ak, hence to the fact that
condition (2) from Proposition 4.3.12 holds. We must thus prove that “(2) in
Proposition 4.3.12” is equivalent to “(2) in Corollary 4.3.13”. The implication
“=7 is trivial. For “<” it suffices (by multilinearity of &, and Proposition
4.3.4) to prove that &,(a1,...,a,) =0 when

A1 = X1 Ty, A2 = Tgy41 " Lsyy oy A =T, _+1° " Ts, (4.49)

forn > 2 and s1 < s9 < --- < sp, with z1,...,25, € Xiy, Ts;41,...,%sy €
Xigs s Ts, _141,-..,Ts, € A, , and where the indices 71, ...,%, are not all
equal to each other. But for ay,...,a, as in (4.49), Proposition 4.3.5 gives
us the cumulant %, (a1, ..., a,) as a sum of cumulants Z(x1,...,2s,); and a
direct combinatorial analysis (exactly as on p. 186 of [NS06]) shows that all
the latter cumulants vanish because of condition (2) form Corollary 4.3.13.

O
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Remark 4.3.14. Since the functional ¢ : A — G and its associated cumu-
lants %, play such a central role in the proof of Theorem 4.1.2, it is natural
to ask: can’t one actually characterize infinitesimal freeness by the same
kind of moment condition as in the definition of usual freeness, with the
only modification that one now uses ¢ instead of 7 To be precise, consider
the following condition which a family of unital subalgebras A;,..., A C A
may or may not satisfy:

For every n > 1 and 1 <y, ...,i, < k such that iy # io,...,ip_1 F# in,
and every a1 € A;,...,a, € A;, such that ¢(a1) =--- = @(an) =0,
one has that ¢(ay---a,) =0.
(4.50)
Isn’t then condition (4.50) equivalent to infinitesimal freeness?

On the positive side it is immediate, directly from Definition 4.1.1, that
(4.50) is indeed implied by infinitesimal freeness. However, the converse
statement is not true : it may happen that (4.50) is satisfied and yet
A1, ..., A; are not infinitesimally free. What causes this to happen is that
one cannot generally “center” an element a € A with respect to ¢ (the scalars
available are from C, and there may be no A € C such that ¢(a—A14) = 0).
This limits the scope of condition (4.50), and makes it insufficient for recom-
puting ¢ on Alg(A; U---U Ag) from the restrictions ¢ | A;, 1 <1i < k.

For a simple concrete example showing how (4.50) may fail to imply in-
finitesimal freeness, suppose we are in the situation from Example 4.2.7, with
A = C[Za - - - x Z3] and where A; = span{l4,u1},..., Ay = span{l 4, ux}
are the k copies of C[Zs] canonically embedded into .A. Suppose moreover
that the linear functionals o, ¢’ : A — C are such that ¢ = ¢ + e’ satisfies

P1a) =1, Glur) =--- = Glug) = <. (4.51)

Then, no matter how ¢ acts on words of length > 2 made with uq, ..., ug,
it will be true that Aj,..., A; satisfy condition (4.50) with respect to @;
this is due to the simple reason that the restrictions ¢ | A; (1 < i < k) are
one-to-one. But on the other hand, Remark 4.2.2 tells us that if Aq,..., A
are to be infinitesimally free in (A, ¢, ¢'), then @ is uniquely determined by
(4.51); for example, the formulas given for illustration in Equations (4.16),
(4.17) imply that we must have @(ujug) = @(u1)@(uz) = €2 = 0. Hence any
choice of ¢ as in (4.51) and with @(ujuz) # 0 provides an example for how
condition (4.50) does not imply infinitesimal freeness.

We conclude this section by establishing the fact about traciality that
was announced in Remark 4.2.3.

Lemma 4.3.15. Let B be a unital subalgebra of A, and suppose that o | B
15 a trace. Then

/%n(bl,bg, .. .,bn) = /%n(bg,bn, .. .,bl), Vn>2, b,...,b, € B. (4.52)
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Proof. Let T' be the cyclic permutation of {1,...,n} defined by I'(1) =
2,...,'(n—=1) = n,I'(n) = 1. It is easy to see (cf. Exercise 9.41 on p.
153 of [NS06]) that I' induces an automorphism of the lattice NC'(n) which
maps 7 ={Vi,...,V,} e NC(n) toI'- 7w :={T'(V1),..., (V) }.

Now let some by,...,b, € B be given. The right-hand side of (4.52) is
n(br(1ys - - br(n)), which is by definition equal to

> MebW(m,1,) - @abry, - - brem)- (4.53)
meNC(n)

By taking into account the traciality of @ on B it is easily verified that
Gr(bra)s - - brmy) = @re(b, ..., by), Y7 € NC(n). Since M6b)(I'- 7, 1,,)
= MsbW(-7,T-1,,) = M&b@ (7, 1,,), V& e NC(n), it becomes clear that
the change of variable T - m =: p will convert the sum from (4.53) into the
one which defines &y, (b1,...,by). O

Proposition 4.3.16. Let A;,..., Ay be unital subalgebras of A that are
infinitesimally free in (A, @,¢"). If ¢ | A; and ¢ | A; are traces for every
1<i<k, then ¢ and ¢ are traces on Alg(A; U---U Ayg).

Proof. The given hypothesis and the required conclusion can be rephrased
by saying that ¢ is a trace on every A;, and respectively that ¢ is a trace on
Alg(A; U---UAy). Clearly, the rephrased conclusion will follow if we prove
that

Q(x1 - Tpo1Tp) = P(TpT1 - Tn_1) (4.54)
where 1 € A;,,...,x, € A;, withn > 2 and 1 < iy,...,i, < k. Let us
fix such n, i1,...,%, and x1,...,2,. It is moreover convenient to denote
Y1 i= Xp, Y2 1= X1, .-, Yn i= Tp—1, SO that (4.54) takes the form @(xq - - - xy,)

= @y yn).

Let 7, be the partition of {1,...,n} defined by the requirement that for
1 <p<q<n we have (p,qin the same block of 7, ) & i, = ig. The
hypothesis that Aq,..., A are infinitesimally free and Proposition 4.3.12
imply that

o(ry-xp) = Z Ra(x1,..., %) (4.55)
Te€NC(n) such

that ©w<m,

(Note that m, may not belong to NC(n), but the inequality 7 < 7, still
makes sense, in reverse refinement order.) Now, by using Lemma 4.3.15 it is
easily checked that for every m € NC(n) such that m < 7, one has

Rﬂ(xlw'"xn) :"%F'ﬂ'(ylw--,yn)a (456)

where “I'- 7" has the same significance as in the proof of Lemma 4.3.15. If we
combine (4.55) with (4.56) and then make the change of variable I' - m =: p,
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we arrive to

G(x1-xp) = > Fp(U1s - -+ Yn)- (4.57)
peENC(n) such

that p<I'-m,
Finally, we invoke once more the infinitesimal freeness of Aq,..., A; and
Proposition 4.3.12, to conclude that the right-hand side of (4.57) is precisely
the moment-cumulant expansion for @(yi - - - yn). O

4.4 Alternating products of infinitesimally free ran-
dom variables

In Proposition 4.3.12 we saw that infinitesimal freeness can be described
as a vanishing condition for mixed G-valued cumulants. Because of this
fact and because G is commutative, (which makes practically all calcula-
tions with non-crossing cumulants go without any change from C-valued to
G-valued framework) we get a “generic method” for proving infinitesimal
versions of various results presented in the monograph [NS06] — replace C
by G in the proof of the original result, then take the soul part of what
comes out. Note that the infinitesimal results so obtained do not have G in
their statement, hence could also be attacked by using other approaches to
infinitesimal freeness (in which case, however, proving them may be more
than a straightforward routine).

In this section we show how the generic method suggested above works
when applied to the topic of alternating products of infinitesimally free ran-
dom variables. In particular, we will obtain the infinitesimal versions for two
important facts related to this topic, that were originally found in [NS96] —
one of them is about compressions by free projections, the other concerns
a method of constructing free families of free Poisson elements. Since the
proofs of the G-valued formulas that we need are identical to those of their
C-valued counterparts, we will not give them here, but we will merely indi-
cate where in [NS06] can the C-valued proofs be exactly found. The starting
point is provided by the following formulas, obtained by doing the C-to-G
change in Theorem 14.4 of [NS06].

Proposition 4.4.1. Let (A, p,¢") be an incps and let Ay, Az be unital sub-
algebras of A which are infinitesimally free. Consider the functional ¢ =
p+ey : A— G and the associated cumulant functionals (Rp : A™ — G)p>1.
Recall that for every n > 1 and m € NC(n) we also have functionals
Prs ko + A" — G, as defined in Notation 4.5.2.



4.4 Alternating products of infinitesimally free random variables 87

19 For every ai,...,a, € A1 and by, ..., by, € Ay one has that

Blarby - anbp) = Y Frlar, ... an) - Grepimy (b1, -, bn).  (458)
TeNC(n)
2° For every ay,...,an € Ay and by, ..., b, € As one has that
Fn(arby, ... anbp) = Y Re(ar,...,an)  Fgpm by, 0n). (4.59)
TeENC(n)
O

We now start on the application to free compressions.

Definition 4.4.2. Let (A, ¢, ¢’) be an incps, and let p € A be an idempotent
element such that ¢(p) # 0. We denote ¢(p) =: a and ¢'(p) = . The
compression of (A, ¢, ¢") by p is then defined to be the incps (B, 1, 1’) where

B:=pAp={bec A|pb=>b=bp} (4.60)
and where 1,1’ : B — C are defined by
v0) = Lo), W)= Lo e) - Ge). B (46
- OASO ) - O[(p 04280 ’ . -

Remark 4.4.3. 1° In the preceding definition, note that the consolidated
functional v = 1 + &¢’ : B — G is given by the simple formula

P(b) = =¢(b), be B, (4.62)

=

where a := a +¢ea’ € G.

2° If in the preceding definition (A, ¢, ¢’) is a *-incps and p is a projection,
then by using the relations p = p* = p? we immediately infer that 0 < a < 1
and o/ € R. As a consequence, (B,,v') defined there is a *-incps as well.

Theorem 4.4.4. Let (A, p,¢') be an incps. Let p € A be an idempotent
element such that p(p) # 0. Denote p(p) =: a, ¢'(p) =: o/, and consider
the compressed incps (B,,v") from Definition 4.4.2. For every n > 1 let
K, ki 2 A" — C and k,, K}, : B" — C be the nth non-crossing cumulant and
infinitesimal cumulant functional associated to (A, p,¢’) and to (B,v,¢'),
respectively. Let X be a subset of A which is infinitesimally free from {p}.

Then we have
1
K, (PT1D, . . ., DTRp) = &mn(axl, ceQxy), Vn>1, xy,...,x, € X (4.63)

and

wy (pr1p) = my (1), Y € X,
ﬁ;z(pxlpa s 7pxnp) = (n;12)04 K%(Oél’l, s 7axn)7n > 27$11 -, T € X.

(4.64)
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Proof. Tt is easily verified that Equations (4.63) and (4.64) are the body part
and respectively the soul part for the formula

Ea(xy,.. 2 €G, V>, ..., 1, € X,

(4.65)
where the “tilde” notations have their usual meaning (K, = k, + € - k),
& = a+¢e-a). But the latter formula is just the G-valued counterpart for
Theorem 14.10 in [NS06]; its proof is obtained by faithfully doing the C-to-G
transcription of the proof of that theorem in [NS06]|, with the minor change
that the powers of @ must be kept outside the cumulant functionals (one
cannot write “Ky(ax1,...,ax,)", since A is only a C-algebra). Note that
the argument obtained in this way is indeed an application of Proposition
4.4.1, in the same way as Theorem 14.10 is an application of Theorem 14.4
in [NS06]. O

En(pT1D,s - ., PTap) = A"

Corollary 4.4.5. Let (A, p, ') be an incps. Let p € A be an idempotent el-
ement with o(p) # 0, and consider the compressed incps (B,1,1') defined as
above. Let X1, ..., X} be subsets of A such thal {p}, X1,..., Xy are infinites-
imally free in (A, p,¢"). Put Y; =pXijp C B, 1<1i<k. Then )Y1,..., M
are infinitesimally free in (B,1,).

Proof. This is an immediate consequence of Corollary 4.3.13, where the
needed vanishing of mixed cumulants follows from the explicit formulas found
in Theorem 4.4.4. O

We now go to the construction of families of infinitesimally free Poisson
elements. We will use the infinitesimal (a.k.a “type B”) versions of semicir-
cular and of free Poisson elements that appeared in [Pop07] in connection
to limit theorems of type B, and are discussed in detail in Sections 4 and 5
of [BS09]. For the present chapter it is most convenient to introduce these
elements in terms of their infinitesimal cumulants, as stated in Definitions

4.4.6 and 4.4.8 below.

Definition 4.4.6. Let (A, p,¢) be a x-incps. A selfadjoint element z € A
will be called infinitesimally semicircular when it satisfies

kn(x,...,2) =k (2,...,2) =0, Vn>3. (4.66)
If in addition to that we also have
ki(xz) =0, Kao(z,z)=1, (4.67)
then we will say that x is a standard infinitesimally semicircular element.

Remark 4.4.7. 1° By using the multilinearity of sy, x| and Proposition
4.3.4, it is immediately seen that if z is infinitesimally semicircular then so
is a(x — Bly) for any a > 0 and 5 € R. Moreover, leaving aside the trivial
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case when ko(z,x) = 0, one can always pick « and g so that a(z — f14) is
standard.

2° Let x be standard infinitesimally semicircular in (A, ¢, ¢"). Then all
moments ¢(z") and ¢'(2™) for n > 1 are completely determined by the real
parameters 4 o, o/, defined by

oy = rj(z) = ¢ (), and ab = kh(z,z) = ¢/ (2?). (4.68)

It is in fact very easy to calculate what these moments are. Indeed, one
can calculate the G-valued moments @(a™) = ¢(z™) + e¢’(2™) by using the
moment-cumulant formula (4.33), where one takes into account that

f1(x) = ed), Re(z,2) =1+ eal, and fy(z,...,x) =0 for all n > 3.
The expansion of ¢(z") in terms of {f(x,...,z) | 7 € NC(n)} can get
non-zero contributions only from such partitions m where every block V of
has |[V| < 2 and where there is at most one block of 7 of cardinality 1 (the
latter condition coming from the fact that (%1(z))? = 0). We distinguish
two cases, depending on the parity of n.

Case 1. n is even, n = 2m. We get a sum extending over non-crossing
pairings in NC(n), which gives us

G(x?™) = Cpy - (1 + ah)™ = Cpy - (1 + emady),
or in other words
p(a*™) = C, ¢'(a®™) = ay - (mC), (4.69)
where (), stands for the mth Catalan number.
Case 2. n is odd, n = 2m + 1. Here we get a sum extending over the

partitions m € NC(n) which have one block of 1 element and m blocks of 2
elements. There are (2m + 1)C,, such partitions; so we obtain

P ) = (2m+ 1)Cr - ((c0)) (1 +2a5)™ ),
leading to

p(x2™1) = 0, (22" = o) - ((2m + 1)Ci). (4.70)

*Any two numbers o}, o, € R can appear here. Indeed, Example 4.7.7 shows situations
where one has of = 1,04 = 0 and respectively of = 0,5 = 2. One can rescale the
functionals ap' of these two special cases to get standard infinitesimal semicirculars z1, 2
having any pairs of parameters o, 0 and respectively 0, ah; then due to Proposition 4.2.4
one may assume that 1,22 are infinitesimally free, and form the average (z1 + 22)/v/2,
which is standard infinitesimally semicircular with generic parameters in (4.68).
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Definition 4.4.8. Let (A, ¢, ¢') be a *-incps, and let A\, 3, v’ be real param-
eters, where A > 0. A selfadjoint element y € A will be called infinitesimally
free Poisson of parameter A and ° infinitesimal parameters 3’,7" when it has
non-crossing cumulants given by

l‘in(y,,y) = A,
{’f%(ya-u,y) = ,3/—1—717’, Vn > 1. (4.71)

Theorem 4.4.9. Let (A, p,¢") be a x-incps. Let © € A be a standard
infinitesimally semicircular element, and let S be a subset of A which is

infinitesimally free from {x}. Then for every n > 1 and ay,...,a, € S we
have
kn(zaiz,...,zapx) = p(ai---ay) (4.72)
and
K (zarz, ... xane) = @' (a1 ---an) +n @' (2?) - p(ar - - - an). (4.73)

Proof. Equations (4.72) and (4.73) are the body part and respectively the
soul part for the formula

Fn(zarz, ..., zapz) = (Ro(z,2))" - @(ar -~ a,) € G. (4.74)

The proof of the latter formula is obtained by doing the C-to-G transcription
either for the arguments used in Proposition 12.18 and Example 12.19 on
pp. 207-208 of [NS06], or for the arguments in Propositions 17.20 and 17.21
on pp. 283-284 of [NS06]. O

The ensuing construction of families of infinitesimally free Poisson el-
ements is stated in the next corollary. Part 2° of the corollary has also
appeared as Corollary 36 of [BS09].

Corollary 4.4.10. Let (A, p,¢") be a x-incps, and let © € A be a standard
infinitesimally semicircular element. Let eq, ... e, € A be projections such
that e; L ej for 1 <i < j <k and such that {e1,..., e} is infinitesimally
free from {x}. Then

19 The elements zeix,...,xepx form an infinitesimally free family in
(A, ¢").

2° For every 1 < i < k, xe;x is infinitesimally free Poisson with pa-
rameter \; and infinitesimal parameters (., given by \; = p(e;), B =
¢'er), v =¢'(@?) - ple).

5 A more complete definition of these elements would also use a 4th parameter r > 0,
and have each of \, 3',~" multiplied by " in Equations (4.71). For the sake of simplicity,
here we have set this additional parameter to r = 1.



4.5 Relations with the lattices NC'P)(n) 91

Proof. 1° This is an immediate consequence of Corollary 4.3.13, where the
needed vanishing of mixed cumulants follows from the explicit formulas found
in Theorem 4.4.9.

2° By putting a1 = --- = ay, := €; in (4.72) and (4.73) we see that the
cumulants of ze;x have the form required in Definition 4.4.8, with parameters
Ni, 1, ) as stated. dJ

4.5 Relations with the lattices NCO®)(n)

In this section we remember that the concept of incps has its origins in the
considerations “of type B” from [BGNO03|, and we look at how the essence of
these considerations persists in the framework of the present chapter.

The strategy of [BGNO03] was to study the type B analogue for the op-
eration of bozed convolution ) from Definition 2.3.11. The focus on {4
was motivated by the fact that it provides in some sense a “middle ground”
between alternating products of free random variables and the structure of
intervals in the lattices NC(n) (see discussion on pp. 2282-2283 of [BGN03]).
The key point discovered in [BGNO3] (stated in the form of the equation x(?)

= ((GA) in Theorem 2.5.3) was that boxed convolution of type B can still be
defined by the formulas from type A, provided that one uses scalars from G.

For a detailed discussion on (A) we refer the reader to Lecture 17 of
[NS06]. What is important for us here is that the formula used to define ()
(cf. Equation (17.1) on p. 273 of [NS06|) has already made an appearance,
in G-valued context, in Equations (4.58), (4.59) of the preceding section. So
then, the present incarnation of the “}(B) = é;A) ” principle from Theorem
2.5.3 should just amount to the following fact: if one takes the soul parts
of Equations (4.58) and (4.59), then summations over NC(®)(n) must arise.
This is stated precisely in Theorem 4.5.4 below, which is actually an easy
application of the fact that the absolute value map Abs : NCF)(n) —
NC(n) is an (n + 1)-to-1 cover (see Theorem 2.5.1).

We start by introducing some notations that will be used in Theorem
4.5.4, namely the type B analogues for the functionals gosrA) and f#‘) from
subsection 3.2.

Notation 4.5.1. Let (A, ¢, ¢’) be an incps and consider the families of
non-crossing cumulant functionals (ky, /{/n)nzl. For every n > 1 and every

7€ NC®B)(n), define a multilinear functional B A C, as follows.
Case 1. If 1 € NCZPB)(n), 7 = {Z,V1,~Vi,...,V,, —V},}, then we put

/fSB)(al,...,an) = ﬂ’%((al,...,an) ]Abs(Z))-
IT5—1 ) ((ar, - an) [ AbS(V)),  (4.75)

for every aq,...,a, € A.
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Case 2. It T € NCPB) (n)\ NCZPB)(n), 7 = {Vi,-V1,...,Vp, —V,}, then

we put

kB (a1, .. an) =[] mpy ((ar, ... an) | Abs(V)), (4.76)
j=1

for ai,...,an € A.
Notation 4.5.2. Let (A, p,¢’) be an incps. Consider the families of multi-
linear functionals (¢p, ¢}, : A" — C),>1 defined by

S0n<a17 e 7a’n> = (,0(@1 e an)7

or(ar, ... an) =@ (ar---ay).
Then for every n > 1 and every 7 € NC®B)(n) we define a multilinear

functional gpSB) : A" — C by the same recipe as in Notation 4.5.1 (with

discussion separated in 2 cases), where every occurrence of k., (respectively
K, is replaced by ¢y, (respectively ¢! ). For example, the analogue of Case
1 is like this: for n > 1 and for 7 = {Z, V4, ~V4,...,Vp, =V, } in NCZP)(n)

we define QOS-B).An — C by putting
@SB)(al,...,an) = cp’%‘(al,...,an)]Abs(Z))-
H§:1 Q| ( (a1,...,an) | Abs(Vj) ), (4.77)
for ai,...,a, € A.
Remark 4.5.3. 1° Tt is immediate that for 7 € NC®)(n)\ NCZ®)(n) one

has (4) (4)
B) __ B) _
'%7(' )= HAbS(T)’ (P(T )= (‘OAbs(T)' (478)
2° The functionals introduced in Notation 4.5.1 extend both families &,

and «!. Indeed, we have that k] = Iigii and that k, = mg’j) = P for

every n > 1 and any 7 € NC®)(n) such that Abs(t) = 1, (eg. 7 =
{{1,...,n}, {-1,...,—n}}). A similar remark holds in connection to the

functionals gpr) — they extend both families ¢, and ¢/,.

Theorem 4.5.4. Let (A, ¢, ¢") be an incps, and consider multilinear func-
tionals on A as in Notations 4.5.1, 4.5.2. Let A1, Ay be unital subalgebras
of A which are infinitesimally free. Then for every ai,...,a, € A; and
bi,...,b, € Ay one has

90/(a1b1 e anbn) = Z HSTB) (ala ce van) : QOg(B;)(U) (bly ) bn) (479)
geNCB)(n)
and
mnabr,anbe) = > K (a1, an) g (b b). (4.80)
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Proof. Let m be a partition in NC(n), and consider the expression

So(%w(al, cooy ) Rpep(my (b1, - ~,bn))

:SO(HI%|V|((Q1,...,CL”)‘V)' H I~€|W|((b1,,bn)‘W)>

Ver WeKr(r)

In view of the formula (4.29) describing the soul part of a product, the latter
expression is equal to a sum of n + 1 terms, some of them indexed by the
blocks V' € m, and the others indexed by the blocks W of Kr(w). We leave
it as a straightforward exercise to the reader to write these n 4+ 1 terms
explicitly, and verify that the natural correspondence to the n+ 1 partitions
in {7 € NC®)(n) | Abs(r) = 7} leads to the formula

so<g7r(a1,...,an) RK,,(,T)(bl,...,bn)) (4.81)

= Z HS'B)(ab"'zan) Spg{Br)(T)(bhabn)

T7eNCB)(n) such
that Abs(r)=n

(Note: the Kreweras complement Kr(7) from (4.81) is taken in the lattice
NC®)(n); we use here the fact that Abs(7) = 7 = Abs(Kr(7)) = Kr(r) —
cf. Lemma 1.4 in [BGNO03|.)

By summing over m € NC(n) on both sides of (4.81), we obtain that

So(right—hand side of (4.58)) = (right-hand side of (4.81)).

Since the soul part of the left-hand side of Equation (4.58) is ¢/ (a1by - - - anby),
this proves that (4.79) holds. The verification of (4.80) is done in exactly
the same way, by starting from Equation (4.59) of Proposition 4.4.1. O

Remark 4.5.5. If in the preceding theorem we make A; = A and Ay = Cl 4,

and if we take by = --- = b, = 14, then we obtain the formula
o'(ay---ay) = Z B ay, ... an), Vai,...,an € A (4.82)

g€NCZ(B)(n)

The terms indexed by ¢ € NC®B)(n) \ NCZ®B)(n) have disappeared in
(4.82), due to the fact that ¢'(1,4) = 0. This formula could also be obtained,
by a suitable Mobius inversion argument, directly from the formula (4.35)
defining x/,.
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4.6 Dual derivation systems

Notation 4.6.1. Let A be a unital algebra over C, and for every n > 1
let 9M,, denote the vector space of multilinear functionals from A" to C.
If # = {V4,...,V,} is a partition in NC(n) where the blocks Vi,...,V],
are listed in increasing order of their minimal elements, then we define a
multilinear map

Jﬂ-:f)ﬁ‘vﬂ X---Xm|vp| E(fl,...,fp)ﬁfémn, (4.83)

where
p
flar,..yan) =[] fi((ar,-. o an) [ V}), Var,....an €A (4.84)
j=1

Remark 4.6.2. 1° The formula (4.84) from the preceding notation is the
same as those used to define the families of functionals {gpSTA) |me NC(n)}

and {HSTA) | # € NC(n)} in Subsection 2.3.2. Hence if (A, ) is a non-
commutative probability space and if (£, )n>1 are the non-crossing cumulant
functionals associated to ¢, then for 7 = {V1,...,V,} € NC(n) as in Nota-
tion 4.6.1 we get that

Te(Kpaps - By, ) = kA, (4.85)

Likewise, for the same (A, ¢) and m we get

JTr((*)D|V1|7"'7SO\Vp|) = (107(TA) (486)
2° Let m = {V1,...,V,} € NC(n) be as in Notation 4.6.1, and let 1 <
j < p be such that Vj is an interval-block of m. Denote |V;| =: m and

let e NC(n — m) be the partition obtained by removing the block V; out
of m and by redenoting the elements of {1,...,n} \Vj as 1,...,n —m, in
increasing order. On the other hand, let us denote by v € NC(n) the
partition of {1,...,n} into the two blocks V; and {1,...,n} \ Vj. It is then
immediate that for every fi € My, ..., fp € My, we can write

J7T(f17 cee 7fp) = J’Y(gaf]) where g = J%{(flv .- 'fj—lafj+17 .. '7fp)' (487)

Due to this observation and to the fact that every non-crossing partition
has interval-blocks, considerations about the multilinear functions J; from
Notation 4.6.1 can sometimes be reduced (via an induction argument on |r|)
to discussing the case when || = 2.

Definition 4.6.3. Let A be a unital algebra over C and let the spaces
(M,)n>1 and the multilinear functions {J; | 7 € U2, NC(n)} be as in
Notation 4.6.1. We will call dual derivation system a family of linear maps
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(dp : ®p — My)n>1 where, for every n > 1, ©,, is a linear subspace of M,
and where the following two conditions are satisfied.

(i) Let m = {V4,...,V,} € NC(n) be as in Notation 4.6.1. Then for
every f1 € Djyy)s- -+, fp € Djy,| one has that Jr(f1,..., fp) € Dy and that

do(Jr(f1s-- s fp)) = ij(fh oo fimnd (f)s fivn, oo fp)- (4.88)

j=1
(ii) For every f € ©; and every n > 1 one has that f o Mult,, € ®,, and
that

dn, (f o Mult,,) = (dy f) o Mult,, (4.89)

where Mult,, : A" — A is the multiplication map.

Remark 4.6.4. 1° When verifying condition (i) in Definition 4.6.3, it suffices
to check the particular case when |r| = 2. Indeed, the general case of
Equation (4.88) can then be obtained by induction on |r|, where one invokes
the argument from (4.87).

2° In the setting of Definition 4.6.3, let us use the notation f x g for the
functional obtained by “concatenating” f € 9, and g € M,. So f x g €
Mntn acts simply by

(f xg)ai,...,am,b1,...,by) = f(ar,...,am)g(b1,...,by),

for all a1,...,am,b1,...,b, € A.

Clearly one can write f x g = J,(f, g) where vy € NC(m+n) is the partition
with two blocks {1,...,m} and {m + 1,...,m + n}. By using Equation
(4.88) we thus obtain that

i (f x g) = (dm(f) X 9) + (f x dn(g)), Ym,n>1, f €My, g €M,.

