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Abstract. The celebrated Marcenko-Pastur theorem gives the asymptotic spectral distribution of
sums of random, independent, rank-one projections. Its main hypothesis is that these projections
are more or less uniformly distributed on the first grassmannian, which implies for example that
the corresponding vectors are delocalized, i.e. are essentially supported by the whole canonical
basis. In this paper, we propose a way to drop this delocalization assumption and we generalize this
theorem to a quite general framework, including random projections whose corresponding vectors
are localized, i.e. with some components much larger than the other ones. The first of our two
main examples is given by heavy tailed random vectors (as in the model introduced by Ben Arous
and Guionnet (2008) or as in the model introduced by Zakharevich (2006) where the moments
grow very fast as the dimension grows). Our second main example, related to the continuum
between the classical and free convolutions introduced in Benaych-Georges and Lévy (2011), is
given by vectors which are distributed as the Brownian motion on the unit sphere, with localized
initial law. Our framework is in fact general enough to get new correspondences between classical
infinitely divisible laws and some limit spectral distributions of random matrices, generalizing the
so-called Bercovici-Pata bijection.

1. Introduction

In 1967, Marcenko and Pastur introduced a successful matrix model inspired by the elementary
fact that each Hermitian matrix is the sum of orthogonal rank one homotheties. Substituting
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orthogonality with independence, they considered in their seminal paper Marcenko and Pastur
(1967) the N x N random matrix defined by

1 - i 7 7 \*
i=1

where (X%);>1 is ani.i.d. sequence of real valued random variables and (U%;);>1 is ani.i.d. sequence
of N-dimensional column vectors, whose conjugate transpose are denoted (U%)*, independent of
(Xi)i>1. As amain result, they proved that the empirical spectral measure of this matrix converges
to a limit with an explicit characterization under the following assumptions:

(a) N,p tend to infinity in such a way that p/N—X\ > 0;
(b) the first four joint moments of the entries of U3 are not too far, roughly speaking, from
the ones of the entries of a standard Gaussian vector.

In the special case where all X’s are equal to one, the matrix (1.1) reduces to a so-called empirical
covariance matriz, and its limit spectral distribution is none other than the well-known Maréenko-
Pastur distribution with parameter .

It has to be noticed that even in the general case, the limit spectral distribution does not depend
on the particular choice of the U%’s, granted they satisfy the above hypothesis. For example, one
can choose U}, to have uniform distribution on the sphere of RN or CV with radius v/N, or to be a
standard gaussian: such a vector is said to be delocalized, which means that with large probability,
UM lso/ | Ux |2 is small; more specifically:

Ul <1og<N>)”?
1012 N

After the initial paper of Marcenko and Pastur, a long list of further-reaching results about limit
spectral distribution of empirical covariance matrices have been obtained, by Yin and Krishnaiah
(1985), Géotze and Tikhomirov (2004, 2005), Aubrun (2006), Pajor and Pastur (2009), Adamczak
(2011). All of them are devoted to the empirical covariance matrix of more or less delocalized
vectors, with limit spectral distribution being the Maréenko-Pastur distribution (except in the
case treated in Yin and Krishnaiah (1985), but there the vector are still very delocalized).

In this paper, our goal is to drop the delocalization assumption and to be able to deal with
localized U’s, i.e. with some entries much larger than the other ones. For example, the appli-
cations of our main theorem include the case where the entries of U}, have heavy tails, but also
in some other examples of localized vectors, such as the one where the law of U} results from a
Brownian motion with localized initial condition.

This approach is based on our preceding works Benaych-Georges (2005); Cabanal-Duvillard
(2005) on the Bercovici-Pata bijection (see also Benaych-Georges (2007); Pérez-Abreu and Sakuma
(2008); Benaych-Georges and Cabanal-Duvillard (2010)). This bijection, that we denote by A, is a
correspondence between the probability measures on the real line that are infinitely divisible with
respect to the classical convolution * and the ones which are infinitely divisible with respect to the
free convolution H. In Benaych-Georges (2005); Cabanal-Duvillard (2005), we constructed a set
of matrix ensembles which produces a quite natural interpretation of A. This construction is easy
to describe for compound Poisson laws and makes the connection with Marcéenko-Pastur’s model
quite clear. Let (X%);>1 be still an i.i.d. sequence of real valued random variables, (U} );>1 i.i.d.
column vectors uniformly distributed on the sphere of CV with radius v/N, and (P()\),A > 0)
a standard Poisson process, (X*);>1, (Uk)i>1 and (P()\),\ > 0) being independent. For each
N > 1, we defined the random matrix

1 P(N))
¥ O X Un(Uy) (1.2)

=1
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and we proved that its empirical spectral law converges to A(u) when N goes to infinity, where u
is the compound Poisson law of

P(X)

Xt

i=1
The link with Maréenko-Pastur’s model of (1.1) is now obvious and it is easy to verify that
the empirical spectral laws of (1.1) and (1.2) have same limit if p ~ NA. Hence, our previous
works Benaych-Georges (2005); Cabanal-Duvillard (2005) could be viewed as another insight on
Marcenko-Pastur’s results, partly more restricted, since we only considered uniformly distributed
random vectors U, partly more general, since our construction extended to all infinitely divisible
laws. In fact, the main advantage of our matricial model, which has also been studied in Pérez-
Abreu and Sakuma (2008), over Marcenko-Pastur’s one is to be infinitely divisible. It allows us
to derive simpler proofs, using appropriate tools as cumulant computations or semi-groups.

In the present paper, we extend our construction to a larger class of U%’s, while continuing
to benefit of the infinitely divisible framework. Roughly speaking, we are able to prove the
convergence of the empirical spectral law if we suppose only that the entries of U} are exchangeable
and have a moment of order k growing as N — oo at most in N %_1, for any fixed k (¢f. Theorem
2.6).

Then, in Theorem 3.1, approximations allow to extend the result to U}, with heavy tailed entries,
as introduced first in the paper Cizeau and Bouchaud (1994) and then by Ben Arous and Guionnet
(2008); Belinschi et al. (2009). When the X%’s are constant, we recover a result by obtained by
Belinschi et al. (2009). Our result is more general from a certain point of view (we allow some
random X%’s), but less explicit since we characterize the limit spectral distribution as the weak
limit of a sequence of probability distributions with calculable moments and not with a functional
equation, as in Belinschi et al. (2009). We also state (Theorem 3.2) a “covariance matrices version”
of Wigner’s theorem generalization of Zakharevich (2006), which is a direct consequence of our
key result Theorem 2.6.

We also devote a particular interest to the special case where the column vectors Uj’s are
copies of

UN(t):\/NeiéXN—I—\/l—ie*tGN, (1.3)
where X is uniformly distributed on the canonical basis (1,0,...,0)% ..., (0,...,0,1)T, indepen-
dent of Gy = (21,...,2n)T, with 21, 20, 23, ... independent standard Gaussian variables. Let us
emphasized that Un(t) is a quite typicaly localized vector since it has exactly one entry which is
much bigger than the N — 1 others. Precisely, we have:

IO Ol ., -1/2
[On @2

This is the reason why the N — oo limits differ from the ones of the classical matrix models. For
example, the classical Maréenko-Pastur Theorem about empirical covariance matrices is not true
anymore for such vectors. More specifically, we have:

Theorem 1.1. Let Uy, U%, ... be i.i.d. copies of the vector Un(t) € CV defined in (1.3). Let
1 I
M=+ > UNUR) (1.4)
i=1

be the (dilated) empirical covariance matrix of the sample Uy, ..., UX.. As N,p — oo with p/N —
A > 0, the empirical spectral law of M converges to a limit law Py ; with unbounded support which
is characterized by its moments, given by the formula

/ PPy y(da) = Y e i (1.5)
wePart(k)

with Part(k) the set of partitions of {1,...,k} and k defined by:
o (1) = k(m) + -+ k(mg) if m1,...,7q are the connected components of w;
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o if m is connected, k(m) is the number of times one changes from one block to another when
running through 7 in a cyclic way.

Note that the law Py ; is the Poisson law with parameter A if ¢ = 0 and tends to the free Poisson
law (also called Maréenko-Pastur law) as t tends to 4-00: the weight e ~*(™?* penalizes crossings in
partitions (indeed, x(7) = 0 if and only if  is non crossing). An illustration is given in Figure 1.1
below. In fact, Formula (1.5) can be generalized into a more general moments-cumulants formula
which provides a new continuous interpolation between classicaly and freely infinitely divisible
laws. This interpolation is related to the notion of ¢-freeness developed in Benaych-Georges and
Lévy (2011) and is based on a progressive penalization of the crossings in the moments-cumulants
formula (3.7).

N = 4000, p = 8000, lambda = 2, t = 0.01

(a) Case where ¢t = 0.01

N = 4000, p = 8000, lambda = 2, t = 0.1

(b) Case where t = 0.1

N = 4000, p = 8000, lambda = 2, t = 1

040 | by

0.05

(c) Case where t =1

FIGURE 1.1. The empirical spectral distribution of the matrix M of (1.4) for N = 4.10%,
p = 8.10° at several values of t. We see that this distribution, which is approximately
the law Ps 4, is close to the Poisson law with parameter 2 for ¢ close to zero, and that
it converges to the Maréenko-Pastur law with parameter 2 (whose density is plotted
by a smooth continuous line) as ¢ grows.
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The paper is organized as follows. Next section describes the main results; Section 3 provides
some applications; the following sections are devoted to the proofs; the last section is an appen-
dix where we recall some facts on the infinitely divisible laws, the Bercovici-Pata bijection and
(hyper)graphs, for the easyness of the reader.

As this preprint was published, Victor Pérez-Abreu informed us that he is working on a
close subject with J. Armando Dominguez-Molina and Alfonso Rocha-Arteaga in the forthcoming
preprint Dominguez-Molina et al. (2012).

2. The main results

2.1. A general family of matriz ensembles. The basic facts on the x-infinitely divisible laws are
recalled in the appendix. For p such a law, its Lévy exponent is the function ¥, such that the
Fourier transform of u is e¥»().

