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ABSTRACT. We prove that independent rectangular random matrices, when
embedded in an algebra of larger square matrices, are asymptotically free with
amalgamation over a commutative finite dimensional subalgebra D (under
an hypothesis of unitary invariance). Then we consider elements of a W*-
probability space containing D, which have kernel and range projection in D.
We associate to them a free entropy constructed with micro-states given by
rectangular matrices. We also associate to them a free Fisher’s information
with a conjugate variables approach. Both approaches give rise to optimiza-
tion problems whose solutions involve freeness with amalgamation over D. It
could possibly be a first proposition for the study of sets of operators between
different Hilbert spaces with the tools of free probability. As an application,
we prove a result of freeness with amalgamation between the two parts of the
polar decomposition of R-diagonal elements with nontrivial kernel.

KEYWORDS: Free probability, random matrices, free entropy, free Fisher’s informa-
tion, Marchenko—Pastur distribution.
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INTRODUCTION

In a previous paper [3], we considered an independent family of rectangular
random matrices with different sizes, say nxp, pxn, nxn and pxp. We embedded
them, as blocks, in (1 4 p) x (1 + p) matrices by the following rules

M 0| ... . 0o M| ... .
[0 0} if Mis nxn, [0 0} if Mis nxp,

(0.1) M —

0 M M 0

and we proved that under an assumption of invariance under actions of unitary
groups and of convergence of singular laws (i.e. uniform distribution on eigen-
values of the absolute value), the embedded matrices are asymptotically free with

[0 0} if Mis pxp, [O O} if M is pxn,
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amalgamation on the two-dimensional commutative subalgebra D generated by
the projectors

I, 0 0 0

0 0" [0 I~

Asymptotically refers to the limit when n,p — oo in a ratio having a non neg-
ative limit. In fact, we considered not only two sizes n, p, but a finite family
q1(n),...,q4(n) of sizes, and the large matrices were represented as dxd block
matrices.

In this paper, we prove a similar result with different techniques (which
allows us to remove the hypothesis of convergence of singular laws). Then we
consider a W*-probability space (A, ¢) endowed with a finite dimensional com-
mutative subalgebra D. Note that such a situation can arise if one considers op-
erators between different spaces, say Hj, Hp, and embeds them in B(H; & Hj)
as it was made for matrices in (0.1). We define a microstate free entropy for N-
tuples (ay,...,ayn) of elements of A which have kernel and range projections in
D: it is the asymptotic logarithm of the volume of N-tuples of rectangular matri-
ces whose joint distribution (under the state defined by the trace) is closed to the
joint distribution of (a1, ...,ay) in (A, ¢).

This free entropy is subadditive, and we prove that it is additive only on
families which are free with amalgamation over D. This is one of the properties
that has made us consider this free entropy possibly relevant to study sets of op-
erators between different Hilbert spaces with the tools of free probability. These
results are proved using some change of variable formulae we establish here.
These formulae still remain valid for Voiculescu’s free entropy for nonhermitian
operators, as it is defined in Section 1.2 of [32] or p. 279 of [10].

Another optimization problem has given rise to an interesting analogy. In
the previous paper [3], for each A € (0,1), we defined a free convolution umw
of symmetric probability measures as the distribution in (g.Ag, ﬁq)) ofa+b,
where 4, b are free with amalgamation over D, have kernel projection < p =1 —

g € D and range projection < g such that % = A, and have symmetrized dis-

tributions y, v in (g.Aq, ﬁ(p) We established, in [2], and deepened, in [1], [4], a
correspondence (like the Bercovici-Pata bijection) between Eyinfinitely divisible
distributions and *-infinitely divisible distributions. In this correspondence, the
analogue of Gaussian distributions are symmetrizations of Marchenko—Pastur
distributions. In this paper, we prove that among the set of elements a with ker-
nel projection < p and range projection < g and such that ¢(aa*) < ¢(g), the
elements which maximize free entropy are the elements a such that the distribu-
tion of aa* in (q.Aq, ﬁgo) is a Marchenko-Pastur distribution.

We also construct a free Fisher’s information with the conjugate variables
approach for elements which have kernel and range projections in D. We have
a Cramér-Rao inequality, where Marchenko-Pastur distributions appear again
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as the distributions which realize equality, and a superadditivity result where
freeness with amalgamation over D is equivalent to additivity (when quantities
are finite).

The main relevance, according to the author, of these problems of optimiza-
tion, is the legitimization of these notions. Indeed, the analogous problems, for the
classical entropy and information on the one hand and for the entropy and the
information defined by Voiculescu on the other hand, have been solved (see [9],
[10], [15], [16], [14]), and the solutions were actually the analogues of the solu-
tions given here. This supports the idea that the notions proposed here are the
right ones to apply the tools and the ideas of free probability theory to the study
of operators between different Hilbert spaces. Moreover, the solutions of opti-
mization problems for entropy and information under certain constraints are, in
a sense, the generic objects which realize these constraints.

In Section 1 and 2, we define the objects we are going to use and we recall
definitions and basic properties of operator valued cumulants.

In Section 3, we prove that under certain hypothesis, freeness with respect
to the state ¢ implies freeness with amalgamation over the finite dimensional
commutative algebra D. As an application, we prove a result about polar decom-
position of R-diagonal elements with nontrivial kernel: the partial isometry and
the positive part are free with amalgamation over the algebra generated by the
kernel projection.

In Section 4, we prove asymptotic freeness with amalgamation over D of
rectangular independent random matrices (as a consequence of results of the pre-
vious section). This result is used in Section 5, where we define our microstates
free entropy and solve the optimization problems we talked about above, using
some change of variable formulae we establish in the same section. Similarly, in
Section 6, we construct our free Fisher’s information with the conjugate variables
approach and solve some optimization problems.

1. DEFINITIONS

In this section, we will define the spaces and the notions. For all d integer,
we denote by [d] the set {1,...,d}.

Consider a tracial *-noncommutative probability space (A, ¢) endowed
with a family (py, ..., ps) of self-adjoint nonzero projectors (i.e. Vi, p? = p;) which
are pairwise orthogonal (i.e. Vi # j, p;p; = 0), and such that p1 +--- +p; = 1.
Any element x of A can then be represented

X110 Xd

=
|

Xg1 o Xdd
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where Vi, j, x;; = p;xp;. This notation is compatible with the product and the
involution.

Let us define, for alli,j € [d], A;; = p;Ap; (the comma between i and j will
often be omitted). We call simple elements the nonzero elements of the union of
the A;’s (i,j € [d]). We define ¢; := %GD\A,-y with p; := ¢(p;). Note that, since ¢
is a trace, every ¢; is a trace, but fori,j € [d], a € Ajj, b € Aj;, one has

(1.1) pigi(ab) = pjp;(ba).

Note also that the linear span D of {p, ..., ps} is a *-algebra, which will be
identified to the set of dxd diagonal complex matrices by

d
Y Aipi ~ diag(Aq, ..., Ag).

i=1

The application E, which maps x € A to diag(¢1(x11), ..., 94(x44)), is then a
conditional expectation from A to D:

V(d,a,d") € Dx Ax D,E(dad’) = dE(a)d'.

A family (A;);e; of subalgebras of A which all contain D is said to be free
with amalgamation over D if for all n, iy # --- # iy € I, for all x(1) € A; N
kerE,...,x(n) € A; NkerE, one has

(1.2) E(x(1))---E(x(n)) = 0.

A family (x;);c; of subsets of A is said to be free with amalgamation over D if
there exists free with amalgamation over D subalgebras (.A4;);c; (which all contain
D) such that for all i, x; C A;.

The D-distribution of a family (a;);c; of elements of A is the application
which maps a word Xfoolefll -+ Xi"dy in X, XF (i € I) and elements dj, ... of
Dto E(ay)dia;! - - aj"dy).

It is easy to see that the D-distribution of a free with amalgamation over D
family depends only on the individual D-distributions.