(4.90)
So a dual derivation system gives in particular a derivation on the algebra
structure defined by using concatenation on @52 9,,. Note however that
Equation (4.90) alone is not sufficient to ensure condition (i) from Definition
4.6.3 (since it cannot control J; for partitions such as # = {{1,3}, {2} } €
NC(3)).

Proposition 4.6.5. Let A be a unital algebra over C and let (d,, : D, —
My, )n>1 be a dual derivation system on A. Let p be a linear functional in 1,
and denote di () =: ¢'. Consider the incps (A, ¢, ¢), and let (kn, K, )n>1 be
the non-crossing cumulant and infinitesimal cumulant functionals associated
to this incps. Then for every n > 1 we have that

kn € Dp and dp(kp) = K, (4.91)
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Proof. Denote as usual ¢, := ¢ o Mult,, ¢, := ¢’ o Mult,, n > 1. Since
¢ € Dq, condition (ii) from Definition 4.6.3 implies that ¢, € ©, and
dn(pn) = @), for every n > 1.

Now let 7 = {V1,...,V,} be a partition in NC(n), with Vi,...,V, writ-
ten in increasing order of their minimal elements. By using Equation (4.86)
from Remark 4.6.2 and condition (i) in Definition 4.6.3 we find that

A
(@) = (@l Pl v vl P) (492)

J=1

(where the latter formula incorporates the fact that dy; (o)) = npivj‘).
We next consider the formula (2.5) which expresses a cumulant functional

Ky in terms of the functionals {¢$,A> | m € NC(n)}. From this formula it

follows that k,, € ©,, and that

P
Te( @t Elyp o 91) )-

=1

do(ra)= Y Mob(n, 1n)(
TeNC(n) J
m={V1,....Vp}

(4.93)
It is immediate that on the right-hand side of (4.93) we have obtained pre-
cisely the sum over {(m, V) | m € NC(n), V block of w} which was used to
introduce &/, in Definition 4.3.7. O

Proposition 4.6.6. Let (A, p,¢’) be an incps, and consider the multilinear
functionals gpgrA) (m € NC(n), n > 1) which were introduced in Subsection

2.8.2. Suppose that for every n > 1 the set {¢§rA) | m € NC(n)} is linearly
independent in My, let ©,, denote its span, and let d,, : D, — M, be the
linear map defined by the requirement that

dn( V) = > B Ve NC(n), (4.94)
TeENCZB)(n) such
)

that Abs(t)=m

with go(TB) as in Notation 4.5.2. Then (dn)n>1 is a dual derivation system,

and di(p) = ¢'.

Proof. Tt is obvious that the unique partition 7 € NCZB)(n) such that
Abs(7) =1, is 7 = 14y. Thus if we put 7 = 1,, in Equation (4.94) we obtain
that dn(gpgf)) = gpiil; in other words, this means that

dn(p o Mult,) = ¢’ o Mult,, Vn > 1. (4.95)

The particular case n = 1 of (4.95) gives us that di(p) = ¢’. Moreover, it
becomes clear that

dpn(f o Multy,) = (di f) o Mult,, ¥n>1and f € Cy;
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since in this proposition we have ©1 = Cy, we thus see that condition (ii)
from Definition 4.6.3 is verified.

The rest of the proof is devoted to verifying (i) from Definition 4.6.3. We
fix a partition 7 = {V1,...,V,} € NC(n) for which we will prove that Equa-
tion (4.88) holds. Both sides of (4.88) behave multilinearly in the arguments

J1 €Dy -5 fp € D)yy,); hence, due to how Dyy;,..., Dy | are defined, it
suffices to prove the following statement: for every m € NC(|V1]),...,mp €
NC(|Vp|) we have that Jﬂ(gogr?), cee w&f)) € ®, and that

dn(Jr(@D, . 0l)) = (4.96)

Jﬂ(gpgf)’ EER) (pgr?zlvd\‘/ﬂ(gogr‘?))a 905;?117 ) Sogrf))

p
=1

J

In what follows we fix some partitions 7 € NC(|Vi]),...,mp € NC(|V}]),
for which we will prove that this statement holds.

Observe that, in view of how the maps djy;| are defined, on the right-hand
side of (4.96) we have

p
A A B A A
Z Z Jﬂ'(sogrl)""’@g”‘zl7(p$' )7807('(']'4)_17"‘78051'1;))'
J=1 TeNCZB) (n) such
that Abs(t)=m;

But let us recall from Section 2.5 that the partitions in {r € NCZ5)(n) |
Abs(7) = m;} are indexed by the set of blocks of m;. More precisely, for
every 1 < j <pand V € 7; let us denote by 7(j,V’) the unique partition in
NCZ®)(n) such that Abs(r) = 7; and such that the zero-block Z of 7 has
Abs(Z) = V; then the double sum written above for the right-hand side of
Equation (4.96) becomes

p

A A (B) A A
D IR (% SRR o BN S SR ) (4.97)
j=1 VET(J'

Now to the left-hand side of (4.96). For every 1 < j < p let 7; be
the partition of V; obtained by transporting the blocks of 7; via the unique

order preserving bijection from {1,...,|V;|} onto V;. Then 7y,..., T, form
together a partition p € NC(n) which refines 7, and it is immediate that
Jﬂ(gog{?), ce ¢£r;‘)) = <p/(,A) . In particular this shows of course that

JW(QD(A)7 ttt Qogr?,)) E gn'

1

Moreover, by using how dn(LpgA)) is defined, we obtain that the left-hand

side of (4.96) is equal to ZWEP SO(B)

(W) where for every W € p we denote
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by (W) the unique partition in NC'Z5)(n) such that Abs(c(W)) = p and
such that the zero-block Z of o(W) has Abs(Z) = W.

Finally, we observe that the set of blocks of p is the disjoint union of the
sets of blocks of the partitions 71,...,7), and is hence in natural bijection
with {(j,V) |1 < j < pand V € m;}. We leave it as a straightforward
(though somewhat notationally tedious) exercise to the reader to verify that
when W € p corresponds to (j, V') via this bijection, then the term indexed by
(7, V) in (4.97) is precisely equal to cpffav). Hence the double sum from (4.97)

is identified term by term to > ¢, 90:(;](313[/) via the bijection W « (4, V), and

the required formula (4.96) follows. O

Remark 4.6.7. The linear independence hypothesis in Proposition 4.6.6 is
necessary, otherwise we need some relations to be satisfied by ¢ and ¢’. In-
deed, suppose for example that the set {<p5;“) | € NC(2)} is linearly depen-
dent in My. It is immediately verified that this is equivalent to the fact that ¢
is a character of A (¢(ab) = p(a)p(b), Va,b € A). Hence k2 = 0, so if Propo-
sition 4.6.6 is to work then we should have kf, = da(k2) = 0 as well, implying
that ¢ satisfies the condition ¢'(ab) = p(a)¢’(b) + ¢'(a)p(b), Va,b e A.

4.7 Soul companions for a given ¢

In this section we elaborate on the facts announced in the Subsection 4.1.3
of the introduction. We start by recording some basic properties of the set
of functionals ¢’ which can appear as soul-companions for ¢, when (A, ¢)
and A1, ..., A are given.

Proposition 4.7.1. Let (A, ) be a noncommutative probability space and
let Ai,..., Ar be unital subalgebras of A which are freely independent in
(A, 0).

19 The set of linear functionals

!/ 71 / —
¢ linear, ¢'(14) =0, and Ay, ..., A } (4.98)

A SV
F = {@ tA=C are infinitesimally free in (A, @, ")

is a linear subspace of the dual of A.
29 Suppose that Alg(A1 U---UAx) = A, and consider the linear map

F oo (¢ A,....¢ | Ap) € Fl x -+ x Fp, (4.99)

where F' is as in (4.98) and where for 1 <i < k we denote F| = {¢' : A; —
C| ¢ linear, ¢'(14) = 0}. The map from (4.99) is one-to-one.

Proof. 1° This is immediate from Definition 4.1.1, and specifically from the
fact that ¢’ makes a linear appearance on the right-hand side of Equation
(4.5).
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2° Let ¢’ € F' be such that ¢’ | A; =0,V 1 <4 < k. Then from Equation
(4.5) it is immediate that ¢'(a1---a,) = 0 for all choices of ay,...,a, €
A1U---UAg. The linear span of the products a; - - - a,, formed in this way is
the algebra generated by A; U---UAg, hence is all of A, and the conclusion
that ¢’ = 0 follows. O

Remark 4.7.2. In the framework of Proposition 4.7.1, the linear map (4.99)
may not be surjective. For an example, consider the full Fock space over C?,

T=CaC’a(C?2CHe ---a(CH*g...

and let Ly, Lo € B(7) be the left-creation operators associated to the two
vectors in the canonical orthonormal basis of C2. Then Li, Lo are isometries
with mutually orthogonal ranges; this is recorded in algebraic form by the
relations

LiLy = L5Ly =1 (identity operator on 7), LjLs =0.

For i = 1,2 let A; denote the unital x-subalgebra of B(7") generated by L;,
and let A = Alg(A; U Az), the unital *-algebra generated by L; and Lo
together. It is well-known (see e.g. Lecture 7 of [NS06]) that 4; and Ay are
free in (A, ¢) where ¢ is the vacuum-state on A. Let ¢} : Ay — C be any
linear functional such that ¢,(14) = 0 and ¢5(Lg) = 1. Then there exists
no linear functional ¢’ : 4 — C such that ¢’ | A2 = ¢} and such that 4, Ay
are infinitesimally free in (A, ¢, ¢'). Indeed, if such ¢’ would exist then from
Equation (4.18) of Remark 4.2.2 it would follow that

@' (LiLaLy) = @(LiL1)¢' (L2) + ¢ (L1 L1)@(Lo) =1-140-0 =1,
which is not possible, since L7LoL; = 0.

Remark 4.7.3. The example from the above remark shows that we can’t
always extend a given system of functionals ¢} in order to get a soul com-
panion ¢’ for ¢. But Proposition 4.2.4 gives us an important case when
we are sure this is possible, namely the one when (A, ¢) is the free product
(A1, 1) * -+ - % (Ag, pr)-

In the remaining part of this section we will look at the two recipes for
obtaining a soul companion that were stated in Corollary 4.1.4 and Proposi-
tion 4.1.5. For the first of them, we start by verifying that a derivation on A
does indeed define a dual derivation system as indicated in Equation (4.14).

Proposition 4.7.4. Let A be o unital algebra over C and let D : A — A
be a derivation. For every n > 1 let M, denote the space of multilinear
functionals from A" to C, and define d,, : M, — M, by putting

(dof)(at,. . an) =Y f(al,...,am_l,D(am),amH,...,an), (4.100)
m=1
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for f €My, and ai,...,ay, € A. Then (dp)n>1 s a dual derivation system
on A.

Proof. We first do the immediate verification of condition (ii) from Definition
4.6.3. Let f be a functional in 90, let n be a positive integer, and denote
g = foMult, € M,. Then for every ay,...,a, € A we have

(dng)<a17 R ,an) = Z f(al C Q—1 D(am) C Qg1 t e 'an>
m=1

_ f(D(a1-~an))

(where at the first equality sign we used the definitions of d,, and of g, and
at the second equality sign we used the derivation property of D). Since d; f
is just fo D, it is clear that we have obtained d,,g = (d; f) o M,,, as required.
For the remaining part of the proof we fix 7 = {V4,...,V,} € NC(n) and
fr €My, fp € My, asin (i) of Definition 4.6.3, and we verify that the
formula (4.88) holds. Denote f := J(f1,...,fp) € M,. In the summation
which defines d,, f in Equation (4.100) we group the terms by writing

p

Z( Z f(ala cos@m—1,D(am), my1, - - ,an) ) (4.101)

j=1 meV;

It will clearly suffice to prove that, for every 1 < j < p, the term indexed
by j in the sum (4.101) is equal to the term indexed by j on the right-hand
side of (4.88).

So then let us also fixa j, 1 < 5 < p. We write explicitly the block V; of w
as {v1,...,vs} with vy <--- < wv,. From the definition of f as J-(f1,..., fp)
it is then immediate that for m = v, € V; we have

f(al,...,am_l,D(am),am+1,...,an>) = (4.102)

= ( H fi((al,...,an) ] V;) ) . fj(avl,...,D(aW),...,avs).
1<i<p,
i#]
When summing over 1 < r < sin (4.102), the sum only affects the last factor

of the product on the right-hand side, which sums to (dsf;)(au,,. .., au, ).
The result of this summation is hence that

3 f(al,...,D(am),...,an>> = T (frse sl ()2 1),

meVj

as required. O



4.7 Soul companions for a given ¢ 101

Corollary 4.7.5. Let (A, ¢) be a noncommultative probability space, and lel
D : A — A be a derivation. Define ¢ := po D. Let the non-crossing and
the infinitesimal non-crossing cumulant functionals associated to (A, p, ")
be denoted by ky, and respectively by k!, in the usual way. Then for every
n>1anday,...,a, € A one has

n

ko(at,...,ap) = Z nn<a1, ey U1, D(am), mi1, - - .,an>. (4.103)

m=1

Proof. This follows from Proposition 4.6.5, where we use the specific dual
derivation system put into evidence in Proposition 4.7.4. O

Corollary 4.7.6. In the notations of Corollary 4.7.5, let A1, ..., Ax be uni-
tal subalgebras of A which are freely independent with respect to ¢, and such
that D(A;) C A; for 1 <i <k. Then Ay,..., Ay are infinitesimally free in
(A, ¢).

Proof. We verify that condition (2) from Theorem 4.1.2 is satisfied. The van-
ishing of mixed cumulants ,, follows from the hypothesis that Ay, ..., Ay are
free in (A, ). But then the specific formula obtained for the infinitesimal cu-
mulants ], in Corollary 4.7.5, together with the hypothesis that Ay, ..., A
are invariant under D, imply that the mixed infinitesimal cumulants &/, van-
ish as well. O

Example 4.7.7. Consider the situation where A is the algebra of noncom-
mutative polynomials in k indeterminates, denoted by C(Xy,..., Xx). We
will view A as a x-algebra, with x-operation uniquely determined by the
requirement that each of Xi,..., X is selfadjoint. Consider the unital *-
subalgebras A, ..., Ay C A where A; = span{X]' |n >0}, 1 <i <k We
will look at two natural derivations on A that leave Aq,..., A invariant,
and we will examine some examples of infinitesimal freeness given by these
derivations.

(a) Let D : A — A be the linear operator defined by putting D(1) = 0,
D(X;)=1V¥1<i<Fk, and

X (4.104)

n
D(X;, - Xi,) = Z Xiy - X 1 Xy -
m=1

forallm > 2,and all 1 <4q,...,i, < k.
It is immediate that D is a derivation on A, which is selfadjoint (in the
sense that D(P*) = D(P)*, VP € A). For every 1 < i < k we have that
D(A;) C A; and that D acts on A; as the usual derivative (in the sense that
D(P(X;)) = P'(X;), VP € CIX]).

Now let 4 : A — C be a positive definite functional with p(1) = 1 and
such that Ay, ..., A; are free in (A, p). Then Corollary 4.7.6 implies that
Ai, ..., A are infinitesimally free in the *-incps (A, u, p’), where p' := poD.
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Note that in this special example we actually have

ko ( Xy X)) =0, Vn>2, V1 <iy,... i, <k (4.105)
this is an immediate consequence of the the formula (4.103), combined with
the fact that a non-crossing cumulant vanishes when one of its arguments is
a scalar.
Equation (4.105) gives in particular that
ki (Xiy ..., X;) =0, Vn>2and 1 <i<k.

So if p is defined such that every X; has a standard semicircular distribution
in (A, u), then every X; will become a standard infinitesimal semicircular
element in (A, u, 1), in the sense of Remark 4.4.7, and where in Equation
(4.68) we take o) =1, of, = 0.

(b) Let Dy : A — A be the linear operator defined by putting D4 (1) =0
and

D#(XZ' o 'Xin) = nXil : "Xin, Vn > 1, Vi1 < il,.. . ,in < k. (4.106)

Then Dy is a selfadjoint derivation, sometimes called “the number operator”
on A. It is clear that Dy leaves every A; invariant, 1 < ¢ < k. Hence if
p: A— Cis as in part (a) above (such that Ay, ..., Ax are free in (A, p)),
then Corollary 4.7.6 implies that Aj, ..., A; are infinitesimally free in the
+-ineps (A, u, ply ), where ply := 10 Dy.

Since Dy (X;) = X; for 1 < i < k, the formula (4.103) for infinitesimal
non-crossing cumulants now gives

K%(Xil,. . ,Xln) =n- Hn(Xila-- . 7Xin)> Vn > 1, V1 < ’il,. . .,in < k.

(4.107)
In the particular case when p is such that every X; is standard semicircu-
lar in (A, p), it thus follows that every X; becomes a standard infinitesimal
semicircular element in (A, i, pi,), where we set the parameters from Equa-
tion (4.68) to be of = 0 and o = 2. On the other hand, if p is defined
such that every X; has a standard free Poisson distribution in (A, ) (with
Fn (X, ..., X;) =1 for all n > 1), then the X; will become infinitesimal free
Poisson elements in (A, s, piy ), in the sense of Definition 4.4.8 and where we
take 8 =0, ' =1 in Equation (4.71).

We now move to the situation described in Proposition 4.1.5. Clearly,
this is just an immediate consequence of Proposition 4.3.8.

Corollary 4.7.8. In the notations of Proposition 4.3.8, suppose that the
unital subalgebras Ay, ..., A of A are freely independent with respect to py
for everyt € T. Then Ay, ..., Ay are infinitesimally free in (A, ¢, ¢").
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Proof. Consider elements a; € A;,,...,a, € A;, where the indices i1,...,1i,
are not all equal to each other. The freeness of Ay, ..., A in (A, ¢;) implies

that /ﬁgf)(al,...,an) = 0 for every t € T. The limit and derivative at 0
(t)

of the function t — ky’(ai,...,a,) must therefore vanish, which means (by
Proposition 4.3.8) that x, (a1, . ..,a,) = K}, (a1,...,a,) = 0. Hence condition
(2) from Theorem 4.1.2 is satisfied, and the conclusion follows. O

Example 4.7.9. Consider again the situation where A is the x-algebra
C(X1,...,Xg), as in Example 4.7.7, and where p : A — C is a positive
definite functional with p(1) = 1. Let (kp)n>1 be the non-crossing cumulant
functionals of p, and let {/{,(TA) | me U2 NC(n)} be the extended family of
multilinear functionals.

For every t > 0, let us : A — C be the linear functional defined by
putting (1) = 1 and

(X Xa) = >+ DT k(X X, (4.108)
TeNC(n)

forall n > 1 and 1 < 41,...,%, < k. As is easily seen, u; is uniquely
determined by the fact that its non-crossing cumulant functionals (/{g ) In>1
satisfy

k(X X)) =+ 1) kn(Xeys o, X)), Yu>1, 1<dy, ... 0, <k
(4.109)
Due to this fact, u; is called the “(t + 1)-th convolution power of p” with
respect to the operation H of free additive convolution — see pp. 231-233 of
INS06] for details.
From (4.108) it is clear that the family {x; | ¢ > 0} has infinitesimal limit
(u, p') at t = 0, where p is the functional we started with, while p’ is defined
by putting p/(1) = 0 and

p(Xiy X)) = > mlee(Xy, . X)), Yn> 1 1<y, i < K
TeNC(n)
(4.110)
Note also that by using Equation (4.109) and by invoking Proposition 4.3.8
we get

Iil (Xil,...,Xin):I{n(Xil,...,Xin), \V/TLZL 1§’L'1,...,Z'n§k“ (4111)

n

Now let Ay, ..., A be the unital x-subalgebras of A that were also con-
sidered in Example 4.7.7, A; = span{X | n > 0} for 1 < i < k. Suppose
that Aj,..., A are free in (A, u). Then they are free in (A, ) for every
t > 0; this follows from Equation (4.109) and the description of freeness in
terms of non-crossing cumulants (cf. Theorem 2.3.7), where we take into
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account that A; is the unital algebra generated by X;. Hence this is a sit-
uation where Corollary 4.7.8 applies, and we conclude that A, ..., Ay are
infinitesimally free in (A, p, i').

Note also that if X; has a standard semicircular distribution in (A, p),
then Equation (4.111) implies that X; becomes an infinitesimal semicircular
element in (A, u, '), where the parameters o}, a4 from Remark 4.4.7 are
taken to be of = 0, o, = 1. Likewise, if X; is a standard free Poisson in
(A, p), then Equation (4.111) implies that X; becomes an infinitesimal free
Poisson element in (A, i, ¢'), where the parameters 3,4’ from Definition
4.4.8 are taken to be 8/ =1, 4 = 0.



Chapter 5

Higher order infinitesimal
freeness

7

This chapter is the text of the paper “Higher order infinitesimal freeness’
[Fev10], submitted for publication.

5.1 Framework of higher order infinitesimal free-
ness

Throughout this chapter, the integer k € N is fixed. In this section, we intro-
duce the two equivalent structures of infinitesimal noncommutative probabil-
ity space and of scarce Cx-noncommutative probability space and we discuss
their relations to previously defined structures.

5.1.1 Infinitesimal probability space of order k

The object of this subsection is to introduce the structure which is the frame-
work for our notion of infinitesimal freeness of order k, namely the infinites-
imal noncommutative probability space of order k.

Definition 5.1.1. We call infinitesimal noncommutative probability space
of order k a structure (A, (¢))o<i<) where A is a unital algebra over C,
©© : A — Cis a linear map with p@(14) = 1, and ¢® : 4 — C,
1 <i < k, are linear maps with (9 (14) = 0.

Remark 5.1.2. The notion of infinitesimal noncommutative probability
space of order 1 coincides with the notion of infinitesimal noncommutative
probability space introduced in Definition 4.1.1. The structure defined above
is therefore a generalization of this latter object, and the use of the adjective
infinitesimal is justified.

An element a € (A, ((p(i))ogigk) of an infinitesimal noncommutative prob-
ability space of order k is called an infinitesimal noncommutative random

105
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variable of order k. The infinitesimal distribution of order k of a n-tuple
(a1,...,a,) € A™ of infinitesimal noncommutative random variables of or-
der k is the (k 4+ 1)-tuple (u))o<i<k of linear functionals on C(X1,. .., X,)
defined by :

pD(P(X1,..., X)) == oD (Play, ... an)).

The range of infinitesimal distributions is the set of infinitesimal laws of
order k, introduced below.

Definition 5.1.3. An infinitesimal law (of order k) on n variables is a (k+1)-
tuple of linear functionals (M(i))ogigk, where (@ : C(X1,...,X,) — Cis
defined on the algebra of noncommutative polynomials and satisfies (9 (1) =
8.

For some purposes, it is handy to consider, instead of k£ 4 1 linear func-
tionals as in Definition 5.1.1, an equivalent unique linear map with values
in a (k + 1)-dimensional algebra. The relevant algebra, denoted by Cg, is
described below.

5.1.2 The algebra C;

In Subsection 4.1.1, the two linear maps ¢ and ¢’ of an infinitesimal noncom-
mutative probability space (A, ¢, ¢’) are consolidated in a single linear map
@ on A with values in the two-dimensional Grassman algebra G generated
by an element e which satisfies €2 = 0 :

G={a+ef|a,peC}.

This algebra has a quite natural (k+1)-dimensional generalization introduced
below.

Definition 5.1.4. Let Cj denote the (k + 1)-dimensional complex algebra

C*+1 with usual vector space structure and multiplication given by the fol-
lowing rule: if a = (a(®,...,a®)) € ¢, and g = (8©),...,3%) € ¢, then

is defined by

,y(i) — Z Cija(j)ﬂ(i—j)_ (5.1)
j=0

The algebra Cj is a unital complex commutative algebra. Its unit is
le, = (1,0,...,0). An element is invertible in the algebra Cj if and only if
its first coordinate is non-zero.

The analogy between formula (5.1) defining the product in C;, and the well-
known Leibniz rule giving the recipe for computing the derivatives of the
product of two smooth functions makes it easy to establish the formula
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for the product 8 = ay---«a, of n elements ay,...,a, € Ci. Precisely,
if o = (ago), e gk)) and ﬁ (BO, ..., 5%), one has :

Alz 7)\71,
=2 G Ha g

AEAL;
where
A !
g PYIEEED
and
Anii={A= (A, 00) €NT DN =i}, (5.2)

There is an alternative description of the algebra Ci : it may be identified
with the algebra of (k + 1)-by-(k + 1) upper triangular Toeplitz matrices
(with usual matricial operations) as follows :

(k—1) (k)
a0 M 7?271)! C:,QT>
0 o© ... ... oD
@@, ... a®)) ~ (=1
a0 o
0 0 a0
Consider
o 1 ... 0 0
o 0 ... ... 0
e=1 ... oo .o ]
P (R |
o 0 ... ... 0
It is easy to compute the values of €’ for 0 < i < k + 1 ; in particular
eb+tl = 0¢, and any element a = = (.., alk ) € Ck may be uniquely
decomposed

k i
NE
a= g a()ﬂ. (5.3)
i=0

The family (i—:, 0 < i < k) is thus a linear basis of C, to which we will refer as
the canonical basis of Cj. In particular, C, ~ Cle] = Cy[e] ~ C[X]/(X**1).
In the definition of a usual noncommutative probability space, if one asks
for the state to be Cg-valued, one obtains a slightly different structure, in-
troduced in the next section.
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5.1.3 Scarce Ciy-noncommutative probability space

Definition 5.1.5. By scarce Cp-noncommutative probability space, we mean
a couple (A, @), where A is a unital algebra over C and ¢ : 4 — Ci is a
C-linear map satisfying ¢(14) = 1¢, .

Remark 5.1.6. The notion of scarce noncommutative probability space
was introduced in [Oan07], but only in the particular case of scarce G-
noncommutative probability space.

Remark 5.1.7. To any infinitesimal noncommutative probability space of
order k, denoted (A, (go(i))ogigk), we may associate a natural scarce Cp-
noncommutative probability space (A, $), by putting

k i

- N E
@ = ng( )ﬁ (5.4)

=0

Reciprocally, given a scarce Cp-noncommutative probability space (A, @), the
linear decomposition of ¢ in the canonical basis of Cy, gives rise to k+1 linear
functionals ((p(i))ogigk, and consequently to an infinitesimal noncommutative
probability space of order k : (A, (¢))o<i<k)-

This equivalence between an infinitesimal noncommutative probability space
of order k£ and its associated scarce Cp-noncommutative probability space
(A, p) is fundamental in what follows. Indeed, we will continuously switch
from one structure to the other, according to the principle that our interest
is in the infinitesimal structure whereas the computations are easier in the
scarce Cp, structure, in the sense that they mimetize those from usual free
probability.

An element a of a scarce Cy-noncommutative probability space (A, Q)
is called a Ci-noncommutative random variable. We associate to such an
a € A the sequence of its C-valued moments (p(a™))nen+. We call Ci-valued
distribution of a the whole sequence of its moments, or equivalently, the
linear map from C[X] into Cp which maps any polynomial P to ¢(P(a)).
One may find easier to collect all the Cp-valued moments in a formal power
series, as follows :

Definition 5.1.8. Let (A, ) be a scarce Cp-noncommutative probability
)

space. The Cj-valued moment series of a € A is the power series M, € @éf
defined as follows :

My(z) := Z o(a")z".
n=1

The notion of Cp-valued distribution is easily generalized to n-tuples of
variables :
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Definition 5.1.9. The Cy-valued distribution of a n-tuple (ay,...,a,) €
A™ of Cp-noncommutative random variables in a scarce Cp-noncommutative
probability space (A, p) is the linear map fiq,,. a,) * C{(X1,..., Xn) — Cy
defined by

n

ﬂ(al,...,an)(P(le cee 7Xn)) = @(P(alv B 7an))'

As mentioned in Remark 4.2.9, scarce G-noncommutative probability
spaces and infinitesimal noncommutative probability spaces provide a nice
framework to do free probability of type B. The equivalent structures defined
above are therefore the natural setting for generalizing free probability of
type B. There is another structure linked to free probability of type B that
one may find interesting to generalize here : the noncommutative probability
space of type B, proposed in the original work on free probability of type
B [BGNO03|, and reviewed in Section 2.5. Its natural generalization is the
noncommutative probability space of type k :

Definition 5.1.10. By a noncommutative probability space of type k& we un-
derstand a system (V(O), FO L pE) k) (®4,5)o0<i,j<k), Where (V(O), f(o))
is a noncommutative probability space of type A, V¥ 1 < i < Ek, are
complex vector spaces, f(i) : VO — C, 1 < i < k, are linear maps,
D, V@) x Y) — YEt+i) 0 <4, j < k, are bilinear maps satisfying

Ppyij(Pri(z,y), 2) = Ppivi(z, @i 5(y, 2)),
Vh,i,j € N,Vz e VW vy e VD) vz e YU,

To make the preceding definition work, we put V@ = {0}, when i >
k 4+ 1. The following fact noticed in Remark 4.2.9 still holds : noncom-
mutative probability spaces of type k are particular cases of scarce Cg-
noncommutative probability spaces. Indeed, given a noncommutative proba-
bility space of type k (V(O), fO L pk) k) (®4,5)o0<i,j<k), the direct prod-
uct Hf:o V@ can be endowed with a complex unital algebra structure,
via the maps (®;;)o<ij<k. This algebra, together with the linear map
G(xo, ... xx) = (FO(x0),..., f®)(x)), forms a scarce Cp-noncommutative
probability space.