2.1.1. Case of compound Poisson laws. Such a law u is a one of
P(X)
X’L'v
i=1
where P()) is a random variable with Poisson law with expectation A and the X;’s are i.i.d.
random variables, independent of P()). In this case, if v denotes the law of the X;’s, the Lévy
exponent of p is ¥, (&) = A [(e' —1)dv(t). For N > 1, let (U} )i>1 be a sequence of i.i.d. copies

of a random column vector Uy € RN*1 or CV*!. Then we define ]P’gg to be the law of

L e
5 2 Xi-UkUR)",
1=1

where P(NA) is a random variable with Poisson law with expectation N\, the X;’s are i.i.d.
random variables with law v and the U%’s are i.i.d. copies of Ux (whose conjugate transpose are

denoted by (Uk)*), all being independent. Let us notice that ]P’Ej”lg is still a compound Poisson law
and that its Lévy exponent is given by:

A NE[W, (U4 AUx/N)]

for any N x N Hermitian matrix A.

2.1.2. General case. Here, we shall extend the previous construction for p a general infinitely
divisible law. In the following theorem and in the rest of the paper, the spaces of probability
measures are endowed with the weak topology. K denotes either R or C.

Theorem 2.1. Let p be an infinitely divisible law on R, let us fit N > 1 and let Uy € KVN*1 be
a random column vector such that E [||Un||3] < +oo. Let (Uy)i>1 be a sequence of i.i.d. copies

of Un and, for eachn > 1, let X}, X2 ... XN be i.i.d. u*% -distributed random variables. Then
the sequence of N x N Hermitian matrices

1 NXxn . . .
¥ 2 X Un(UR)" (2.1)
i=1

converges in distribution, as n — oo (N being fized), to a probability measure ]ngj\)l on the space

of N x N Hermitian matrices, whose Fourier transform is given by
[ e TADARE (1) = exp (NE (9,05 AUN/N)) (22)

for any N x N Hermitian matriz A.
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The following proposition extends the theorem to a quite more general framework, where the
X’s are i.i.d. but not necessarily distributed according to ,u*% and only satisfy the limit theorem

law of (X! 4------ + Xk — g
for a sequence k,, — oo.

Proposition 2.2. a) If the law of Uy is compactly supported, then to any limit theorem

kn times

there corresponds a limit theorem in the space of N x N Hermitian matrices

1 R i i orrio\* (k)
N Z X, -Un(Uy) e Py (2.3)
i=1
where X}, X2, ..., XNt are i.i.d. vy,-distributed random variables, (UY)i>1 is a sequence of i.i.d.

copies of Uy, independent of the X! ’s.
b) In the case where the law of Uy is not compactly supported, (2.3) stays true as long as one
supposes that kn, x [ [tlvn(dt) is bounded uniformly in n.

Remark 2.3. Such a construction has been generalized to the more general setting of Hopf algebras
by Schiirmann et al. (2010).

2.2. Conwvergence of the empirical spectral law. The empirical spectral law of a matrix is the uni-
form probability measure on its eigenvalues (see Equation (12.3) in the appendix). When Uy / VN
is uniformly distributed on the unit sphere, we proved that the empirical spectral law associated to
PEJHA); converges when the size N tends to infinity (¢f. Benaych-Georges (2005); Cabanal-Duvillard
(2005)). In order to obtain other convergences, we shall first make the following assumptions on
the random vector Uy € KV*1. We denote the entries of Ux by Un(1),...,Un(N). Roughly
speaking, these assumptions mean that the Uy (i)’s are exchangeable and that the moment of
order k of Uy(1) grows at most in N 21 for all k. These assumptions will be weakened in the
next section to consider heavy tailed variables.

Hypothesis 2.4. a) For each N > 1, the entries of Uy are exchangeable and have moments of all
orders.
b) As N goes to infinity, we have:

o for each p > 1, for each i1,...,42p > 1,
E[Un(i1) - U (ip)Un (ipt1) - - - Un (izp)] = O(NP~10izedly, (2.4)
e for each k > 1, for all positive integers nq,...,ny, there exists I'(ny,...,nk) finite such
that ) )
|Un (1) |Un (k)"
E W ...... W Nj:)o I‘(nl,...,nk). (25)
Moreover, there is a constant C' such that for all £ > 1, for all nq, ..., ng,
T(ny,...,ng) < O™tk (2.6)
Remark 2.5. Let define the random column vector Uy = diag(e1,...,en)Un, with e1,...,en

some i.i.d. variables uniformly distributed on {z € K; |z| = 1}, independent of Uy. Note that if
Uy satisfies Hypothesis 2.4, so does Uy, with the same function I'. Moreover, the expectation of
(2.4) is null for Uy as soon as the multisets {41, ...,ix} and {ix11,...,42:} are not equal (in the
complex case) and as soon as an element in the multiset {i1,...,i2t} appear an odd number of
times (in the real case).

The following theorem is the key result of the paper. For its second part, we endow the set of
functions on multisets of integers (it is the set that I" belongs to) with the product topology.
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Theorem 2.6. We suppose that Hypothesis 2./ holds.

a) For any *-infinitely divisible distribution p, the empirical spectral distribution of a ]P’EJ”)—
distributed random matriz converges almost surely, as N — oo, to a deterministic probability
measure Ar(p), which depends only on p and on the function T' of Equation (2.5).

b) The probability measure Ar(p) depends continuously on the pair (u,T').

c¢) The moments of Ar(u) moments can be computed when p has moments to all orders via the

following formula,

[aaen) = X f@Lanw.  Gzn @)

mePart(k) Jem

where the non negative numbers fr(m), which factorize along the connected components of 7, are
given at Lemma 0.5 and the numbers c|;(1) are the cumulants of © (whose definition is recalled
in the appendiz).

d) If the Lévy measure of p has compact support, then Ar(u) admits exponential moments of
all orders.

The following proposition allows to assert that many limit laws obtained in Theorem 2.6 have
unbounded support. Recall that a law is said to be non degenerate if it is not a Dirac mass.

Proposition 2.7. If the function T' of Hypothesis 2./ is such that inf I'(n)'/™ > 0, then for any
non degenerate *-infinitely divisible distribution p whose classical cumulants are all non negative,
the law Ar(p) has unbounded support.

3. Applications and examples

3.1. Heavy-tailed Marcenko-Pastur theorem. In this section, we use Theorem 2.6 to extend the
theorem of Marcenko and Pastur described in the introduction to vectors with heavy-tailed entries.
This also extends Theorem 1.10 of Belinschi et al. (2009) (their theorem corresponds to the case
X; = 1), but we do not provide the explicit characterization of the limit that they propose. Also,
our result is valid in the complex as in the real case, whereas the one of Belinschi et al. (2009)
is only stated in the real case (but we do not know whether this is an essential restriction of the
approach of Belinschi et al. (2009)).

Let us fix a € (0,2) and let (Y;;);,j>1 be an infinite array of i.i.d. K-valued random variables
such that the function

L(t) = t°P(|Yn1| > t) (3.1)

has slow variations as t — oo. For each j, define the column vector V7 := (Y;;)N¥; € KN*1 (VI
depends implicitly on N). Let us define ay :=inf{t; t7*L(t) < 1/N}.

Theorem 3.1. For any set (X;);>1 of i.i.d. real random variables (with any law, but that does
not depend on N ) independent of the Yi;’s and any fired X > 0, the empirical spectral law of the
random matriz

1 < s
Mypi= o 30X, V)
N j=1

converges almost surely, as N,p — oo with p/N — A, to a deterministic probability measure which
depends only on a, on A\ and on the law of the X;’s. This limit law depends continuously of these
three parameters.

3.2. Cowvariance matrices with exploding moments. The following theorem is a direct consequence
of Theorem 2.6 and Proposition 2.7. It is the “covariance matrices version” of Zakharevich’s
generalization of Wigner’s theorem to matrices with exploding moments (see Zakharevich (2006)
and also the recent work Male (2012)).
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Theorem 3.2. Let My, = [X;;] be a complex N x p random matriz with i.i.d. centered entries
whose distribution might depend on N and p. We suppose that there is a sequence ¢ = (ci)r>2

such that c,lc/k is bounded and such that for each fized k > 2,

E[| X1 |*
%—)01@ as N,p — oo with p/N — X > 0.
E_
Then the empirical spectral law of
1 *
NMNJ’MN,Z)

converges, as N,p — oo with p/N — X > 0, to a probability measure jxc which depends con-
tinuously on the pair (A\,c). If cx, = 0 for all k > 3, pxc is Maréenko-Pastur distribution with
parameter X dilated by a coefficient \/ca. Otherwise, iy has unbounded support but admits expo-
nential moments of all orders.

3.3. Non centered Gaussian vectors, Brownian motion on the unit sphere and a continuum of
Bercovici-Pata’s bijections. In this section, we give examples of vectors Uy which satisfy Hy-
pothesis 2.4 for a certain function I'. These examples will allow to construct the continuum of
Bercovici-Pata bijections (A¢);>o mentioned in the introduction.

Let us fix t > 0 and consider Uy = Un,; defined thanks to one of the two (or three, actually)
following definitions

(a) Gaussian and uniform cases:

Uni:=e 3VNXy+V1—e Gy, (3.2)

where Xy is uniformly distributed on the canonical basis (1,0,...,0)7,...(0,...,0,1)T
of KVN*1 independent of Gn := (g1,...,9n5)7, with g1, 92,93,... i.i.d. variables whose
distribution is either the centered Gaussian law on K with variance 1 or the uniform law
on {z € K; |z| =1},

(b) Brownian motion: Uy +/V' N is a Brownian motion on the unit sphere of CN*! taken at
time ¢, whose distribution at time zero is the uniform law on the canonical basis of CN*1,
Such a process is a strong solution of the SDE

1
dUn = (dK¢)Un ¢ — QUN,tdt, (3.3)

where K = (K;);>0 is a standard Brownian motion on the Euclidian space of N x N
skew-Hermitian matrices, endowed with the scalar product A- B = N Tr(A*B).