Consider a sequence (A, ¢,) of tracial *-noncommutative probability
spaces such that for all #, D can be identified with a *-subalgebra of A, (the iden-
tification is not supposed to preserve the state). The convergence in D-distribution
of a sequence (a;(n));c; of families of elements of the A,’s to a family (a;);c; of
A is the pointwise convergence of the sequence of D-distributions. In this case,

if I = U L is a partition of I, then the family of subsets ({a;(n);i € L})ses
s€ES
is said to be asymptotically free with amalgamation over D if the family of subsets

({a;; i € L})ses is free with amalgamation over D.
It is easy to see that the D-distribution of a free with amalgamation over D
family depends only on the individual D-distributions.
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2. CUMULANTS

The theory of cumulants in a D-probability space (i.e. in an algebra en-
dowed with a conditional expectation on a subalgebra D) has been developed
in [24]. In this section, we will begin by giving the main lines of this theory, and
then we will investigate the special case of the situation we presented in the pre-
vious section.

2.1. GENERAL THEORY OF CUMULANTS IN A D-PROBABILITY SPACE. In this sec-
tion, we consider an algebra A, a subalgebra D of A, and a conditional expecta-
tion E form A to D.

Let us begin with algebraic definitions. A D-bimodule is a vector space
M over C such that the algebra D acts on M on the right and on the left. The
tensor product M ®p N of two D-bimodules M, N is their tensor product as C-
vector spaces, where for all (m,d,n) € MxDxN, (m-d) ®nand m ® (d - n) are
identified. M ®p N is endowed with a structure of D-bimodule by d; - (m @ n) -
dy = (d1-m) ® (n-dy). This allows us to define, for n positive integer, AP" =
ARp -+ @p A.

n times

Consider a sequence (f,),>1 of maps, each f, being a D-bimodule mor-
phism between A®?" and D. For n positive integer and 7w € NC(n) (noncross-
ing partition of [n]), we define the D-bimodule morphism f, between A®?" and
D in the following way: if 7 = 1, is the one-block partition, fr = f,. In the
other case, a block V of 7 is an interval [k,[]. If k = 1 (respectively | = n),
then fr(a1®---®an) = fi p1 (M@ @a) fr\ (v} (a141 @ - - - @ay) (respectively
foqvy(@ ® - @ag_1)fi gy1(ax ® - @ ap)). In the other case, one has 1 < k <
I < n. Then fr(a; ® - ®ay) is defined to be f\ vy (a1 @ - @ ag_1fi_p1(ax ®
@A) @A @ @an) of frn (@M@ a1 @ fi p (@@ ®@a)a @
--- ® ap), both are the same by definition of ®xp.

For example, if 7 = {{1,6,8},{2,5},{3,4},{7},{9}}, then

fr(a1® - ®@a9) = f3(a1f2(a2f2(a3 ® a4) ® as) ® ag f1(a7) @ as) f1(ag).

Let us define, for all n > 1, the D-bimodule morphism E, between A%?"
and D whichmaps 21 ® - - - ® a, to E(ay - - - a,). Then one can define the sequence
(cn)n>1 of maps, each ¢, being a D-bimodule morphism between A®?" and D,
by one of the following four equivalent formulae:

(2.1) vn,¥m e NC(n), Ex=)_ cs
o<t

(2.2) Vn, E.= Y. ¢
ceNC(n)

(2.3) Vn,Vm € NC(n), cn= ) (o, m)Ey;

o<1
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(2.4) Vn, ¢ = Z u(o,1,) Ey;
oeNC(n)
where y is the Mobius function [20], [14] of the lattice NC(n) endowed with the
refinement order.
The following result is a consequence of Proposition 3.3.3 of [24], used with
the formula of cumulants with products as entries ([26], Theorem 2), which can
be generalized to D-probability spaces.

THEOREM 2.1. A family (x;)ic of subsets of A is free with amalgamation over D
if and only if for all n > 2, for all non constant i € I", forall ay € x;,,...,an € Xi,, one
has cy(m ® -+ Q@ ay) = 0.

Note that this theorem is a little improvement of Theorem 1 of [26].

2.2. THE SPECIAL CASE WHERE D = Span(py,...,py). For the rest of the text,
we consider again, without introducing them, the same objects as in Section 1. By
linearity of the cumulant functions, we will work only with simple elements (i.e.
nonzero elements of the union of the Aij’s, 1<14,j<d).

(a) First, for all i,j,k,I € [d] such that j # k, one has A;; ®p Ay = {0}
(because p;py = 0). So we will only have to compute the cumulant functions on
subspaces of the type A;;, ®p Ai1ix @p - - - @p Aiy_1in, withig, iy, ..., iy € [d].

(b) Moreover, on such a subspace, ¢, takes values in A; ;,, because it is a D-
bimodule morphism. So, if iy # iy, since D N A;;, = {0}, ¢ is null on A;;, ®p
Aii, ®p - ®@p A;,_,i,- So it is easily proved by induction that for 7 € NC(n),
forallip, iy, ..., in € [d], cxisnullon A;;, ®p Aiyip ®p - - - ®p Aiy_1in whenever
ablock {k; < --- < kj} of is such that i, 1 # i,

(c) Hence the function c, factorizes on the complex vector space A;; ®p
Aii, ®p - @p A;,_,i, in the following way: for (ay,...,a,) € Ajj X --- X

iy qins
(2.5) cr(m®- - Qay) = ( H c,g;"’”)(akl®---®akm)> iy
Ver
V={ky<-<km}
where for all m, cﬁ,} ),. . .,cﬁf ) are the linear forms on the complex vector space
A®p™ defined by

e’ (x)
Vx € A%P™M ¢y (x) =
d
i (x)
Formula (2.5) can be written in the following way: for (ay,...,a,) € Ajj;, x -+ X
Ainflin’
(26) Cﬂ'(al ® e ® ai’l) = H Winrikm © Cm(akl ® e ® ﬂkm>,

Vern
V:{k1<"'<km}
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where for all i,j € [d], #; is the involution of D which permutes the i-th and the
j-th columns in the representation of elements of D as dxd complex matrices.

REMARK 2.2. In (b), (c), we only used the fact that for all n, ¢, is a D-
bimodule morphism, so everything stays true if one replaces c, by E; and c,
by E.

(d) Now it remains only to investigate the relation between the functions

(1) (d)

Cn'ye-o,Cy . We will prove, by induction on 7, a formula analogous to (1.1).

Consider (ay,...,an) € Ajji, X - -+ < A; i, with iy = i,. Then one has

2.7) i) (@ @ ®ay) = pi, iV (@ ® -+ @ ay @ ).

Forn =1, itis clear. Now suppose the result proved to theranks 1,...,7 — 1, and

consider (ay,...,an) € Ajyi, X -+ x A; i, withip = i,. One has, by formulae
(2.2),(2.5),
C;(/IIO)(ﬂ1®"'®aYl):(Pig(al...an)_ 2 H C(km)(akl®"'®akm)/
~——~——" 1eNC(n) en
X n<l, V={ki<-<km}
Y
cffl)(az R QRa,Raq) =
(o (ko))
@i (a2 anar) — ) [T o™ () @ ® ),
————~———"  7eNC(n) Ven
X/ n<l, V={ki<--<km}

Y/

where ¢ is the cycle (12 - - - n) of [n].
Since p;, X = p;, X' (by formula (1.1)), it suffices to prove that

PiOY = Pj Y,.
To do that, it suffices to propose a bijective correspondence 7t — 7 form NC(n) —

{14} to NC(n) — {1, } such that for all 7t € NC(n) - {1n},

k o(k
) X H Cm m) - ® akm = pj; X H Cm m) ‘T(kl - ® ag(km)).
Ve
V= {k1< <km} V= {k]< <km}

By induction hypothesis, the correspondence which maps 7 € NC(n) — {1, } to
7t defined by
kZ1 e a(k) 2ol

is convenient.
The following theorem has been proved in the section called Rectangular
Gaussian distribution and Marchenko—Pastur distribution of [2].
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THEOREM 2.3. For k,1 € [d] such that py < p;, b € Ay satisfies, for all positive
integer n,
Hoeb e - @b*) = %571,1
k
if and only if the moments of bb* in (A, k) define the Marchenko—Pastur distribution
with parameter % (defined p. 101 of [10]).