There are natural equivalent notions of freeness on the structures intro-
duced above, generalizing both infinitesimal freeness from Definition 4.1.1
and freeness of type B from [BGNO03| (see Definition 2.5.4). In Definition
4.1.1, infinitesimal freeness in (A, ¢, ¢’) is defined by two conditions on the
linear functionals ¢, ¢’ ; its generalization to an infinitesimal noncommuta-
tive probability space of order k denoted by (A, (go(i))ogigk) would require
k + 1 conditions on the linear functionals (go(i))ogigk. Infinitesimal freeness
being also equivalent to the vanishing of the infinitesimal non-crossing cumu-
lants (cf. Theorem 4.1.2), we adopt this approach and define the infinitesimal
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freeness of order k by the vanishing of some multilinear functionals, called
infinitesimal non-crossing cumulant functionals of order k£ and introduced in
the next section.

5.2 Infinitesimal non-crossing cumulants of order &

We begin this section by introducing a total order on the set of blocks of a
non-crossing partition, which will be useful in the sequel.

Definition 5.2.1. Let p € NC(m), and V, W € bl(p).

1° V is said to be nested in W if min W < minV < maxV < maxW.
2° V is said to be on the left of W if maxV < min W.

3V CW<s Visnested in W or V is on the left of W.

The proof of the next proposition is trivial and left to the reader.
Proposition 5.2.2. T is a total order on bi(p).
If p € NC(m), we have seen that pUKr(p) is a non-crossing partition

of [m]U[m] in m+1 blocks. These blocks will be listed in two different ways.
The first way is to list them all together in the increasing order C : we will
write Mix(p, ) for the i-th block of p U Kr(p) in the increasing order , for
1<:<m+1.

For some purposes, it is nice to list separately the blocks of p and of Kr(p),
and we will write Sep(p,i) to denote the i-th block of p in the increasing
order T if 1 <4 < |p| and to denote the (i — [p|)-th block of Kr(p) in the
increasing order C if [p| + 1 <i<m + 1.

It is interesting to look at the first blocks in the two resulting lists : Mix(p, 1)
is a singleton in [m] U [m], Sep(p, 1) is an interval in [m]. In particular, we
can deduce the well-known fact that a non-crossing partition always owns
an interval-block.

5.2.1 Cp-non-crossing cumulant functionals

In this subsection, we define non-crossing cumulant functionals in the frame-
work of a scarce Cx-noncommutative probability space by the free moment-
cumulant formula from usual free probability, with the only difference that
the computations take place in the algebra Cj instead of the field of complex
numbers C.

Definition 5.2.3. Let (A, ) be a scarce Cp-noncommutative probability
space. The Ci-non-crossing cumulant functionals are a family of multilinear
maps (Rp, : A" — C)22,, uniquely determined by the following equation :
for every n > 1 and every aq,...,a, € A,

Z Rp(at,...,an) = @(ar---ap). (5.5)

peNCA) (n)
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In usual free probability, the formula above is known as the free moment-
cumulant formula (see (2.4)). The only difference is that computations here
take place in the unital commutative complex algebra Ci instead of C. How-
ever, as already mentioned in Section 4.3, the proofs (see [NS06]) of the
following classical results remain valid in this setting. That is why we record
them without proof.

For every n > 1 and every aq,...,a, € A we have that:

/%n(alv e 7an) = Z MOb(A) (pa 1n)¢p(a17 teey an)' (56)
peNC(A) (n)

Obviously, the multilinear maps (@, : A" — Ci); implicitely used in
formula (5.6) are defined by @, (a1,...,an) = @(ar---ay).

Proposition 5.2.4. One has that Rp(ai,...,a,) = 0 whenever n > 2,
ai,...,an € A, and there exists 1 < i < n such that a; € Cl 4.

Proposition 5.2.5. Let z1,...,x, be in A and consider some products of
the form
a1 = T1 " Tsyy A2 = Tsy 41" Lsgy «vvy O = T, 141" Ty,

where 1 < s1 < s9< -+ <8, =358. Then

Rn(at,...,an) = Z Ra(z1,...,2s),

TeNC(s) such
that mVvO=14

where 8 € NC(s) is the partition :

O0={{1,....;s1}, {s1+1,....82}, ..., {sp1+1,...,8n}}.

Given a Cx-noncommutative random variable a € (A, @), the quantities
Rn(a,...,a) are called its Cp-valued cumulants, and they are collected in a
power series :

Definition 5.2.6. Let (A, ») be a scarce Cp-noncommutative probability
space. The Cp-valued R-transform of a € A is the power series R, € @é’:)

defined as follows :

Ru(z) == Z/?an(a, coa)2"
n=1

Following the well-known result of [Spe94] stating roughly that, in a
usual noncommutative probability space, subsets are free if and only if they
satisfy the vanishing of mixed cumulants condition (see Theorem 2.3.7), we
generalize this condition to our setting :
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Definition 5.2.7. Let (A, @) be a scarce Cp-noncommutative probability
space and Mi,..., M, be subsets of A. We say that My,..., M, have
vanishing mized Cp-cumulants if

Em(ai,...,am) =0

whenever a1 € M;,,...,aym € M;, and 31 < s <t < m such that is # is.

i’”l
As announced, infinitesimal freeness of order k is defined by the vanishing
of mixed Cg-cumulants condition. More precisely :

Definition 5.2.8. We will say that subsets My,..., M, C A of a scarce
Cr-noncommutative probability space (A, @) are infinitesimally free of order
k if they have vanishing mixed Ci-cumulants.

Remark 5.2.9. Using a classical argument in free probability, one can prove
that, if Aq,..., A, are unital subalgebras which are infinitesimally free of
order k in a scarce Cg-noncommutative probability space (A, ), then one
has :

(ﬁ(a]l...a]m)zo

whenever a; € A;,,...,am € A;,, with i1 # ... # iy, satisfy ¢(a1) = ... =
&(am) = 0.

The converse in our Cg-valued situation is not true, because one cannot use
the nice "centering trick", as noticed in Remark 4.3.14.

In the next subsection, we switch to the infinitesimal framework, and de-
fine infinitesimal non-crossing cumulant functionals, with the intuition that
they should appear as the coefficients in the decomposition of the Cg-non-
crossing cumulant functionals in the canonical basis of C.

5.2.2 Infinitesimal non-crossing cumulant functionals

In this short subsection, we focus on an infinitesimal noncommutative prob-
ability space of order k structure (A, (¢)o<i<x). The aim is to define
cumulants and freeness in this setting, in a consistent way with the last
subsection. For convenience, we will use the following notation :

Notation 5.2.10. For a family of multilinear maps (m(f) A" - C,0<i <
k)2, we define for any n € N, any 7 = {V; C --- C V;,} € NC™(n) and

n=1

any A € A, 5, (defined by (5.2)) the n-linear functional rM A C by

h
Ai
rMNay, ... ay) = HTI(%\)((al""’a”) | Vi).
=1
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The underlying idea is to consider the Ci-non-crossing cumulant func-
tionals (&, : A" — Cg)>2, in the associated scarce Cp-noncommutative
probability space (A, @) (see Remark 5.1.7), and then to define the required
n-th infinitesimal non-crossing cumulant functionals as the n-linear forms
appearing as coefficients in the linear decomposition of &, : A™ — Ci, in the
canonical basis of Ci. This leads to the following definition:

Definition 5.2.11. Let (A, (9()o<i<x) be an infinitesimal noncommuta-
tive probability space of order k. The infinitesimal non-crossing cumulant
functionals of order k are a family of multilinear maps (nﬁf) A" - C,0<
i < k)o°,, uniquely determined by the following equation : for every n > 1,

every 0 <14 < k and every aq,...,a, € A we have that:

Z Z C’;‘l""’)‘hﬁg‘) (a1,...,an) = oD (ay - ap). (5.7)
peNCA) (n) AEAR;
p:={V1,...,Vi}
Infinitesimal freeness in the framework of an infinitesimal noncommu-
tative probability space of order k is obviously defined by the vanishing of
mixed infinitesimal cumulants.

Definition 5.2.12. We will say that subsets M1, ..., M, of an infinitesimal
noncommutative probability space of order k are infinitesimally free of order
k if they have vanishing mized infinitesimal cumulants, which means that,
for each 0 <i <k,

"{gril)(al""?am> =0
whenever a; € M;,,...,ay, € M;,, and 31 < s <t < m such that is # ;.

Remark 5.2.13. It is straightforward to check, using formula (5.7), that the
infinitesimal non-crossing cumulant functionals of an infinitesimal noncom-
mutative probability space of order k are indeed linked to the Cg-non-crossing
cumulant functionals of the associated scarce Cip-noncommutative probability
space by :

~ b (4) €i

Fn = ;nn K (5.8)
A consequence of formulas (5.6) and (5.8) is the validity of the following
inverse formula:

md(a ) = 30 Y M (1) M an, ),
pENCA) (n) NEAp;
p::{vly---yvh}
(5.9)

and of the following proposition :

Proposition 5.2.14. One has that /%f)(al, .ooyan) =0 whenever 0 < i <k,
n>2, a1,...,a, €A, and there exists 1 < j <n such that a; € Cl4.
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Another consequence of relation (5.8) is that subsets My, ..., M, of an
infinitesimal noncommutative probability space of order k are infinitesimally
free of order k if and only if they are infinitesimally free of order k in the
associated scarce Cx-noncommutative probability space.

Remark 5.2.15. Let (A, (¢))g<;<x) be an infinitesimal noncommutative
probability space of order k, and consider its infinitesimal non-crossing cu-
mulant functionals (/@(f) A" — C,0 <i < k)X, It is interesting to notice
that the multilinear maps (/17(10) : A" — C)5, and (HS) A" — C)92 are
respectively the usual non-crossing cumulant functionals in the noncommu-
tative probability space (A, ¢(?)) and the infinitesimal non-crossing cumulant
functionals of Definition 4.3.7 in the infinitesimal noncommutative probabil-
ity space (A, @, M) This implies that subsets that are infinitesimally
free of order k are in particular free in (A, ¢(*)) and infinitesimally free in
(A, 0 o) in the sense of Definition 4.1.1.

Infinitesimal freeness of unital subalgebras in Definition 4.1.1, as well as free-
ness of type B in [BGNO3], is defined in terms of moments. Section 8 will
provide such a characterization of the infinitesimal freeness of order k of
unital subalgebras of an infinitesimal noncommutative probability space of
order k in terms of moments.

As stated in Remark 5.2.15, infinitesimal freeness of order k of unital sub-
algebras Ap,..., A, C (A, (go(i))ogigk) of an infinitesimal noncommutative
probability space of order k implies freeness of Aj,..., .4, in the noncom-
mutative probability space (A, ¢(?)). Conversely, is it possible to "upgrade"
freeness of given unital subalgebras of a noncommutative probability space
to infinitesimal freeness of order k£ 7 This question is discussed in the next
subsection.

5.2.3 Upgrading freeness to infinitesimal freeness of order &

Given a noncommutative probability space (A, ¢) and free unital subalgebras
A1, ..., A, of A, the question of how to build a linear form ¢’ on A such
that A, ..., A, are infinitesimally free in the infinitesimal noncommutative
probability space (A, ¢, ¢") is adressed in Section 4.7. Among the answers
given there, there is the idea to define ¢’ := woD, where D is a derivation of A
(a linear map D : A — A satisfying Va,b € A, D(a-b) = D(a)-b+a-D(b))
such that D(Aj) C A; for each 1 < j < n. We examine the question
of how to build linear forms ™M), ... ©®) on A such that Ai,..., A, are
infinitesimally free of order & in the infinitesimal noncommutative probability
space (A, @, oW, ... ©®). The natural idea consisting in defining o) :=
o D where D is a derivation of A such that D(A;) C Ajforeach1 <j<n
is a possible answer, as proved below :
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Proposition 5.2.16. Lel (A, ¢) be a noncommultative probabilily space and
let D: A — A be a derivation. Define () := @ o D'. Let the infinitesimal

non-crossing cumulant functionals associated to (A, p, go(l), .. .,cp(k)) be de-
noted by (mﬁf) A" — C,0 <0 < k)2, Then, for everyn > 1,0 <i<k
and ai,...,a, € A one has
ka1, an) = D CM P (DM (ar), ..., DM (an)).
AEA, ;

Proof. Define the family of multilinear functionals (n,(f) A" - C,0<i <
k)oe ; by the following formulas : for every n > 1,0 <i < k and by,...,b, €
A
n by, b)) = Y Ok (DM (by), .. DM (by)).
AEA, ;

Our aim is then to prove that, for every n > 1,0 < i < k, ng) = m,(f). We
verify that the functionals (ng),O < i < k)5, satisfy the equations (5.7)
defining the infinitesimal non-crossing cumulant functionals. The left-hand

side of this formula writes :

oo Y ety Pa, L an). (5.10)

peNCA )( ) AEAR;
p:={V1,...,Vp}
Each n‘(‘/)'fl)((al, ...y ap) | Vj) in the latter is a sum indexed by Ay, »,, involv-
J K

ing variables a;,¢ € V;. Given p := {Vl, ., Viy € NOW (n), there is a very
natural bijection between {(A, (AL, ..., A")) € Ap; x Ay | N € A, ) and
the set A, ;. Thus :

(G10)= > > My (DM(ar),. .., DM (an)).
pENC A)(n) AEAn i

By exchanging the summation signs, the usual free moment-cumulant for-
mula appears, and one obtains :

(5.10) = Y CMMp(DM(ar) - DM (an)). (5.11)
AEN,
Using Leibniz rule in the right-hand side of (5.11), one may conclude :

(510) — S0( Z Ci)\l,...,AnD)\l (al) N D)\n (an))
>\6A7l,i

= ¢(D'(a1--ay))
= SO(i)(al ).



116 Chapter 5 : Higher order infinitesimal freeness

Corollary 5.2.17. In the notations of Proposition 5.2.16, let Ay,..., A,
be unital subalgebras of A which are free in (A, ), and such that D(A;) C
Aj for 1 < j < mn. Then Ai,..., A, are infinitesimally free of order k in

(A7 @, 90(1)7 cee Sp(k))

5.3 Addition and multiplication of infinitesimally
free variables

In this section, we consider n-tuples of infinitesimal noncommutative ran-
dom variables (ay,...,as), (b1,...,bn) € A" (where (A, (9p))g<ick) is an
infinitesimal noncommutative probability space of order k), with respective
infinitesimal distributions (14?)g<;<x and (v®)o<i<k. We assume that the
sets {a1,...,a,} and {b1,...,b,} are infinitesimally free of order k and we
are interested in the distributions of the sum (ai,...,a,) + (b1,...,b,) and
of the product (ajby,...,anby).

5.3.1 Addition of infinitesimally free random variables

We do not provide a proof of the following result, which is a straightforward
calculation using multilinearity of the infinitesimal cumulant functionals and
definition of infinitesimal freeness.

Proposition 5.3.1. Let (A, (¢D)o<i<k) be an infinitesimal noncommuta-
tive probability space of order k. Consider subsets My, Mo of A that are
nfinitesimally free of order k. Then, one has, for each n > 1, each n-tuples
(a1,...,an) € MY, (b1,...,by) € M5 and each 0 <i <k :

D (a1 + b, an +by) = 6D (ag, ... an) + &9 (b1, ... by). (5.12)

Using formulas (5.7) and (5.9), we see that the quantities

H%)(ail, e ,CLim)7 K,%)(bjl, ceny bjm)?
where 0 < i < k,m > 1, {i1,...,im}, {j1,---,Jm} C [n], called respec-
tively infinitesimal cumulants of (ay,...,a,) and (b1, ..., b,) completely de-

termine and are completely determined by the infinitesimal distributions of
(a1,...,an) and (by,...,by). Proposition 5.3.1 thus has the following corol-
lary.

Corollary 5.3.2. Let (A, (¢)o<i<r) be an infinitesimal noncommutative
probability space of order k, and (a1, ...,an), (b1,...,b,) be n-tuples of ele-
ments of A with respective infinitesimal distributions (1))o<i<p, (V@ )o<i<k-
If the sets {ai,...,an} and {b1,...,b,} are infinitesimally free of order
k, then the infinitesimal distribution of (ai,...,an) + (b1,...,by) only de-
pends on (M(i))ogz‘gk and (V(i))ogiSk. It is called the infinitesimal free ad-
ditive convolution of order k of (1)o<i<k and (VD)g<i<p and denoted by
(D) o<ick BH (VD) o<ick.
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The corollary above means that the infinitesimal free additive convolu-
tion of order k defines an operation on infinitesimal laws. The practical way
to compute the infinitesimal free additive convolution of order k of two in-
finitesimal laws is to use consecutively the inverse of the infinitesimal version
of the free moment-cumulant formula (formula (5.9)), the additivity of in-
finitesimal cumulants (formula (5.12)), and finally the infinitesimal version
of the free moment-cumulant formula (formula (5.7)). One may find easier
to make the computations in a scarce Cp-noncommutative probability space.
Taking into account the link (5.8) between infinitesimal cumulant function-
als and Cg-non-crossing cumulant functionals, Proposition 5.3.1 admits the
following corollaries :

Corollary 5.3.3. Let (A, @) be a scarce Cp-probability space. Consider sub-
sets M1, Mo of A that are infinitesimally free of order k. Then, one has,
for each n > 1 and each n-tuples (a1, ...,a,) € MY, (b1,...,b,) € M§

Rp(ar +0b1,...,an +by) = Ep(ar,...,an) + fp(bi, ..., by).

Corollary 5.3.4. Let (A, @) be a scarce Cy-probability space. Consider a,b €
A that are infinitesimally free of order k, then

Ra+b = Ra + Rb.

Remark 5.3.5. Using Corollary 5.3.3, it is possible to state and prove Cg-
valued versions of some famous limit theorems of free probability. We dis-
cuss this without going into the details ; for a more complete discussion
of limit theorems in free probability of type B, we refer to [Pop07] and
[BS09]. In a scarce Cx-noncommutative probability space (A, @), consider
a sequence (ay)neny € AV of centered infinitesimally free identically dis-
tributed Cp-valued noncommutative random variables. Then the moments
of the rescaled sum

;N

— a

w s
converge to a Ci-valued distribution characterized by the vanishing of all
of its cumulants except the second one : this is the Cp-valued version of
the free central limit theorem. The distributions that appear as limits in
the preceding result deserve to be named Cp-valued semicircular elements.
Their moments may be computed using the Cg-valued free moment-cumulant
formula. Paralelly, a Ci-valued version of the free Poisson theorem may also

be stated and proved, and thus a Cg-valued Poisson distribution may be
defined.

5.3.2 Multiplication of infinitesimally free random variables

We now investigate the distribution of the product of n-tuples of noncom-
mutative random variables that are infinitesimally free of order k. We first



118 Chapter 5 : Higher order infinitesimal freeness

focus on a Ci-noncommutative probability space because, the combinatorics
being the same in this setting as in usual free probability, the proofs and
results will be straightforward adaptations of the usual ones, which can bhe
found in [NS06] for instance.

Proposition 5.3.6. Let (A, Q) be a scarce C-noncommutative probability
space. Consider subsets M1, My of A that are infinitesimally free of or-

der k. Then, one has, for each n > 1 and each n-tuples (ai,...,a,) €
MY (by, ... by) € ME
Fnlarby, .. anbn) = > Fplar,. ., n)Rir() (b1, b).  (5.13)
PENCA) (n)

Proof. Using Proposition 5.2.5, the left-hand side of (5.13) is equal to

E i%ﬂ'(a17b1,a2,'"abn*;l)anabn)’
TeNC(2n) such
that wv0=14

where 6 is the partition {{1,2},...,{2n — 1,2n}}.

By the vanishing of mixed cumulants condition, the only contributing terms
are those indexed by non-crossing partitions m which are reunion of a non-
crossing partition p of {1,3,...,2n — 1} and a non-crossing partition g of
{2,4,...,2n}. The condition 7 V § = 1, for such a partition 7 may be
reinterpreted as ¢ = Kr(p) (up to the identifications {1,3,...,2n — 1} < [n]

and {2,4,...,2n} < [n]). O

Switching to the infinitesimal framework, one can state the following
result.

Corollary 5.3.7. Let (A, (0)o<i<k) be an infinitesimal noncommutative
probability space of order k, and (ai,...,ay), (b1,...,b,) € A" be n-tuples
with respective infinitesimal distributions (1)o<i<r, and (VD)o<i<p.

If the sets {a1,...,an} and {b1,...,by} are infinitesimally free of order
k, then the infinitesimal distribution of (a1by,...,anb,) only depends on
(B No<i<r and (VD )o<i<p. It is denoted by (uD)o<i<x P (vD)o<i<p and
called the infinitesimal free multiplicative convolution of order k of (,u(i))ogigk
and (v')o<i<k-

If a,b € A are Cp-noncommutative random variables that are infinitesi-
mally free of order k in a scarce Cg-noncommutative probability space, the
Cr-valued R-transform of a - b is Ra.b = Raka, where [xc, is the version
of the boxed convolution operation introduced in [NS96], but with scalars in
Ck (see Definition 2.3.11) :

Proposition 5.3.8. Let (A, Q) be a scarce Cp-noncommutative probability
space. Consider a,b € A that are infinitesimally free of order k, then
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R = Ra W5 Ry,

Proposition 2.3.13 also has an infinitesimal analogue, as stated in the next
proposition. It is indeed straightforward to check that, in the particular case
of single variables, the formulas (5.5) and (5.6) may be read at the level of
power series as follows :

Proposition 5.3.9. Let (A, Q) be a scarce Cx-noncommutative probability
space and consider a Ck—nongommutative random wvariable a EN.A. Then
the Ci-valued moment series M, and the Cp-valued R-transform R, of a are

related by the equivalent formulas : M, = Ra':)g‘é‘:), R, = Ma':) Mb'bé‘:).

As noticed in [Pop07], the combinatorial proofs remaining valid for se-
ries with Cg-valued coefficients such that the coefficient of degree one is in-
vertible, one has a Fourier transform construction leading to the Cy-valued
S-transform.

Definition 5.3.10. Let (A, $) be a scarce Ci-noncommutative probability
space. The Cp-valued S-transform of an infinitesimal noncommutative ran-
dom variable a € A such that ¢(a) is invertible in Cj is the power series

Sa S @(C’:) defined as follows:

Proposition 5.3.11. Let (A, @) be a scarce Cp-noncommutative probability
space. Consider a,b € A that are infinitesimally free of order k, and such
that ¢(a) and G(b) are invertible in Cj, then the Cp-valued S-transform S,
of a-b satisfies:

Sap(2) = Sa(2)Sy(2).

Practically speaking, the computation of the distribution of the product
of two infinitesimally free infinitesimal noncommutative random variables
requires a good understanding of the Cg-valued version of the boxed convo-
lution. More precisely, in the notations of Definition 2.3.11, it would be of
interest to have a formula for %(,? as a function of the aﬁf )’s and the @gj )’s.
As mentioned before, the version of the boxed convolution with scalars in
Co = C is a classical operation in free probability. The version of the boxed
convolution with scalars in C; = G has already been considered in [BGNO03],
where it is shown to coincide with the boxed convolution based on non-
crossing partitions of type B, in connection with free probability of type B
(see Theorem 5.4.19). This leads to the natural question : does the opera-
tion f) coincide with a boxed convolution based on a certain set of special
non-crossing partitions. In Section 5.4, we will give a positive answer to this
problem, by introducing the non-crossing partitions of type k.
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5.4 Non-crossing partitions of type k

This section is devoted to the introduction and study of a set of non-crossing
partitions, namely the set of non-crossing partitions of type k, which has to
be a cover of NC)(n) related to the version of the boxed convolution with
scalars in Cy,.

5.4.1 Definition and first properties

Definition 5.4.1. Let n be a positive integer. We call reduction mod n map
the map
Red® : [(k + 1)n] — [n]

sending each i € [(k 4+ 1)n] to its congruence class mod n.

Remark 5.4.2. For k£ = 0, the map Red%o) is simply the identity map on
[n].

For k = 1, up to identifying [2n] with [£n], the map Red ! is identified with
the map Abs defined in Section 2.5.

Definition 5.4.3. A non-crossing partition 7 of [(k 4 1)n] is said to satisfy

the mod n reduction property if Red%k) (7) is a non-crossing partition of [n]

and if Red"” (Kr(7)) is a non-crossing partition of [n].

Non-crossing partitions of type k are the non-crossing partitions of the
set [(k + 1)n] satisfying the mod n reduction property.

Definition 5.4.4. We write NC*)(n) for the set of non-crossing partitions
of type k, that is non-crossing partitions of [(k + 1)n| satisfying the mod n
reduction property.

Remark 5.4.5. All non-crossing partitions of [n] trivially satisfy the mod

n reduction property (since Red%o) is simply the identity map). Hence
NCO(n) = NCW(n).

The next proposition states that the non-crossing partitions of type k are
a generalization of the non-crossing partitions of type B.

Proposition 5.4.6. If we identify [+n] with [2n] and Abs with Redg),
then NCB)(n) = NCW(n).

Proof. That m € NC®)(n) satisfies the mod n reduction property is a corol-
lary of Theorem 2.5.1 and Lemma 1 in [BGNO03].

For the converse, let 7 € NC(M(n) satisfy the mod n reduction property,
and assume that there exist two elements x,y € [£n] such that x ~; y ,
—x %5 —y. By reduction mod n property, we necessarily have —y ~, x ~
Yy ~x —x, which is a contradiction. O
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Remark 5.4.7. The proof above and Lemma 1 in [BGNO03| show that, for a
non-crossing partition m of [2n], the mod n reduction property is equivalent
to the only requirement that Red{! )(71’) is a non-crossing partition of [n].

In Definition 5.4.3, the reduction mod n property for a non-crossing par-
tition 7 of [(k + 1)n] consists of two requirements : Red (m) has to be
a non-crossing partition of [n] and Red " (Kr(m)) has to be a non-crossing
partition of [n]. Actually, there is a slightly stronger characterization stated
in the next proposition.

Proposition 5.4.8. A non-crossing partition © of [(k 4+ 1)n| salisfies the
reduction mod n property if and only if Red%’“) (m UKr(m)) is a non-crossing
partition of [n] U [n].

Proof. If Red (m U Kr(7)) is a non-crossing partition of [n] U [n], since
Redilk) (7) is a family of subsets of [n] and Red " (Kr(m)) is a family of subsets
of [n], they have to be non-crossing partitions of [n| and [n] respectively ; in
other words 7 has to satisfy the reduction mod n property.

We assume now that 7 is a non-crossing partition of [(k + 1)n| satisfying the
reduction mod n property, and aim at proving that Red,(f) (m UKr(m)) is a
non-crossing partition of [n] U [n].

By the reduction property, Red (m UKr(m)) = Red (m) U Red " (Kr(m))
is the union of a partition of [n] and of a partition of [n], and hence a
partition of [n] U [n]. To prove that this partition is non-crossing, consider
four elements a < b < ¢ < d of [n] U [n], such that a ™ Red® (xUKr(x)) © and
b ™ Red ™ (UK (n)) d. We have to show that a ™ Red ™ (UK (r)) b

Let 1 < ig < (k+ 1)n + 1 be minimal with the property that Mix(m, o)
contains an element x such that Red%k) (x) € {a,b,c,d}. Choose also the
smallest such x. We may assume that Red () = a (the other cases are
similar). By assumption, ¢ € Red%k)(l\/[ix(w,ig)) : there is an element z €
Mix (7, i) such that Red” (2) = c¢. Our choice of x ensures that z < z
and there is necessarily an element z < y < z such that Red,(f) (y) =b. By
minimality of g, y € Mix(m, 1), hence b € Red” (Mix(m,ig)) is linked to a
in Red{" (m UKr(m)) and we are done. O

Remark 5.4.9. When k£ = 0, the reduction mod n property is satisfied by
any non-crossing partition of [n] and is in particular equivalent to the only
empty requirement : 7 € NC (n) satisfies the reduction mod n property
if and only if Red (") (7) is a non-crossing partition of [n].