Of course, these models make sense for ¢ = 400 : in the first model, it means only that Uy + = Gn
and the second model, at t = 400, can be understood as its limit in law, 7.e. a random vector
with uniform law on the sphere with radius v/N. For t = 400, all formulas below make sense (and
stay true) by taking their ¢ — 400 limits.

Thanks to the results of Benaych-Georges (2011), it can be seen that the Gaussian model and
the Brownian one have approximately the same finite-dimensional marginals, as N — oo. The
following proposition, whose proof is postponed to Section 9, makes this analogy stronger.

Proposition 3.3. For Uy = Uy, as defined according to any of the above models, Hypothesis 2./
holds for T' :=T; given by the following formulas:

Dil,...., ) =0 —e D4 ke (1 —e D1 for every k > 1, (3.4)
——
k times
Li(n,1,...,1)=e ™1 —eY*  for everyn >2 and k >0, (3.5)
———
k times

Ty(n1,...,nk) =0  if there is i # j such that n; > 2, nj; > 2. (3.6)
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Let us now consider the family of transforms (Ar,,t > 0) (denoted by A; in the introduction).

In both models, when ¢ = 0, the rank-one random projector Un Uy ; is a diagonal matrix
with unique non zero entry uniformly distributed on the diagonal and equal to N. In such a case,
it can be readily seen that ]P’;}g , is the law of a diagonal matrix with i.i.d. entries with law p.
Owing to the law of large numbérs, Ar, is obviously the identity map. Moreover, it has been seen
in Benaych-Georges (2005); Cabanal-Duvillard (2005) that for ¢ = oo, Ap__ is the Bercovici-Pata
bijection.

Therefore, (Ar,,t € [0,400]) provides a continuum of maps passing from the identity (¢ = 0)
to the Bercovici-Pata bijection (¢ = 400). This continuum is related to the notion of ¢-freeness
developed by Benaych-Georges and Lévy (2011). The maps Ar, are made explicit (at least at
the moments level) by the following proposition, whose proof, based on the explicitation of the
functions fr,, is postponed to Section 10.

Proposition 3.4. Let p be an infinitely divisible law with moments of all orders. Then for each
t>0,

[atanian) = ¥ e ) k>1)  (37)

mePart(k)

with k defined by:

o k(m) = k(m) + -+ k(mg) if m1,...,mq are the connected components of w;

o if m is connected, k(m) is the number of times one changes from one block to another when
running through m in a cyclic way.

Example of computation of k(). For instance, let us consider the partition 7 = {{1,8, 10},
{2,4},{3,5},{6,7,9}} € Part(10) (¢f. Figure 3.2). Then the connected components of 7 are the
partitions m; and 7y induced by 7 on the sets {1,6,7,8,9,10} and {2,3,4,5}. Since x(m) =5
and k(me) =4, k(m) = 9.

1 2 3 4 5 6 7 8 9 10

FIGURE 3.2. The partition = = {{1, 8,10}, {2,4}, {3,5},{6,7,9}} € Part(10).

Let us now say a few words about the bijection Ar,, as a function of ¢ € [0, +00).
If t =0, then:

[afandn = 3 et = [ stutan)
wePart(k)

This corroborates the fact that Ar, is the identity map.
If ¢ tends to infinity, then:

lim [ 2FAp, (p)(dz) = Z en(p) = /xkA(u)(dx)

t——+o0
TeNC(k)

where NC(k) denotes the set of non-crossing partitions of {1,...,k} (see Section 5.1 for a precise
definition). Indeed, x(7) is positive unless 7 is non-crossing. Since the continuity of Ar w.r.t. the
weak topology is uniform in I', as it appears from the proof of Proposition 6.5 b), this proves that
Ar, tends to the Bercovici-Pata bijection A when ¢ goes to infinity, as expected.
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3.4. The distribution ]P)EJHZ\)I made more explicit. When p is a compound Poisson law, the definition

of ]P’gg has been made explicit in Section 2.1.1. In this section, we explicit ]P’Ej”lg for p a Dirac mass

or a Gaussian laws (the column vector Uy underlying the definition of ]P’Ej”lg staying as general

as possible). Since any infinitely divisible law is a weak limit of convolutions of such laws and
obviously, by the Formula (2.2) of the Fourier transform of Pg‘]\)ﬂ the law Pgﬁ depends continuously
on 4 and satisfies

P« PY) = PE),

this gives a good idea of what a random matrix distributed according to ]ngj\)l looks like. Moreover,

we also consider the case where u is a Cauchy law, where a surprising behaviour w.r.t. the
convolution appears.

First, it can easily be seen that if p is the Dirac mass at v € R, then ]P’;}ﬁ is the Dirac mass at

YE[UNURN] =~ (IE [[U~N(L)] —E [UN(l)MD + rank-one matrix.

Hence, due to Hypothesis 2.4 and Lemma 12.2, Ap(4,) = d for v/ =~T'(1).
Suppose that now p is the standard Gaussian law N(0,1) and that Hypotheses 2.4 holds. Let
Ux be as in Remark 2.5. Then the distribution ]P’gg only depends on « := E[|Un(1)|?|Un(2)|?],

v :=E[|Ux(1)|"] and 3 := dimg(K) : when v > a, ]P’;}ﬁ is the law of

g1 g

LELY ol [20
N N /% . + 1/ 75COVE,
g

gN

where g1,...,gn, g are standard Gaussian variables and GO(U)E designs a GOE or GUE matrix
(according to weither K = R of C) as defined p. 51 of Anderson et al. (2010) (i.e. a standard
Gaussian vector on the space of real symmetric or Hermitian matrices endowed with the scalar
product A - B := gTrAB). As a consequence, since when N — oo, a ~ I'(1,1) and v ~ NT'(2),

the spectral law of a Pg‘}i-distributed matrix converges to
Ar(p) = N(0,T'(2)) B (Semicircle law with variance 2I'(1,1)/03).

In the next proposition, we consider the case where p is a Cauchy law with paramater t:

tdx

w=Ci(dz) = TE )

Let P, be the associated kernel, defined by

B(f)(x) = / f(& +1)Ci(dy).

Proposition 3.5. We suppose that E[UnUx| = In. For My a ngc;)-distributed random matrix
and f: R — R bounded, for any N x N Hermitian matriz A,

E[f(A+ M)] = F(f)(A),
real functions being applied to Hermitian matrices via the functional calculus.

The following Corollary follows easily, using the vector Viy := Uxn/+/T(1) instead of Uy (with
Un as defined in Remark 2.5).

Corollary 3.6. Under Hypothesis 2.4, the set of Cauchy laws is invariant by U'p : for any t > 0,
AF(Ct> = Ct/, fO’I’ t/ = F(l)t
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4. Proof of Theorem 2.1 and Proposition 2.2

One proves the theorem and the proposition in the same time, by showing that under the
hypotheses of the theorem or of a) or b) of the remark, the Fourier transform of the left hand term
of (2.3), that we denote by M,,, converges pointwise to the right hand term of (2.2). Indeed, for
any Hermitian matrix A,

E[eiTr(AMn)] — (1 + E[\Ijn(UXIAUN/N)]>kn ,

kn

where for any z € R, ¥,,(z) := ky, [(e"® —1)dv,(t). The function ¥,, converges to ¥, as n — oo,
uniformly on every compact subset of R (this follows from Petrov (1995, Lem. 3.1) and from the
fact that % — ji uniformly on every compact set). It is enough to prove the result in the case

where the law of Uy is compactly supported. To conclude in the case where v,, = u*ﬁ (resp. in
the case where [ |t|v,(dt) = O(1/ky)), one needs to argue that there is a constant C' such that for
all t >0, Wt (A) < tC (|A] + A?) (resp. that [V, (z)] < Ky [ [t|vn(d)).

5. Preliminaries for the proof of Theorem 2.6 : partitions and graphs

The aim of this section is to introduce the combinatorial definitions which will be used in
the next section in order to prove Theorem 2.6. The conventions we chose for the definitions of
partitions, graphs, and for the less well-known notion of hypergraph are presented in Section 12.3
of the appendix.

5.1. Partitions.

e Let us recall that we denote by Part(k) the set of partitions of V = {1,...,k}, and by
NC(k) the set of non-crossing partitions of {1,...,k} (a partition 7 of {1,...,k} is said
to be non-crossing if there does not exist < y < z < t such that z ~ z % y ~ t).

e For any given partition 7 € Part(k), we denote by nc(w) be the minimal non-crossing
partition which is above 7 for the refinement order; the partitions induced by 7 on the
blocks of nc(w) are called the connected components of 7.

o If nc(7) has only one block, then 7 is said to be connected.

e We define thin(w) to be the partition induced by 7 on the subset of {1,...,k} obtained
by erasing ¢ whenever £ 4 1 L ¢ (with the convention k + 1 = 1).

e A partition 7 is said to be thin if 7 = thin(r).

For instance, for 7 = {{1,8,10},{2,4},{3,5},{6,7,9}} € Part(10) the partition nc(w) is
{{1,6,7,8,9,10},{2,3,4,5}} and Figure 5.3 illustrates of the operation 7 > thin(r).

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 8 9

FIGURE 5.3. Illustration of the operation m +— thin(7)

For any function f defined on a set F, we denote by ker f the partition of F whose blocks are
the level sets of f. For any partition = € Part(k), for each £ € {1,...,k}, we denote by m(¢) the
index of the class of ¢ in 7, after having ordered the classes according to the order of their first
element (for the example given Figure 3.2, we have (1) = 1, 7(2) = 2, 7(3) = 3 and 7(4) = 2,
w(5) = 3, 7(6) = 4),...). Moreover, 0 is identified with k¥ and &k + 1 is identified with 1, so that
m(0) = w(k) and w(k + 1) = 7(1).
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5.2. Graphs. Let G = (V,E = (e;,i € I)) be a graph, and = a partition of V. Let & be the
canonical surjection from V' onto w. The quotient graph G, is the graph with 7 as set of vertices

and with edges (e(-ﬁ)

. »1 € I) such that egﬁ) is the edge between 7(v) and 7(w) if e; is an edge
between v and w, with same direction if the graph is directed. Note that the quotient graph can
have strictly less vertices than the initial one, but it has as much edges as the initial one. Note
also that the quotient of a circuit is still a circuit.