3. FREENESS WITH RESPECT TO ¢ VERSUS FREENESS WITH AMALGAMATION OVER D

3.1. D-CENTRAL LIMIT THEOREMS. On sets of matrices, || - || will denote the op-
erator norm associated to the canonical hermitian norms. A self-adjoint element
X of Ais said to be D-semicircular with covariance ¢ if it satisfies:
(i) c1(X) =0,
(i) Vd € D, cp(Xd® X) = ¢(d),
(iii) Vk > 3,Vdq,...,d, € D, Ck(Xdl (SRR Xdk) =0.
Note that it determines the D-distribution of X.

THEOREM 3.1 (D-central limit theorem). Consider a family (X;)i>1 of self-
adjoint elements of A which satisfy:
(i) X1, Xo, . . . are free with amalgamation over D,
(11) Vi, Vd € D,E(Xl) = O,E(deXl) = (p(D),
(iii) Vk,Vdq,...,d, € D, sup || E(X,‘dl - dek)H < 0.
i>1
Then Y, := ﬁ

1

X; converges in D-distribution to a D-semicircular element

It

with covariance .

This theorem is very close to many well-known results of free probability
theory (e.g. Theorem 4.2.4 of [24]).

We prove now a kind of multidimensional D-central limit theorem, analo-
gous to Theorem 2.1 of [29]:

THEOREM 3.2. Consider a family (T;)jcn of self-adjoint elements of A and a *-
subalgebra B of A containing D, such that

(H1) VYm,VBq,...,Bn € B, sup || E(TilBlTiz <o

i1, dm €N

(H2) form =1, for By,...,By € B, fora: [m] — N,

Bu)l| < oo,

Im

one has:
(1) E(BoTy(1)B1- * *Ta(m)Bm) =0 if an element of N has exactly one antecedent by «;
(i) EBoTu(1)B1- - “Ta(m)Bm) = @(Br)EBoTp(1)B1- * To(r—1)Br—1Br+1 * - To(su) Bm)
if no element of N has strictly more than two antecedents by o and a(r) = a(r + 1), with
1<r<m
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(iii) E(BoTy(1)B1 " * Ta(m)Bm) = 0 if no element of N has strictly more than two
antecedents by  and forall 1 <r < m, a(r) # a(r +1).

n
Consider B : N> — N injective, and define Xpn = ﬁ Y. Tg(m,j)- Then for
j=1

all m, Xy converge in distribution, when n — oo, to a D-semicircular element with
covariance ¢, and the family of subsets (B, ({Xmn})meN) is asymptotically free with
amalgamation over D as n — oo. Moreover, if we have the following then (H1) and (H2)
are satisfied:
(i) (B, ({T}})jen) is free with amalgamation over D;
(ii’) Vj,Vd € D,E(T;) = 0,E(T;dT;) = ¢(d);
(iii") Ym,Vdq,...,dy € D,sup|| E(Tjdl H Tjdm)|| < oo0.
jeN

Proof. We shall proceed as in the proof of Theorem 2.1 of [29]. First we prove
that (i), (it’), (iii") imply (H1), (H2). Then we prove that it suffices to prove the
result replacing (H1), (H2) by (i’), (ii’), (iii"), and at last we prove the result in this
particular case. For x € A, we define Xi=x— E(x).

Step I. Suppose that the Tj’s and D satisty (i), (ii'), (iil").

The proof of the fact that (i") and (iii") together imply (H1) is along the same
lines as the proof of 1° of the Step I of the proof of Theorem 2.1 of [29], so we
leave it to the reader.

Consider m > 1, By,..., By € B, a: [m] — N.

(H2)(i) follows from (i’), (ii"), and the following easy result:

(3.1) Va,b,ceA, [a}, {b, c}free with amalgamation over D]=E(bac)=E(bE(a)c).

Suppose no element of N has strictly more than two antecedents by « and
a(r) =a(r+1),withl <r < m.

Let us prove that
E(BoTy(1)B1+* Ty(m)Bm) = @(Br) E(BoTy(1)B1 -+ - Ty(r—1)Br—1 Br1* * * Ta(m) Bm)-

=A :=B

Suppose first that B, € D. Then {Y,(,)B;Yy(r41)}, {4, B} are free with amalgama-
tion over D, so, by (3.1),

E(BOTrx(l)Bl e Trx(m)Bm) = E(A E(sz(r)BVYa(r+l))B)'

But by (i), E(Y, () BrYa(r41)) = ¢(By), which allows us to conclude.

So, by linearity, we can now suppose that E(B,) = 0. In this case, ¢(B,) =0,
so it suffices to prove that E(BoTy(1)B1 « - * Ty(u)Bm) = 0. It follows from (i’) and
(1.2), applied to all terms of the right hand side of:

E(BOTa(l)Bl' ’ 'Ta(m)Bm) :E(AYa(r)BTYa(r+1)B) + E(A) E(Ya(r)BTYa(r+1)B)

+E(AYy(r)BrYa(r1)) E(B) +E(A) E(Yy () By Yy (1)) E(B).
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Suppose that no element of N has strictly more than two antecedents by «
and that forall 1 <r < m, a(r) # a(r + 1). By linearity, E(BoTy1)B1 -+ * Ty(n)Bm)
is equal to

Y. E((1p(0)Bo + 1pc(0) E(Bo)) Ty(g) - - - Ta(m) (1p(m)Bo + 1pc(m) E(By))),
pPc{0,...,m}
where for P C {0, ..., m}, 1p (respectively 1pc) denotes the characteristic function
of P (respectively of its complementary). It follows from (i") and (1.2), applied to
all terms of the sum, that E(BoT,(1)B1 - - * Tyy(su)Bm) = 0.

Step II. After having eventually extended A, consider a free with amalga-
mation over D family (X, ),,>1 of D-semicircular elements of A with covariance
@, which is also free with amalgamation over D with B. Let us show that in order
to prove that forall» > 1, By,...,B, € B,m: [r] = N,

E(BoXi(1),uB1 - Br-1Xou(r) uBr) —2 E(BoXy(1)B1 -~ Br—1Xy(s)By),

it suffices to prove it in the particular case where (i'), (ii"), (iii") are satisfied.
So consider r > 1, By, ..., B, € B,and m : [r] — N. Define, for n > 1, the set
P, = m([r])x[n], and define, for I = (py,...,pr) € P},

Iy = BoTg(p,)B1 - - Br-1Tp(p,) Br-

Then by linearity, there exists a family (Cj); of elements of {0,1}, indexed by
I € P}, such that we have:

E(BOXm(l),nBl T Br—lxm(r),nBr) = ﬁ ]Zp CIE(HI)'
by
By (H2)(i), if E(II;) # 0, then no element of P, appears exactly once in I.
Let Ry, be the set of elements I of P, such that no element of P, appears exactly
once in I and an element of P, appears at least three times in I. Its cardinality is
less than |P,|x|P,|"=3)/2¢1 = o(n"/?), so, since by (H1) there exists M > 0 such
that foralln, I € P}, || E(I1})|| < M, one has

1
e Y. G EI)|| — 0.
I€R,,
So
(32) nlEI;lo E(BOXm(l),nBl e Br,le(,),nB,)
exists if and only if
.1
Jim — Y. CrE(I)),

I€P}; such that each element
of P, appears exactly 0 or 2 times in [
exists, and in this case, the limits are the same.
But the computation of E(I1}), for elements I of P} such as those considered
in the previous sum, is completely determined by (H2). So the limit (3.2) will be
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the same (and exist in the same time) if one replaces the T;’s by another family
which satisfies (H1), (H2). In particular, by Step I, one can suppose that (i"), (ii’),
(iii") are satisfied.