As explained in Remark 5.4.7, this is also the case when £k = 1 : w €
NCM)(2n) satisfies the reduction mod n property if and only if Redgll)(ﬂ) is
a non-crossing partition of [n].
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Assume now that & > 2 ; the situation then is different.
As an example, for K = 2 and n = 2, consider the partition

7= {{1,2,3},{4,5,6}} € NCW(6).

It is straightforward to check that Redgz) (m) = {1,2} is a non-crossing par-
tition of [2]. However, from the easy computation

Kr(m) = {{T}7 {?}’ {Z}’ {5}7 {E, 6}}7

we deduce that Redg) (Kr()) is not a partition of [6] and consequently that
7 does not satisfy the reduction mod 2 property.

The following proposition states that the Kreweras complementation map
may be considered as an order-reversing bijection of NC'*)(n).

Proposition 5.4.10. The restrictions from NC((k + 1)n) to NC*)(n)
of Kr is an order-reversing bijection of NC'*)(n).

The name of Kreweras complementation map and the notation Kr will
be conserved as there is no ambiguity about the meaning of Kr(7) whether
7 is viewed as an element of NC®)(n) or of NC((k + 1)n).

Proof. Tt is clearly sufficient to prove that the non-crossing partition Kr(r)
of [(k + 1)n] satisfies the reduction mod n property whenever m does. As-
sume that the non-crossing partition 7 of [(k + 1)n] satisfies the reduction
mod n property. By assumption, Redglk) (Kr(7)) is a non-crossing partition
of [n]. It remains to prove that Red (Kr?(m)) is a non-crossing partition of
[n].

From the geometric description of Kr?(7) given in Subsection 2.3.1, we de-
duce that Redgﬂ)(KrQ(W)) is obtained from Redglk)(ﬂ) by a rotation. By
reduction mod n property, Red ¥ () is a non-crossing partition of [n], so

Red (Kr?(m)) is itself a non-crossing partition of [n]. Thus the proof is
complete. O

Given 7 € NC(k)(n),Er(Red%k)(w)) and Redglk)(Kr(w)) are thus two

non-crossing partitions of [n]. The following lemma, generalizing Lemma 1
of [BGNO3|, states that these two partitions coincide.

Proposition 5.4.11. Vr € NC®)(n), Kr(Redgf) (m)) = Red " (Kr(m)).

Proof. Let m be a non-crossing partition of type k. By Proposition 5.4.8,
Red ¥ (m) URed® (Kr(m)) = Red " (m UKr(m)) is a non-crossing partition of

[n]U[n]. Since Kr(Red,(lk) (7)) is maximal with the property that Red (m)u

Kr(Red,(f) (7)) is non-crossing, it follows that

Red®) (Kr(7)) < Kr(Red® (7).
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There is equality if, for any T having a neighbour § > 7 in KI‘(Red%k)(ﬂ')),
y is linked to = in Red” (Kr(r)). For such elements 7,7 € [n], we call
V' the block of 7 containing x + 1. The reduction property implies that
Red (V') is a block of the partition Red (). By construction of the Krew-
eras complement, x + 1 is the smallest element of both V and Red%k)(V),
and y is the greatest element of Redq(f)(V). Consider now the greatest el-

ement z of V. Notice that z + 1 < Red%k)(z) < y. By construction of

the Kreweras complement again, T is linked to Z in Kr(w), then T is linked

to Red{ (z) = Red (z) in Red (Kr(7)) and therefore in Kr(Redgﬂ)(ﬂ)).

This means that, if Redglk)(z) < y, ¥ would not be the neighbour of Z in
Kr(Redglk) (7)), which is a contradiction. So Redglk)(z) = y or, in other words,
7 is linked to 7 in Red (Kr(m)). O

A deeper description of non-crossing partitions of type k is given in the
next subsection.

5.4.2 Structure of non-crossing partitions of type &

The goal of this subsection is to describe the structure of a non-crossing
partition of type k. In the next proposition, ¢ denotes the bijection between
non-crossing partitions and permutations lying on a geodesic in the Cayley
graph of the symmetric group, introduced by Biane in [Bia97b|, and de-
scribed in Section 2.5. We warn the reader that we choose to use the same
notation ¢ for this bijection, defined either on NC'(n) or NC((k + 1)n). We
hope that this choice, made in the sake of simplicity, will not be a source of
confusion in the reader’s mind. The content of this proposition is, roughly
speaking, that a type k non-crossing partition m is characterized by the two
requirements : Red” () is a non-crossing partition of NC*(n) and the el-
ements of each of the blocks of m come in the same order as their congruence

classes in its reduction Red'") ().

Proposition 5.4.12. For 7 € NCW((k + 1)n) such that Redq(@k)(ﬂ) €
NCW (n), 7 € NCF) (n) if and only if

Ve € [(k + 1)n), Red® (t(n)(x)) = t(Red® (7)) (Red ) (). (5.14)

Proof. Assume first that 7 € NC®)(n) and fix = € [(k + 1)n]. Set y :=
t(m)(x).

By construction of ¢, y is the neighbour of  in 7 and t(Red%k) (ﬂ))(Redq(lk) (x))
is the neighbour of Red (x) in Red (7). By construction of the Kreweras
complement, 7 is the neighbour of y — I in Kr(w), and Red{(z) is the
neighbour of t(Red'"™ (7)) (Red (z)) — 1 in Kr(Red™ (r)) = Red'® (Kr())
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(the latter equality holds because of Proposition 5.4.11). By reduction prop-

erty, Red (y — 1) is linked to Red (). It follows that the neighbour of
Red (z) in Red (m), t(Red%k) (W))(Redgf) (x)), is the first point coming af-
ter Red,(f)(y — 1) linked to Red (x) : it is Red (y) and we are done. For
the converse, let 7 € NCW((k + 1)n) be such that Red (r) € NC)(n)
and assume that condition (5.14) holds. We have to prove that Redgﬂ)(Kr(w))

is a non-crossing partition of [n]. Let Z € [(k + 1)n], its neighbour in Kr(r)
is t(m)~1(x + 1), by construction of the Kreweras complement. It follows of
condition (5.14) that Red” (¢(r)~L(z+1)) = t(Red® (7))L (Red" (z +1)).
Hence the congruence class of the neighbour of Z in Kr(7) only depends on
the congruence class of z, and moreover Red” (Kr(m)) = Kr(Red%k)(ﬂ)) and
we are done. O

The preceding proposition has some important consequences.

Corollary 5.4.13. Let 1 € NCW((k+1)n) and V be a block of m UKr(r).

The cardinal of Redglk)(V) divides the cardinal of V. We call multiplicity of

V' the quotient
card(V)

card(Red%k) (V) '

This is a positive integer lower or equal than k+ 1. The blocks of multiplicity
1 will be called simple.

mUItﬂ'UKT‘(ﬂ') (V) =

Proof. For x € V, the cardinal of V is the smallest positive ¢ verifying
(t(m)'(z) = z.
A repeated use of Proposition 5.4.12 gives that, for such an i,
(t(Red® (7)) (Red® (z)) = Red® (). (5.15)

Thus 7 is a multiple of the cardinal of Red,(lk)(V), which is also characterized

by the fact that it is the smallest positive i veriying condition (5.15). O

It is not so difficult to see that, if there is a block of multiplicity £+ 1 in
T UKr(r), for 7 € NCW((k +1)n), the other blocks are necessarily simple,
because one cannot link two elements of the same congruence class without
crossing the block of multiplicity k + 1. This is in fact a particular case of
the following result :

Corollary 5.4.14. For m € NC®)(n),

Z (multﬂ'UKT(ﬂ')(V) - 1) = R
Vebl(rUKr(r))
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Proof. This is a simple computation. First notice that

Z (mUItﬂ‘UKT‘(ﬂ')(V) - 1) =
vebl(zUKr(r))

> multyyg (V) — [ UKe()). (5.16)
Vebl(rUKr(n))

The first term in (5.16) is

Z Z mU‘ltﬂ'UKT(ﬂ') (V)

Webl(Red' ¥ (rUKr(x))) Vebl(rUKT(r)): Red ¥ (V)=
But for any block W of Red (m UKr(m)), one has

Z mult gy (V) =k + 1.
Vebl(rUKr(n)):Red ™ (V)=

Applying twice formula (2.1), we get

> (multrugrm (V) = 1) =(k + 1)(n+ 1) — |7 UKz ()|
Vebl(zUKr(r))
=(k+1n+1)—(k+1)n+1)
= k.

O]

For a partition 7 € NC®)(n), one may define a vector A, with integer
coordinates as follows :

(/\Tr)i = Z (multﬂ'UKT(ﬂ)(V) - 1)'
Vebl(rUKr(n)):Red™ (V)=Miz(Red'™ (UK (r)),i)

The vector A € Aj11 4 is called the shape of 7.

Remark 5.4.15. A type B non-crossing partition 7 is determined by its
absolute value p := Abs(7) and the choice of the block Z € bl(p U Kr(p)),
which has to be lifted to the zero-block of 7. This latter choice is encoded
in the shape A; of m. Indeed, type B corresponds to the case k = 1 of
non-crossing partitions of type k and therefore the shape A; belongs to the
set Ay41,1 consisting of the n + 1 vectors e; = (6] )i<j<nt1,1 <@ < n+ 1
That Ay = e; means exactly that we have to choose the block Mix(p,1)
as the absolute value of the zero-block. The conclusion is that a type B
non-crossing partition, considered as a non-crossing partition of type 1, is
determined by its reduction (or absolute value in the type B language) and
its shape. Unfortunately, this is not the case when k > 2. It is interesting
to ask how to determine a general non-crossing partition of type k. This
question is investigated in the proof of the next proposition.
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Proposition 5.4.16. Let A € A, 11 . The number of m € NC®) (n) having
shape \ and reduction a fized non-crossing partition p € NC@) (n) is the
same for any choice of p € NCW (n). We will denote this quantity by r(\).

Proof. As announced, we investigate how to determine a type k non-crossing
partition 7 € NC®)(n), once its reduction p € NCW(n) and its shape
A € Ayy1y are given. We know that Mix(p, 1) is a singleton of [n] U [n].
For simplicity, we assume that it is a singleton {i} of [n]. We need to know
how to form the blocks of 7 reducing to {i}. The number of admissible
ways to form these blocks depends on the value of A1 but of course not
on p, because the actual value of ¢ does not come into the game. Assume
that these blocks are formed; this gives a decomposition of [(k + 1)n] \
{z | Red () =i} U[(k+ 1)n] into A1 + 1 sets, according to the following
process : let us denote by {i + lin,...,i+ l,,n} the smallest (with respect
to C) of the blocks we have just formed that is not simple (if there is no
such block, i.e. when A\ = 0, our decomposition is trivial) ; each of the
{i+ln,...,i—1+1j41n} becomes a set in our decomposition after erasing
the i +1In,l; <1 <lj;4q, for each 1 < j < m — 1. Then remove all elements x
such that i+Iin <z < i+1,n and repeat the process by considering the new
smallest block with respect to C among the remaining blocks that are not
simple. Notice that the sets obtained this way may be identified with sets of
the form [I(n —1)]U[l(n — 1)], for some | < k+ 1, up to identifying the first
and last elements of the sets. This can be done, because these elements are
necessarily linked by construction of the Kreweras complement. On each of
these sets, m induces a non-crossing partition that belongs to NC(l)(n —1).
All such induced non-crossing partitions have the same reduction p obtained
by erasing in pUKr(p) the element i and by identifying 7 — 1 with ¢ (which are
also necessarily linked in Kr(p)). The shapes of the induced partitions sum
to the shape A of m. Hence a non-crossing partition of type k is determined
by its reduction p, its shape A, an admissible way to form the blocks reducing
to Mix(p, 1), an admissible decomposition of A and the choice of the induced
non-crossing partitions in sets NC'® (n — 1), having reduction p and shape
the summands in the decomposition of A.

Our argument goes by induction on n. For n = 1 and any k, there is only
one possible reduction, because card(NC4) (1)) = 1 and consequently there
is nothing to prove in that case. Assume that, for any [, the number of
partitions in NC®)(n — 1) with given shape and reduction does not depend
on the choice of the reduction. According to our analysis of the first part
of the proof, the number of partitions 7 € NC®)(n) with given shape A
and reduction p does not depend on the choice of the reduction, because we
noticed that the number of admissible ways to form the blocks reducing to
Mix(p, 1) does not depend on p, the shape decomposition depend only on A
and the way the latter blocks are formed, and by induction, the numbers of
choices for the induced partitions only depend on their shapes. O
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Remark 5.4.17. For small values of k, one may easily compute the values
of r(X) for each A € Api1 -
In the simplest case k = 0,

For k =1,
Apy11 = {eiti=1,. . nt+1,

and one has
Vi<i<n+1l,r(e)=1.

For k = 2,
Anv12={ei+ei}lij=1, nt1-

The value of (e; + €;) depends on whether i = j or not:
Vi<i<n+1,7(2¢)=1.
Vi<i<j<n+1r(e;+e;)=3.

We investigate in the next subsection some properties of the set NC®)(n).

5.4.3 Study of the poset NC®)(n)

The set NC®)(n), being a subset of (NCW ((k 4 1)n), <), inherits its par-
tially ordered set (abbreviated poset) structure. Contrary to NC®)(n),
which is a sublattice of (NC)(2n), <) (up to the identification [+n] = [2n]),
(NC®)(n), <) is unfortunately not a sublattice of (NC((k + 1)n), <),
when k£ > 2.

Remark 5.4.18. When k£ = 2 and n = 2, consider the partitions
m:={{2,3,4,5},{1,6}} € NC?(2)

and
p:=1{{1,2},{3,4,5,6}} e NC?(2).

It is an easy exercise to determine the meet of these two partitions in the
lattice (NC™(6), <):

m /\NC(A)(G) p= {{1}7 {2}3 {37 4, 5}a {6}}

It is immediate that ™ Ayeca) ) p is not an element of NC’(Q)(Q) which is

consequently not a sublattice of (NC4)(6), <) ; the same kind of argument
would prove that NC®)(n) is never a sublattice of (NC((k+ 1)n), <), as
soon as k > 2.
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It is natural to ask whether NC®*) (n) is or not a lattice in its own right
for the reverse refinement order <. We do not know the answer to this
question.

We now state and prove the main result of this section.

Theorem 5.4.19. 7 — Red%k)(ﬂ) is a m(}éﬁh)wﬂ)—to—l map from
NC®)(n) onto NCW (n).

Proof. We fix p € NC4) (n). The shape \; of a m € NC*) (n) satisfying
Redglk) (m) = pis an element of the set A, 11y, and for each A € A, 1y, there
are exactly 7(\) non-crossing partitions of type k with reduction p and shape
A. Hence there are Z/\GAn+1,k 7(A) non-crossing partitions of type k with re-
duction p, and we know by Proposition 5.4.16 that this number does not de-
pend on p. It remains to prove that ZAGAMM r(A) = WC(I:Z:I)(ICH),
by counting the non-crossing partitions of type k with reduction 1p,;. The set
formed by these partitions is precisely the set NC,, (k) of non-crossing parti-
tions of [(k+ 1)n] having blocks of size divisible by n. The latter set appears

in [BBCCO7], where it is proved that its cardinal is WC&:}I)@H). O

We end this section by defining a subset of NC*)(n) that will be used
in Section 5.5.

Definition 5.4.20. We write NC'*) (n) for the set of non-crossing partitions
of type k without non-simple blocks in their Kreweras complement.

Remark 5.4.21. In the shape of a non-crossing partition 7 € NCik)(n), the
coordinates corresponding to blocks of Kr(w) are zero ; there is therefore a
straightforward bijection between the set of shapes of non-crossing partitions
e NeW (n) satisfying Red®(7) = p and the set Ay, k- Notice also that,
given p € NC@(n) and A € Ay i, there are exactly 7(A) non-crossing par-

titions w € NCC&IC) (n) with reduction p and, with a small abuse of language,
shape .

Non-crossing partitions of type k give a combinatorial description of the
version of the boxed convolution with scalars in C, as explained in the next
section.

5.5 Boxed convolution of type k
As for type A and B, there is a boxed convolution operation associated to

the non-crossing partitions of type k. It is defined on formal power series
with coefficients in CF*1, as follows.
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Definition 5.5.1. 1. We denote by ©%) the set of power series of the

form
Fz) =) (e, a)",
n=1

where, for eachn > 1 and 0 <17 < k, ag) is a complex number.

2. Let f(2) = o0 (o, ... al)zm and g(z) = 500, (B, ..., BF))n
be' in ©)_ For every m > 1 and every 0 < i < k, consider the numbers
D defined by

OOy [ (o)

W _ ; ((Ae);) , .
Tm Z (Ar) H card(Sep(Red'?) (x).5))
TENCO) (m) =1
m—+1
H ((Ax);) v )
card(Sep(REd%) (m)):3)

j=|Red$) ()| +1

Then the series Z;":l(yﬁ?), e ,v,gk))z" is called the boxed convolution
of type k of f and g, and is denoted by f (k)g.

It turns out that, up to identifying the two sets 0" and @é‘:), the two

operations {*) and é’:) are actually the same, as stated in the next theorem.

Theorem 5.5.2. [{f*) =("
Proof. Let
f2) =) (aD,...,a)" e 6F
n=1
and
9(z) =>_(BY,....51)z" e ©F),
n=1
Write
FRHMg =502, (0, W)
and

A 00 k n
fék)g:anl((S?g/O))?éT(l ))Z .

We fix a positive integer n, for which we will show that

(’Y'I”L 7"‘777(Lk)):(6710)?"'7572]{:))'
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(4)

Let us look at ~,”. First, we have

C.()‘Tr)lv'-'v()‘ﬂ)n-kl ‘REd’(nl’.L)(Tr)l

(1) _ Z i (M) '
Tn' = acar . . ) iy
rENCO) (n) r(Ar) i=1 d(Sep(Redm (7),j))
n+1
H ((Ar);)
card(Sep(Redm (m)),j )

j=|Red") (m)|+1

For every m € NC®W(n), 1 <j<n+1and 0 <\ <k, we put p= Redg)(w)
and N
A o
0N (p, j) = { iy I pl.
ﬁc‘”d(Sep(p,j)) if 3>1pl,

The summation over NC®(n) can be reduced to one over NC4)(n), by
using the cover Red{ : NO® (n) — NC“(n). When doing so, and taking
into account the explicit description of (Redg ))_1(p), p € NCW(n) provided
by the proof of Theorem 5.4.19, one gets

n+1

DS SN (U

pENC(A) (n) )\EA7L+1 i

On the other hand, by recalling the definition of the operation ((3‘2), we see

that 5,@ equals

n+1

> X eI

pENC(A> (TL) )\EAn+1 Q

By comparing, we obtain (7&0), .. ,’yT(Lk)) = (5&0), .. ,5§Lk)), as desired. O]

Corollary 5.5.3. The operation (k) 1S associative, commutative and the
series AF)(z) = Aéi)(z) is its unit element. A series f € OF) is invertible
with respect to (k) if and only if its coefficient of degree one has a non-zero
first component.

Remark 5.5.4. Theorem 5.5.2 tells us that the operation (k) is a boxed
convolution of type A, for which one may define a generalization to power
series in several noncommuting indeterminates. This means that there exists
an operation (k) on power series in several noncommuting indeterminates.
We do not find interesting to record here the formulas involved in this oper-
ation.
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Non-crossing partitions of type k are thus the combinatorial objects de-
scribing the version of the boxed convolution of type A with scalars in the
algebra Cy.

It is now easy to rewrite the main formulas involving infinitesimal non-
crossing cumulants with sums indexed by the set of non-crossing partitions
of type k. This is the content of the next proposition :

Proposition 5.5.5. Let (A, (¢®)o<i<k) be an infinitesimal noncommautative
probability space of order k. The infinitesimal non-crossing cumulant func-

tionals satisfy, for everyn > 1, every 0 < i < k and every ai,...,a, € A,
() C(Aﬁ)l7"'7(Aﬂ)‘ﬂ| ()\ )
3 _ T
par-an) = Z r(Ar) F"Redﬁf)(w)(al’ o @n).

reNCY (n)

Proposition 5.5.6. Let (A, (¢D)o<i<k) be an infinitesimal noncommuta-
tive probability space of order k. Consider subsets My, Mo of A that are
infinitesimally free of order k. Then, one has, for each n > 1, each n-tuples
(a1,...,an) € MY, (b1,...,by) € MY and each 0 <i <k :

K'ni)(albl, e ,anbn) =
P,
r(Ax) KRede)(qur(w))(al’ b1y ..y an,by).

7€NC ) (n)

We move to the main application of infinitesimal freeness.

5.6 Application to derivatives of the free convolu-
tion

In this final section, we give an application of infinitesimal freeness of order
k. We consider the situation already examined in [BS09] : let {a(t) | 1 <
v < my her be s families of noncommutative random variables in a (usual)
noncommutative probability space (A, ¢). These families are indexed by a
subset 1" of R having zero as an accumulation point, and we are interested
in the joint distribution p; of {al(t) | 1 < v < my,1 < u < s} when ¢ is
going to 0, in other words for infinitesimal values of ¢. Recall that pu; is the
linear functional on C(X!,1 < v <m,,1 <u < s) defined by :

e (P((X3)1<0<ma,1<u<s)) = ©(P((ay(8))1<0<ma,1<u<s))-

In what follows, we will consider a family {u}ier of linear functionals on
C(X],1 <v<my,1 <u<s) without any further reference to the variables
{a¥(t) | 1 <v <my,1 <u<sher. For each value of t € T, one may obvi-
ously define the non-crossing cumulant functionals ((k¢), @ (C(Xp,1 < v <



132 Chapter 5 : Higher order infinitesimal freeness

my,1 < u < s))" — C)>2, associated to the noncommutative probability
space (C(Xp,1 <v<my,1 <u<s),u). A way to capture the behavior of
e for infinitesimal values of ¢ is to introduce recursively its derivatives at 0
by :

p© = lim (5.17)
t—0
o li 3 N, 1<i<k 1
i _tg%tl z;]'u ), 1 <i<k. (5.18)
]:

We will assume that the limits in formulas (5.17) and (5.18) exist and use
the notation pu(?) = jﬁlt ottt- Notice that, in [BS09], only 19 and ™M) were

studied. It follows from formulas (5.17) and (5.18) that

(i)
g
pe=» ot + o(th).

1=0

Notice that (11))g<;<k is an infinitesimal law (of order k) on 3°°_, m,, vari-
ables and therefore (C(XY,1 < v < my,1 < u < 8), (u?)o<ick) is an
infinitesimal noncommutative probability space of order k. Associated to
this infinitesimal noncommutative probability space of order k, we have in-
finitesimal non-crossing cumulant functionals (Hn A" = C,0<i < k)5,
as defined by formula (5.7). These infinitesimal cumulant functionals are
linked to ((k¢)n)o2, as follows :

Proposition 5.6.1. For everyn >1 and 0 <i <k,

. dt
(O
ST |t=0

(I’it)n.
Proof. By the inverse of the free moment-cumulant formula, one has

Vte K, (ko= Y.,  M5bW(p,1,)()p- (5.19)
peENC(A) (n)

By the assumption made above, the right-hand side of formula (5.19) has

k derivatives at 0, hence j—;l t:O(ﬁt)n is well-defined and, using linearity of
derivation and Leibniz rule, one obtains :
d (4) Mo, ()
%H:O(ﬁt)n = Z Z Mob (p7 ]-TL)CZ b hlu’p .
peNCA (n) AEAL;
p:={V1,...,Vi}

One recognizes in the right-hand side above the right-hand side of formula
(5.9), and we are done. O
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This proposition will be the main tool to characterize infinitesimal free-
ness of order k in terms of moments in Theorem 5.6.3. We first give a recipe
to deduce the infinitesimal behaviour of the free convolution of two families
of distributions from their individual infinitesimal behaviours.

Proposition 5.6.2. Let {u;}er (resp. {vi}er) be a family of linear func-

tionals on C(Xy,1 < u < m) (resp C(Yy,1 < u < m)) such that pld) =

%H:o“t (resp. () — %“:0%} exist for 0 <1i < k. Set :

(D o<ick = (BD)o<icr B® D) gcicr,

(0D)oci<k = (1 )ocicr B (VD )o<ick.
Then 77(1) = % ‘t:() Mt H V¢ and 9(1) = % ‘tzo ot X Vt.

Proof. For each t € K, we consider the free product

(C<XU7KL7 1 <u< m>7,u’t*yt)'

. dt dt . . .
Since a0t and W[t:o’/t exist by assumption for each 0 < i < k, we ob-
tain the existence of %u:o(“t * 1) for each 0 <1 < k and these functionals

are completely determined by the u(i)’s and the v(D’s. In the infinitesi-
mal noncommutative probability space (C(X,,Y,,1 < u < m), (%\tzo(“t *
Ut))o<i<k), the unital subalgebras A; = C(X,,1 < u < m) and Ay =
C(Yu,1 < u < m) are infinitesimally free of order k : indeed, if n > 1,0 <
i<kand P, € A;,,...,P, € A;, are such that i,...,, are not all equal,
then

di

KO(P,...,P) = 1o

(50)n(Pr, - .-, ),

where (k¢), is the n-th non-crossing cumulant functional in the noncom-
mutative probability space (C(X,,Yy,1 < u < m),u * 1), by Proposi-
tion 5.6.1. But it follows from the construction of the free product that
(kt)n(Py,...,P)) = 0 for each t € K. In particular £\ (Py,..., ) = 0.
The infinitesimal distribution of the m-tuple (X1 + Y3,..., X +Y,,) (resp.

(X1 -Y1,..., Xy, - Yy)) is, on the one hand (%\tzo(“t B v¢))o<i<k (resp.

(c%ﬁzo (e ®1y))o<i<k) by construction of the free product and, on the other

hand, (n)o<i<k (resp. (0%))g<i<x) by the argument above. O

We conclude by a characterization of infinitesimal freeness of order k in
terms of moments. Its formulation and proof rely on the Proposition 5.6.1.

Theorem 5.6.3. Let (A, (9)o<ick) be an infinitesimal noncommutative
probability space of order k, and A1, ..., A, be unital subalgebras of A. Then
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A1, ..., A, are infinitesimally free of order k if and only if for any positive
integer | € N*, and any a1 € A;,, ..., a1 € A;,, one has

pr((ar — e(ar)) -+ (@ — (@) = o(t"), (5.20)

whenever i1 # ... # i, where @y = Zf:o ‘pi(!i)ti, The condition (5.20)
translates into k + 1 requirements :

vie{o,... 7k}7z Z (=1)#Hm21An>0L G () (P .. gD (R)) = 0,
J=0AeA; ;i
(5.21)
where jV(P) := P — uO(P) if A =0, and g™ (P) := uM(P) else.

Proof. We assume that condition (5.20) holds and prove that A4, ..., A, sat-
isfy the vanishing of mixed infinitesimal cumulants condition. Using Propo-
sition 5.6.1, it is equivalent to prove that for [ > 2, and aq € A;,,...,a; € A;,

(ke)iay, ... a) = o(th) (5.22)

whenever Ir # s,i, # is, where (k¢); is the [-th non-crossing cumulant
functional in (A, ¢1).

We proceed by induction on [ > 2.

It is easy to see that

(kt)2(a1, a2) = pi((a1 — pr(a1))((a2 — pi(az)). (5.23)

If ap € Ai,a0 € A;, with i1 # iy, the right-hand side of (5.23) is o(t¥)
by assumption. We assume then that the vanishing of mixed infinitesimal
cumulants is proved for 2,3, ...,l—1 variables, and consider (k;);(a1,...,a;)
with a1 € A;,,...,q; € A;, such that 3r # s,i, # is. By Propositions 5.2.4,
5.2.5 and the induction hypothesis, we may assume that pi(a1) = ... =
or(a;) =0 and iy # ... # i;. Write then the free moment-cumulant formula:

Vte Kogar-a)— > (keplar,...,a) = (ke)ian, ..., ar).
peNCA (1)
p#L;
By assumption, (¢¢)(ar---a;) = o(tF). Any non-crossing partition p # 1,
owns an interval-block Vp, as noticed in Section 3. If Vj is a singleton,

(k)p(ar, .. ar) = (e ((ars. . a) [ Vo) [T (ke)pv((aas. . @) |V)
V£V
= 0.

Otherwise, V) contains two following, hence distinct, indices, and, by induc-
tion hypothesis,

(’{t)\Vol((ah s al) | %) = O(tk)'
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Since, for each V' € bl(p), (k¢)j(((a1,-..,a;) | V) is bounded in a neighbor-
hood of 0, one may affirm that

(Kt)plar,...,a;) = o(tk).