For instance, let us consider the preceding partition m and G be the cyclic graph with vertex set
V={1,...,10} and edges 1 — 2 — --- — 10 — 1 (¢f. Figure 4(a) where we draw the partition
7 with dashed lines). The quotient graph G/, is then given by Figure 4(b) with V1 = {1, 8,10},
V2={2,4},V3={3,5} and V4 = {6,7,9}.

10 2

7 5
6 —

(a) A cyclic graph G and a partition 7 of its vertices

V1

V2

V3

(b) The quotient G/ of the left graph G by
the partition 7

FIGURE 5.4. A cyclic graph and one of its quotients

Let G = (V, E) a directed graph. For any vertex v € V, we denote by E*(v) the subset of
out-going edges from v, and by E~ (v) the subset of in-going edges to v:
Et(w) = {eceE;(F en)le=(v,0))}
E-(v) = {eeE; @ en)(e=,v))}

Notice that E*(v) and E~(v) are not necessarily disjoints.

Let us consider {1,..., N}¥ as a set of “colorings” of the edges of G’ by the colors 1, ..., N. For
any coloring ¢ € {1,...,N}¥ let nf(v,i) := |ET(v)Ne 1 ({i})] and n; (v, i) := |E~ (v)Ne 1 ({i})].
If for each vertex v and each color 4, n (v,7) = n (v,1), the coloring is called admissible.

Figure 5.5 presents an instance of an admissible coloring of G/, with three colors.

A partition 7 of the edges of G will be said admissible if it is the kernel of an admissible coloring.
In this case, for any vertex v € G, we define

n.(v) := (ny(v,1),n:(v,2),...... ) (5.1)
¢ coloring such that kerc = 7.
5.3. Hypergraph associated to a partition of the edges of a graph. Let G be a graph with vertex set

V, 7 be a partition of V' and 7 be a partition of the edge set of G. Then one can define H(r, ) to
be the hypergraph with the same vertex set as G/, (i.e. ) and with edges (Ew, W € 7), where
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V3

FIGURE 5.5. An admissible coloring

each edge Ey is the set of blocks J € 7 such that at least one edge of G/, starting or ending at
J belongs to W.

For instance, with 7, G/, and 7 as given by the preceding example Figure 5.5, H(w,7) is the
hypergraph with three edges drawn in Figure 5.6. Another example, where H (m,7) has no cycle,
is given at Figure 5.7.

FIGURE 5.6. The graph H(w,7) with w, G/ and 7 as given by the preceding example
Figure 5.5

The next proposition will be used in the following. For 7 a partition of the edges of a graph, a
cycle of the graph is said to be T-monochromatic if all the edges it visits belong to the same block
of 7.

Proposition 5.1. Let G = (V, E) be a directed graph, which is a circuit. Fiz w € Part(V') and T
be a partition of the edge set of G such that H(w,T) has no cycle. Then G is a disjoint union
of T-monochromatic cycles. As a consequence, T is admissible.

Proof. If 7 has more than one block (the case with one bloc being obvious), since G/ is a circuit,
one can find a closed path

~v = (vo, e1,v1, €2, ..., €k, Vk) (with vg = vg)
of G /» which visits each edge of G/, exactly once and such that e; and e, do not belong to the
same block of 7. For each edge e of G/, let E(e) be the edge of H(m,7) consisting of all vertices

of G/ which are the beginning or the end of an edge of G/, with the same color as e (i.e. in the
same block of 7 as e). Then (vo, E(e1),v1, E(ez2),...,E(er),v) is a path of H(m, 1), i.e. for all

0=1,<,k, vi_1,v € E(eg). Let us introduce i = 0 < i < --- < i, = k such that i1,...,4, are
the instants where the color of the edges change in v (i.e. foralls=1,...,p, e;._,+1,...,¢€;, have
the same color, and for all s =1,...,p— 1, e;, and e;_+1 do not have the same color. Then
:Y = (vian(eil)avilv """ 7vip71’E(eip)7vip)
is a also a path of H(m, 7).
Since H (m,7) has no cycle, hence is linear, v;, = E(e;, )NE(e;,.,,) forr=1,...,p—1and vy, =

v, = E(es; )N E(e;,). Let v;,, v ,,...,v;, asequence of pairwise distinct vertices, with v;, = vy,
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and r < s (this exists since v;, = v;,). Then s = r+1 otherwise (v;,, E(€;,,,), Vi, 41 - -, E(ei.), vi,)
would be a cycle of H(m, 7). Let us consider the path (vi_,€;,.1+1,vi +1,--.,€,,vi,). All the edges
have the same color, and this is a disjoint union of 7-monochromatic cycles.
Let us now apply the same trick to the reduced path
(vian(eil)a VigyeeyVips E(eis+1)7 s 7vip71’E(eip)7vip)'
This allows us to achieve by induction the proof of the proposition.
O

An example of 7 such that H(m,7) has no cycle is given at Figure 5.7 below (another example
of hypergraph with no cycle is given in Figure 10(b) of the appendix).

\%%

B y ;'V4
(Z. ;

V3

FIGURE 5.7. On the left: an admissible partition 7 of the edges of G/, whose corre-
sponding hypergraph H(w,7) (on the right) has no cycle.

6. Proof of Theorem 2.6

The proof of Theorem 2.6 will follow from Propositions 6.1 and 6.5 and Lemma 6.7 below. We
suppose that Hypothesis 2.4 holds.

6.1. Convergence of the mean spectral distribution in the case with moments. In this section,
we prove the following proposition. The parametrization of infinitely divisible laws via formula

= % is introduced in Section 12.2 of the appendix.
N

Proposition 6.1. Consider an infinitely divisible law p = v)°° such that o has compact support.
Define the mean spectral distribution /_Xg\‘;) of a Pgﬁ -distributed random matriz M by

/g(t)/_Xs\‘;) (dt) =E {% Trg(M)} (for any Borel function g).

Then 17\5\‘;) converges weakly, as N — 00, to a probability measure Ar(p) which depends only on u
and on the function I introduced in Hypothesis 2./. This distribution admits exponential moments
of any order, hence is characterized by its moments, given by Formula (2.7) in Theorem 2.6.

Let us introduce a Pg‘]\)r-distributed random matrix M and fix k£ > 1. Proposition 6.1 follows
directly from Lemmas 6.2, 6.3 and 6.4 below.

Lemma 6.2. For any N > 1 and k > 1, there is a collection (fn(7))repart(k) 0f numbers
depending only on the distribution of Un such that

E[%TrM’“}: S fv(me(n).

wePart(k)

Moreover, for any m, fn(7) is given by the formula

k
HU;:'](Z)*U;}(E+1)‘| , (61)
£=1

where (UY;)i>1 is a sequence of i.i.d. copies of Uy.

fn(r) = NIT=1=FE
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Proof. For each n > 1, set v, = u*% and let X}, X2, ... be a sequence of i.i.d. v,-distributed
random variables, independent of the U} ’s, so that according to Theorem 2.1, for

1N><n
My = — ; X ULUE,

the law of M,, converges weakly to Pg‘). Then it is immediate that for n large enough,
N

k
T [J U U

E[iTrM,’f} 1 > (Nin)!!m,,(un)ﬂi
/=1

N = Nk (Nn — [a])
wePart(k)

)

where for any T,

My (vy) =K

k
HXW)} =11 /t‘J‘dun(t).
/=1

Jem

Note that since the U},’s are column vectors, TrH?Zl U;\T,(Z)U;\T,(Z)* = ngzl U;\T,(Z)*U;\T,(Hl). More-
over, by Benaych-Georges (2005, Th. 1.6), n!™lm, (v,) — cx(u), which allows to conclude. [
n—oo

Let us now consider the large N limit of fy (7). Let G be the cyclic graph with vertex set
V={1,...,k} and edges 1 — 2 — --- — k — 1. The hypergraph H(m,7) is defined in Section
5.3 and the operator thin on partitions is defined in Section 5.1.

Lemma 6.3. For each m € Part(k), there is fr(mw) > 0 such that fn(m) e fr(m). The number

f () factorizes along the connected components of m and is given by:

fr(m) = > | RGO (6.2)
T partition of the edges of JEm
G/n s.t. H(m,T) has no cycle
If, moreover, Uy is a unitary vector, for any w, fr(m) = fr(thin(r)) and for m non crossing

fp(?'r) =1.

Before proving the lemma, let us give two examples to make the set of partitions 7 such that
H(m,7) has no cycle a bit more intuitive.

a) Consider for example the case k = 4 and 7 = {{1}, {2}, {3}, {4}} (trivial partition). Then it
can easily be seen that there is only one such 7: it is the trivial partition with only one block.

b) Consider now the partition 7 = {{1},{2,4}, {3}}. Then there are two such 7’s: the first one is
the one with only one block, containing all vertices; the second one is {{(1,2), (4,1)},{(2,3), (3,4) }}.
Proof. e Let us first prove that fi(7) has a limit fr(7) given by Formula (6.2) as N — oo. We
start with Formula (6.1), expand the matrix product, and use the independence of the U},’s and
the exchangeability of the entries Un(1),...,Un(N) of Un:

k
H U;\"[(é)* UJT\;(6+1)‘|
/=1

_ N|7r|717k Z E

1<ia, i SN

NlTl=1-k Z H E

1<iy,...,ix<N J€m

fw(m) = NFIIEE

k
[ToR© oy (M]
=1

H UN(ig) H UN(ig/)]

LeJ 0 st /4+1ed

_ N1k 3 AU TIE TTONGD T UN(ilT’)]v

T partition Jem Led ¢ st U+1ed
of the edges of G/

where for all T, AE' = N(N —1)---(N —|7] + 1) and i7 is a coloring of the edges of G/, with
kernel 7.
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Now, for each 7, for each J, let a,(J) be the number of blocks of T containing an edge having
J as an extremity. By Formula (2.4) of Hypothesis 2.4, as N — oo, the term associated to 7 is

O(NITI=1H171=S e ar (),

and that in the particular case where 7 is admissible, this term is equivalent to

NIFIHITI=1-2 e ar (J) H L(n,(J)).
Jem
Let us consider the hypergraph H(m, 7) defined at Section 5.3, with edges (Ew, W € 7). Notice
that each edge of G/, is included in one edge of H(m, 7). This implies that H(m,7) is connected.