Step 1II. Suppose now that (i’), (ii"), (iii") are satisfied. The previous theorem
allows us to claim that for all m, X, , converges in D-distribution, as n — oo,
to a D-semicircular with covariance ¢. Moreover, for all 1, the family of subsets
(B, ({Xmn})men) is free with amalgamation over D, so the theorem is proved. 1

The main theorem of this section is the following one. Recall that a family
(A;)ies of subalgebras of A is said to be free if for all n, iy # --- # i, € I, for all
x(1) € A, Nkerg,...,x(n) € A;, Nker ¢, one has

(33) p(x(1) ---x(n)) = 0.

A family (x;)ie; of subsets of A is said to be free if there exist free subalgebras
(A;)ies such that for all i, x; C A;. In order to avoid confusion between freeness
and freeness with amalgamation over D, freeness will be called ¢-freeness. We
use the notion of ¢-distribution of a family (a;);c; of elements of A: it is the ap-
plication which maps a word X' --- X;" in X;, X (i € I) to ¢(aj' ---aj"). Itis
easy to see that the ¢-distribution of a ¢-free family depends only on the individ-
ual g-distributions, and that the D-distribution of a family which contains D is
determined by its ¢-distribution. At last, recall that ¢-semicircular elements are
elements whose moments are given by the moments of the semicircle distribution
with center 0 and radius 2.

THEOREM 3.3. Consider, in A, a family (y(s))sen of ¢-semicircular elements,
and a subalgebra B of A which contains D such that the family (B, ({y(s)})sen) is ¢-
free. Then the family (B, ({y(s)})sen) is also free with amalgamation over D, and the
D-distribution of y(s)’s is the D-semicircular distribution with covariance ¢.

Proof. Consider B : NxN — N injective. By stability of ¢-semicircular dis-
tribution under free convolution, it is clear that for all n > 1, the family

(5.5 Lugonin), )

has the same ¢-distribution (and hence D-distribution, because contains D) as
(B, ({y(s)})sen)- So it suffices to prove that (B, ({y(s)})sen) satisfies (H1) and
(H2).

(H1) is due to the fact that for m > 1 and by,...,b,; € B fixed, for all
Sl/'--zsm S N/

d
B0y | = | X oulpsnta - ylsmbup) - |

1
= — by--- b
15k pkW(pky(sl) 1Y (sm)bmpi)l,
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which only depends on the partition 7z of [m] which links two elements i, j if and
only if s; = s;.
To prove (H2)(i), (ii), (iii), since for all x € A,

and the algebra B contains all p;’s, it suffices to prove it with E replaced by ¢.
Then it follows from the last assertion of Theorem 2.1 of [29]. 11

REMARKS ABOUT THE PREVIOUS THEOREM. (i) Let C be a subalgebra of A which
is gp-free with D. It is easy to see that for all x € C, E(x) = ¢(x) - 1, hence for all
n>1,a,...,a, €C,

(a1 ® - Ray) = Bylay,...,a,) -1,

where £, is the n-th ¢-cumulant function. So a ¢-free family of subalgebras of C
is also E-free: ¢-freeness implies vanishing of mixed ¢-cumulants, which implies
E-freeness, by Theorem 2.1. It is not enough to prove our result, because the
algebra C cannot in the same time be ¢-free with D and contain D, hence cannot
contain B.

(ii) This theorem recalls Theorem 3.5 of [18]. But to prove our result using this
theorem, it would be necessary to compute B-cumulant functions.

3.2. POLAR DECOMPOSITION OF R-DIAGONAL ELEMENTS WITH NONTRIVIAL KER-
NEL. In the following, we shall use polar decomposition of noninvertible elements
of von Neumann algebras (for example, in the following section, noninvertible
matrices). Recall that the polar decomposition of an element x of a von Neumann
algebra consists in writing x = uh, where h > 0 such that ker i = ker x, and u is
a partial isometry with initial space the orthogonal of ker x and with final space
the closure of the image of x (see the appendix of [7] or Section 0.1 of [27]).

R-diagonal elements have been introduced by Nica and Speicher in [13].
In this section, we consider a W*-noncommutative probability space (M, 7). In
1.9 of [13], R-diagonal elements of (M, T) were characterized as the elements x
which can be written x = uh, where u is a Haar unitary (i.e. u is unitary, and for
alln € Z — {0}, T(u") = 0), and h is a positive element T-free with u. If x € M
is R-diagonal and if x has a null kernel, then with the previous notations, uh is
the polar decomposition of x. In the case where x has a nontrivial kernel, the
polar decomposition of x is (up)h, where p is the projection on the orthogonal of
ker(x). In this section, we shall prove that up, h are free with amalgamation over
the algebra Span{p,1 — p}.

We first have to prove a preliminary result:

PROPOSITION 3.4. Consider the space (A, @) introduced in Section 1, suppose
moreover that (A, @) is a W*-probability space. Consider, in A, a family (y(s))sen of
normal elements. Consider also a subalgebra B of A which contains D such that the



RECTANGULAR RANDOM MATRICES, ENTROPY, AND FISHER’S INFORMATION 383

family (B, ({y(s)})sen) is @-free. Then the family (B, ({y(s)})sen) is also free with
amalgamation over D.

Proof. Let (N,T) be a W*-probability space which is generated, as a W*-
algebra, by a family x(s) (s € N) of T-semicircular elements and an algebra B
isomorphic to B by a map x — %, such that the family (B, ({x(s)})sen) is T-free.
The distributions of the x(s)’s are non-atomic, so for each s € N, there exists
a Borel function f; on the real line such that f;(x(s)) has the same distribution
as y(s). Note that the T-freeness (respectively freeness with amalgamation over
D) of a family (A;);c; of x-subalgebras of N (respectively of x-subalgebras of
N which all contain D) is equivalent to the ¢-freeness (respectively the freeness
with amalgamation over D) of the family (AY)ier of von Neumann algebras they
generate. So, by Theorem 3.3 and by the fact that for all s, fs(x(s)) € {x(s)}”, the
family (B, ({fs(x(s))})sen) is free with amalgamation over D. But the map

BU{y(s);seN} — BU{fs(x(s));s e N}

{z ifz € B,

z = _

fs(x(s)) ifz=y(s),

extends clearly to a W*-probability spaces isomorphism, hence the following
family is also free with amalgamation over D:

(B, ({y(s)})sen)-

COROLLARY 3.5. Consider a W*-noncommutative probability space (M, T), and
an R-diagonal element x of M with nontrivial kernel. Let py be the projection on ker x,
and py = 1 — py. Then the polar decomposition x = vh of x is such that :
(i) v, h are free with amalgamation over D := Span{p1, p2};
(ii) v has the D-distribution of up,, where u is a Haar unitary t-free with py;
(iii) the D-distribution of h is defined by the fact that h> = x*x and pyhp, = h.
Moreover, the projection on the final subspace of v is T-free with h.

Note that this result could also have been deduced from Lemma 2.6 of [22],
but the proof of this lemma is incomplete, and a complete proof of the lemma
would take as long as what we use to prove this corollary.

REMARK 3.6. Elements with T-distributions such as the one of v are called
a («, w)-Haar partial isometries in Remark 1.9 3° of [17].

Proof. By 1.9 of [13], x can be written x = uh, where u is a Haar unitary -
free with h, and the polar decomposition of x is (up2)h, where p; is the projection
on the orthogonal of kerx = kerh. Thus, with the notation D := Span{l —
P2, P2}, it suffices to prove the freeness with amalgamation over D of up, and h,
which follows from the freeness with amalgamation over D of u and k, which
follows from Proposition 3.4. The projection on the final subspace of up; is upou*
which is T-free with 1 by Lemma 3.7 of [8]. 1
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REMARK 3.7. In the same way, we can prove the following: let q; be the
projector on Ran(x) and g, = 1 — g1, then the polar decomposition of x is wh,
where:

(i) w, h are free with amalgamation over D := Span{qy, 42 };
(ii) w has the D-distribution of q1u, where u is a Haar unitary t-free with g1;
(iii) the D-distribution of  is defined by the fact that h* = x*x and pahpy = h.
Moreover, the projection on ker w is T-free with D.