We conclude that
(ke)i(ar, ..., a) = o(tF),

as required.

For the converse, we assume that the vanishing of mixed infinitesimal cumu-
lants is satisfied, or equivalently that equation (5.22) holds. We write then
the free moment-cumulant formula :

Vt € K, (pr)(a1 — pi(ar) -+ ar — pe(ar)) = (5.24)
> (plar = eular), .., — i) (5.25)
pENCA) (1)
If ay € Ajy,...,q1 € A;, with iy # ... # iy, the same argument as above

gives that (5.25) is o(t¥). This concludes the proof. O
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Chapter 6

Eigenvalues of spiked
deformations of Wigner
matrices

This chapter is the text of the paper “Free convolution with a semi-circular
distribution and eigenvalues of spiked deformations of Wigner matrices”,
written in collaboration with M. Capitaine, C. Donati-Martin and Délphine
Féral [CDFF10], and submitted for publication.

In this chapter, we consider the following general deformed Wigner model
My = \/%WN + Ap such that :
o Wy is a complex Wigner matrix of size N associated to a symmet-
ric distribution p of variance o2 satisfying a Poincaré inequality (see
Definition 1.4.1).

e Ay is a deterministic Hermitian matrix whose eigenvalues %(N)’ de-
noted for simplicity by 7;, are such that the spectral measure p4, =
1 N o .

N 2i—1 0+, converges to some probability measure v with compact sup-
port. We assume that there exists a fixed integer » > 0 (independent

from N) such that Ay has N — r eigenvalues (3;(IV) satisfying

IS%%{_lest(ﬁj(N), supp(v)) — 0,

where supp(v) denotes the support of v. We also assume that there
are J fixed real numbers 6; > ... > 60; independent of N which are
outside the support of v and such that each 0; is an eigenvalue of Ay
with a fixed multiplicity k; (with Z}'le k;j = r). The 6;’s will be called
the spikes or the spiked eigenvalues of Ay.
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Throughout this chapter, we will use the following notations.

- Gy denotes the resolvent of My

- gn denotes the mean of the Stieltjes transform of the spectral measure
of My, that is
gn(z) = E(trGn(2)), z € C\ R

- 1 denotes the semicircle distribution of parameter o defined by (1.1).
- gn denotes the Stieltjes transform of the probability measure j1, B84, .

- When we state that some quantity Ay(z), z € C\ R, is O(5), this
means precisely that:

8217

An()l < (2l + )

for some K > 0, a > 0 and some polynomial P with nonnegative
coefficients.

- For any set S in R, we denote the set {x € R,dist(z,S) < e} (resp.
{z € R,dist(z,S) <e}) by S+ [—¢,+¢] (resp. S+ (—¢,+¢)).

We recall some useful properties of the resolvent (see [KKP96], [CDMO07]).

Lemma 6.0.4. For a« N x N Hermitian or symmetric matriz M, for any
z € C\ Spect(M), we denote by G(z) := (2Iny — M)™! the resolvent of M.
Let z € C\ R,

(i) |G()|| < ISz~ where ||.| denotes the operator norm.
(i) |G(2)i;] < |Sz|7L foralli,j=1,...,N.

(iii) Forp > 2,

1 N
~ D IGE)P < (92171 (61)
i,j=1

(iv) The derivative with respect to M of the resolvent G(z) satisfies:

G (2).B = G(2)BG(z) for any matriz B.

(v) Let z € C such that |z| > ||M||; we have

1
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6.1 Free convolution by a semicircular distribution

In [Bia97al, P. Biane provides a deep study of the free convolution by a
semicircular distribution. We first recall here some of his results that will be
useful in our approach.

Let v be a probability measure on R. P. Biane [Bia97a| introduces the set

Qo ={u+ive Ct,v> Vo (1)},

where the function vy, : R — R7 is defined by

va’y(u):inf{vzo’/ﬂgwﬁ;% < 012}

and proves the following

Proposition 6.1.1. [Bia97a] The map
H,, 2+ 2+ 0°Gy(2)

is a homeomorphism from Qs ,, to C*UR which is conformal from Qs onto
C*. Let Fou: CtUR — Qs be the inverse function of Hy,. One has,

Vz e CT, Gum(z) = Gu(F,,(2))

and then
FU,V(Z) =z U2Guaﬁﬂu(z)' (6.2)

Note that in particular the Stieltjes transform gy of p, B 14, satisfies
VzeCT, gn(z) = Gua, (2 — a2gn(2)). (6.3)

Considering H,, as an analytic map defined in the whole upper half-plane
C*, P. Biane identifies Q,,, as the connected component of the set Ha_i(CJr)
which contains 4y for large y. In fact, it is proved in [BB05] that Q,, =
H,L(CY), or equivalently, that H,(C") is connected. We give here an-
other proof of this result in the particular case of the free convolution by a
semicircular distribution:

Proposition 6.1.2.
Qo = H;i((CJr)

Proof of Proposition 6.1.2: It is clear from the discussion above that €2,
is included in H,(C").

Fix u+iv € H; (C") ; we have to prove that v > vy, (u).

Since u + v € H,,(CT), we have:

SH,, (u+ iv) = v(1 —UQ/R( i) .

u—x)% + v2
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This, together with v > 0, implies

dv(x 1
[ ra<a

and consequently v > vy, (u). If we assume that v = v, (u), then vy, (u) >

0 and finally
/ dv(z) 1
g (u—2)2+02 o2

by Lemma 2 in [Bia97a|. This is a contradiction : necessarily v > v, (u) or,
in other words, u + iv € 2, and we are done. [J

The previous results of P. Biane allow him to conclude that u, Hv is abso-
lutely continuous with respect to the Lebesgue measure and to obtain the
following description of the support.

Theorem 6.1.3. [Bia97a] Define ¥, , : R — R by:

Vou(u) = Hyp(u +ive,(u)) = u+ o’ /]R (u(it ;)gjfzt(jl)g

VU, ., is a homeomorphism and, at the point ¥, ,(u), the measure p, Bv has
a density given by

Vo ()
o2

pU,V(\I]O',V<u)) =
Define the set

dv(x) 1
Usy = {u € R’/R(U—SU)Q > 02} ={u e R,v,,(u) > 0}.
The support of the measure u, Bu is the image of the closure of the open set
Uy, by the homeomorphism Y, . V., is strictly increasing on U, .

Hence,
R\ supp(poe Br) = Uou (R\ Us,p).

One has V5, = Hyy on R\ Uy, and ¥, = F,, on R\ supp(, B v).
In particular, we have the following description of the complement of the
support:

R \ SuPp(ﬂO H V) = HCT,Z/(R \ UO’,I/)' (6'4)

Let v be a compactly supported probability measure. We are going to
establish a characterization of the complement of the support of u, H v
involving the support of v and H,,. We will need the following preliminary
lemma.

Lemma 6.1.4. The support of v is included in U, , .
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Proof of Lemma 6.1.4: Let xy be in R\ m Then, there is some £ > 0
such that [zg — e,m0 + €] C R\ Uy,,. For any integer n > 1, we define
ap = xg — e+ 2ke/n for all 0 < k < n. Then, as the sets [ag, ap4+1] are
trivially contained in R\ Uy, one has that:

1 A+l dy(x
Vu € [akv ak‘-i—l]a ? > / (U —(:13))2

v([og, ag1])
.

>
~ (g1 — o)

k

This readily implies that

i
—
—~~
[\
™
~
(]

v(lzo — & @m0 +¢]) < ) v(lag, apqa]) <
0

B
Il

Letting n — oo, we get that v([xg — €,29 + €]) = 0, which implies that
zo € R\ supp(v). O

From the continuity and strict convexity of the function u +— fR (ZV_(;”))Q

on R\ supp(v), it follows that

Ure = supp(0) U fu € R\supp(v), [ 22005 > %) (05)
and o () 1
R\ Uy, = {u € R\ supp(v), A prgs < 02}.

Now, as H,, is analytic on R\supp(v), the following characterization readily
follows:
R\ Uy, = {u € R\ supp(v), Hy, ,(u) > 0}.

and thus, according to (6.4), we get
Proposition 6.1.5.

z € R\supp(usBr) < Ju € R\supp(v) such that z = H,,(u), H, ,(u) > 0.

Remark 6.1.6. Note that H,, is strictly increasing on R\ Uy, since, if
a < b are in R \ supp(v), one has, by Cauchy-Schwarz inequality, that

Hyy(b) — Hop(a) = (b—a) [1 — o /R (CL—CZV)((?—;EJ

> (b—a) [1 - 02¢<—g;<a>><—g,c<b>>} |

which is nonnegative if a and b belong to R\ Uy,

Remark 6.1.7. Each connected component of U, , contains at least one
connected component of supp(v).
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Indeed, let [s;,t] be a connected component of Us,,. If s; or ¢; is in
supp(v), [s;,t;] contains at least a connected component of supp(v) since
supp(v) is included in U,,,,. Now, if neither s; nor ¢; is in supp(v), according

to (6.5), we have
dv(z) dv(z) 1
/R (s —x)2 /R (t; —x)2 o2

Assume that [s;, ;] C R\ supp(v), then, by strict convexity of the function

dv(x
U fR (u—(ac))2

on R\ supp(v), one obtains that, for any u €|s;, ¢,

dv(z 1
/R(u—(nr:))2 < o2’

which leads to a contradiction. [J
Remark 6.1.8. One can readily see that
Uy C {u,dist(u,supp(v)) <o}

and deduce, since supp(v) is compact, that U, , is a relatively compact open
set. Hence, Uy, has a finite number of connected components and may be
written as the following finite disjoint union

1
Usw = | [s:t)]  with sy <t < ... <s1 <t. (6.6)

l=m

We close this section with a proposition pointing out a relationship be-
tween the distribution functions of v and u, Hv.

Proposition 6.1.9. Let [s;, ;] be a connected component of Uy, then

(1o B V) (Yo (1), Yo (1)]) = v([s1, ).

Proof of Proposition 6.1.9: Let |a,b[ be a connected component of Uy .
Since a and b are not atoms of v and u, H v is absolutely continuous, it is
enough to show

(1o BV)([Yo(a), Vo, (b)]) = v([a,b]).

From Cauchy’s inversion formula, u, B v has a density given by p,(x) =
—%%(GV(FZ,,J(:I:)) and

(10 8 0) (W), W (B)]) =~ (
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We set z = F,,(x), then z = H,,(2) and z = u + iv,,(u). Note that
Vg (1) > 0 for u €]a, bl and vy, (a) = v5,(b) = 0 (see [Bia97a]). Then,

(o BV)([Yo,(a), Vo, (D)])

( / (1 + i (1 ))H(;V(u—i—ivm,,(u))(l—|—iv(',7y(u))du>

b
% < o (U 4 10y, (1)) (1 + 02 Gl (U + vy, (u )))(1+i’u§,yy(u))du>
1. L, o? .
2o ([ Gututivast) 1+ i () + G G+ )
= % / Gy(u+ 1, (w)) (1 + vy, (u))du = —i%/Gy(z)dz
¥

where
v={z=u+ivs,(u),u € [a,b]}.

Now, we recall that, since a and b are points of continuity of the distri-
bution function of v,

v([a,b]) = lim ——\s (/ Gu( u—i—ze)du) = lim —l% < G,,(z)dz) ,
e—=0 T e—=0 T e

where 7. = {z = u +ie,u € [a,b]}. Thus, it remains to prove that:

lim <s <L G,,(z)dz) 3 ( i Gl,(z)dz>> _o. (6.7)

Let € > 0 such that & < sup,y vy (u). We introduce the contour
e ={z =u+i(von(u) Ne),u € [a,b]}.

From the analyticity of G, on CT, we have

L G2tz = [ Gulaya

Let I, = {u € [a,b],vs,(u) < €} = UC;(e), where Cj(e) are the connected
components of I.. Then, I. |._o {a,b}. For u € I,

\%Gy(quia)!:e/dy(f)gg/(u_ dv(x) S%

(u—x)2 + &2 x)? + 02, (u)

and

/ 1SGy (u+ ie)|du < (b — a).
I g
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On the other hand, for u € I,

, dv(z) €
< = < —.
ISGL(u + 1vs (1)) = vou(u) / (0= 22+ vy (af = o2
Moreover,
‘1’0'1/ -
RG, 1+ v (1)), () = 22 =t ()
and
\IJO’I/ -
’ RG (1 + g, (w))vy, (w)du = /1 7(au2)u o (W) du
1
= 52 Z[(\Pa,u(u) - U)”U,V(“)]Q(e)
1 /
) (\I/O',I/(u) - 1)UU7V(u)du7
g 1.

by integration by parts. Now (see [Bia97a] or Theorem 6.1.3),

/ \I/’W,(u)vgvy(u)du = 10 (py B v)(¥Ys,u () — 0.

e—0
1>

Vo (u)du < e(b— a).
Ie

Since U, , is increasing on [a, b],

Z[\I’U,V(U)UU,V(U)]Ci(s) <e(You(b) — Vs u(a))

i

and
S luves(weye) < (b a)

The above inequalities imply (6.7). O

6.2 Approximate subordination equation for gy

We look for an approximative equation for gn(z) of the form (6.3). To es-
timate gy (2), we first handle the simplest case where Wy is a GUE matrix
and then see how the equation is modified in the general Wigner case. We
shall rely on an integration by parts formula. The first integration by parts
formula concerns the Gaussian case; the distribution u associated to Wy is
a centered Gaussian distribution with variance ¢ and the resulting distribu-
tion of Xy = Wy /v/N is denoted by GUE(N, 02/N). Then, the integration
by parts formula can be expressed in a matricial form.
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Lemma 6.2.1. Let ® be a compler-valued C function on (My(C)s,) and
Xy ~ GUE(N,% ). Then,
, N
[0/ (Xny).H] = 5B[@(Xy) Tr(Xy ), (6.9)
Jor any Hermitian matriz H, or by linearity for H = FE,, 1 < 5,k < N,
where (Eji)1<jk<n 15 the canonical basis of the complex space of N x N
matrices.

For a general distribution p, we shall use an “approximative" integration
by parts formula, applied to the variable & = v2R((Xn)x1) or V23 (XN )ki),
k <1, or (Xn)kk- Note that for & < [ the derivative of ®(Xy) with respect to
V2R((XN)kt) (resp. ﬂ%((XN)kl)) is ®'(Xn).ex (resp. ®'(Xn).fr), where
el = %(Ekl + Ei) (vesp. fr = ﬁ(Ekl — Ey;)) and for any k, the derivative
of ®(Xy) with respect to (Xn)gk is ®'(Xn).Ex.

Lemma 6.2.2. Let & be a real-valued random variable such that E(|¢[P+?) <

00. Let ¢ be a function from R to C such that the first p+ 1 derivatives are
continuous and bounded. Then,

E(EH(€) = Y “HE@()) + e, (6.9)

|
7—0 al

where kg are the cumulants of &, |e| < Csup, |o®H)(1)|E(|£[PH2), C only
depends on p.

Let U be a unitary matrix such that
Ay = U*diag(y1,...,vV)U

and let G stand for Gy (z). Consider G = UGU*. We describe the approach
in the Gaussian case and present the corresponding results in the general
Wigner case but detail some technical proofs in the Appendix.

a) Gaussian case: We apply (6.8) to ®(Xy) = G , H = Ey, 1 <
1,7, < N, and then take %Zl to obtain, using the resolvent equation
GXn = -1+ 2G — GAn (see [CDMF09]),

Zj; == 0’E[Gjitr(G)] + 65 — 2E(Gj;) + E[(GAN);i] = 0.

Now, let 1 < k,p < N and consider the sum Z” :UpiZji. We obtain from
the previous equation

0 E[Gprtr(G)] + 6,1 — 2E(Gpr) + WE[Gpr] = 0. (6.10)

Hence, using Lemma 6.8.2 in the Appendix stating that

ECtr(G)] ~ EICGuIE[(G)]] = Ol5r),
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we finally get the following estimation

Opk 1

e = T O (6.11)

E(épk) = (

1

where we use that |—
z—o?gn(

—| <|S2|7!, and then
Z) Yi
N

_ gl 1 o
n(z) = N; [ kk]_NZ;z—Ung(z)—%Jr (N2

1

1
- /]R 2 — o2gy(2) — deAN(x) + O(m)

1
Guay (2 = 0%gn(2)) + O(ﬁ)-
In the Gaussian case, we have thus proved:
Proposition 6.2.3. For z € C*, gn(2) satisfies:

P32

3 (6.12)

gn(z) = GMAN (2 — ‘729N<2)) +

b) Non-Gaussian case: In this case, the integration by parts formula
gives the following generalization of (6.11):

Lemma 6.2.4.

Opk K4 E[A(p, k)]

1
z—0o2gn(2) — k) 2NZ (2 —o2gn(2) — W) +O0(+3), (6.13)

N2

where

Alp.k) = Y UiUy {Z GGy +Y  GiiGuGuGy  (6.14)
ij l !
+ Z GjuGiuGrGu + Z GjiGiiGZQZ}
/ /
~ Sz —4
and ﬁA(p, k) < C’%.

Proof Lemma 6.2.4 readily follows from (6.72), Lemma 6.8.2 and (6.71)
established in the Appendix. [J

Thus,
N N
1 ~ 1 1
z — - E G = —
9n(2) N kzl Gl = 7 kzl z—ogN(2) — Yk
N ~
K4 E[A(k, k)] 1
oo —z— a?gn(2) — vk + O(NQ)
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Let us show that the first three terms in + >, E [A(k, k)] /(z—0%gn(2) — )
coming from the decomposition (6.14) are bounded and thus give a O(xz)
contribution in gy(z). We denote by Gp the diagonal matrix with k-th

diagonal entry equal to m.

ZUi*;Uka Py ZGﬂG = [ED _(U*GpUG)uG?)
i,k i,

< [Sz]” 2EZ\Gu|

< Iz °N,

using Lemma, 6.0.4. The second term is of the same kind. For the third
term, we obtain

where G(9) is the diagonal matrix with I-th diagonal entry equal to Gy.
It follows that

1= 1
9N (2) = Gy, (2 = 0N (2)) + p Lv(2) + O(553),
where
; 1 ,
Ln(2) 2]\[2 Y Ui _Ung(Z)_%E[GjiGnG”}. (6.15)

1,5,k

Tt is easy to see that Ly/(z) is bounded by C|Sz| 5.
Proposition 6.2.5. Ly defined by (6.15) can be written as

N

Ln(z) = Ly(2) + O(%), where Ly(z) =

K4
IN? D [(Gay(z=0?gn(2))?]islG ay (z—0%gn (2))]is (|G ay (z— g (2)) ).
%l
(6.16)
Proof of Proposition 6.2.5:
Step 1: We first show that for 1 < a,b < N,
1
E[Ga) = [Gay(z — o?gn(2))]ap + O(w)- (6.17)
From Lemma 6.2.4, for any 1 < p,k < N,
~ Opk K4 E[A(p, k)] 1
E[G ] = £ ’ +O0(~5).
N ORI R i Car MO A RS Cl
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Let 1 <a,b< N,

ElGaw) = Y UsEGu]Us
p,k

= ZU;k( L — Ukp

Uk = 2 (2 — )
R4 U* E[A(pvk)]

2NE 2T (s = g2y (2) — )

Ukp

since > [Ugp,Ukp| < N. The first term in the right-hand side of the above

equation is equal to [Ga, (2 — 02gn(2))]ap- It Temains to show that the term
involving E[A(p, k)] is of order %. Let us consider the “worst term" in the
decomposition (6.14) of A(p, k), namely the last one.

1
a UwU;.U,E|GiGyG
2N2p;:jl P (2 — o2gn(2) — ) Uik Up; E[G ll]

1 1
= -SEY o) ) Vel 5GaiGiiGa)

5B (U*GpU)pGaiGiiG]

il
1
- 2N?2

1 _
E[Z(GG( U*GpU)wGh < ﬁ\ 2|70,
]

Step 2: Ly defined by (6.15) can be written as

2N2 ZE (U*GpUG)iiGGF).

First notice the following bound (see Appendix)
1
E(U*GpUG)iGuGh) — E[(U*GpUG)4]E[GH]E[Gy)* = O(y) (6.18)
Thus,

in(2) = 24 SR GOUG)AEIGHEGU? + 0(%).

il

Now, note that E[(U*GpUQ)y] = E[(U*GpGU);] and, according to Lemma



6.2 Approximate subordination equation for gy 149

6.2.4,
E(U*GpGU)i] = Y (U*Gp)pElGuUk
.k
= (U'GHU)ii+ 373 2 (U*Gp)ipEIA(p, W) (GpU)
.k
. 1
+Z(U GD)ipOpk(m)Uki-
.k
Thus
axz 2 E[(U*GpUG) 4 |E[G4]E[Gu)?
K
- ﬁ (Gay (= — 0gn () EIGHIEGU] (6.19)
il
4N4 Z (U*Gp)ipElA(p, k)|(GpU)wE[GH]E[Gu])*  (6.20)
i,0,p,k
+ﬁ Z (U*GD)ipOpk(W)UkiE[Gii]E[Gll]Q- (6.21)
i,l,p,k
The last term (6.21) can be rewritten as
1
e Z (VE[GU* Gp)ipOph( 52 )E [Gul?,

so that one can easily see that it is a O(7).
The second term (6.20) can be rewritten as

4N4 >iis ElGul?

x {[U*GDUE[G(d)]U*GDUG]tS [G3. + GGGl

+U*GpUE[GDNU*GpUG]1#[GrsGstGss + GttGis]} ;

which is obviously a O(%).
Hence, Proposition 6.2.5 follows by rewriting the first term (6.19) using
(6.17). O

From the above computations, we can state the following :

Proposition 6.2.6. For z € C*, gn(2) satisfies:

P(|Sz7)

9N () = Cuay (2~ ?0(2) + o In(z) + g (6.22)

where Ly (z) is gwen by (6.16).
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6.3 Estimation of gy — gy

Proposition 6.3.1. For z € CT,

ov(2) —an(z) + 2 o) (6:23)
where En(z) is given by
En(2) = (0?3 () — 1 En(2) (6.24)
with ZN(Z) =
R4

[(Gay(z—0°Gn (2)))]iilG ay (=02 (2)]ii([Gay (2—02Gn (2)]un)?

(6.25)

2N?

il

Proof of proposition 6.3.1: First, we are going to prove that for z € CT,

En(z) B 1

gn(2) — gn(z) +

(6.26)
where FEn(z) is given by

En(2) = {o%n(2) — L} Ln(2). (6.27)

For a fixed z € C*, one may write the subordination equation (6.3) :

gn(z) = GHAN (letAN (2)) = GHAN (2 = o%gn (),

and the approximative matricial subordination equation (6.22) :

Szt
9N (2) = Gy (2 = o%gn(2) + %Lw(z) + P(‘NJ).

The main idea is to simplify the difference gn(z) — gn(2) by introducing a
complex number 2’ likely to satisfy

Fopay(?) =2 —0gn(2). (6.28)

We know by Proposition 6.1.1 that F, , Ay 152 homeomorphism from C*
to Qo,u,, whose inverse Hy )y, =~ has an analytic continuation to the whole
upper half-plane C*. Since z — o2gn(z) € CT, 2’ € C is well-defined by the
formula :

2= Hopy (2 - o2gn(2)).

One has
d—z = —0%(gn(2) = Gua, (2 — 09N (2)))
_ Ly(z) 1
= —O'2 N ‘f‘O(m)
~ 0(+)
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There exists thus a polynomial P with nonnegative coefficients such that

P(Sz|7Y)
/
Y I Qi o ED A
Z -2 < —x
On the one hand, if
P(|Sz|7h) S R¥1
N - 27

or equivalently

x| —1 o |—1
| < A= P(Se

(6.29)

it is enough to prove that

= 0(1). (6.30)

Indeed, if we assume that (6.29) and (6.30) hold, then there exists a polyno-
mial @ with nonnegative coefficients such that

. En(z)

lgn(2) = gn(2) + ——| < Q=)
ol 2327 LP(|S2|7Y)
< Qe AL
ooty 2182 T P(IS2 7Y
< Qo RAEIRE )
Hence,
ov(2) — () + 2 _ o),

To prove (6.30), one can notice that both gn(z) and gy (z) are bounded by
L and that

REN

2

B < { s + 1} ol

REZS

where Ly(z) = O(1).
On the other hand, if

P(Sz[7h) _ (92
< ;
N 2
one has : o
192 — Q2] <2 — 2] < ‘\;Z|

which implies 3z’ > % and therefore 2’ € CT. As a consequence of Propo-
sition 6.1.2, z — 02gn(2) € Qo i, and (6.28) is satisfied. Thus,

. _ Ly(»)

lan(2) — (<) < P03

N T N2
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or, in other words,

on(2) () - P o) (6:31)

On the other hand,

an() —gn(z) = (-7 /]R Ciilfa_ajc)u(?v—) (;))
_ oy [ Uke B pay)(2)
= (2—2) /R o)

— 2 d(NUEBMAN)(x
tz=2) /R(z’—x)<z—w)2'

Taking into account the estimation of 2z’ — z above, one has :

(Z_Z/)/R d(ﬂa(zaﬂ_/v‘;l;\;)(x) _ 2§§V(2)L]\]f\§2) +O($)
and
o [ e Bua)@) 1

= | e = O

Hence I )
an(2) — () + 0% () N — o) (6.32)
(6.26) follows from (6.31) and (6.32) since
on(2) —an(2) + X < pg(e) — g - B

Han(2) = Gn(2) + 02 () 22,

Now, since En(z) = O(1), we can deduce from (6.26) that gn(z) — gn(2) =
O(%) and then that Ey(z) — En(z) = O(%). (6.23) readily follows. O

Remark 6.3.2. By combining the estimation proved above for the difference
between gy and the Stieltjes transform of p, B 4, with some classical
arguments developed in [PL03], one can recover the almost sure convergence
of the spectral distribution of My to the free convolution u, Hv.

6.4 Inclusion of the spectrum in a neighborhood of
supp (o B f1ay)

The purpose of this section is to prove the following Theorem 6.4.1.

Theorem 6.4.1. Ve > 0,

P( For all large N ,Spect(My) C {z,dist(z,supp(pe B pa,)) <e}) = 1.
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The proof still uses the ideas of [HT05] and [Sch05] but, since p, B 14, de-
pends on N, we need here to apply the inverse Stieltjes tranform to functions
depending on N. Therefore we give the details of the proof to convince the
reader that the approach still holds.

Lemma 6.4.2. For any fized large N, En defined in Proposition 6.8.1 is
the Stieltjes transform of a compactly supported distribution Ay on R whose
support is included in the support of pe B pa, -

The proof relies on the following characterization already used in [Sch05].
Theorem 6.4.3. [Til53]

o Let A be a distribution on R with compact support. Define the Stieltjes
transform of A, 1 : C\R — C by

l(z)zA(Zix).

Then 1 is analytic on C\ R and has an analytic continuation to C\
supp(A). Moreover

(c1) l(z) = 0 as |z| — oo,
(c2) there exists a constant C > 0, an integer n € N and a compact
set K C R containing supp(A), such that for any z € C\ R,

[1(z)| < Cmax{dist(z, K)™ ", 1},

(c3) for any ¢ € C°(R,R) with compact support

A(gb):—— lim J/¢ l(x+iy)d
T y—0t
o Conversely, if K is a compact subset of R and if | : C\ K — C is an
analytic function satisfying (c1) and (ca) above, then 1 is the Stieltjes
transform of a compactly supported distribution A on R. Moreover,
supp(A) is exactly the set of singular points of  in K.

We use here the notations and results of Section 6.1. If u € R is not in the
support of j, B4, , according to (6.4), u— o2y (u) = Fy 4, (u) belongs to
R\Ugu,,, and then cannot belong to Spect(Ay) since Spect(An) C Ugpy

Hence the singular points of Ex are included in the support of p, B pa N
Now, we are going to show that for any fixed large N, Ey satisfies (¢1) and
(c2) of Theorem 6.4.3. Let C' > 0 be such that, for all large N, supp(u, B
ftay) C [-C;C] and supp(pay) C [-C;Cl.
Let a« > C' 4 0. For any z € C such that |z]| > «,
o? o? (a—C)?

25 < < —a—
|OgN(z)|_\z|—C_a—C< a—C a-C
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and
12— 0%gn(2)| > ||z = [0%Gn (2)]] > |2] — (@ = C) > C.