Notice also that:
Y ar()) =Y liemy = Y |Ewl

Jem Jem Wer
wer

Hence, using Property 12.5, we know that

ol Il = 1= S () = fal + [l =1~ 3 1Bl
Jem wer
is non positive, and vanishes if and only if H(m,7) has no cycle. By Proposition 5.1, this proves
that fy(m) converges when N goes to infinity, with a limit given by (6.2).

e Let us now prove that fr(m) factorizes along the connected components of 7.

Suppose that 7 has at least two connected components, and let G be the cyclic graph on
{1,...,k} introduced in the statement of the previous lemma and G, = (7, E) be the associated
quotient graph. There exists at least one connected component 74 of m whose support A is an
interval [I,{']. The corresponding subgraph of G/, is connected to the rest of the graph through
two directed edges, e = (V1,V2) and &/ = (V5, V) withl—1e€ Vi, leVa, ' e Vsand ' +1 €V}
(with the usual identifications 0 = k and 1 =k + 1).

For instance, if we still consider the partition 7 = {{1, 8,10}, {2,4}, {3,5},{6,7,9}} € Part(10),
then the restriction of 7 to the interval {2,3,4,5} is a connected component of 7, and the corre-
sponding subgraph of G/ (cf. Figure 5.5 page 697) is its restriction to the set of vertices {V'2, V3},
and is connected to the rest of the graph by the edges e = (V1,V2) and &’ = (V3,V4):

V1

V4
V2

V3

FIGURE 6.8. The quotient graph G/, with the edges ¢ and e

Let us define the graph T’ (G/W) obtained from G /. by replacing the edges € and ¢’ by the edges
eo = (V5,Va) and 1 = (V1,V4). This graph has two connected components, one on the subset of
vertices 7|4, the other on the complementary 7 4. The first (resp. second) one, that we denote
by G (resp. Gyo), is the restriction of G/, to A (resp. A°), plus the edge &1 (resp. o).

For instance, T'(G /) is drawn for the preceding example in Figure 9(a).

Let us consider a partition 7 of the edges of G such that H(w,7) has no cycle. Since, by
Proposition 5.1, G/, is a union of pairwise disjoint 7-monochromatic cycles, £ and ¢’ belong to
the same block of 7. Let us define the partition T'(7) of T (G /,,) deduced from 7 by replacing e
and &’ by €p and ;7 in their block of 7 (see Figure 9(b)). It is easy to see that T is a bijection
between the set of partitions 7 of the edges of G/, such that H (7, 7) has no cycle and the set of
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pairs of such partitions of the two connected components of T'(G /). Moreover, n.(J) = npy(J)
for any J € m. The conclusion follows directly.

V1

V4

V2
€0

V3
(a) The graph T(G/r)

V2
€0

V3
(b) The coloring T'(7)

FIGURE 6.9. The graph T(G,,) and the coloring T'(T)

e Under the additional hypothesis that Uy is a unitary vector, it follows directly from Formula
(6.1) that fy(m) = fn(thin(r)), hence fr(m) = fr(thin(n)). It also follows from Formula (6.1)
that for ¥ = 1, fy({{1}}) = 1. If 7 is non crossing, then the partition induced by 7 on its
connected components are all some one-bloc partitions. Hence the fact that fr factorizes on its
connected components and the identities fr(w) = fr(thin(r)) and fr({{1}}) = 1 iterated imply
that fr(ﬂ) =1. (Il

Lemma 6.4. Let us define mg =1 and, for each k > 1,

my = Z fr(m)ex ().
wePart(k)

Then the radius of convergence of the series Y, %zk 18 infinite.

Proof. Claim: it suffices to prove the result under the additional hypothesis that T'(-) = 1.

Let us prove the claim. Recall that 7,0 are such that u = v7°°. Let & be the push-forward
of the measure o by the map t +— |t| and define fi := V717 Note that by Formula (12.9) of the
appendix, for any k, |ex(1)] < cx(ji). Let us define, the function T'(-) by T'(ny,...,ng) := 1 for
any integers mnq,...,n,. For C the constant of Equation (2.6), we have, for any k£ > 1 and any
m € Part(k),

0 < fr(r) < C* fr(m).

As a consequence, if one defines, for each k > 0,

= Y fr(m)ea (@),

wePart(k)
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we have |my| < C*my,, and it suffices to prove the lemma for 1y, instead of my. We have proved
the claim.

So from now on, we suppose that I'(-) = 1. It allows us to choose a particular model for
the random column vector Uy: we choose Uy such that its entries Uy (1), ..., Un(N) are i.i.d.
random variables whose law is the one of v/NBe®®, where B has law (1 — 1/N)&y + (1/N)d;, and
is independent of ©, who has uniform law on [0, 27]. This vector obviously satisfies Hypothesis
2.4 with T'(-) = 1.

Let us define the function gg(A) := - Tref4 on Hermitian matrices. To prove the lemma, it

- N
suffices to prove that for any 6 € R, the sequence ]P’Ej”lg (ge) stays bounded as N — oo, which, by

definition of the law P\, will be implied by the fact that

lim sup lim sup —E[Tr e N LI X UNUR ] < o0,
N—oo n—oo N
where for each n, the X7’s are i.i.d. with law y*=, independent of the U’s, some i.i.d. copies of
Un.
The Golden-Thompson inequality (c¢f. Tao (2012, Sect. 3.2)) states that for A;, Ay Hermitian

matrices, TreA1t42 < TreAte42. In the case where Ay, ..., Ay are random, independent, such
that for all i, E[e4] = m;Iy with m; > 0, we can deduce, by induction on k, that

1

NE[Tr et AR <y omy (6.3)

Let us now compute E[e%X"'UN UJ*V] for X, a u*%—distributed variable independent of Uy . Note
first that since the Lévy measure o of p has compact support, by for instance Sato (1999, Lem.
25.6), for all n, the Laplace transform of u*% is defined as an entire function on C and given by

the fonction e%‘i’('), where

At 1+t
_ At
::*2—2 fort =0
Since Uy is a column vector, we have
« an”UNH2 —1
e XnUnUL — 1 4 &8 UNUZ, (6.4)

1UN|?

with the convention (e! — 1)/t = 1 for t = 0. For any diagonal matrix D with diagonal entries
on the unit circle, DUy has the same law as Uy, hence the expectation of the right-hand term of
(6.4) is a diagonal matrix. Moreover, by exchangeability, for any f,

B[ (IUNIDIUN (0] = EL 0N I0N ) 1<k,

SO
nE[e%¢(9HUNH2/N) — 1]

Nn

. 1
E[e N X UNUR] = [y + NE[e%XnIIUNII2 —1)Iy = Iy + In.

Hence by (6.3), we have

Nn
1 0 \~NxXn i pri pris nE[e%Qb(”UN”z)_l]
—E[Tren 2= X UnUN] < (1 ,
eltrer s Pt Nn

As n — oo with N fixed, the function n(ew?() — 1) converges weakly to ¢(-). Moreover, the
random variable ||Uy || takes a finite set of values, hence nE[en¢(IUNI) — 1] — E[¢(||Ux]2)], so
that

lim sup — E[Tr e ¥ £ 25" X-UNUN] < ER@IUNIE/N)]

To conclude, it suffices to verify that E[¢(0||Un|?/N)] stays bounded as N — oo. It follows
from the fact that the law of |[Un|?/N is the one of Zﬁl B;, where the B;’s are i.i.d. with law
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(1-1/N)do + (1/N)é;. O

6.2. Convergence of the mean spectral distribution: extension to the case without moments and
continuity of the limit.

Proposition 6.5. a) For any x-infinitely divisible law i, the mean spectral distribution AEGL) of a

]P’;}ﬁ -distributed random matrix M, defined by

/g(t)[ig\’;) (dt) =E {% Tr g(M)} (for any function g),

converges weakly, as N — 00, to a probability measure Ar(u) which depends only on p and on
the function T introduced at Equation (2.5).
b) The limit measure Ar(u) depends continuously on the pair (1, T') for the weak topology.

Proof. a) Let (v, 0) be the Lévy pair of u. Note that if o is compactly supported, the result has
been established in Proposition 6.1, so we shall prove the result thanks to Lemma 12.2.

Let € > 0 and M > 1 such that Ay := o(R\ [-M, M]) < e. Let 0. (resp. 0o) the restriction of
o to [-M, M] (resp. R\ [-M, M]). Let ps be the compound Poisson law with Fourier transform:

2
Vo € R, /ei‘%duoo(t) = exp (/ (e —1) H—;ano(dx))
R x

The Lévy pair of pieo 18 (700, 0c0) for some voo € R. Let 7. = v — 700 € R, and let p. the
infinitely divisible law with Lévy pair (v, 0c). The law poo is a compound Poisson law whose

underlying Poisson variable has a parameter less than 2\, so by construction of the law Pgﬁ for

1 a compound Poisson given at Section 2.1.1, the expectation of the rank of a Pgb:)-distributed
matrix is not larger than 2e V.

Since p = pe * fioo, We have Pg‘}i = Pg‘;) * ]P[(J“N‘”) by (2.2). The mean spectral law of a ]P’;}L;)—
distributed matrix converges for any &, so the result holds by application of Lemma 12.2.

b) Let u, be a sequence of infinitely divisible probability measures that converges to a proba-
bility measure p (by Sato (1999, Lem. 7.8), we know that p is infinitely divisible). It is known
(see Gnedenko and Kolmogorov (1968, Th. 1, §19)) that if (y,,0,) denotes the Lévy pair of p,

and (v, o) the one of u, the weak convergence of p, to p is equivalent to the fact that

Yn — v and oy, (g) — o(g) for any continuous bounded function g. (6.5)

Let us also consider, for each n > 1, a sequence (U](\;z )) ~>1 of random column vectors which
satisfies Hypothesis 2.4. We suppose that there is another sequence (Uy)n>1 of random column

vectors which satisfies Hypothesis 2.4 such that the function I'("™) associated to (U J(\? )) N>1 converges
pointwise to the function I" associated to the sequence (Un)n>1.