4. ASYMPTOTIC FREENESS WITH AMALGAMATION OVER D
OF RECTANGULAR RANDOM MATRICES

Since in the present section we will prove asymptotic freeness with amalga-
mation over D of random matrices in an analogous way to the proofs of [29] and
[32], we shall frequently refer to those papers.

Consider, forn > 1, q1(n), ..., q4(n) positive integers with sum # such that

e S p1,..., 1 —2, pa (recall that py = ¢(p1),...,0a = ¢(pa))- Then for

all n, D can be identified with a *-subalgebra of the algebra 9, of complex nxn
matrices by

Mgy ()
V)\l, ... ,/\d e C, diag()\l,. . .,)\d) ~
Adlgy(n)
The image of each py will be denoted by pi(n). tr will denote the normalized
trace on M, while Tr will denote the trace. e(i, j; n) will denote the matrix-units
of M,,.

We shall refer to M, as a set of nxn random matrices (over a probability
space not mentioned here), while the elements of 91, (which is a subalgebra of
M,,) will be called constant matrices. M,, is endowed with the state E(tr(-)), and
the identification of D with a *-subalgebra of M,, allows us to speak of conver-
gence in D-distribution of random matrices.

The following result is an immediate corollary of Theorem 2.2 of [32] and of
Theorem 3.3.

THEOREM 4.1. Let, fors > 0,n > 1,Y(s,n) = Y a(i,j;n,s)e(i,j;n) bea
1<i,j<n
random matrix. Assume that a(i, j;n,s) = a(j,i;n,s) and that

{Ra(i,j;n,s);1<i<j<nseN}U{Sa(i,jns);1<i<j<nseN}

are independent Gaussian random variables, which are (0, (2n)~1) ifi < jand (0,n~1)
ifi = j. Let further (B(j,n));en be a family of elements of My, stable under multipli-
cation and adjunction, which contains py(n), ..., ps(n), such that for all j, the sequence
([ E(B(j, n))||)n is bounded, and which converges in D-distribution.
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Then the family ({B(j,n); j € N}, ({Y (s, n)})s) is asymptotically free with amal-
gamation over D as n — oo, and the limit D-distribution of each Y (s, n) is the D-
semicircular D-distribution with covariance ¢.

COMPARISON WITH THEOREM 4.1 OF [21]. Since the B(j,n)’s are diagonal and
since convergence in D-distribution is less restrictive than convergence for || - ||co,
which is the one used by Shlyakhtenko in [21], this result cannot be deduced from
Theorem 4.1 of [21].

In order to modelize asymptotic D-distribution of nonhermitian gaussian
random matrices, let us introduce the D-circular distribution with covariance ¢. It

is the D-distribution of an element of A which can be written ¢ = %, with a,a’

D-semicircular elements with covariance ¢, which are free with amalgamation
over D. Note that the D-distribution of ¢ can be defined by the following rules:
(i) c1(c) =c1(c*) =0,
(i) Vd € D,ca(cd®@c) = ca(c*d @ c*) =0,c2(cd @ c*) = ca(c*d @ ¢c) = ¢(d),
(iii)) Vk > 3,¢e1,...,¢; € {~,*},d1,. . dr € 'D,Ck(Csldl [P I ®C€kdk) =0.

COROLLARY 4.2. The hypothesis are the same as the one of the previous theorem,
except that the random matrices are not self-adjoint anymore, and their law is defined by
the fact that

{Ra(i,j;n,s); 1<i,j<nseNYU{Sa(i,jns);1<ij<nseN}

are independent gaussian random variables, which are (0,(2n)~1). Then the family
({B(j,n);j € N},({Y(s,n)})s) is asymptotically free with amalgamation over D as
n — oo, and the limit D-distribution of each Y (s, n) is the D-circular distribution with
covariance ¢.

Proof. Tt suffices to notice that if Y, Y’ are independent random matrices as
in the hypothesis of the previous theorem, then Y+712Y’ has the distribution of the
ones of the hypothesis of the corollary. 1

The previous corollary allows us to modelize asymptotic collective behavior
of independent rectangular gaussian random matrices with different sizes: con-
sider, fors > 0, k,1 € [d],n > 1, M(s, k,1,n) a random matrix of size gi (1) xq;(n),
with independent complex gaussian entries. In order to have a nontrivial limit
for asymptotic singular values of the M(s, k,I,1)’s (the singular values of a qxgq’
matrix M are the eigenvalues of MM* if ¢ < ¢/, and of M*M if g > ¢'), it is well
known, by results about Wishart matrices (see, e.g., [10], [19]) that the variance
of the entries must have the order of gi(n), i.e. of n. So we will suppose that
the real and imaginary parts of the entries of the M(s, k,[,n)’s are independent
N(0, (2n)~1). To give the asymptotic behavior of these matrices amounts to give
the asymptotic normalized traces of words of the type:

(41) M(Sll kl/ ll/ n)SIM(SZI k2/ 12/ n)SQ T M(sml km/ lm/ n)gml
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where m > 1,s1,...,5m € N, e1,...,em € {-, %}, k1,11, ..., km, lm € [d] such that
the product is possible and gives a square matrix.

In order to avoid problems of definition of the products, let us embed all
these matrices in nxn matrices: for all (s, k,1,n), M(s, k,1,1n) will be replaced by
X(s,k,1I,n) := px(n)Y(s,k,1,n)p;(n), where Y(s,k,1,n) is a random matrix as in
the hypothesis of the previous corollary. Then if the product (4.1) is not defined,
the product

(42) X(Sll kl/ ll/ n>el X(SZ/ k2/ 12/ n)ez e X(Sm/ km/ ZWLI n)ﬁm

is zero. In the other case, the product (4.2) is a simple element of M,, (simple
refers to the definition given in Section 1), whose only nonzero block is (4.1).
If moreover, (4.1) is a square matrix, its normalized trace is the only nonzero
coordinate of

E[(X(Slrkllll/n)glx(SZIkZ/ ZZ/n)SZ e X(SWZ/kM/ lm/ n)gm)]'

So the following corollary gives an answer to the question of the asymptotic
collective behavior of independent rectangular Gaussian random matrices with
different sizes.

COROLLARY 4.3. Let, fors > 0,k,l € [d],n > 1,
X(s,k,1,n) = pr(n) { Z a(i, j;n,k, l,s)e(i,j;n)} pi(n)
1<i,j<n
be a random matrix. Assume that
{Ra(i,j;n,k,1,s);i,j€[n], k 1€[d], seN}YU{Sa(i, j;n,k,1,s); i,j€[n], k, 1€[d], seN}
are independent Gaussian random variables, which are (0, (2n)~1). Let further

(B(j,n))jen
be a family elements of M, which satisfies the same assumptions as in the hypothesis of
Theorem 4.1.
Then the family ({B(j,n);j € N}, ({X(s,k,I,n)})sk1) is asymptotically free
with amalgamation over D as n — oo.

Proof. It is an immediate consequence of the previous corollary and of the
fact that freeness with amalgamation over D is preserved by multiplication by
elements of D. 1

For n > 1, the set of matrices U of py(n)M,, px(n) such that UU* = U*U =
pr(n) will be denoted by Uy(n). It is a compact group, isometric to the group of
gk (1) xqg(n) unitary matrices. By Lemma 4.3.10 p. 160 of [10], the partial isome-
try of the polar decomposition of X(s, k, k, n) is uniform on Uy (n) (i.e. distributed
according to the Haar measure).