Thus we get that for any z € C such that |z| > a,

2~ ].
— <
HGAN(Z g gN(Z))H = |Z—O'2§N(Z)‘ —C
1
S E[—@-0)-C
1
< .
2| —

We get readily that, for |z| > «,

~ K4 1 o2
v < S e (e em + )

Then, it is clear than |En(z)| — 0 when |z| — +oo and (c;) is satisfied.
Now we are going to prove (c2) using the approach of [Sch05|(Lemma 5.5).
Denote by £y the convex envelope of the support of p, H 4, and define

Ky = {z € R;dist(z,En) < 1}

and
Dy ={z € C;0 < dist(z, Kn) < 1}.

o Let z € DyN(C\R) with R(z) € Kn. We have dist(z, Ky) = |Sz| < 1.
We have

E < —= 1 .
o)< 3 (P p +1)

|S2[?
Noticing that 1 < @, we easily deduce that there exists some con-
stant C( such that for any z € Dy N C\ R with R(z) € Kn,
[En(2)] < ColS2|™7
< Codist(z, Kn) ™7
< Comax(dist(z, Kn)™7;1).

e Let z € DyN(C\R) with ®(2) ¢ Kn. Then dist(z, supp(peBpray)) >
1. Since Ey is bounded on compact subsets of C \ supp(uo B HAN),
we easily deduce that there exists some constant C (V) such that for
any z € Dy with R(z) ¢ Ky,

|En(2)] < C1(N) < C1(N) max(dist(z, Kn) ™75 1).

e Since |Ey(z)| — 0 when |z| — +o00, Ey is bounded on C\@Thns,
there exists some constant Cy(N) such that for any z € C\ Dy,

|En(2)] < Ca(N) = Cy(N) max(dist(z, Kn) ™75 1).
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Hence (c2) is satisfied with C(N) = max(Cy, C1(N),Ca(N)) and n = 7 and
Lemma 6.4.2 follows from Theorem 6.4.3.

Proof of Theorem 6.4.1: Using the inverse Stieltjes tranform, we get
respectively that, for any ¢y in C*°(R,R) with compact support,

Eftr(on(Mn))] - /RgoNd(ug B pay) — w

1
1 Nd
- i, J/chw(w)mv(w + iy)dz,
where ry(z) = gn(z) — gn(2) + %EN(Z) satisfies, according to Proposition
6.3.1, for any z € C\ R,

1 .
rn(2)] < 3 P92

for some integer k. We refer the reader to the Appendix of [CDMO07| where
it is proved using the ideas of [HT05] that

limsup| [ pn(x)h(z + iy)dz]
y—0t R

+o0
< // (1 4+ DY o (@)](jo] + V2t + K)°Q(t) exp(—t)dtda,
R JO
when h is an analytic function on C\ R which satisfies
[h(2)] < (2] + K)*P(1S=[71).

Hence, if there exists K > 0 such that, for all large N, the support of oy
is included in [~ K, K] and supy sup,c_g k) |[DPon(z)| = Cp < oo for any
p <k + 1, dealing with h(z) = N?ry(2), we deduce that for all large N,

. . C
limsup| [ on(2)rn(z +iy)de| < N2
y—0+t R
and then

Bltr (o (M) = [ onlyir B pay) - Mlew) oLy (o)

Let p > 0 be in C*°(R,R) such that its support is included in {|z| < 1} and
[ p(z)dx = 1. Let 0 < e < 1. Define

2 2z

p(@) = Zp(=),

Ky () = {z, dist(x, supp(po B pray)) < e}

3



156 Chapter 6 : Eigenvalues of spiked deformations of Wigner matrices

and

In(e) () = /R e o) )05 (@ — y)dy.

the function fy(e) is in C*°(R,R), fn(e) = 1 on Kn(5); its support is
included in Kn(2¢). Since there exists K such that, for all large N, the
support of p, B pa, is included in [—K; K], for all large N the support of
fn(e) is included in [-K — 2; K + 2] and for any p > 0,

K+1
swp  DPE@IE s [ D )y < Gyle)
z€[—K—2;K+2] z€[-K—-2;K+2]J-K-1

Thus, according to (6.33),

Bl (e )]~ [ Inv(eddne Brua) - D 0.y 030
and
/ 2
Eltr((fi())*(My))] - /R (P (o Bpay) — UMD o (L)

(6.35)
Moreover, following the proof of Lemma 5.6 in [Sch05], one can show that
An(1) = 0. Then, the function ¢x(e) =1 — fn(e) also satisfies

Bli(en(©) (M) - [ (@)t Bpay) - NONED) _ o (L 636)

N N2
Moreover, since ¢ (¢) = — f}(€), it comes readily from (6.35) that
/ 2

Bln((Wh(£)2 )]~ [ (Whe(0)Palaa Bray) -~ 0 (),

Now, since ¢y () = 0 on the support of p, B p14,, we deduce that
Eltr(bx(e) (Mx))] = Ox(577) (637

and )

E[tr((yv(2)*(Mn))] = O=(53): (6.38)

By Lemma 6.8.1 (sticking to the proof of Proposition 4.7 in [HT05]), we have

Vitr(n (€) (My)] < 5B [tr{ (W (€M)}

Hence, using (6.38), one can deduce that

1

V() (M))] = Oc(77) (6.39)
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Set
ZNe = tr(yYn(e)(Mn))

and \
QN,E = {ZN75 > N—g}

From (6.37) and (6.39), we deduce that

1

E{’ZN@‘Q} = Os(m)-

Hence 1
8
P(Qne) < NsE{|Zn|*} = Oa(ng )-

3
By Borel—C4anteHi lemma, we deduce that, almost surely for all large IV,
ZNe < N73. Since Zne > Ig\ gy (2¢), it follows that, almost surely for all
large N, the number of eigenvalues of My which are in R\ Ky (2¢) is lower
than N~5 and thus obviously has to be equal to zero. The proof of Theorem
6.4.1 is complete.[]

6.5 Study of pu, B pua,

The aim of this section is to show the following inclusion of the support of
po B ray (see Theorem 6.5.1 below). To this aim, we will use the notations
and results of Section 6.1. We define

O={0;,1<j<J} and Oy, =0NR\U,,). (6.40)
Furthermore, for all 6; € ©,,, we set
po, = Hyu(0;) = 0; + 0°G,(0;) (6.41)
which is outside the support of u, B v according to (6.4), and we define
Ko (01,...,05) :=supp(u, Br) U {pgj, 0 € Opy}. (6.42)
Theorem 6.5.1. For any ¢ > 0,
supp(pe B pay) C Kop(01,...,07) + (—¢,¢),
when N is large enough.

Let us decompose pa, as

HAy = 3N + [lo.N,

N—r J
N 1 . 1
where HB.N = N E 5,8]-(N) and HON = N E kij(;g]..
7=1 7j=1

In the following, we will denote by D(x,d) the open disk centered on z and
with radius 6. We begin with a trivial technical lemma we will need in the
following.
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Lemma 6.5.2. Let K be a compact set included in R\ supp(v). Then G;ﬁ v

(which is well defined on K for large N ) converges to G!, uniformly on K.
Proof of Lemma 6.5.2: We first prove that for all u € KC,

1 ply dv(zx)

/wzv u—ﬁj N_>+Oo/(u_$)2:

J:1

—Gl (). (6.43)

Let ¢ > 0 be such that dist(IC,supp(v)) > e. For all u € K, let h, be
a bounded continuous function defined on R which coincides with f,(z) =

1/(u—=)? on supp(v) +[—5, §]. As maxi<j<n_, dist(8;(IN),supp(r)) tends
to zero as N — oo, one can find Ny such that, for all N > Ny, 5;(N) €
supp(v) + [-5, 5] for all 1 < j < N-—r. Slnce the sequence of measures
ft3,n weakly converges to v, (6 43) follows observmg that —G;%N(u) =

[ hu(z) diig N (z) and =G, (u) = [ hy(z

The uniform convergence follows from Montel s theorem since G, Do and G/,

are analytlc on D = {z € C,dist(z,supp(v)) > 5} and unlformly bounded
onDby for N > Ny. O

We are now in position to give the proof of Theorem 6.5.1. We recall that,
from (6.4),

R\ supp(po B pay) = Hopay R\ Uspy - (6.44)

In the proofs, we will write for simplicity Uy, Hy and Fy instead of U, A
HU:,U«AN and Fy An respectively.

The main step of the proof consists in observing the following inclusion of
the open set Uy, -

Lemma 6.5.3. For any ' > 0,
Uspay C {u, dist(u, Us,) < et U {u, dist(u,0,,) < &'}, (6.45)

for all large N (since the compact sets Uy, and O, are disjoint, the previous
union is disjoint once €' is small enough).

Proof of Lemma 6.5.3: Define
Feor = {u, dist(u, Uy) > €'} N {u, dist(u, O4,) > €'}

We shall show that for all large N, F. C R\ Uy.
Since max;<j<ny—, dist(3;(IV),supp(v)) N 0, there exists Ny such that
—00

for all N > Ny, the 3;(N)’s are in supp(v) + (—¢’, €’). Since supp(v) C Uy,
it is clear that for all N > Ny, F./ is included in R\ SpectAy. Moreover,
one can readily observe that if u satisfies

dist(u, supp(v) + (—€’,¢')) > o
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and
dist(u,©) > o

then, for all N > Ny, —GLAN (u) < % This implies that, for all N > Ny,
the open set Uy is included in the compact set

Fl = {u, dist(u,supp(v) + (—¢’,€")) < o} U {u, dist(u,0) < o}.

Hence, it is sufficient to show that for IV large enough, the compact set
Ko == Fo N F., is contained in R\ Uy.

As v is compactly supported, the function u — —G/,(u) = [ dv(z)/(u—x)
is continuous on R\ supp(v). Hence it reaches its bounds on the compact
set Ko (which is obviously included in R\ U,,) so that there exists a > 0
such that —G/,(u) < 2 — 2o for any w in K.

According to Lemma 6.5.2, there exists Ny such that for all N > Ny and for
all uin ICu,

2

(Gl (1) = Gl (w)] < 2. (6.46)

At last, one can notice that Ny may be chosen large enough so that

J
1 k; o

VN > Ny, _G};@,N(u) =N E m < T (6.47)
j=1

This is just because for all u € F./, one has that: -G}, (u) < {5z which
converges uniformly on K, to 0 as N goes to infinity.

Combining all the preceding gives that, on K., the function —GL Ay is

bounded from above by % —a. This implies that Ko is included in R\Uo.,,
which is what we wanted to show. [

Now we shall establish the following inclusion.

Lemma 6.5.4. For all € > 0, for all € > 0 small enough,
R\ (K;(01,...,05) + [—e,¢]) € Hy ({u, dist(u, Oy, UUs,) > €'}) ,(6.48)
when N 1is large enough.

Combined with Lemma 6.5.3, this result leads to Theorem 6.5.1.

Proof of Lemma 6.5.4: According to (6.4), (6.6) and Remark 6.1.6, we
have that

R\ supp(pe Br) =

2

]_OoyHU,V(Sm)[ U < U ]HO',V(tl)7HU,V(Slfl) |:> U]Ha,u<t1)7+oo[

l=m
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ie.
1
supp(sip 1) = [Ho,xsl),ﬂg,xm . (6.49)
l=m
Note that there exists some finite integer g such that, for € small enough,
R\ (Ky(61,...,07) + [—¢,¢]) is the following disjoint union of intervals

J =00 hol | ki hilUlkgy, +o0,
i=1,...,q

where h; = Hy,(sp,) — e and ki1 = Hy,(tp,) + € for some p; or h; =
Hy,(0;,) — ¢ and ki1 = Hy,(05,) + € for some 6, in O, ,,.

For such an ¢ > 0, since H,, coincides on R\ U, , with the homeomorphism
Y, ., defined in Theorem 6.1.3, we can deduce in particular that H, , is right-
continuous (resp. left-continuous) at each ¢; (resp. s;) for 1 <1 < m, and
H,, is continuous at each 0; in ©,,. Thus, there exists &’ > 0 such that:
forall 1 <l <m,

Hyy(sp—€') > Hyou(s)) — % and Hy,(t +€") < Hyp(t) + g (6.50)
and for all 6, in ©,,,
5 5
Hoo (05 —€') = Hoy(05) — 5 and Hoy (05 + ') < Hoo(6)) + 5. (6.51)

Now Hy being increasing on R\ Uy, for N large enough, the image by Hy
of
{u, d(u,04,) > 'y N {u, d(u,U,,) >’} CR\ Uy

is the following disjoint union of intervals

] = o0, ho(N)[ | k(). ha(N)[Ulkg1 (N), oo,

i=1,...,q

where hZ(N) = HN(Spi*S,) and k‘l+1(N) = HN(tpi Jré") or hZ(N) = HN(Gji—
') and ki1 (N) = Hn(0j, +€').
One can see that it only remains to state that for all large N: V1 <[ < m,

Hy(si—€') > Hyu(s)) —e and Hy(t+¢€') < Hypo(t) +e. (6.52)

Hy(0; —€') > Hyp(0;) —e and Hy(0;+€') < Hpo(6;) +e. (6.53)

Moreover, as pa, weakly converges to v, it is not hard to see that for all
1 <l <m,and all 6; in O,,, Hy(s; — '), Hy(t; +€'), Hy(6; — €’) and
Hpy(0; +¢') converge as N — oo to Hy (51 —€'), Hyp(ti +€"), Hy o (0; — €')
and H, ,(0; +¢’) respectively. So, there exists Ny such that for all N > Np:
Hy(s;—¢€') > Hyp(s1 —€') — 5§ and Hy(t) +€') < Hyo(t) +€') + 5 as well
as Hy(0; —€') > Hy (05 —€') — 5 and Hy(0; +¢') < Hy (60 + ') + 5. We
can then deduce (6.52) and (6.53) from (6.50) and (6.51). O



6.6 FExact separation of eigenvalues 161

6.6 Exact separation of eigenvalues

Before stating the fundamental exact separation phenomenon between the
spectrum of My and the spectrum of Ay, we need a preliminary lemma (see
Lemma 6.6.3 below).

From Section 6.1, we readily deduce the following

Proposition 6.6.1.
R\ K5 p(01,...,05) ={z € R, F,,(z) € R\{U,, UO}}

and F,, is a homeomorphism from R\ K;,(61,...,07) onto R \{Um,, U @}
with inverse Hy ).

Remark 6.6.2. : For all 6 < o, R\ Uy, C R\ Us, so that it makes sense
to consider the following composition of homeomorphism

H&J, (¢] FU’V : R \ KU,I/(917 . ,0]) — R \ K&7V<91, . ,0]),
which is increasing on each connected component of R\ Ky, (61,...,65).

Lemma 6.6.3. Let [a,b] be a compact set contained in R\ K, ,(01,...,07).
Then,

(i) For all large N, [Fy,(a), Fyu(b)] C R\ Spect(An).

(it) For all 0 < 6 < o, the interval [Hs ,(F,,(a)), Hs ,(Fyu(D))] is con-

)

tained in R\ K5 ,,(01,...,05) and Hs ,(F, (b)) —Hs , (F5,(a)) > b—a.

Proof of Lemma 6.6.3: For simplicity, we define K: ; = K(61,...,05)+
[—&,¢e]. As [a,b] is a compact set, there exist € > 0 and o > 0 such that

l[a—a,b+a] C R\ K;; and dist([a —a,b+a]; K7 ;) > a.

As before, we let fixy = po B p1a,. According to Theorem 6.5.1, there exists
some Ny such that for all N > Ny, supp(in) is contained in K;J. Thus,
using (6.4) and since Fly is continuous strictly increasing on [a — a, b + ],
we have

VN > Ny, [Fn(a—a),Fn(b+a)]C R\Uy C R\ Spect(Ay). (6.54)

As Fy, is strictly increasing on the compact set [a—«, b+a] (supp(pe Bv) C

Kg’J), one can consider § > 0 such that

F, (a—a)<F,,(a) =6 and F,,(b+a«a)>F,,() +9. (6.55)

Now, the weak convergence of the probability measures fiy to pu,Hr will lead
to the result, recalling from the definition of the subordination functions that
forallz € [a—a, b+al: Fpy(z) = 2—0°G, m,(z) and Fy(z) = 2—02Gpy (2)
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(at least for all N > Np). Indeed, observing that for any z in [a—«, b+a], the
map h:t+— ﬁ is bounded on K j_ 7, one readily gets the simple convergence
of Gpy to G, m, as well as the one of the corresponding subordination
functions, by considering a bounded continuous function which coincides
with h on K ;. We then deduce that there exists N{, > Ny such that, for
all N > N,

Fy(a—a)<F,,(a—a)+0 and Fy(b+a)>F,,(b+a)—0. (6.56)

Combining (6.54), (6.55) and (6.56) proves that the inclusion of point (i)
holds true for all N > N|.

The first part of (ii) is obvious from Remark 6.6.2. The second part
mainly follows from the fact that F, , is strictly increasing on R\supp(u.Hv).
More precisely, if we set o’ = Hs ,(Fpp(a)) and ' = Hs ,(F, (b)), then

V—d = F;,(b) — Fou(a) +6 ( v(Fou (b)) — (Fa,u(a>))
Fa,u(b) - FU,V(Q) +o ( (Fa,l/(b)) (ngl,(a)))

AV

HJ,,,(F@V(b ) - HU, ( ( )) b—
since F, ,(a) < Fy,(b) and then G, (Fy,, (b)) — Gu(Fyu(a)) < 0. O

The exact separation result involving the subordination function related
to the free convolution of 11, and v can now be stated. Let [a, b] be a compact
interval contained in R\ K, (01, ...,60 ). By Theorems 6.4.1 and 6.5.1, almost
surely for all large N, [a, b] is outside the spectrum of My. Moreover, from
Lemma 6.6.3 (7), it corresponds an interval I = [a, '] outside the spectrum
of Ay for all large N i.e., with the convention that A\g(My) = Ag(An) = 400
and Ay11(My) = An+1(An) = —o0, there is iy € {0,..., N} such that

Nin+1(AN) < Fyp(a) :=ad" and N (An) > F,(b) =1V (6.57)
The numbers a and o’ (resp. b and b') are linked as follows:
a=py:=H,,(d)=d +*G,(d),

b=py = Hy, (V) =V + G, (V).

We claim that [a, b] splits the spectrum of My exactly as I splits the spec-
trum of Ay. In other words,

Theorem 6.6.4. With iy satisfying (6.57), one has
Piy+1(Mn) < a and Ny (My) > b, for all large N] = 1. (6.58)

The proof closely follows the proof of Theorem 4.5 in [CDMF09] by in-
troducing in a fit way the subordination functions or their inverses. For
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the reader’s convenience, we rewrite the whole proof. The key idea is to

)

introduce a continuum of matrices M](\f interpolating from My to An:

(k) o Wn
My’ = ———=+ Ap,
N o VN N
where 1
2 _ 2
Uk_a (1+k0a7b)’

and C, being a positive constant which has to be chosen small enough to

ensure that the matrices M ](\f ) and M ](\f 1 are close enough to each other.
More precisely, Cg 3 is chosen such that

b—a

max (020a7b|aﬂgaau(a)|; 02 C |G (B): 3aca,b) < (6.59)
In particular, g = ¢ and o — 0 when k goes to infinity.
We first prove that the intervals [Hy,, ,(Fo(a)), Hy,,»(F5,0(D))] split respec-
tively the spectrum of M ](\f ) in exactly the same way. Moreover, we also
prove that for k large enough, the interval [Hy, ,(Fy . (a)), Hop v (Fyu(b))]
splits the spectrum of M](\f) as [F,,(a), Fy,(b)] splits the spectrum of Ay,
this means roughly that we extend the first statement to k& = oo and the
result follows.

As in [CDMF09], this proof is inspired by the work [BS99| and mainly
relies on results on eigenvalues of the rescaled Wigner matrix Xy combined
with the following classical result (due to Weyl).

Lemma 6.6.5. (c¢f. Theorem 4.3.7 of [HJ90]) Let B and C be two N x N
Hermitian matrices. For any pair of integers j, k such that 1 < j,k < N and
j+k<N-+1, we have

)\j+k—1(B + C) < )\J(B) + )\k(C)

For any pair of integers j, k such that 1 < jk < N and j+k > N+ 1, we
have

Aj(B) + Ak(C) < Ajrk—n(B + C).
Proof of Theorem 6.6.4: Given k£ > 0, define
ar, = Hy, (F,,(a))and by = Hy, (Fy, (D).

Remark 6.6.6. Note that in [CDMF09]| where v = dp, we considered a, =
2o, (9o (a)) where g, denoted the Stieltjes transform of p, and z,, the inverse
of go,. Actually, when v = &, then Hy, ,(2) = 2 + 0}/2 = 25,(1/2) and
F,, =1/g, so that z,,(95) = Hg, (F,,). This very interpretation of the
composition z4, © g, in terms of subordination function allows us to extend
the result of exact separation to non-finite rank perturbations.
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The last point of (i7) in Lemma 6.6.3 yields by — ax > b — a. Moreover

Ap4+1 — A = (Ul%-u - ai)G#(rgay(a)

2
o
— _C“’b(1+kCa,b)(1+ (k+1)Ca,b)G””EEV(a)’

so that |ag+1 — ax| < 02Cyp|G i, my(a)|. One gets similarly that |bgy1 — bi| <
02Cyp|G ., m,(b)|. Hence, we deduce from (6.59) that

b—a

b—a
lak+1 — ak| < — - and b1 — bk| < (6.60)

Now, we shall show by induction on k that, with probability 1, for large
N, the M ](\f ) have respectively the same amount of eigenvalues to the left
sides of the interval [ay, bg]. For all k > 0, set

Er = {no eigenvalues of M](\f) in [ag, b|, for all large N'}.

By Lemma 6.6.3 (¢7) and Theorems 6.4.1 and 6.5.1, we know that P(E;) =1
for all k. In particular, one has for all w € Eg and for all large N,

Jjn(w) € {0,..., N} such that A ()41 (Mn) < a and \j, () (Mn) > b.
(6.61)
Extending the random variable jy, by setting for instance jy := —1 on the
complementary of Eg, we want to show that for all k,

IP’[)\jNH(M](\f)) < aj, and )\jN(M](\f)) > by, for all large N]=1. (6.62)

We proceed by induction. By (6.61), this is true for & = 0. Now, let us
assume that (6.62) holds true. Since
1 1

_ X ,
14+ (k+1)Cap \/1+k0a,b) N

we can deduce from Lemma 6.6.5 that

k+1 k
My =M+ (

N1 (MEY <2 (M) + (AN (XN))Cl.

Since, for N large enough, 0 < —An(Xpx) < 30 almost surely, it follows
using (6.59) that

b—a
)\J'N+1<M](\f+1)) <ap+ :

Similarly, one can show that
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Inequalities (6.60) ensure that
[k, k) C a1, brsa)-
As P(Exy1) = 1, we deduce that, with probability 1,
A1 (MUY < apiy and Ay (MUY > b4y, for all large N.

This completes the proof by induction of (6.62).
Now, we are going to show that there exists K large enough so that, for
all £ > K, there is exact separation of the eigenvalues of the matrices Ay

and M](\f) ie.
PNy 11 (MW) < ag and Ay (MP) > by, for all large N] = 1. (6.63)

There exists & > 0 such that [a — ;b + o] C R\ Ky, (61,...,65). Thus
according to Lemma 6.6.3 (i) for all large N,

[Fru(a—a); Fsy(b+a)] C R\ Spect(An).

Now, there exists &’ > 0 such that F, ,(a—a) < F,,(a)—¢" and F, , (b+a) >
F,,(b) + €. It follows that, for all large N,

)‘iN—l—l(AN) < Fo"y(a) —¢" and )‘iN (AN) > ngy(b) + . (6.64)
Using Lemma 6.6.5, (6.64) and the fact that, almost surely, for all large N,
0 < max(—An(Xn), M(Xn)) < 30,

we get the following inequalities.
If iy < N, for all large IV,

Nt (M) < Ay (Aw) + “EN ()
< Fyla)—¢ + %Al(XN)
= a— 0;G, m(a) + %)\1<XN) —¢
< ax—0pG,, m(a) + 304 — €.
If iy > 0, for all large N,
Ay M) > Ny (An) + %)\N(XN)
> F,,(b)+¢ + %)\N(XN)
= by — oG m(b) + %AN(XN) +¢'

> b — U%Gﬂgagl,(b) — 301, + €.
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As 0 — 0 when k — +00, there is K large enough such that for all £ > K|
max(| — U%Gudaﬂy(a) + 3ok, | — O',%Guaggy(w —3ox]) < €

and then, almost surely, for all N large enough

Aiy+1 (MW < ay, if iy < N, (6.65)
and Ay (M) > by if iy > 0. (6.66)

Since Ay (MWP) = —Ag(M) = —o0, (6.65) (zesp. (6.66)) is obviously

satisfied if iy = N (resp. iy = 0). Thus, we have established that for any
in €1{0,..., N} satistying (6.57), (6.63) holds for all £ > K when K is large
enough. Comparing this with (6.62), we deduce that jy = iny almot surely
and

P[Aiy+1(My) < a and Ny (My) >b, for all large N| = 1.
This ends the proof of Theorem 6.6.4. [

We readily deduce the following

Corollary 6.6.7. Let € > 0. Let us fir u in O, U{t;,l =1,...,m} (resp.
in Oqp U{s;,l =1,...,m}). Let us choose § > 0 small enough so that for
large N, [u + 6;u + 20] (resp. [u — 20;u — ¢]) is included in (R\ Us,) N
(R \ Spect(An)) and for any 0 < §' <26, Hy(u+ ") — Hyp(u) < € (resp.
Hyy(u) — Hop(u—0") <e). Let iy = in(u) be such that
)‘iN—l—l(AN) <u+46 and )\iN(AN) >u+ 20

(resp. Aiy+1(AN) <u—20 and Ny (An) >u—06). Then

P[)\iN+1(MN) < Hyp(u)+e and Ny (Mn) > Hy(u), for all large N] =1.
(resp. P[Aiy+1(Mn) < Hyp(u) and Ny (My) > Hyp(u)—¢ for large N| =
1.)

6.7 Convergence of eigenvalues

In the non-spiked case © = ) i.e. r = 0, the results of Theorems 6.5.1 and
6.4.1 read as: Ve > 0,

P[Spect(My) C supp(pe Bv) + (—¢,¢), for all N large] =1.  (6.67)

This readily leads to the following asymptotic result for the extremal eigen-
values.



6.7 Convergence of eigenvalues 167

Proposition 6.7.1. Assume that the deformed model My is without spike
s.e. r=0. Let k > 0 be a fized integer.

The largest (resp. smallest) eigenvalues Ay (Mp) (resp. Anv_p(Mn)) con-
verge almost surely to the right (resp. left) endpoint of the support of ps Br.

Proof of Proposition 6.7.1: We here only focus on the convergence of
the first largest eigenvalues since the other case is similar. Recalling that
supp(pte Bv) = UL [Hy,(51), Hyy(t)], from (6.67), one has that, for all
e >0,
Pllimsup A\ (My) < Hyp(t1) + €] = 1.
N

But as H,,(t1) is a boundary point of supp(us B v), the number of eigen-
values of My falling into [Hy,,(t1) — €, Hy 1 (t1) + €] tends almost surely to
infinity as N — oo. Thus, almost surely,

thlnf A1+k(MN) > Ha,u(tl) —&.
The result then follows by letting ¢ — 0. [

In the spiked case where r > 1 (© # ()), the spectral measure uys, still
converges almost surely to pu, Hv. We shall study the impact of the spiked
eigenvalues 6;’s on the local behavior of some eigenvalues of M.

In particular, we shall prove that once the largest spike 6; is sufficiently big,
the largest eigenvalue of My jumps almost surely above the right endpoint
Hy,(t1). Once m > 2, that is when supp(u, Bv) has at least two connected
components, we prove that there may also exist some jumps into the gap(s)
of this support. This phenomenon holds for any 0; € O, ,.

For 6; ¢ ©,.,, that is if §; € U, ,,, two situations may occur. To explain this,
let us consider the connected component [slj , tl].] of m which contains 6. If
supp(v)N[0;,t;,] = 0 (resp. supp(v)N[s,,0;] = 0) then the k; corresponding
eigenvalues of My converge almost surely to the corresponding boundary
point Hy ,(t;;) (resp. Hy . (s1;)) of the support of p, Br. Otherwise, namely
when 6; is between two connected components of supp(v) included in [s;;, ;. ],
the convergence occurs towards a point inside the (interior) of supp(u, Br).
Here is the precise formulation of our result. This is the additive analogue of
the main result of [BY08a| on the almost sure convergence of the eigenvalues
generated by the spikes in a generalized spiked population model.

Theorem 6.7.2. For each spiked eigenvalue 0;, we denote the descending
ranks of 0; among the eigenvalues of An bynj—1 +1,...,nj_1 +k;.