Let us now prove that the sequence Apm) (in) converges weakly to Ar(u).

Let us first suppose that there exists M > 0 such that

Vi >1, on(—M,M]%) = 0.

Then, since the cumulants of y,, are more or less the moments of o, (see Formula (12.9) for more
details), we have convergence of the cumulants : for all k, ¢;(1n) — cx(p). Hence by Formula
n—oo

(2.7), the moments of Ape)(in) tend to the ones of Ar(u). It implies the weak convergence, since
Ar(p) is determined by its moments, as stated in Proposition 6.1.

Let us now deal with the general case. It suffices to prove that the Cauchy transform of
Ar@) (14n) converges pointwise to the one of Ap(u). So let us fix z € CT and € > 0. Define the
function g(t) := —&=. As in the proof of a), one can find M such that o(R\[—M, M]) < e and for

all n, o, (R\[-M, M]) < e. Hence with some decompositions u = pe * fioo and fiy, = fine * flooe




704 Florent Benaych-Georges and Thierry Cabanal-Duvillard

as above with u. and p, . having some Lévy measures supported on [—M, M] and peo and fin oo
some compound Poisson measures, we have

Ar()(9) = Ar(u) (@) < 520 IAr(u)(9) — Ar(an ) (9)] < 5o (6.6)

This is a consequence of the resolvent identity (see Equation (12.5), Lemma 12.2 in the Appendix).
Moreover, by what (6.5), un,e converges weakly to u. as n — oo. So by what precedes about the
compact case, Ape) (fin,e) converges weakly to Ar(ue). Joining this to (6.6), we get the desired
result. (]

6.3. Concentration of measure and almost sure convergence. To conclude the proof of Theorem
2.6, we still need to prove that that not only the mean spectral law of a ]P’gg—distributed random
matrix M converges to Ar(u) as N — o0, but also, almost surely, the empirical spectral law. By
the Borel-Cantelli lemma, it follows directly from what precedes and the following lemma.

Remark 6.6 (The associated Lévy process). There exists a Lévy process (My)s>0 with values in
the space of N x N Hermitian matrices such that M, has distribution ]P’[(J“N\) = (]P’;}g)*s for every
s > 0 (this is due to the fact that the distribution ng is infinitely divisible, see e.g. Sato (1999,

Cor. 11.6)). Let (PS(N’H ), s> O) be the corresponding semi-group: for every Hermitian matrix A,
every bounded function f:
PNH(f)(A) = ELf (M, + A)].

Let ANV the infinitesimal generator associated to this semi-group. Its domain contains the set
of twice continuously differentiable functions on N x N Hermitian matrices vanishing at infinity
and if (v, o) denotes the Lévy pair of p (¢f. Proposition-Definition 12.3), for any Hermitian matrix
A, we have, by Sato (1999, Th. 31.5),

ANS(F)(A) = ~df(4) [Dx]
X I‘Q
s [Nl @+ o0nvi) - 1] - Epar oa] | Eatan)

where df denotes the derivative of f and Dy = E [UnU}]. Note that for f : R — R extended to
Hermitian matrices by spectral calculus, we have df(A) [In] = f/'(A).

Lemma 6.7. Consider u an infinitely divisible law and g : R — R a Lipschitz function with finite
total variation. Then for every € > 0, there exists 6 > 0 such that for all N > 1,

IP’( >5)§26_N5

with M a PEJHA); -distributed random matriz.

3 Tra() = B | Tog(an)

Proof. Thisis an extension of Theorem I11.4 in Cabanal-Duvillard (2005) which is established for
a special case of Uy . Its proof only uses the fact that [|[Ux/v/N||2 = 1 (one has to notice that in the
present paper, what plays the role of Uy in Cabanal-Duvillard (2005) is UN/\/N). Theorem II1.4

in Cabanal-Duvillard (2005) can be readily extended to the case when E [||UN/\/N||§} is bounded

w.r.t. N. Then, we conclude noticing that by exchangeability and Equation (2.5), E [||UN/\/N||§}
converges to I'(2) + I'(1,1). Indeed,
E[lun/VNI3] = N2 E(UNG)+ NS EUNGPUNG)P)
i i#j
NTE[UN(IY + (1 = NTHE[U~ (1)?|Un(2)]%]
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7. Proof of Proposition 2.7

For each n > 1, let m,, be the n'"*"*™ moment of Ar(u). Let ¢ = inf T'(n)'/™. Tt suffices to
prove that there is € > 0 such that for all n even,

theorem

my, > " xn moment of a standard Gaussian variable,

i.e. that for all n even, m,, > ™| Party(n)|, where Parta(n) is the number of pairings of {1,...,n}.
The formula of m,, is given by (2.7), where each term is positive. Moreover, we know that
co(u) = Var(u) > 0. Hence it suffices to notice that for any k& > 1 and any n € Parte(k),
fr(m) > c*, which follows from the expression of fr(7) as a sum of positive terms in (6.2), where
the term associated to the trivial partition 7 with one block is

|| RXCHES | EHET

Jem Jerm

8. Proof of Theorem 3.1

First, in the case where o > 1, we can suppose the Yj;’s to be centered. Indeed, replacing
the Y;;’s by Y;; — E[Y;;] is a rank two perturbation of My, and by Lemma 12.2, a rank-two
perturbation of an Hermitian matrix has no influence on the weak convergence of its spectral law.

Let (P(t),t > 0) be a standard Poisson process, independent of the other variables. For each
B > 0, let us introduce both following approximations of the random matrix My ), :

P(N)X)

p
Z and Z X; - VIV
j=1 j=1

with V7 := (Yijljy,,|<Ban )11 € KVX! (this column vector depends implicitly on N and on the
cutoff parameter B). It is noticed in Sections 1 and 9 of Ben Arous and Guionnet (2008) that for
Z](VB) = ‘a/—qu]l‘yu‘SBaN, we have, for each n > 1,

B n
E|Z07P

B2n7a
Nn=1  Nos 2n—a«

and \/NIE[Z](VB)] = O(1) (this is where the recentering is necessary when a > 1). So Hypothesis
2.4 holds for Uy distributed as the V7’s, with

k
Ga(ny,...,ng) =TB) (ny, ... nyg) = B2t tn)—ka H S (8.1)

2ny — o
=1 “"

As a consequence, by Theorem 2.6, the empirical spectral law of M ~ converges almost surely, as
N — o0, to the law Apes) (u), with p the (compound Poisson) law of ZP()‘ X;. By Lemma 12.2
(applied with My = J\/ZN,,, and and M5, = My for all & > 0), the same holds for MN),,, because
by the Law of Large Numbers, as N, p — oo, with p/N — |
rank(My — M\Nm)
N

To prove the convergence of the empirical spectral law of My ,, by Lemma 12.2, it suffices to
prove that for any ¢ > 0, if B is large enough, then almost surely, for IV, p large enough,

rank(Mpy,, — ]\/ZN,,,) < Ne. (8.2)

—0 (almost surely).

But we have
p

rank(Mpy p, — My p) < Z 2]1‘/]-#‘7]--

The above right-hand-term is a sum of p independent Bernoulli variables with parameter

gN ‘= 1— (P(lylll S BCLN))N
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We have, for L the slow variations function introduced at (3.1),

—
P(|Y11| < Bay) =1 — B ®a3y*L(Bay) = 1 — B"ay"L(ay) x LBay) _,_ B +en)
L(CLN) N
where ey is a sequence tending to zero. As a consequence, as N — oo, gy tends to 1 —e 5B 7.
By some Laplace transform estimates like p. 722 of Ben Arous and Guionnet (2008), there is a
constant ¢ such that
P(rank(My p — My ) > 4pgy) < e~

hence by Borel-Cantelli’s lemma, almost surely, for N, p large enough (N and p grow together in
such a way that p/N — A), rank(My p, — M\Nyp) <4pgy. But 1 —e F" ~ B~ as B — o0, s0
for any fixed e, one can choose B such that almost surely, for N, p large enough, (8.2) holds. It
concludes the proof of the convergence.

Let us now denote by v the law of the X;’s and by A, (v, \) the limit of the empirical spectral
law of My ,. We shall prove that this is a continuous function of (v, @, A). By the formula given
for IB) at (8.1), for any fixed cutoff B, the limit spectral law of M ~,p depends continuously on
the parameters (v, a, A). Since the cutoff necessary to obtain a right-hand-term Ne in (8.2) can
be chosen uniformly on « and A as soon as they vary in compact sets which do not contain zero
(regardless to the law of the X’s), this proves the continuity.

9. Proof of Proposition 3.3

We first treat (together) the Gaussian and uniform cases. Exchangeability is obvious. Let
us now prove that for any diagonal matrix D = diag(e1,...,en) with diagonal entries in {z €
K 2] =1},

UnUL 2 DUNUL D, (9.1)
It will imply that the expectation of (2.4) is null as soon as the condition on multisets given
at Remark 2.5 is satisfied. Let {e1,...,en} denote the canonical basis of CV*!. For each ¢ =
1,..., N, let us denote by L, the law of Uy conditionally to the event Xy = ey (X is the random
variable with uniform law on {ey,...,en} that was introduced after (3.2)). We know that the law
L of Uy is given by

1 N
L(B) = > Ly(B) (9.2)
=1

for any Borel set B C K. Hence it suffices to prove that for all £, an L,-distributed vector V'
satisfies (9.1). So let us fix £ € {1, ..., N}, consider such a vector V = (V(1),...,V(N))T and
such a matrix D = diag(ey,...,en). Note that the entries of V' are independent and that all of
them except the ¢-th one are invariant, in law, by multiplication by any &;. Hence for D’ = 5;1[ N,
we have

(D'D)V 2 V.
As a consequence, we have
(D'D)VV*(D'D)* & vv*.
But we also have (D'D)VV*(D'D)* = DVV*D*, hence (9.1) is proved. It remains to prove (2.5)
and more precisely Formulas (3.4), (3.5) and (3.6). So let us fix k > 1, ny,...,nx > 1 and find
out the limit, as N — oo, of
NYE[[UN (1) - - [Un (k) 2]
Note that by (9.2), we have
Nkttt )R [[Uy (1P - [Un (k) [P] = (9:3)
(1= ) Nhm(motetm (1 — e tymttnn TT0 | E[|gam]+ (9.4)

k gt ) — N my e —T0s _t - k "
3 WA L1ty e 4 o] [T Elloa ] (95)
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First, as soon as one of the n;’s is > 2, the term of (9.4) vanishes as N — oco. The same happens
for each of the terms of the sum (9.5) if two of the n;’s are > 2. Equation (2.5) follows easily.