PROPOSITION 4.4. Let, forn > 1, V(s,k,n) (s € N,k € [d]), be a family of
independent random matrices, such that for all s, k, V (s, k,n) is uniform on Uy (n). Let
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further (B(j,n))jen be a family of elements of 9y, which satisfies the same assump-
tions as in the previous results. Then the family ({B(j,n); j € N}, ({V (s, k,n)})sx) is
asymptotically free with amalgamation over D as n — oo.

Note that two elements of respectively Ay, Ay, with k # [ (or more gen-
erally of Ay, Ay, with {k,k'} N {1,I'} = @) are always free with amalgamation
over D, and that elements of Ay are free with amalgamation over D if and only
if they are free in the compressed space (A, ¢x). So without the set of constant
matrices, Proposition 4.4 would be an easy consequence of Theorem 3.8 of [29].
That being said, the proof of this proposition is very closed to the one of Theo-
rem 3.8 of [29].

The proof of the proposition relies on the following lemma. We endow M,
with the norms |M|, = (Etr(MM*)"/2)/". They fulfill Holder inequalities (see
[12]).

LEMMA 4.5. Let, for n > 1, (M(i,n));c; be a family of nxn random matrices,
and (B(j,n))jen be a family of elements of 9y, which satisfies the same assumptions
as in the hypothesis of Theorem 4.1. Suppose moreover that for all i € I,r > 1, the
sequence |M(i,n)|, is bounded. Suppose that for all 6 > 0 and n > 1, their exists a
family (M(i,n,8));c; of random nxn matrices such that :

(i) the family ({B(j,n); j € N}, ({M(i,n,6)})ic1) is asymptotically free with amal-
gamation over D as n — oo;
@) foralli € Lr > 1, r}Limm|M(i’ n,6) — M(i,n)|, := C(i,r,d) is such that
C(i,r,8) — 0.
6—0

Then the family ({B(j,n); j € N}, ({M(i,n)})icr) is asymptotically free with amalga-
mation over D as n — oo.

Proof. Note first that if a sequence (Dy,) in D is such that for all positive J,
there is a sequence (D, ()) in D which converges and such that nhrrolo IDy(6) —

D,|| := C(J) tends to zero as J tends to zero, then (D,) is Cauchy, and hence
converges. So, by Holder inequalities, the family ((B(j,n));en, (M(i, 1))ie1) has
limit D-distribution as n — oo. Moreover, Holder inequalities imply also that the
later limit D-distribution is the limit, for convergence in D-distribution, as J tends
to zero, of the limit D-distribution of ((B(j, n))jen, (M(i,1,0))icr) as n — oo.
But the set of D-distributions of families ((b;);en, (m;)icr) such that the family
({bj; j € N}, ({m;})ie1) is free with amalgamation over D is obviously closed, so
the lemma is proved. 1

Let us now give the proof of Proposition 4.4.

Proof. Consider independent random matrices X(s,k,n) (s € N,k € [d],n €
N), such that for all s,k,n, X(s,k,n) has the same distribution as X(s,k, k,n) of
the previous corollary. Then, as noted before, one can suppose that for all s, k, 7,
V (s, k,n) is the partial isometry of the polar decomposition of X(s, k, k, n).
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In this proof, we shall use a particular functional calculus with the matrices
X(s, k,n)*X(s, k,n).
Note that these matrices are simple elements of M,, (simple refers to the defini-
tion given in Section 1): they belong to py (1) M, pi(n). Here we shall “erase” the
action of a function f on the orthogonal of the image of the projector py(n). This
means that f(X(s, k,n)*X(s, k,n)) will mean py(n)f(X(s, k,n)*X(s, k,n))px(n).
So we can write:

V(s k,n) = Elir(x;+ X(s,k,n)(e+ X(s,k,n)*X(s, k,n)) /2.

Step I. As stated in the Step I of the proof of Theorem 3.8 of [29], there exists
C > 0 such that for all continuous bounded function f : [0,00) — (0, c0), for all
polynomial P, all 5,k, and all 7 > 1, the limsup of

111L7moo|X(s,k,n)P(X(s,k,n)*X(s,k,n)) — X(s,k,n)f(X(s, k,n)*X(s, k,n))l|r

is not larger than C sup |P(t) — f(t)].
0<t<C
Step II. Consider € > 0, and let

Y (s, k,n,e) = X(s,k,n) (e + X(s,k,n)* X(s,k,n)) 172,
We claim that the family
({B(j,n); j € N}, ({Y(s,k,n,€)Hsk)

is asymptotically free with amalgamation over D as n — co. It is an easy applica-
tion of the lemma, using, for all positive J, the random matrices

X(s,k,n)Ps(X(s, k,n)*X (s, k,n)),

where Pj is a polynomial such that sup |Ps(t) — (¢ +t)~1/2| < 4. Let us prove
0<t<C

that the hypothesis of the lemma are satisfied. For s, k,r, the boundness of the
sequence (|Y(s,k,n,€)|r)n comes from the boundness of the function t — (t/ (e +
t))l/ 2 on the positive half line, (i) is due to the previous corollary, and (ii) follows
from Step L.

Step III. The conclusion is another application of the lemma, where the
Y (s, k,n,¢)’s will play the roll of the M(i, n,6)’s (and ¢ the roll of §). Let us, again,
prove that the hypotheses of the lemma are satisfied. For s,k,r, the sequence
(|V (s, k,n)|r)n is bounded because the matrices are in Uy (1), and (i) follows from
Step II. Let us prove (ii). We have

|Y(s, k,n,e)— V(s kn)|

= |V(s,k,n)(X(s,k,n)*X(s,k,n)) (e + X(s,k,n)" X (s,k,n)) 12 = V(s,k, n)]|
= [(X(s,k,n)"X(s,k,m)) (e + X(s,k, 1) "X (s, k, 1)) 12 — pi(m)) |

12

But 0<t<el? = 0 —— <1,
(e+1)172
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81/2 tl/Z
< <1
2(1+€72) = (e+1t)12
So, if Q(n) denotes the spectral projection of X(s, k,n)*X(s, k, n) for [0,e!/?],

gl/2
|V(S,k,n) —Y(S,k,nis)‘r < E(tr(pk(n)Q(n)pk(n))) "‘m,
so (ii) is checked, since it is known (see [28] for a precise result) that there exists a
constant C’ such that

Tim E(tr(pe(n)Q(n)pe(n))) < C'e'2.

Note that, as in Remark 2.3 of [32], it is obvious that the previous proposi-
tion also holds for subsequences of the natural numbers. It allows us to prove the
following corollary. Its proof is along the same lines as the one of Corollary 2.6
of [32]: it relies on the fact that the topology of convergence in D-distribution, for
countable families, has countable bases of neighborhoods, and hence if for all #,
X(i,n) (i € I countable) is a family of random matrices with norms uniformly
bounded, one can extract a subsequence k(1) < k(2) < --- such that the family
(X(i,k(n)))ics converges in D distribution.

COROLLARY 4.6. Let, forn > 1, V(s,k,n) (s € N,k € [d]), be a family of
independent random matrices, such that for all s, k, V (s, k,n) is uniform on Uy(n) and
let F(Nx[d]) > g +— V8&(n) € M,, be the semigroup morphism which maps the (s, k)-th
generator to V (s, k,n). Then, given N € N,R > 0, and go, ..., gn € F(Nx[d]) — {e},
the suppremum, over families By, ..., By of elements of My, such that for all k € [N],
I B|| < R and E(By) = 0, of the following tends to zero as n — oo:

| tr(V8(n)B1V81(n)By - - - VEN-1(n) BNy V38N (n))].