1) If 05 € R\ Uy (ice. € Opy), the kj eigenvalues (A, +i(My), 1 <
i < kj) converge almost surely outside the support of ji, B v towards
p@j = HO'J/(HJ')'
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2) If 0; € Uy, then we let [slj,tl].] (with 1 < l; < m) be the connected
component of Uy, which contains 0;.

a) If0; is on the right (resp. on the left) of any connected component
of supp(v) which is included in [si;,t;;] then the k; eigenvalues
(A, +i(My), 1 < i < kj) converge almost surely to Hy ) (t;,)
(resp. Hy,(s1;)) which is a boundary point of the support of i, B
.

b) If 0; is between two connected components of supp(v) which are
included in [s;;,t;;] then the k; eigenvalues (An;_,4+i(My), 1 <
i < kj) converge almost surely to the oy-th quantile of p, B v
(that is to qq; defined by a; = (po Bv)(] — 00, qa,])) where o is

such that o; = 1 — limy "5+ = (] — 00, 6;]).

Proof of Theorem 6.7.2: 1) Choosing v = §; in Corollary 6.6.7 gives, for
any € > 0,

Po; — €< )\njfl-i-kj (MN) <--- < )\nj71+1(MN) < Po; + e, for large N(668)
holds almost surely. Hence
V1 < { < k]7 A’VLJ‘,l-i-’i(-Z\4]V) 2} Pej-

2) a) We only focus on the case where 6; is on the right of any connected com-
ponent of supp() which is included in [s;, #;,] since the other case may be
considered with similar arguments. Let us consider the set {6;, > ... > 6, }
of all the 0;’s being in [s;;,;,] and on the right of any connected component
of supp(v) which is included in [s;;,#;;]. Note that we have for all large N,
for any 0 < h < p,
N, —1 + kjy, = ng,

and 0, is the largest eigenvalue of Ay which is lower than ¢;,. Let ¢ > 0.
Applying Corollary 6.6.7 with u = ¢;;, we get that, almost surely,

)\nj071+1(MN) < Hyy(ti;) +¢€ and )‘njoq(MN) > H, (1) for all large N.

Now, almost surely, the number of eigenvalues of My being in the interval
]Hg,l,(tlj)—e, Hg,l,(tlj)] should tend to infinity when N goes to infinity. Since
almost surely for all large NV, )‘njoq(MN) > Hgy,(t;) and )\nj071+1 (My) <
H;,(ti;) + €, we should have

Ho’,y(tlj) —e< Anjp,l—&-kjp (MN) <...< )\nj0,1+1(MN) < Ha,u(tlj) + €.
Hence, we deduce that: VO <1 < p and V1 <i < kj , )\njp_l_i_i(MN) a5
Hg,(t;). The result then follows since j € {jo, ..., Jp}

b) Let aj = 1 — limy 25 = v(] — 00,6;]). Denote by @ (resp. Qn) the
distribution function of p, Bv (resp. of the spectral measure of My). Since
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1o B is absolutely continuous, () is continuous on R and strictly increasing
on each interval (W, ,(s1), Vs (t)],1 <1< m.

From Proposition 6.1.9 and the hypothesis made on ¢;, one has that a; €
1Q(¥su(s1;)), QYo (ty;))] and there exists a unique q; €], (s1;), Vou (tr;)]
such that Q(¢;) = a;. Moreover, @ is strictly increasing in a neighborhood
of q;.

Let € > 0. From the almost sure convergence of uus, to ps B, we deduce

Qn(g +e) — Qg +¢e)>a; as.
N—o0

From the definition of «;, it follows that for large N, N, N —1,...,nj_1 +
kj,...,nj—1 + 1 belong to the set {k, \,(M,,) < g; + ¢} and thus,

limsup Ay, _, 41(My) < gj + €.

J
N—oo

In the same way, since Qn(g; — €) N Qg —¢) < aj,
—00

1}\1{1;1;1; )\nj,1+kj (MN) Z Qj —¢&.
Thus, the k; eigenvalues (An;_,1i(Mn), 1 <i < kj) converge almost surely
to q;j- O

6.8 Appendix

We present in this appendix the different estimates on the variance used
throughout the paper. They rely on the Poincaré hypothesis on the distri-
bution p of the entries of the Wigner matrix Wy . We assume that p satisfies
a Poincaré inequality, that is there exists a positive constant C such that for
any C* function f : R — C such that f and f’ are in L?(u),

V() <C / 2,

with V(f) = E(|f — E(f)[*).

We refer the reader to [BG99| for a characterization of such measures on R.
This inequality translates in the matricial case as follows:

For any matrix M, define ||M]|2 = (Tr(M*M))% the Hilbert-Schmidt norm.
Let U : (My(C)sa) — RN (vesp. U : (My(R),) — RNO+D/2) he the
canonical isomorphism which maps a Hermitian (resp. symmetric) matrix
M to the real parts and the imaginary parts of its entries (resp. to the
entries) M;j,i < j.

Lemma 6.8.1. Let My be the complex (resp. real) Wigner Deformed ma-
triz introduced at the beginning of the chapter. For any C* function f :
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RN (resp. RNNHD/2Y s C such that f and its gradient YV (f) are both poly-
nomially bounded,

VIT o W(Mx)] < SE(IV [ 0 (M) [3). (6.69)

From this Lemma and the properties of the resolvent G (see Lemma
6.0.4), we obtain:

o V((Gn(2))iy) < FP(S27)

o V((GN()F) < FP(IS217)

e Let H be a deterministic Hermitian matrix with norm ||H||, then,

V((HGN(:)i) < I HIPP(S2)

o V(tr(Gn(2)) < 3= P(I327)

where P is a polynomial. It follows that:
1
E[(U*GpUG)iGuGy] = E[(U"GpUG)EIGHEGu” + P12,

proving (6.18).
We now prove

Lemma 6.8.2. Let z € C\ R. Then,

~ - Sy -1
E[Gtr(0)] ~ EICE(G)] < D).

Proof: The cumulant expansion gives

L4 RBIT (1) + Ol —

E(Gy) = 0B (1x(G)Cy) + 8y + El(GAN )] + 7 el

where

T(i,j) = % {\}5 > (Gﬁ)-(eluemeu) + V=16 (fis fli,fn))

I<i
1
* V2 > (Gﬁ)-(ez‘z’ €il, €i1) — \/leﬁ)-(fila fi, fil))
I>i
3
"'Gg'z)-(Eii, Eii, E’n)} -
Straightforward computations give that

T(i,j) = > GG+ Y, GiGuGrLGy
+ Zl GjGuGLGy + Zl GjiGiiGlQl — QG%G]@.
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We now compute the sum ) U} Up; ... to obtain:

(2 = W)E[Gpi] = o?Eltr(G)Gyr] + Opk + 2 E[A(p, k)]
N i U UpiBIG3Gyi) + D UiﬁcUijji(#)(:&m)

where )
,J
and
Ai, j) = S GG+ Y, GiiGaGLGy

+3°,GiGuGLGu + Y, GjiGuGE.

Since {4 >, 5 U U, G2Gji = %(UG(G(d))‘gU*)pk, this term is obviously a
O(ﬁ) )
Let us verify the following bound for A:

Red

Alp, k)| < =20 (6.71)

N2

Such a bound for the first term in the decomposition of A can be readily
deduced from (6.1). We write the computation for the fourth term in the
decomposition of A, the other two terms are similar:

N2 Z +Upj G]ZG%GZZ

0,0
1 . 1
= ZZ:(UGG(C’)U )okGii = O(57)-

We prove now that the last term in (6.70) is of order O(5). This term is a
linear combination of terms of the form:

Z s Uy BIGY (v, ... 0s)],

1,5,

where v, = Ey,y, with (m,n) = (i,1) or (m,n) = (I,7). The fifth derivative is

a product of six G. If there are G?l or G;;Gy; in the product, we can conclude

thanks to Lemma 6.0.4. The only term without any Gy is
G;iGuGiiGuGiiGy

which gives the contribution

. 1
73 Z UG(GD) UGl = O(553).
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The term with one Gy (or Gy;) will also give a contribution in ﬁ Hence

(=~ WE(Cye] = 0°Eltx(G) el + 0yt + oy BIA(p, B)] + O(g). (6.72)

2N2
We now apply (6.8) (or its extension (6.9)) to ®(Xn) = G;iGgq and H = E;
and take the sum in [. We obtain
JE(GjiGeq) = 07E(tr(G)GiGyq) + LQE[qu(GZ)jq] + E[Ggq0i]
+E[(GAN)jquq] 27\?21[3[ ( )qu]
21;\}12}E[B(27 ]7 Q)] + OJJ(W)’

where B(i,j,q) stands for all the terms coming from the third derivative of

the product (G;;G4q) except quGg.‘?). Now, we consider 3 >, of the above
equalities to obtain:

SE(Gritr(G) = o?E(tr(G)? i) + S5EI(G);i] + Eltr(G)dy]
E(GAN);itr()] + £HEIT(, §)tx(O)

+o w2, EIB(i, 4, 0)] + Oji(52)-

We now compute the sum ) U Up; ... and obtain

where )

and we notice that the terms {V s > ULUpE[(T(i,7) — A(4, 5))tr(G)] and
> U; UWON(N2) remain a O(xz) by the same arguments used to handle
the analogue terms in (6.70).

Now, consider the difference between the above equation and gn(z)x(6.70):

(2 = W)E[(Gpe(tr(G) — Eltr(G)))] =

HEUGU) ] + Eltr(G) (6r(G) — Eltr(G)]) G
+2%E[A<p, B)(tx(G) - Eltx(G)))]

1

and

(2 = 1 — 0°gn (2) E[Gpi (t1(G) — E[tr(G)])] =
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o?E[(tr(G) — E[tr(G)))*G) ]+*E[<UG3U*> k]

N2
+WIE[A( p, k)(tr(G) — E[tr(G)))]
2?\?2]1721@ (p, k. q)] +O(%)'

We now prove that the right-hand side of the above equation is of order 2.
This is obvious for the second and first term (since V(tr(Gn(2))) = ( ))
Now, we have seen that

1 - C|Sz)~4
_ < 277
By Cauchy-Schwarz inequality,
1 ~ 1
N2 ElAP k)(tr(G) — Eftr(G)])] = O(553)-

It remains to study the last term

1 )
WZE[ (p, k, q)] =~ N3 Z wUpi E[B(i, 3, 9)]-
q

4,7,q

This term contains derivatives of Ggq of order a with a strictly positive (a =
1,2, 3) applied to a 3-tuple (v1, va, v3) where v, = E;; or Ej; (with a product
of the derivative of order 3—a of Gj;). Thus, the index ¢ appears in B(p, k,q)
under the form of a product GgmGrg with m,n € {i,1}. Thus, the sum in
q will give G%m. Moreover, the term in j in the derivative appears as Gjpn,
with m € {i,l} and we can do the sum in j to obtain (UG)pm. Thus,
% pO B(p, k,q) can be written as ﬁ i, of terms of the form

:}i‘ (Gz)hh (UG)PjQ Gi:sj:s Gi4j4 )

where i, j, € {i,1} and j» = [ for a = 3 (no derivative in Gj;), ja = [ for
a < 3. As in the previous computations, either the product G%l (or G Gyi)
appears and we can apply Lemma 6.0.4 (the others terms are bounded).
In the other cases, we can always perform one sum in i (or [) and obtain
% Zl( or i) of bounded terms. Let us just give an example of terms which
can be obtained (for a = 1):

(G (UG) GGy
Then,

3 Z iUGnGiiGu = o5 Z (UGGDG?),Gy;.

Therefore, 7/ PO E[B(p, k,q)] is of order 37z. This proves Lemma 6.8.2 since

et | < 1927 O
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Chapter 7

Largest eigenvalues of
deformations of Wishart
matrices

This chapter is a joint work in progress with M. Capitaine.

We consider the following model :

My (p(N)) = %XN + Ay

e X is a white complex Wishart matrix of size N with p(/V) degrees of
freedom.

p(N)

[ ] th—>+OO N = a > 0.

e Ay is a deterministic diagonal Hermitian matrix. To simplify, we de-
note its eigenvalues y(N) by 7;. We assume that the spectral measure
of Ay defined by pa, = % ZZ]\LI 0, converges to some probability
measure v with compact support and supy sup,—; |’yi(N)] < M for
some constant M. We assume that Ay has a number J of fixed eigen-

values 61 > ... > 0; which are independent of N, each ¢; having a
fixed multiplicity kj, >_; kj = 7 and Ay has N — r eigenvalues [3;(V)
such that

glégdist(ﬂi(N),suppy) — 0

i=1 N—+o00

when N goes to infinity.

Throughout this chapter, we will use the following notations:

- G denotes the resolvent of My (p(N))

175
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- gn the mean of the Stieltjes transform of the spectral measure of
Mpn(p(N)), that is

gn(2) = E(trGn(z)), z € C\ R.

- 7y denotes the Marchenko-Pastur distribution of parameters (v, o)
defined by (1.3).

- gn denotes the Stieltjes transform of the probability measure 7, L H
N K
HAN-

- When we state that some quantity Ay(z), z € C\ R, is O(5), this
means precisely that:

Szt
An(2)] < (2] + K L)

for some K > 0, a > 0 and some polynomial P with nonnegative
coefficients.

- For any set S in R, we denote the set {x € R,dist(z,S) < e} (resp.
{z € R,dist(z,S) < e}) by S+ [—¢, +¢] (resp. S+ (—¢,+¢)).

7.1 Basic tools

We recall some useful properties of the resolvent (see [KKP96|, [CDMOT]).

Lemma 7.1.1. For a N x N Hermitian or symmetric matriz M, for any
z € C\ Spect(M), we denote by G(z) := (2Ixy — M)~ the resolvent of M.
Let z € C\ R,

(i) ||G(2)|| < [Sz|~! where ||.| denotes the operator norm.
(i) |G(2)i;] < |Sz|7t foralli,j=1,...N.

(11i) For p > 2,
N

% Y 1GE)P < (1S27HP. (7.1)

ij=1
(v) The derivative with respect to M of the resolvent G(z) satisfies:

Ghv(2).B = G(2)BG(z2) for any matriz B.

(v) Let z € C such that |z| > ||M||; we have

1
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7.2 Subordination

The subordination phenomenon for the free additive convolution of proba-
bility measures may be precised when one of the measures is freely infinitely
divisible. Indeed, under this additional assumption, the subordination map
is one-to-one :

Theorem 7.2.1. [Bia97a] Let p and v be two probability measures on R, p
being freely infinitely divisible, the subordination map of p B v with respect
to v is

wypu(2) =2 — Ru(Gumy(2)),Vz € C™,

and is a conformal bijection from CT onto a simply connected domain ,,,, C
C*.

Moreover, the inverse map of w, , is the restriction to €2, , of the analytic
map H,, : Ct* — C defined by :

Vz e CH Hypu(2) ==z + Ru(Gy(2)).

Since SH,,,(z) < Sz for z € CT and H”%y(zy) — 1, it is proved in [BBO5|

y—too
that
Q= H,ji(C*)

The paper [BB05] also provides the study of the behavior of the subordina-
tion map on the boundary of the upper half-plane :

Theorem 7.2.2. [BB05] Let p and v be two probability measures on R,
p being freely infinitely divisible, the subordination map w, , of p B v with
respect to v has a continuous extension to R which yields a bijection from
C* UR onto Q,, C CT UR. Moreover,

o A point z € CT belongs to O, if and only if H,,(z) € R.
o A point x € R belongs to 0, ,, if and only if the limit

H,,(z) = lylﬁ)l H,,(x+1iy)

exists in R and

H y) — H,
H/ (:U) e llm Z/”u,(:[: + Zy) V’/‘(‘IL‘) e

0;1f.
v, 10 iy [ [

When applied to the free additive convolution of the Marchenko-Pastur
distribution . 1 with the probability measure 7, the subordination map of
7,1 H 7 with respect to 7 writes :

wrqy(2) =2 — 4.
1- Gmy_,lEElT(Z)
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Hence, we get the following subordination equation :

+ — _ ; 9
V2 e CT, G, () = G- <z 1 _GT(,\/JET(Z)>. (7.2)

In particular,

Ve T, gn(z) = Gy, <z - p(]]VV) — ;N(Z)> . (7.3)

Moreover, we will denote by €2, , the range of w;, and by

o v
H;\(2) =z+ -G

the inverse of w, 4.

7.3 Approximate subordination equation for gy

We look for an approximate equation for gy (z) of the form (7.3). We shall
rely on the following integration by parts formula established in [Kon09].

Theorem 7.3.1. Let B be a p X N complex Gaussian random matriz

B = (bij)i=1..pj=1..N

with independent entries of variance 1, that is such that the real random vari-
ables R(b;;),(bij), 1 <1 <p,1 <j <N form a family of 2pN independent
N(0, 3) random variables.

Assume that ® = ®(B*B) = (®;;)ij=1,..~ s a N x N complex ran-
dom matriz such that each ®;; is a differentiable function of B through
Xn = B*B and satisfies the following conditions for i1,12,13,i4 = 1,..., N,
jl,jgzl,...,p N

E {‘bglilq)hia’} < 00,

8<I>Z'2i3
B{ I gy 221} < o
Then,

E[Tr(Xy®)] = pE [Tr®] + E [Tr(B" Vge™)], (7.4)

where

o (DN _(1 0 VT 9
B dbij ) \ 2 0(Rby) 2 0(Sbij) )iy, pj=1..N
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7.8 Approzimate subordination equation for gn

To simplify the notations here, we will denote by G (instead of G) the

resolvent of My (p(NV)):

G(z) = (zIn — Mn(p(N)))~"

= (ZIN—XN—AN)_l

1
= (2Iy = B'B - An)h

Denote by e;; (resp. Ej;) the p x N matrix (resp. N x N matrix) such that

(eij)lq (resp. (Eij)lq): (51'15]‘,1. Note that

OGy 1 OB oB*
= * B
by 2N{G(B o(Rbw) T D (Rbw) >G}ql
I _oB  op
TN {G B o T o) ¢,

1 * x
N {G (B"ei, + €5, B) G},

_g {G (B*\/jlelk — \/jle;kkB) G}ql

1
= N {GB*eikG}ql .

Hence applying Theorem 7.3.1 with ® = GEj one can readily get the fol-

lowing formula
N
ME(GM@)-

E(XNG)kk) = E(Grrtr(GXN)) + N

Now since G satisfies XyG = —I — ANG + zG, we deduce from (7.5) that
(7.6)

N
E(Ggr) {p(]V) —zZ+"%+ E(tr(GXN))} =—1- Ay,
where
Ap =E[tr(GXN)(Grr — E(Gr))] -
Now, taking the sum in k in (7.5) we get
N
p(N) )gN(Z) =0.

E(tr(GXn)trG) — E(tr(GXn)) + =

Since, according to Lemma 7.8.4,

E(tr(GXn)trG) = E(tr(GXn))gn(2) + O(W)’

it follows from (7.7) that
E(tx(GXn) (1~ ox(2) = 2 g (2) + O(159)

(7.5)

(7.7)
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and then, using Lemma 7.8.3, that

_p(N) gn(2) 1
E(tr(GXx)) =~ 1_12 BRI (7.8)

Plugging (7.8) into (7.6), we get

E (G {p(NN) a4yt p(jifv) 1 fﬁfﬁz) } — (=1 = Ay) + 0(%) (7.9)
and then
E(Grk) {Z — Yk — p(]i]V) T glN(Z) } =1+ A+ O(%).

+ 1
Now, for any z € CT, %TN(Z) < 0 so that

~f. o pN) 1 ~
\s{z Yk N 1= gn(?) > 3z > 0.
Hence 1
1
E(Gkk> = (1 + Ak) ) 1 + O(W)

FTORT N Ton()

Summing on k and dividing by N, we deduce that

gN(2) = G, (z—p(N) L ) —I—FN—i—O(L),

N 1-gn(2) N?
where N
by = %Z _ _% 1
k=174 "k N T-gn(2)
Lemma 7.3.2.
Ty = 0(%).

Proof of Lemma 7.3.2 Applying Theorem 7.3.1 with ® = GGy, we readily
get the following formula

E (tI"(XNG)Gkk) = E (tr(XNG)tr(G)Gkk)

+ p(]V]V)E (tr(G)Gkk)
+ %E (GXNG*)) - (7.10)
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Now (7.10) - E(Ggx) x (7.7) gives

E (tI‘(XNG) (Gkk — E(Gkk))) = E (tr(XNG)tI‘(G) (Gkk — ]E(Gkk)))
p(N)

+=5 E (t2(G) (Gr, — E(Gir))

1

Thus,
E (tr(XNG) (Grr — E(Gri))) =
E (tr(XnG) (tr(G) — E(tr(G))) (Grr — E(Grr)))

#’(NME ((tr(G) — E(tr(@))) (Grk — E(Grr)))

+9n (2)E (tr(XNG) (Grr — E(Gre)))

1
+75E ((GXNG*)ir)

and
(1= gn(2))E[tr(XNG) (Grr, — E(Gr))] =
E[(tr(XnG) — E(tr(XnG))) (tr(G) — E(tr(G))) (Grr — E(Gre))]

P& (1r(6) ~ B(r(G)) (Gt — B(Gu))
Blir (XN GJE ([(tr(G) ~ E(x(6))) (G — B(Gi)]

%E [(GXNG?)ik)]-

Now using Lemma 7.1.1 (ii) and then Cauchy Schwarz inequality and Lemma
7.8.4 one can easily see that

E[(tr(XnG) = E(tr(XnG))) (tr(G) — E(tr(G))) (Gre — E(Grr))] =
1

w2

Moreover, using (7.8) and Lemma 7.1.1, one can see that

o(

E[tr(XnG)E[(tr(G) — E(tr(G))) (Grr — E(Gr))]

_p(N) 1
N 1-gn(2)

Finally, using Lemma 7.1.1,

E [((G) — E(1x(G))) (Gis — E(Ge)] + Ol 575).

1 ) 11
ﬁE (GXG*))] N2 [32P

1 1
NZ |3z

IN

E [A1(Mn))]

IN

{EM(Xn))] + AN}
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According to Lemma 7.8.1, E[A (X )] is bounded independently of N. ||An||
is also obviously bounded independently of N according to the assumptions

on Ay. Thus )
A2k [(GXNG?)ir)] = O

1
ek
It follows that
p(N) 1

N (1 —-gn(2))?

Ay = E [((G) — E(1x(G))) (Gis — E(Gui)] + O35

(7.11)

Let us set Dy = diag(dy,...,dy), where dj, = p&) -
2=k N 1-gpn(2)

We can deduce from (7.11) that I'y is equal to
P B [(1(6) ~ B(1r(6))) (ir(DyG) ~ E(ir(DAG)))
N(1—gn(2))

1

el

It follows that 'y = O(ﬁ) using Lemma 7.8.4 and Lemma 7.8.3. [

Thus, we can deduce the following

+0O(

Proposition 7.3.3. For z € C*, gn(2) satisfies:

gN(Z) = GMAN <Z - pgifV) 1— ;N(Z)> + O(%) (712>

7.4 Estimation of gy — gy

Proposition 7.4.1. Vz € CT,

1

w2 (7.13)

gn(2) — gn(z) = O(

Proof of proposition 7.4.1: For a fixed z € C*, one may write the
subordination equation (7.3) :

_ p(N) 1
= G _—
gN(Z) HAN (Z N 1— gN(Z) )
and the approximative matricial subordination equation (7.12) :
p(N) 1 1
=G — O(—)-
gN(Z) HApN (Z N 1_gN(Z) + (NQ)

The main idea is to simplify the difference gn(z) — gn(z) by introducing a
complex number 2’ likely to satisfy
p(N) 1 p(N) 1

e L . (T
T oLt Y B v Ry v S M
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AN N
onto QMA »(v) whose inverse Hu »(v) has an analytic continuation to the
N

We know by Theorem 7.2.1 that W, ) is a homeomorphism from C*

N N AN

whole upper half-plane C*.
Since z — %N) L__ e Ct, 2 € Cis well-defined by the formula :

1-gn(2)
r . p(N) 1
z = H/’LAva%V) (z N T gN(Z))'
One has
g, — POV 1 _p(N) 1
N _
N o1- G#AN (Z B %1—;}}\7(2)) N1 gN(Z)

N
() gn(2) = Guay, (Z - %1791\](,2))
N (1= Gy (2 = B k) (1 = ()

By (7.12), Lemma 7.8.2 and Lemma 7.8.3, there exists a polynomial P with
non negative coefficients such that

R

a P
2 — 2] < (el + K= 22

On the one hand, if
7 -2 > B2
- 2
one obtains :
2|92 (|] + K1) P(IS2 )

N2

1< . (7.15)

It is then enough to prove that

gn(2) —gn(2) = O(1). (7.16)

Indeed, if we assume that (7.15) and (7.16) hold, then there exists a polyno-
mial @ with non negative coefficients such that

lgn(2) = gn ()] < (2] + K2)2 (2] + K)*Q(|S2 )

21327 (2| + K@ P(1S2]
< (|Z|+K2)G2Q(|%Z‘ 1) ’ | (| ‘ N21) (| ‘ )

Hence, .
gn(2) = G (2) = Ol55).

To prove (7.16), one may claim that both gn(2) and gy (z) are bounded by
1

REN
On the other hand, if
|2/ — 2] < [l ,
2

R&
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one has : N
192 — Q2] < |2 — 2] < 2]

2

which implies 2z’ > % and therefore 2/ € CT. We have proved that

p(NV) 1 -1 T
— H C™)=0Q
: N 1-—gn(2) < uAN,p(fVV)( ) P

and therefore (7.14) is satisfied. Thus,

gv(2) — () = O(7) (7.17)

On the other hand,
o o AT By (@) s
Taking into account the estimation of 2’ — z above, one has :
oo AT B pay)(@) oL
(Z_Z)/R (7 —z)(z—z) (W)

Hence )

gn(2) = g (2) = O(5z2)- (7.19)

Conclusion follows from (7.17) and (7.19) since

lgn(2) = Gn (2)] < lgn(2) — gn ()| + g () — g (2)]. O (7.20)

7.5 Study of m,w) LB pay

N

In the notations of Section 7.2, we define

Fr =R\ (RN ,)U{x e Rir({z}) >~}

Remark 7.5.1. The set F,, is clearly closed. Actually, it is a compact
subset of R because it is included in {2 € R|dist(z,supp(7)) < /7 + 2}.
Indeed, consider z € R such that dist(z,supp(7)) > /7 + 2.

1.1

Then, G is analytic at 2 ¢ supp(7) and G,(x) € [—3; 5] since

dist(x, supp(T)) > 2.
It follows that H, , is analytic and real-valued at x. In particular, the limits

lim H; ~(z 4+ iy) = Hr~(z),
yl0
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N

H, y) — H,
lim ——2 (z+ zy) a () = H;A{(x)
yl0 Yy '
exist respectively in R and C. Moreover,
VG7 ()
H' =1+—7"—+—-€cR.
@) =14 TG e ©
Since dist(z, supp(7)) > /7 + 1, we have
L @ <o
- < - x
(V7 +1)?
and
0< 1 < 1
T G@P = 1- 7

which implies H; . (x) € [0;1[ and shows that z € RN 9% .
We will need the following

Lemma 7.5.2.
supp(7) C Fr .

Proof of Lemma 7.5.2: We show successively that supp(7°¢), supp(7°)
and {atoms of 7} are included in F: ., where 7°¢ (respectively 7%¢) denotes
the singular continuous (resp. absolutely continuous) part of 7.

Assume that 7%¢(R\ F;,) > 0, it means that there is an uncountable set of
r € R\ Fr, satisfying 7({z}) = 0 and lim,_,+ |G (x +1y)| = +o00. For such
T,

H\(z) =2

and

H, ) — H,
y—0+ Y

which is in contradiction with the assumption that z € R\ Fr,.
Then, we show that there exists a real Borel set O such that R\ O is negligible
and 7% satisfies :

d ac
Vo e 0N R\ Frr), —(z) = 0.
dx
Define

01 := {z € R | G; has a finite nontangential limit at =},

L . x ) —
Oy :={z e R| ylg(r)l+ SGr(z +iy) =—n dx ()}

and
O = 01N 0Oy,
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whose complementary is indeed negligible.
Take z € ON(R\ Fr). Then

lim H;.(x +iy) € R\ {z},
y—0t

and consequently lim,_o+ SG,(z + iy) = 0.
Let x be an atom of 7 such that 7({z}) <. Then

Hyo(o +iy) — a,

y—0t

and .
Hry(z+iy) —a gl
" —_—

iy y—ot  T({z})

This implies that x ¢ RN 0Q,,. In particular, x € F; .
So far, we have proved that

< 0.

supp(7) € Fr,

where 7 =7 =3 g (ts1)=y V0z- Let x & supp(7) satisfying 7({z}) = 7,

one can find a sequence (z,)neny € (R \ supp(7))N such that x, . &
n—roo

Since G (zy) € R and |G- (x,,)| - +o00, for n sufficiently large, we have

H, . (x,) € R. More precisely, we have

Grlan) = —— 4 Grn, (@) + (w0 = 2) G, (&) + 0y — )

and

G () = fﬁ + Gy, (2) + 0(1).