Let us now consider the case where Uy = Uy, for (U;/v/N);>¢ a solution of (3.3) whose initial
law is the uniform law on the canonical basis. Let us introduce the N x N matrix P; (the
dependence on N is implicit in P; and in Uy)

Pt = UtUt*/N

By a direct application of the matricial It calculus (see Benaych-Georges (2011, Sect. 2.1)), the
process (P;)i>0 satisfies the SDE

First, from this SDE, it follows easily that Tr P, = 1 for all ¢, so that ||U;||> = N. Second, it is easy
to see that the law of K is invariant under conjugation by any unitary matrix. By uniqueness,
in law, of the solutions of (3.3) and (9.6), given the initial conditions, it follows that for any
permutation matrix ¢ and any matrix D as in (9.1), QU; faw U; and DU, D* faw P;. It remains to
prove (2.5) and Formulas (3.4), (3.5) and (3.6). For each nq,...,n; > 0, let us define

f‘t(nh . 7nk) — N(N — 1) - (]\] —p+ I)E [|Ut(1)|2m ...... |Ut(k)|2nk} N*(er~~~er@)7
where p = |{¢; ny # 0}| (the dependence of I'; on N is implicit). We have to prove that

ft(nl,...,nk) e Ti(ng,...,ng).

Due to exchangeability and to ||U;|| = N, we have I';(1) = 1 and
Li(na,...,np) =Ti(na 4+ 1,no,...,np) + -+ Te(ny,. .., np_1,np + 1) + To(n, ... ng, 1), (9.7)

and since all |U;(i)|’s are < 1, if one considers two families nq,...,n; > 1 and nf,...,n} > 1 such
that n; < nj for all j, then

Li(na,...,ng) >Tu(nh, ... n}). (9.8)

It is easy to see that thanks to (9.7) and (9.8) and to the obvious formula I';(1) = 1, it suffices to
prove that

[i(2,2) — 0 and Li(n) — e ™ for all n > 2. (9.9)

N—o0 N —o0

For any multiset {k1,...,k,} of integers in {1, ..., N}, let us define
Ve(kis oo k) = N7MU (k)2 - - U (ka) [

(the dependence of ~:(---) in N is implicit). By exchangeability, E [y:(k1, ..., k)] only depends
on the level sets partition of the map j — k;. To prove (9.9), we have to prove

NZE [v,(1,1,2,2)] o (9.10)
and
NE |y(1,...,1)| — ™™ for all n > 2. (9.11)
N—— N—o0
n times
Recall that {ey,...,ex} denotes the canonical basis of CV*!. For each k > 1,

* * 1
d’yt(kﬁ) = ek(th)Ptek — €thth€k; + (N — ’yt(k)> dt.

As an application of the matricial 1td calculus (see Benaych-Georges (2011, Sect. 2.1)), we get the
quadratic variation dynamics

A3k, 2e(0)) = o Pk (6) — Lemere(R)]
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By Itd’s formula for products of semi martingales, it follows that E [y:(k1,..., k)] is a smooth
function of ¢ which satisfies the differential system
n—1
OEbu(hr, . k)] = =n (14 ) Elulhne ) (9.12)

1 & o .
+N;(2|{z;z<],ki_kj}|+1)E[fyt(kl,...,kj,...,kn)},

where we used the convention v¢(k1,...,kn,) = 1 if n = 0. Let us now prove (9.11). For each
n > 1, we define

q:(n) = Ne™E |[v(1,...,1)
——
n times

(the dependence of ¢;(n) on N is implicit). Note first that since ||U;]|> = N, for all n > 1,
E[JU:Q)"] NP <E[JU(1)°] =1,
so that ¢;(n) < e™. Moreover, by the differential system of (9.12), we have, for all n > 2,

dun(n) = ~"Faulm) + 5 D27~ Baun — 1),
=1

It follows that 9;q:(n) converges to zero uniformly on every compact subset of Ry as N — oo.
Since for t =0, ¢:(n) = 1 for each n, we get that for each n > 2,
qt (TL) — 17

N—o0

so that (9.11) is proved. Let us at last prove (9.10). Thanks to the differential system of (9.12)
and to the fact that E [y:(1,1,2)] = E [v(1,2,2)], we have

OE [v(1,1,2,2)] = —4 (1 + %) E[v(1,1,2,2)] + %E[”yt(l, 1,2)]

Due to exchangeability and to |Uz|| = N, both E [y:(1,1,2)] and E [y:(1, 1, 2)] are not greater than
m. Therefore, we get:

11

|0, (N2e"E [7,(1,1,2,2)])| < ~

Since 70(1,1,2,2) = 0, this proves (9.10). O

10. Proof of Proposition 3.4

Let 7 € Part(k) and T := T';; we have to prove that fr,(7) = e*(™* By the very definition of
K, it is obvious that k() = k(thin(7)) and that x is additive on the connected components of .
Therefore, due to Lemma 6.3, it is enough to prove that fr,(7) = ¢*(™* for 7 thin and connected.
Note that in this case, k() is equal to k.

We start from Formula (6.2) for fr,(7) and are going to prove that the only non-vanishing term
in this formula corresponds to the trivial partition 7 with only one block. This will imply:

th(T") — H Ft(|J|) — H e—|J|t — e—kt _ e—n(w)t
Jerm Jem
and this will prove the proposition.

For k =1, it is trivial. Let us suppose k > 1. Since « is thin and connected, it has a crossing
(and this implies in fact & > 4). Let us consider a non trivial 7 (i.e. with at least two blocks) such
that H := H(m,7) has no cycle. Let c be a coloring of the edges of G/, with kernel 7.

Since H is connected, there exists two blocks E and E’ of H with a non-empty intersection.
Let Jy € m such that {Jo} = E N E’ (since H has no cycle, this intersection is a singleton). Since
7 is thin, by Proposition 5.1, E is not a singleton. Let Jj € E\ {Jo}. Since the graph G/, is a
circuit, there exist at least one path from Jy to J and one path from J§ to Jy. But if they were
the only ones, there would be no crossing between Jy and the others blocks of E, and m would
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not be connected (¢f. for instance the (counter-)example page 696). Therefore there exist at least
two paths from Jy to Jj and two paths from Jj to Jy. Hence we deduce that nt(Jy,7) > 2 for
a certain colour i (see page 696 for the definition of n} (Jy,7)). With the same argument, we get
nt(Jo,j) > 2 for a certain j # i. This implies that

F(TLT(JQ)) = F(?’L;’_(Jo,f),f 2 1) =0.

Hence, [[;¢, I'(n,(J)) = 0, and this implies that the only 7 with a non-vanishing contribution to
the computation of fr, () is the trivial one with only one block. O

11. Proof of Proposition 3.5

Lemma 11.1. For any Hermitian matrices A, B with B positive, any column vector V, any
constant c € R:

E[(A+iB—cX,VV*)™ ' = (A+iB+itlc|[VV*) ™" (11.1)

with Xy a random variable with law C;.

Proof. On can suppose V to have unit norm. First, for f a rational function bounded with non

positive degree whose poles are all in C* := {z € C; §(z) > 0}, C:(f) = f(—ti) (it can be proved
via the residue formula if f(z) = ﬁ and can then be generalized by density). Second, for @ the

orthogonal projector on V+,
det (A+iB — cxVV*) = ((V,(A+iB)V) — cx)det|o(Q(A +iB)Q)

with det|q the determinant on the space VL. If we suppose ¢ > 0, this implies that the entries of
(A+iB — cxVV*)~! are rational functions of z with poles in CT. The equality (11.1) can then
be deduced from these two remarks. ]

Proof of Proposition 3.5. Let X}, ..., X " UL U%,... be as in Theorem 2.1, with X ~ C.
If we apply repeatedly the preceding equality, we obtain that for any Hermitian matrix A, z € (C?r,
ceR:

E[(zIn — A— (X UNUN + -+ XU UL™) /N) UK, ..., UR"]

= (a4t AUN A URTONT B
niN
When n — oo, UJIVUJIV*JF"JVUJ]VMUJJVVM tends a.s. to E[UnUj] = Iy by the law of large numbers,

and (X ULUN +- -+ XNnUJnUY™) /N tends in law to ]P’EC;) following Theorem 2.1. Therefore,
it is now easy to deduce that:

E[(zIn = A= M)7'] = (2In +itly — A)7' = P(f.)(A)

with f,(z) = (2 — x)~!. This establishes the proposition for f = f,. Using routine density and
linearity arguments, this is enough to prove the proposition. (Il

12. Appendix

12.1. Matrixz approximations in the sense of the rank. The Cauchy transform of a finite measure
ponRis G,(z) = [ %, for z € C*.