At last, in the same way, one can translate the proof of Theorem 2.7 of [32]
to prove the following proposition:

and t>el? = 1—

PROPOSITION 4.7. Let, for n > 1, V(s,k,n) (s € N,k € [d]), be a family of
independent random matrices, such that for all s, k, V (s, k,n) is uniform on Uy(n) and
let F(Nx[d]) 5 g — V8(n) € My, be the semigroup morphism which maps the (s, k)-th
generator to V (s, k,n). Fix N € Nand R > 0. Let, for eachn € N, By(n),...,By(n)
be nxn constant matrices such that for all k € [N], ||Bx(n)|| < R and E(Bx(n)) = 0.
Then, given o, ...,gn € F(Nx[d]) — {e} and € > 0, the probability of the following
event tends to 1 as n goes to infinity:

{1 E(VE (1) By V& (n)By - - - VEN-1(m) BN VEN (1) )[| < €}

5. ANALOGUE OF FREE ENTROPY OF SIMPLE ELEMENTS: THE MICROSTATES APPROACH

5.1. DEFINITIONS. For g,q’ positive integers, we will denote by M, (9; when
q = q') the set of gxq’ complex matrices.
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From now on, we suppose (A, ¢) to be a tracial W*-probability space, en-
dowed with a family of projectors such as presented in Section 1: A is endowed
with a family p, ..., p; of self-adjoint pairwise orthogonal projectors with sum
1, and for all k € [d], px denotes ¢(py). If a is a simple element of A, the unique
(k,1) € [d]? such that a € Ay ; will be called the type of a.

In this section, we shall define the entropy of families of simple elements
of A as the asymptotic logarithm of the Lebesgue measure of sets of matrices
with closed noncommutative moments. Thus we have to define, for all n, a set of
matrices M, (a) where we shall choose the microstates associated to a simple ele-
ment a. We let, for k € [d], gx(n) be the integer part of pxn. With this definition of
q1(n),...,q4(n), we keep the notations introduced in the beginning of Section 4.
We define, for (k,I) € [d]? and n positive integer,

Mk, 1) = pi(n) My (n).

M, (k, 1) is endowed with the Lebesgue measure arising from the Euclidean struc-
ture defined by (M,N) = R(Tr M*N). The norm arising from this Euclidean
structure will be denoted by || - ||2, whereas || - || still denotes the operator norm
associated to the canonical hermitian norm on C". We denote in the same time,
without distinction, by A the tensor product of these measures on any product of
such spaces.

Consider a4, ...,ay € A simple elements with respective types

(k(1),1(1)), ..., (k(N),I(N)).
Let us define, for n, r positive integers, ¢, R positive numbers,
Ir(ay,...,an;n,7,€)

the set of families (A1, ..., An) € M, (k(1),1(1))x- - -xMy, (k(N),I(N)) such that
foralli=1,...,N, [|Aj|| < Randforallp € {1,...,r},foralliy,...,i, € [N], for
alley,...ep € {*,-},

IE(AT -~ AY) —E(af! ---a!) | <e.
Let us then define

1
7(?(111,. ..,an;1,€) = limsup ﬁlogA(FR(al,...,aN;n,r,s)) + Llogn+ D,

n—oo
where
d
L= ) prpil{i € [N]; a; has type (k, 1)},
kI1=1
d
D =Y ptlogpi/{i € [N]; a; has type (k,k)}|.
k=1
We define then

)(g(al,. . aN) = irngf)(g(al,...,al\];r,s),



RECTANGULAR RANDOM MATRICES, ENTROPY, AND FISHER’S INFORMATION 391

and at last,
)(D(al, co.,aN) = supxg(m, e, aN)-
R

5.2. PARTICULAR CASES, COMPARISON WITH ALREADY DEFINED QUANTITIES.

5.2.1. CASE WHERE ALL 4;’S ARE OF THE SAME TYPE (k, k). Then

X?(m, co,aN;T,E) = pz)gvom(al, o AN T, €/ PK),

where )(VOIC(al, ...,an;1,¢€) stands for xg(ay,...,an;r ¢€) as it is defined in Sec-

tion 1.2 of [32] or p. 279 of [10], when considering a1, ...,ayn as non-selfadjoint
elements of (A, ¢x)-

5.2.2. CASE WHERE N = 1 AND a7 HAS TYPE (k,I), WITH k # I, gx(n) = q;(n)
FOR ALL n. Then Ir(a;n,1,¢) is the set of matrices A € My (k,1) = M, () such
that ||[M|| < R and for all s positive integer such that 2s < r, the s-th moment of
the spectral law of AA* is within € with the s-th moment of the distribution of aa*
in (A, ). Thus xP(a) = p2(x Vmc(aa*) — log px), where xY°I°(aa*) is defined
on p. 282 of [10], when considering aa* as a positive element of (A, ¢x).

Note that, if u is the distribution of aa* in (A, ¢x), then

3
X7 (aa* //loglx—y\dﬂ( )du(y) +log 7 + .

5.2.3. CASE WHERE N = 1 AND a; HAS TYPE (k,1), WITH k # I. Then I'r(a;n,r,¢)
is the set of matrices A € 9, (k, 1) such that || M|| < R and for all s positive integer
such that 2s < r, the s-th moment of the spectral law of AA* is within & with the
s-th moment of the distribution of aa* in (A, ¢x) and the s-th moment of the
spectral law of A* A is within ¢ with the s-th moment of the distribution of a*a in
(Aj, @;). Let us define

] distribution of aa* in (A, k) if px < py,
| distribution of a*a in (Ay;, ¢1)  if pr > o1
Then we prove the following proposition (proof postponed in the appendix):
PROPOSITION 5.1. If R? is more than the supremum of the support of u,
B/a
D 2 T L
(5.1) xg(a)=un Z(y)—i—(ﬁ—rx)zx/log xdp(x)+ap (log ;—1—1) + e / xlog xdx,
B—a/u
where X(p) = [[log|x — y|du(x)dpu(y), & = min{py, o} and p = max{px, o;}-

We can verify that when a = §, this formula coincides with the formula of
xP(a) given by 5.2.2.
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5.3. PRELIMINARY LEMMA. The following lemma is a very useful tool for inte-
gration on sets of rectangular matrices. It gives the “law” of the singular values
of rectangular matrices distributed according to the Lebesgue measure. Its proof
is postponed in the appendix. Consider 1 < g < ¢’ integers. Denote by 9, s the
set of gxq' complex matrices. Denote by U, the group of gxg unitary matrices,
and by Tj the torus of diagonal matrices of U;. As an homogeneous space, U,/ T,
is endowed with a unique distribution invariant under the left action of i, de-
noted by ;. Denote by U, , the set of matrices v of M, ;» which satisfy vo* = I,
(i.e. whose lines are orthogonal with norm 1). As an homogeneous space (under
the right action of Uy/), U , is endowed with a unique distribution invariant un-
der these actions, denoted by 7y, ;. Note that 7, ;s is also invariant under the left
action of Uj.

LEMMA 5.2. Define
R{i’< ={xeR;0<x < - < x4}
Then the map
Yo U/ TyxRY xUyy — My
(uTy, x,v) udiag(x1,...,xq)1/2u*v

is injective onto a set with complement of null Lebesgue measure. Moreover, the push-
forward, by ¥ =1, of the Lebesgue measure, is g ® Oqq @ Vq,q, Where o, 4 is the proba-
bility measure on R‘i’ < with density

ﬂ_’qq/

7 ( i
—1 . -1 .
H;Izl J! H?:q’*q]! =i

(5.2)

REMARK 5.3. It will be more useful to use the following consequence of the
lemma. Let us denote, for G compact group, Haar(G) the Haar probability mea-
sure on G. The measures 7, and 1, are push-forwards of Haar({/;), Haar(U,)
by the respective maps u — uT,, v — Pv, where P is the gx4’ matrix with diago-
nal entries equal to 1, and other entries equal to 0. Then the map

v . Uq X (R+)¢7 X Uq/ — mq’q/
u,x,0) — udiag(xy,...,x,)2u*Po
( ) glx1 q

is surjective and the push-forward of the measure Haar (if;) ® %(NTM/ ® Haar(Uy )

by ¥ is the Lebesgue measure, where &, . is the measure on (R*)" with density

given by formula (5.2).