This implies that

(1= Go(wn))? + 4G () = ng
1= Grgg, (2)) 439G (@) + o(1),

If Gr_vs,(z) —1 > 0 (vesp. < 0), we choose (5)nen € (R \ supp())Y so
that z, — 2~ (resp. ) and

n—-+o0o
Gr s (x)fl
2y
H(a,) ~ C
(zn—2)?
2(Gr_ —1
~ ( T ’Y(Sm (l’) )(xn o .’E)
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N

If Gy s, (2) —1 =0,

3G, s, ()
H. (an) ~ el
(zn—2)*
3G x
~ 77_76“'( )(a;n—:c)Q.
v

In each case, for n sufficiently large, z, € R\ RN dQ,, and finally z €
R\ RN 0K, C Fr,, which concludes the proof. [

Proposition 7.5.3. H;, is an increasing C'-diffeomorphism from R\ F
onto R\ supp(my,1 B 7).

Proof of Proposition 7.5.3: Since 7, is freely infinitely divisible, by
Theorem 7.2.2, H, - is well defined and real-valued on R\ Fr, C RN, ,.
Notice also that 1 — G, does not vanish on R\ Fr, otherwise H;, would
explode.

Since R\ F;,, € R\supp(7), 1 — G is continuously differentiable on R\ F7 ,,
and so is H, . Moreover,

' 1 g dr(t)
Ve € R\ Fry, Hy (z) =1 1= G()) /R @12 > 0.

Take z,y € R\ F;,, and assume = < y. Then

HT,'y(y) — HT,’Y<$) -1_ i / dT(t)
y—= (1=Gr(2))(1 = Gr(y) Jr (z =)y — 1)

Apply Cauchy-Schwarz inequality to get

¥ dr(t)
| (1= Gr(2))(1 - G-(y)) /R (z—t)(y—1) I<

dr(t) \3 dr(t) \3
<(1 - gT(x))Q /R (z — t)2> <(1 - gT(y))2 /R (y — t)2> ’

and obtain that H, , is increasing on R \ F .
For x € R\ F;, CRNOIN,,  + iy € Qr, for any y > 0. This implies that

Vy >0, wT,’Y(HT,’Y('r + Zy)) =+ .
Let y tend to 0T in the expression above, and get, by continuity of w- ,
wr(Hry (2)) = .

This has for consequence that H., is a bijection from R\ F:, onto its
image H.~(R\ Fr,), whose inverse is precisely the restriction of w,, to
H;(R\ Fr,). We have to prove that

Hry(R\ Fry) =R\ supp(my,1 B 7).
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We first show the inclusion
R\ supp(my,1 B7) C Hry(R\ Fry).

We know that wy, is a homeomorphism from R\supp(7, 1H7) onto its image,
which is an open subset of RN €Y, . In particular, w; - is continuous from
R\ supp(my,1 B 7) into R\ R\ (RN 9N 5).

The atoms z of 7 satisfying 7({x}) > ~, because they are atoms of 7, H7
satisfying wr ~(z) = x, are not in w (R \ supp(7,,1 B 7), due to univalence
of wy, on C* UR. This has for consequence that w,, is continuous from
R\ supp(m,,1 B ) into R\ Fr,,.

Since in addition H; . is continuous on R\ F; ., we have, for any € R\
supp(my,1 B 1),

z= lim z+iy = lironJr H; (wrqy(x+1iy)) = Hr y(wry(2)) € Hr o (R\ Frq).

y—0t y—
To prove the other inclusion
H;y(R\ Fry) € R\ supp(my 1 B 7),

we recall that it is proved in [Bel08] that the singular part of 7,1 B 7 is
purely atomic and has support equal to {z € R|7({z}) > «v}. It is therefore
sufficient to show the existence of a real Borel set O such that R\ O is
negligible and

d(my1 BT)%

Va € 0N Heo (R Fry), =2

(x) = 0.

Consider

d(my,1 B7)%

T @),

O:={zeR| ylil(r)l+ SGr, (T +iy) = —7

whose complementary is indeed negligible.
For z € R\ F;, such that H,(z) € O, and for y > 0, we define

2= wry(Hry(x) +1y) € Q7 y
Then

Gy 8 (Hrny(7) +iy) = Gr @3- (Hrn(2)) = G (2).

When y tends to 0%, z goes to wy(Hr~(z)) = x. We know that G is

continuous and real-valued at © € R\ F;, C R\ supp(7). We may therefore

conclude that lim,_,o+ SGr @, (Hr,(z) +iy) = 0 and we are done. [
We also define

O={0,1<i<J} and ©,,,=6N(R\F,a). (7.21)
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N

Furthermore for all 6; € ©, 1, ,, we let

(@) @
P =H, 01 = 92 + 7.22
0 ,a( ) 1-— GV (01) ( )

which is outside the support of 7, 1 B v according to Proposition 7.5.3 and
we let

Ku,a(alv ey gJ) = Supp(ﬂ-a,l B V) U {Pg?), 91’ € @V,WQJ} . (723)
Theorem 7.5.4. For any e > 0,

Supp(wp%\’) 1 & ,UJAN) - Kl/,a(eh ey OJ) + (—E,E),

)

when N is large enough.

Proof of Theorem 7.5.4: For a fixed € > 0, we rather prove the existence
of a Ny € N such that, for N > Ny, we have :

R\ (Kya(01,...,05) + (—¢,¢)) C ]1%\511pp(7rp(1v>71 B pay).

N

We break the argument in two lemmas.

Lemma 7.5.5. V> 0,3N; € NJVN > Ny,

{ueR|dist(u, FraUByr,,) >n} CR\F ).

HANTN

Proof of Lemma 7.5.5 : Fix n > 0, and choose N] € N such that :

VN > N{,Kmax dist(5;(N),supp(v)) < g

<N-—r
This implies that, for N > N7,

{u e R | dist(u, Fyoa UByr,,) > n}

N

R\ supp(pay)

R\ € R, ({a)) > 203,

N

It remains to prove that, for N sufficiently large,

{u e R | dist(u, [,a UBOyr,,) >n} C 8QMA p(N) 5

N’ N

or, in other words, that there exists N7 > Nj such that for all N > Ny, and
each u € R satisfying dist(u, F),o U Oy, ,) > n}, the limit

g 2D (u) := 11}118 HMAva(zle (u+ iv)
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exists in R and

H’ , w) := lim -
uAN7p(]f,V)< ) v[0 X

When N > N7,
{u e R | dist(u, Fya UBum,,) > n} S R\ supp(pay),
hence G, ~ takes real values on {u € R | dist(u, F,,o U Oy, ,) > n}. To

N
conclude that HMA »ov) (u) € R, it remains to prove that, for N sufficiently
N’ N

large, GMN stays away from 1 on this set. We know that |1 — G| is contin-
uous positive on R\ F}, 4, so in particular on the compact set

K:={ueR| dist(u, F,a UByr, ) > 1,
dist(u, (supp(+) U ©) + (—: §)) < 2}.
Denote then by m the positive quantity m := infg |1 — G,| > 0. Then, by

uniform convergence of (G, )n>n; toward G, on K,

m.

INY > N{,YN > N{ \Vu € K, |1 = Gy, (u)| >

N =

Ifu e {ueR|[dist(u, F,,aUBur,,) > nt\K, wenotice that [1-Gy, (u)| >
%. This concludes the first part of the proof.
On R\ F, o, we know that H{,}M , is nonnegative ; it is actually positive,

since, by taking the derivative (possible by Proposition 7.5.3) in the relation
Ve e R\ Fyo,wpo(Hyal(x)) =2,

one gets
Va € R\ Fya, H) o (1)w;, o (Hya(7)) = 1

which shows that H,, , cannot vanish on R\ F, . By uniform convergence

of (H  ,x)n>n; toward Hj,, on the compact set K’ consisting of the
ANTN T ’
numbers v € R satisfying

dist(u, Fya UOy ., ) =1

and

N
dist(w, (supp(r) U ©) + (—g; g)) < i}é%p(]\f) +1,

we get :

IN; > N{,VN > Ny,Vu € K', H’ p%w(u)E[O;l[.

BA N TN

Notice that, if v € {u € R | dist(u,Fo U©Oyr,,) > n} \ K’, one has
H @ e0;1l O

HAN>TN
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N

Lemma 7.5.6. dn > 0,dN; € N,VN > Ny,
R\ (Kv,a(el) s 79J) + (_575)) -

p(lfl\’) ({u eER ‘ diSt(quV,Oé U @Vﬂra,l) > 77})

KAy

Proof of Lemma 7.5.6 : We write the compact set F, , as the union of
its connected components :

)

Foa= IS%JSL[SU t].

Using Proposition 6.4, we obtain that the set R \ supp(m,,1 B ) is equal to

] - oo;H,,@(Sf)[U < U ]HV,a(ter)3Hu,a(szjrl)[u]Hu,a(tJLr);+OO[-

Then the set

is of the form

] —oosha[U U ks by [Ulkf; 400l
1<m<I—1

where either
(hmy km) = (Hya(s; ) — ¢, Hy,a(t;;) +e),

or

(him, km) = (Hyo(05,,) — €, Hy o (0,,) +€).

By continuity (or definition of left/right limit) of H, o, there exists an 7 > 0
such that, for each 1 <m < L,

Hu,a(Slm - 77) > -Hl/7oc(3l_ ) -

m

Hyolty, +n) < Hyalt] ) +

H,,’a(gim — 77) > HZ/,OC(Qim) -

RIm N, IO o m

Hu,a(aim + 7]) < Hy,a(eim)

Finally, there exists an Ny € N such that, for all N > Ny,

o) (81, = 1) = Hya(s1,, — 1) —

HAN TN

DO ™

o) (t,, + 1) < Hyo(ty, +1) +

HANTN

o) (0, — 1) = Hy (05, — 1) —

HRANSTN

ol NIO
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g
N’ N

We have thus proved, for N > N, the required inclusion. [
End of proof of Theorem 7.5.4: Let € > 0 be fixed, and let n > 0, Ny € N
be given by Lemma 7.5.6. Apply then Lemma, 7.5.5 to this  and let N; € N
be given by this lemma. Since, by Proposition 7.5.3,
H, s R\E o) =R\ supp(moe | B pay),
N' N ’

ANTN N

the conclusion of Theorem 7.5.4 holds for Ny = max(Ny, Na). O

7.6 Inclusion of the spectrum in an neighborhood
of K,

We are now in position to prove the following theorem :

Theorem 7.6.1. Ve > 0,
P(For large N,Spect(Mn(p(N))) C {x,dist(z, K, o(61,...,07)) <e}) =1.

Proof of Theorem 7.6.1 The proof still uses the ideas of [HT05]. Using the
inverse Stieltjes tranform, we get respectively that, for any ¢ in C*°(R,R)
with compact support,

Eltr(¢(Mn (p(N))))] —/Rw(ﬂf)d(MAN By 1)(r) =

1
~= lim $ iy)d
Mg&d/RsO(x)?”N(:ﬂHy) z,

where ry = gy — gn satisfies, according to Proposition 7.4.1, for any z €
C\R,

1 _
rv(2)] < Sz (12l + K P(IS(2) ),
for some nonnegative numbers o and K and some polynomial P. We refer

the reader to the Appendix of [CDMO07] where it is proved using the ideas of
[HTO05] that

limsup| [ ¢(z)h(z +iy)dz| < C < 400
y—0+t R

when h is an analytic function on C \ R which satisfies
[h(2)] < (2] + K)*Pr(IS(2) 7).

Hence, dealing with h(z) = N2?ry(2), we deduce that for all large N,

. , C
limsup| [ p(z)ry(z + iy)dz| < N2
y—0t R
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and then

Bl (p(My ()] - [ @l Bpa)@) = Olz). (720

The function p defined by

pla) = exp{y—}iffol <1

= 0if |z| > 1;

is in C*°(R,R), its support is included in {|z| < 1} and [ p(x)dz = 1.
Let 0 < € < 1 be such that 4e is strictly smaller than the minimal distance

between two connected components of K, (01,...,07). Define
2 2z
p%(x) = gp(?),

K(e) = {z, dist(z, Ko (61, ...,05)) <}

and

1@ = [ ko Wyl - vy

The function f(e) is in C*°(R,R), f(e) =1 on K(§); its support is included
in the compact set K (2¢). Thus, according to (7.24),

E[tr(f(E)(MN(p(N))))]—/H{f(€)(x)d(ﬂz7gvm7153uAN)(x) 205(%)- (7.25)

Then, the function ¢(e) = 1 — f(e) also satisfies

(Bliay)(@) = Ou(~). (7.26)

Bl (&) My (V)] = | 6(6) @)l -

Now, since according to Theorem 7.5.4, for all large N, the support of
o) 4 B pay is included in K(5) and ¢(g) = 0 on K(5), we deduce that

1

Eftr(¢(e) (Mn (p(N)))] = O=(5)- (7.27)
Using Gaussian Poincaré inequality (7.42) and Lemma 4.6 in [HT05], we

have
Vtr((e)(Mn (p(N))))] <

%E sup [tr{e) () (Mn (p(N)))(B*V + V*B)}*| <
Ve Mpxn(C)

TrvV* =1
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2C

BB*
N

o (4 POt
the last inequality coming from the following inequalities

[tr{¢ () (M (p(N)))(B*V)}| <

S

or (' PV | [ { (B VYV B2 <

o (0 @2 V) | IZE 1 v <

o (4 70w o ) D) g

Now, by Holder inequality,
Vtr(¥(e)(Mn(p(N))))] <

veE ] E [(tr{w%s)?(MN(p(N)»})3]g <

228 B ] B [ @ (o]

Since when ¢’ (¢) vanishes then 1*+1)(¢) vanishes too for any k > 0, [¢)'(¢)|
is still a C* function with compact support such that ¢’ (¢) = 0 on the
support of p14, BTy 1 Hence, we deduce from (7.24) that

N b

1

E tr{|¢’(e)|3(MN(p(N)>)}} = Oc(32)-

Since moreover, according to Lemma 7.8.1, E [A(£8%)?] is bounded inde-

pendently of NV, we can deduce that

Vitr(¥(e)(Mn(p(N))))] = OE(Nllgo )- (7.28)

Now, set
ZNe = tr(¥(e)(Mn(p(N))))

and
Qne = {Zne > N713/12)

From (7.27) and (7.28), we deduce that

1

2y _
E{|Zne|"} = OE(W)'
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Hence )

26
P(Qne) < NIQE{‘ZN,EP} = OE(F)-
12

By Borel-Cantelli lemma, we deduce that almost surely for all large N,
ZNe < N—13/12 Since ZNe Z Ip\g(2¢), it follows that almost surely for
all large N, the number of eigenvalues of My (p(IN)) which are in R\ K (2¢)
is lower than N~/12 and thus obviously has to be equal to zero. The proof
of Theorem 7.6.1 is complete. [

7.7 Convergence of the largest eigenvalues

Remark 7.7.1. Let a and & be such that & < a. Let z be in Ct.

a—«
S(Hya —H, =— Q3G > 0.
3 (Hya2) = Hual2) = g om0 (2)
Hence, if H, (z) belongs to C*, so does H,, 4(z) and therefore Q, o C Q, 4.
Thus R\ F, o C R\ F}, 4 so that it makes sense to consider the following
composition of homeomorphisms :

Hl,,d oWyg - R \ K,/7a(91, - ,0]) — Hl,,d(R\ (Fy,a U @))

which is increasing on each connected component of R\ K, 4 (61,...,6 ) and
with values in R\ K, o(61,...,67).

Lemma 7.7.2. Let [a,b] be a compact set contained in R\ K, (01,...,07).
Then,

(i) For all large N, [wy.o(a),wy,q(b)] C R\ Spect(An).

(1t) For all 0 < & < «, the interval [Hys(wya(a)), Hya(wya(D))] is con-
tained in R\ K, 4(01,...,05) and

Hy 4(w,a(b)) — Hya(wra(a)) > b—a.

Proof of Lemma 7.7.2: For simplicity, we define K¢, ; = K, o(b1,...,07)+

[—e,el,wn=w = o, FN=F o and fiy =7  Bpuay. As[a,b]
HAN>TN HAN>TN N

is a compact set, there exist € > 0 and d > 0 such that

la—58,b+38) C R\KS, and d(la—38b+6];KS ) > 6.

According to Theorem 7.5.4, there exists some Ny € N such that for all
N > Ny, supp(fin) is contained in K¢, ;. Thus, using (6.4) and since wy is
strictly increasing on [a — d,b + 4] , we have

VN > Ny, [wN(a— 5),wN(b+5)] C R\FN C R\Spect(AN). (729)
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As wy, s strictly increasing on the compact set [a—d, b+4] (since supp(mq,; B
v) C K¢ ;), one can consider 1 > 0 such that

wyala—0) <wpala) —n and wya(b+0) > wyal(b) +1. (7.30)

Now, one can readily notice that the probability measures iy weakly con-
verge to mo,1 . This will lead to the result recalling from the definition
of the subordination functions that for all € [a — 0,b + 0], wya(x) =

p(N) 1

x— 7y and wy(z) =2 — N TG @ (at least for all N > Npy).

1- Gﬂ' EBV(

a,l
Indeed, observing that for any x in [a — 0, b+ ], the map h:t+— 1/(x—1) is
bounded on K¢ o,J One readily get the simple convergence of G, to G, Y
as well as the one of the corresponding subordination functions, by con81der—
ing a bounded continuous function which coincide with h on K¢ ;. We then
deduce that there exists N} > Ny such that, for N > N,

wn(a—9) <wpq(a—0)+n and (7.31)

wN(b+0) > wya(b+ ) —n. (7.32)

Combining (7.29), (7.30) and (7.31) prove that the inclusion of point (i)
holds true for all N > N|.

The first part of (ii) is obvious from Remark 7.7.1. Now set a’ =
H, 4(wya(a)) and V' = Hy 5(wy,q (b)) then

Gﬂ' Ev(b) - G7r EEV(a)
bV —d = wyab —wyala + & a,l a,l
7 ( ) 7 ( ) (1 - Gﬂ'a,laal/(a))(l - GﬂaJaﬂll(b))
> Hyo(wya(b) — Hyo(wyala) =b—a,

since G, @, (b) — Gr, v (a) <0and (1 -Gr, m(a))(l—Gr, m.(b) > 0.
O

Let [a,b] bein R\ K, (01, ...,0). From Lemma 7.7.2 (i), it corresponds an
interval I = [d/, '] outside the spectrum of Ay i.e. there is iy € {0,..., N}
such that

Ain+1(AN) <wpa(a) :=d and N (AN) > wya(b) =V (7.33)
Theorem 7.7.3. With iy satisfying (7.33), one has
PAiy (My) > b, for all large N] = 1. (7.34)

The proof closely follows the proof of Theorem 4.5 in [CDFF10] by in-
troducing a continuum of matrices interpolating from My to Ay. Let § be
such that

b—a
a ‘1 - G?TQJEEV(b)" (7.35)

1
O"“—(l_1+5k>a

0<d<

Set for any k > 0,
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and
Pr = [OékN]

Let us introduce the following matrices
M](\?) = AN7
o) 1 &
Vk>1, MJ* = NZY;Y{‘ + An .

i=1
For all k£ > 0, define

ar, = Hyay(wya(a)) and by = Hy o, (wy,a(b))
and set
Ex = {no eigenvalues of Mj(é)k) in [ag, by], for all large N'}.
By Lemma 7.7.2 (i) and Theorem 7.6.1, we know that for all &
P(E;) = 1. (7.36)

Now, we shall show by induction on k that with iy satisfying (7.33), one has

Py (M) > by, for all large N| = 1. (7.37)
The proof mainly relies on the following classical result (due to Weyl).

Lemma 7.7.4. (cf. Theorem 4.3.7 of [HJ90]) Let B and C be two N x N
Hermitian matrices. For any pair of integers j, k such that 1 < j,k < N and
j+k<N+1, we have

Njgk—1(B +C) < X\j(B) + M (O).

For any pair of integers j, k such that 1 < j )k < N and j+k > N+ 1, we
have

A (B) + Ak(C) < Ajur_n(B+C).

(7.37) is obviously true for k = 0 since M](\?O) = M](\?) = Ay and by =
F, o. Now, let us assume that (7.37) holds true for k. Since

M](\fkﬂ) _ M](\?k) + M](\?kJrl—Pk)’
we can deduce from Lemma 7.7.4 that,

)\iN(MJ(\ka)) > )\iN(MJ(\gk))_‘_)\N(M](\?kJrl_pk))
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since )\N(M](\‘?k“_p’“)) > 0.
If by, > b1, we are done.
Now, if by < bgy1, we have ag1 < by since using (7.35), we have |by —bp41| <

bTT“ and according to Lemma (7.7.2)(ii) we have by — ag+1 > b — a. Thus

Nin (M](\],D"'“)) > ag41. Since according to (7.36), there is no eigenvalues of

MJ(\I,)’““) in [ags1, bry1] for N large, we can deduce that \; (M](\}D'““)) > bpg1-

This complete the proof of (7.37) by induction.
Now, let us complete the proof of Theorem 7.7.3. Since

MEOD) _ g0 | om0,

we can deduce from Lemma 7.7.4 and (7.37) that,

N (M) 2 A (M) + An (M)

IN
> b
since )\N(M](\],J(N)_pk)) > 0.
If by, > b, we are done.
We have
o — O
by — b <
bt S TG e )
B «
(1 + 6k)|1 - GwaylEBl/(bN
b—a
<
- 4

for k > ko. Thus, if by, < b, we have a < by. Thus Ay (MP™) > 4. Since
according to Theorem 7.6.1, there is no eigenvalues of M ](\f? k1) i [a, b] for N

large, we can deduce that )\iN(M](\?(N))) > b.00
We readily deduce the following

Corollary 7.7.5. Let € > 0. Let us fir u in {Oy,}. Let us choose § > 0
small enough such that for large N, [u — 28;u — d] is included in R\ F, 4, N
R\ Spect(An) and |Hyo(u — 20) — Hyo(u)| < e. Let iy = in(u) be such
that

Aiy(AN) >u—08 and Ny 41(An) < u —26.

Then
P[Aiy (MN) > Hyo(u) — € for all large N| = 1.

Theorem 7.7.6. 1) If 61 > tr, the ki eigenvalues (A\j(My), 1 < j < k1)
converge almost surely outside the support of mo1 B v towards pg, =
H, .(01).
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2) Else, the largest eigenvalues (N\j(My), 1 < j < k) converge almost
surely to H, (t1,) which is the right endpoint of the support of m, 1 Buv.

Proof of Theorem 7.7.6: 1) Corollary 7.7.5 (choosing v = 6;) and Theo-
rem 7.6.1 readily give for any € > 0

Plpg, —e < A (My) < -+ < M (Mn) < po, +¢, for N large] = 1. (7.38)

Hence
V1<j<ki, N(My) =5 po,.
— T 00

2) Let € > 0. According to Theorem 7.6.1,
P[)q(MN) < H, o(tr) + € for all large N] =1.

Now, almost surely, the number of eigenvalues of My being in |H, o(t1) —
e,H, o(tr)] should tend to infinity when N goes to infinity. Hence we should
have

H,,’a(tL) —e < A, (My).

Hence, we deduce that for all 1 < j <k;, A;j(Mn) &5 H,(tr). O.

N—+4o00

7.8 Appendix

Lemma 7.8.1. 3K >0, ¥N, E ([M(5£)]) < K.

Proof It can be proved as in Lemma 5.1 of [HT05], using previous results
in [HT03].

Lemma 7.8.2. Vz € CT,

1

=0(1). 7.39

TR - (1) (7.39)
1

o~ O (7.40)

Proof of Lemma 7.8.2: We will only give the proof of (7.39). The proof
of (7.40) is similar.
Let 2 € CT.
By assumption,
Ayx) C [-M; M].
NgN*Sp( N) —[ ) ]

If dist(z — § 1=y [~ M3 M]) > 2, then

1

p
|GuAN (2 — N1—ov(z)

gN(Z))| =

DO |
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It follows that

1
| <2
L= GMAN (z — %m)
Otherwise, if dist(z — %m, [—M; M]) <2,
N _p_ 1
8G,, (-2 1y o L SE - N
Han N1-gn(z) N =1 |z — %1_91,(@ —7il?
S Sz
- (2M +2)*
Since
1 1
| | <

we are done. [

Lemma 7.8.3. Vz € CT,

1

=i = O (7.41)

Proof of Lemma 7.8.3: Let z € CT, and notice that

1= on ()] = 18w ()| = 21 | [ P2,

R |2 —z|?
Observe that, for any x € Spect(My), one has
Sn
|2 —al < Jo| + ||Mnll < J2] + [1 57 1+ AN

It follows g
N
|z — x> <3(|2* + HWHQ + [|ANI?)

and then

R |2 -zl 3(121 + [1F11? + [[AN %)

1
3(122 + E [15¢112] + [l 4n]12)

v

We know that the sequences E [HSTN\F} and ||An||?> are bounded. There
exists thus a positive constant K such that

5| [P 2 s
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Finally,
1 3

=g S+ e

which concludes the proof. [

We present now the different estimates on the variance used throughout
the paper. They rely on the Gaussian Poincaré inequality. Let 21,4
be ¢ independent centered Gaussian variables with variance 0. For any C!
function f: R? — C such that f and gradf are in L2(N(0, 021 q)), we have

V{f(Z1,...,Z,)} < 0*E|/(gradf)(Z1, ..., Z)|? (7.42)

denoting for any random variable a by V(a) its variance E(|a — E(a)|?).

Lemma 7.8.4.
E (|trG — E(t1G)]?) = O(~=).

E (|tr(XnG) — E(tr(XnG))[*) = O(~=).

Let Dy = diag(dy,...,dyN) where dj, = - pu\l,) -

Ye—TN Togn(2)
E ([tr(DNG) — E(tr(DNG))[*) = O(~
Proof Let us define ¥ : R2P*N) — M, v (C) by

v {xij,yij,izl,...,p,j:1,...,N}—> Z Z (I'Z‘j—l-\/—lyij)eij.

i=1,...pj=1,...N

Let F be a smooth complex function on M, n(C) and define the complex
function f on R2P*N) by setting f = F o U. Then,

d
leradf (u)| = sup SP(U(w) + V) izo].
VeMpxn(C),TrVV*=1

Now, B = W(R(b;), I(bij),1 <i < p,1 < j < N) where the distribution of
{éﬁ(bij)v %(bij)’ 1<i<p,1<5< N} is N(O’IQPN)'

Hence consider F': H — tr(zIy — 2L — Ay)~1

Let V. € Mpxn(C) such that TrVV* = 1.

1
%F(B F1V)]co = 1 {x(GV*BG) + tx(GBVG))

Moreover

tr(GV* BG)| L (v [w(B*BG2(G)?)]F

IN

N

N

IN
—_

[)\1( ! B*B)]

[32]
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We get obviously the same bound for [tr(GB*VG)|. Thus,

B (lemadf ) < 45 (5 5°B)].

Since, according to Lemma 7.8.1, E [Al(%B*B)] is bounded independently
of N, we can conclude by (7.42) that

V(trG) = O(1/N?).

Since Dy is deterministic and its norm is obviously bounded by @ it is
clear that one can get in the same way

V(tr(DnyG)) = O(1/N?).

Now, consider F': H — tr [LNH(ZIN - LNH — An)7Y.
Let V€ Mpxn(C) be such that TrVV* = 1.

d 1 . 1 .
aF(B—FtV”t:O = Ntr(V BG) + Ntr(B VG)
1

As in the previous analysis [tr(V*BG)| and |[tr(B*VG)| are bounded by
1
< [M(%B*B)]? . Moreover,

|32

1 1 1 1
—trB*BGV*B < ——[trBGB*BGG*B*BG*B*]2
B BGVBG| < G [WBGB BGG B BG B}
1 1 2
< —= |M(=B"B
< e [0

and the same bound obviously holds for \%trB*BGB*VG].

According to Lemma 7.8.1, E[{)\l(%B*B)}S] is bounded, independently of
N. Hence the previous analysis allows to conclude that

V(tr(XnG)) = O(1/N?). O
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