Lemma 12.1. Let uy be a sequence of random probability measures on the real line such that for
any € > 0, there is another sequence ;i converging weakly to a deterministic probability measure
uf and such that almost surely, for N large enough, for any z € CT,

[Gin (2) = G, ()] < == (12.1)

ST

Then pun converges weakly to a deterministic probability measure p = lime_,o u°.
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Proof. Almost surely, by (12.1), for any z € C*, the sequence G, (z) is a Cauchy sequence,
hence converges to a deterministic limit G(z) such that for any e,

Gu(2) = G (2)] < é (12.2)

So by Anderson et al. (2010, Th. 2.4.4 b)), uny converges vaguely to a measure p with total
mass < 1 such that G, = G and p1 = lim._.g 1°. To see that p is a probability measure, it suffices
to notice that for any measure v, iyS(G, (iy)) increases to ¥(R) as y 1 oo, and then to use (12.2). O

For M arandom N x N Hermitian matrix with eigenvalues A1, ..., Ay, recall that the empirical
spectral law of M is the random probability measure s defined by

1 N
s = N;M (12.3)

and that the mean spectral law of M is the deterministic probability measure 7z, defined, for any
bounded Borel function f, by

e (f) = Epar ()], (12.4)
with pps as in (12.3).

Lemma 12.2. For each N, let My be an N X N random Hermitian matriz. Suppose that for
any € > 0, there is a sequence M5, of random Hermitian matrices whose empirical (resp. mean)
spectral law converges almost surely (resp. converges) to a deterministic probability measure u®
and such that almost surely, for N large enough, rank(My — M5,) < Ne (resp. such that for N
large enough, E[rank(My — M%)] < Ne). Then the empirical (resp. mean) spectral law of My
converges almost surely (resp. converges) to a deterministic probability measure p = lim._,o p°

Proof. Let us first prove the almost sure version of the lemma. For any Hermitian matrix H
and any z € C*, we have ||(z — H) " !{|op < (S2)~%. So by the formula

(= B) ' = (=) = (= B) B A)e—A)

we have
|Tr(z — My)~! = Tr(z — My) 7| < 2(S2)7" x rank(My — My) (12.5)
and for any ¢, with probability one, for N large enough, for all z € C*
1 _ 1 _ 2e ) 2e
N Tr(z — My)™* — N’I‘r(z - M) < 5 e |Gy, (2) = GHM?V (2)| < 3

It follows that the sequences un := pny and pf; := parg, satisfy the hypotheses of the previous
lemma, which allows to conclude.
Let us now prove the ezpectations version of the lemma. Taking the expectation of (12.5), we
get
2e
|Grin,, (2) = Gyg (2 < 5
It follows that the (non random) sequences iy := fiy,, and pg := P, satisfy the hypotheses of

the previous lemma, which allows to conclude. (I

12.2. Infinitely divisible distributions and cumulants.
12.2.1. The classical case. Let us recall the definition of infinitely divisible laws with respect to
the classical convolution * (see Petrov (1995)).

Proposition-Definition 12.3. Let u be a probability measure on R. The we have equivalence
between :
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(i) there is a sequence (ky,) of positive integers tending to 400 and a sequence (v,) of proba-
bility measures on the real line such that as n — oo,
Vn*...*yn—>'u/, (126)
k, times
(ii) there is a continuous semigroup (N*t)te[o,oo) for the convolution * starting at dg such that
= p, _
(ili) the Fourier transform of y has the form [, _, edu(t) = e¥r(8) | with
, ité 2 +1
(€™ —1— )

v =ing+ | do (), (12.7)

R 241

::—% fort =0
~ being a real number and o being a finite positive measure on R.

In this case, p is said to be x-infinitely divisible, the pair (v, o), called the Lévy pair of p, is
unique, and p will be denoted by 7.

Part (i) of the above definition characterizes such laws as the limit laws of sums of i.i.d. random
variables, Part (ii) expresses them as the distributions of one-dimensional marginals of Lévy pro-
cesses, and Part (iii) is known as the Lévy-Kinchine formula. The pair (7, 0) can be interpreted as
follows: ~ is a drift, o({0}) represents the brownian component of the Lévy process associated to
i, and the measure 1, 1;2”2 do(z), when it is finite, represents its Poisson compound part (when
this measure is not finite, the Lévy process can be understood as a limit of such decompositions).

12.2.2. The free case. In Bercovici and Voiculescu (1992, 1993), Bercovici and Voiculescu have
proved that Proposition-Definition 12.3 stays true if one replaces the classical convolution * by
the free additive convolution H and Formula (12.7) by the following formula for the R-transform
of u:

Ro() =7+/Rf_—+tida(t) (12.8)

(recall that the R-transform of p is defined by the formula R,(z) = G;l(z) + 1, see Nica and
Speicher (2006); Anderson et al. (2010)). In this case, p is said to be B-infinitely divisible and is

denoted by vg?.

The map A : v]'7 € {*-infinitely divisible laws} — vg? € {B-infinitely divisible laws} is called
the Bercovici-Pata bijection. In Bercovici and Pata (1999) (see also Chistyakov and Gotze (2008)),
Bercovici and Pata proved that this bijection preserves limit theorems, i.e. that for any sequence
(ky,) of positive integers tending to infinity, for any sequence (v,,) of laws on R, for any *-infinitely
divisible law pu, we have

Up % kU — 1 <= v, B B, — A(p).
—_—— —_————

k,, times k, times

12.2.3. The cumulants point of view. Let u be a probability measure on R whose Laplace transform
is defined in a neighborhood of zero. Its classical cumulants are the numbers (¢, (u))n>1 defined
by the formula

log/ eStdu(t) = Z Cn—@ﬁ" (¢ € C small enough).
teR n

n>1
In the same way, for u a compactly supported probability measure on R, the free cumulants of
w are the numbers (K, (¢))n>1 defined by the formula

R,.(z) = Z o (p)2" 1 (z € C small enough).

n>1
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It can easily be seen (see e.g. Benaych-Georges (2006, Eq. (2.1))) that for any Lévy pair (v, ),
the classical (resp. free) cumulants of v)"” (resp. of vg;”) are the given by the formula

v+ [tdo(t) ifn =1,
kn(v)7) = cnlvg”) = (12.9)
St 21+ ¢*)do(t) ifn> 2.
Hence the Bercovici-Pata bijection can be seen as (the continuous extension of) the map which
transforms classical cumulants into free ones.

12.3. Combinatorial definitions. In this section, definitions and results can be found in the classical
book Berge (1973) of Berge.

12.3.1. Graphs. A graph G = (V,E) is characterized by a set V of vertices and a family F =
(e5,1 € I) of edges:

(1) If the edges are elements of V x V| G is a directed graph;

(2) If the edges are singletons or pairs of V, G is a non-directed graph.

Note that multiple edges are possible with this definition, since F = (e;, € I) is a family and
not a set, which means that the e;’s are not pairwise distinct.

In the following three definitions, we suppose G non-directed.

(1) A connected component of G is a block of the smallest partition of V' which is above E
w.r.t. the refinement order.

(2) A path in G is a sequence (vo, €;,,V1, €y, ..., €4, V) With & > 1, vo,..., 00 € V, €5, =
{vj—1,v;}. If, moreover, the vy = vy, then the path is said to be a closed. In this case, if
Vg, - .., Up—1 are pairwise distinct and 41, ...,%; are pairwise distinct, the path is said to
be a cycle.

(3) The cyclomatic number of G is equal to |I| — |V| + n, with n the number of connected
components of G.

The following proposition can easily be proved by induction on the number of vertices of G.

Proposition 12.4. For every non directed graph G, its cyclomatic number is non-negative. It
vanishes if and only if G has no cycle.

The previous definitions extend easily to the framework of a directed graph G = (V. E =
(es,i € I)). For example, a path in G is a sequence (vo,€i,,V1,€iy,.--,€5, V) With £ > 1,
Vo, .-,V €V, e = (vj—1,v;). In a directed graph, two cycles ¢, ¢’ are said to be disjoint if
they do not have any edge in common, i.e. if there is no i € I such that e; appears both in ¢ and
in ¢ (whereas they can have some vertices in common). We say that the directed graph G is a
circuit if a closed path of G visits each of its edges exactly once (vertices can be passed-by more
than once). One can easily prove (by induction) that any circuit is a union of disjoint cycles.

12.3.2. Hypergraphs. A hypergraph is a pair H = (V,E) , where V is a set (the vertices) and
E = (E;,i € I) is a family (the edges), of non-empty subsets of V' such that Ujc;E; = V. An
example is given at Figure 10(a). If the edges have only one or two elements, then H reduces to
a non directed graph.

The refinement order for hypergraphs defined on a same set of vertices is defined as the refine-
ment order on their sets of edges.

A connected component of H is a block of the smallest partition of V' which is above F w.r.t.
the refinement order. For instance, there is only one connected component in the hypergraph of
Figure 10(a), hence it is said to be connected.

Cycles are defined in hypergraphs as in non-directed graphs, except that cycles with length one
are not accepted (in fact, they do not make sense) : a cycle of H is a sequence (vo, E;;, v1, Eiy, - .,
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'/‘% A

(a) A hypergraph (b) A hypergraph with no cycle

FIGURE 12.10. Two examples of hypergraphs

ve—1, By, ve) with £ > 2] vg, vy, -+ -, vg—1 pairwise distincts, v = v, i1, .. ., i¢ pairwise distinct and
vj_1,v; € E;; for all j.

An example of hypergraph with no cycle is given in Figure 10(b). Notice that a hypergraph
with no cycle is linear: two different edges have at most one vertex in common. Notice also that
a hypergraph with only one vertex or only one edge has no cycle.

Proposition 12.5. Let n be the number of connected components of H. Then:
* Y ier|Eil = I[ = |V[+n=0;
o> ici|Eil = |I| = [V|+n =0 if and only if H has no cycle.

Proof. This is a standard result (see for instance Berge (1973, Ch. 7, Prop. 4)), which is a
consequence of Proposition 12.4. For the easyness of the reader, let us recall the short proof. We
associate to H a non directed graph G(H) with vertices V U I, and with an edge between z € V
and ¢ € I if and only if x € E;. The graph G(H) is simple, i.e. there cannot be more than one edge
between two of its vertices. Also, it has no loop, i.e. no edge from one vertex to itself. The number
of edges is equal to )., |E;|, and the number of connected components is 7, so the cyclomatic
number of G(H) is equal to ), |E;| — (V| + [I|) + n. It is non-negative, and vanishes if and
only G(H) has no cycle, which means exactly that H has no cycle. O
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