T4,q

5.4. CLASSICAL PROPERTIES OF ENTROPY. The following properties are analo-
gous to properties of Voiculescu’s entropy, the proofs are analogous too, and the
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straightforward adaptation will be left to the reader. For the proof of Proposi-
tion 5.5, the classical change of variables formula used for square matrices needs
to be replaced by the result given below Lemma 5.2.

PROPOSITION 5.4. )(D is subadditive: for1 < m < N,

xP(ai,...,an) < xPlay,...,am) + xP(apgr, . .- an).

PROPOSITION 5.5. For Ry > R > max{||a1]|,..., ||an||}, we have

Xgl(al,...,aN) =xR(ay,... an).

PROPOSITION 5.6 (Upper semicontinuity). Consider, form > 1,a,,1,...,8mN
simple elements of A such that :
(i) for all i, a,, ; has the same type as a;;
(ii) the family (ap, 1, ..., amN) converges in D-distribution to (ay,...,an);
(iii) for all i, the sequence ||ay, ;|| is bounded.
Then xP(ay,...,an) = limsup xP (a1, ..., amN)-

For example, the proposition holds if for all 7, a,,; has the same type as 4;
and converges strongly to a;.

PROPOSITION 5.7. Consider by, ...,by simple elements such that for all i &
[N], b; has the type of a; and b; —a; € {a1,...,a;_1}". Then xP(ay,...,an) =
D
xP (b1, ..., by).

5.5. ENTROPY AND FREENESS WITH AMALGAMATION OVER D. Adapting the
Section 5 of [30] and using Proposition 4.7, we obtain the following result:

THEOREM 5.8. If the simple elements aq, . .., ay are free with amalgamation over
D, then

XD(all . .,HN) = XD(al) +e +XD(aN)'

5.6. CHANGE OF VARIABLE FORMULA. Consideray,...,ay € A simple elements
with respective types (k(1),1(1)),..., (k(N),I(N)). In this section, for i € [N], in
order to simplify expressions, we denote M, (k(i),1(i)) by 9, (a;). Since we are
going to work with adjoints of the a;’s, we have to define, fori € [N], ¢ € {x,1},
(k(i,€),1(i,€)) to be the type of af i.e.

(I(), k(i) ife= =,
(k(i),1(i)) ife=1.

Define F to be the set of formal power series in the noncommutative vari-
ables X1, X7, ..., Xy, X3; endowed with the natural involution F — F*. Let us
define, for m > 0,i1,...,im € [N],€1,...,em € {1,%},C the map from F to

(k(i,e),1(i,e)) = {

ilr“'rim
e €1s0sEm
C which maps a series F to its coefficient in Xl.l1 ce X5

Im
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A multi-radius of convergence for F € F is a family (R, ..., Ry) of positive
numbers such that

M(F;Ry,...,RN) =Y ) ICiy, i (F)|R;y - -+ Ry, < 00.
m=0 iy, iy€[N]  ElrFfm
€1, mE{*1}

Define, for i € [N], the set F; of formal power series F € F such that for all
m >1,foralliy,...,ime1,...,en suchthat C; ; (F) # 0, we have
€

1r0+€m
k(l) = k(il,Sl),l(il,El) = k(iz,&z),. . -rl(imfllsmfl) = k(im,Sm),l(im,Em) = l(l)

Consider F = (F),...,FIN)) in Fix---x Fy. We suppose moreover that
there exists (Ry,..., Ry) common multiradius of convergence of the F()’s such
that for all 7, ||a;]| < R;.

Let also, for n > 1, F be the map defined on the Cartesian product, for
i € [N], of the open ball of (M, (a;), || - ||) with center zero and radius R;, by

N N
F: HBMn(ai)(O,Ri) — HBMn(al)(O R!
i=1 i=1
(A1,...,AN) = P(Al,...,AN).

Then F is analytic, and with the natural identification between the set
N
£(TTMu(a))
i=1

of endomorphisms of H M, (a;) and the Cartesian product
i=1

[T £Ma(a)), Mu(a)),

1<i,j<N

N
the differential DF(A) of Fat A = (A1,...,AN) € HBMn(a,-)(Of R;) has (i, ])-th

i=1
block
Y Cip [ZL AT O R(ATT AT

Im
m>1 81 8'” 1€ [m]
i1,-im€[N] ij=j
€1, mE{*1} g=1
+ EL AT O R(AJH - AT 0 Adj
11—]
g1 =%

where for A matrix, L(A) (respectively R(A)) denotes the operator of left (re-
spectively right) multiplication by A, and Adj denotes the operator of adjunction
in 9,
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Now, we are going to compute the Jacobian of F at A= (Ajy,..., Ay). Itis the
absolute value of the determinant of the differential of F at (Ay,..., Ay), thatis

1
(det DF(A)DF(A)*)'? = exp 5 Trlog DF(A)DE(A)",
where the adjoint is taken when considering DF(A) as an endomorphism of the

space HMn ) endowed with the product euclidean structure. Note that the
i=1
identification between

N
L(HMn(ai)) and  [] L(Mu(aj), Mn(a;))

1<ij<N

preserves the adjunction in the following way:

([Mi]55-1)" = M3,

and composition in the following way

n N
N N
[Lijlij=1 © [Mijlij— = [kZ Lijo Mk,]} -
—1 =

Let, for n > 1, £, be the space of endomorphisms L of H M, (a;) such that,
i=1
for alli,j € [N], L;; is a linear combination of linear maps of the type L4 o Lp

(with A € My, (k(i),k(j)) and B € M, (I(j),1(i))) and of maps of the type L o
Lp o Adj (with A € M, (k(i),1(j)) and B € M, (k(j),1(i))). £, is a subalgebra

N

of E(HMn(ai)) closed under adjunction. Indeed, we have, for all X,Y,Z, T
i=1

matrices with suitable sizes,

(L(X) oR(Y)) o (L(Z) o R(T)) = L(XZ) o R(YT),
(L(X)oR(Y)) o (L(Z) oR(T) o Adj) = L(XZ) o R(YT) o Adj,
(L(X) o R(Y) 0 Adj) o (L(Z) o R(T)) = L(XT") o R(YZ") 0 Adj,

(L(X) o R(Y) o Adj) o (L(Z) o R(T) o Adj) = L(XT") o R(YZ"),
(L(X) oR(Y))" = L(X") o R(Y"),
(L(X)oR(Y) o Adj)* = L(Y) o R(X) 0 Adj.

Thus in order to compute the Jacobian of F, it suffices to be able to compute
the trace of a self-adjoint element of £,,. Note that the identification between

N
L(HMn(ai)) and  [] L(Mu(aj), Mn(a;))

1<i,j<N
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preserves the trace in the following way:
N N
TI'( [Mi,j} i,jzl) = Z Tr Mi,i-
i=1

ii’

Moreover, if [Mi,j]f\;zl € £, is self-adjoint, then foralli € {1,...,N}, M;; = M}
and one can write

M;; =) ca(Lx, © Ry, +Lx; o Ry;) +) cp(Lz, 0 Ry 0 Adj +Lr; 0 Rzz 0 Adj),
“ B

where «, § run in disjoint finite sets, and for all &, 3, cq, c p are real,
Xa € priiy (M)Mupriy (n), - Yo € piiy(n)Mupyiy(n),  Zp, Tp € Mu(a;).
Thus the trace of M; ; is
Y C2R(Tr Xo T Yo + Te X5 TrYy), ie Y 2c(Tr Xo Tr Yo + Tr X5 Tr Y.
14 ®

eR

Thus, in order to compute the Jacobian of F at A = (Ay,..., AN), we have
to introduce the following objects. Let &, = {¢, T} be the group of permutations
of the set {1,2}, and C[6&;] = Ce & Cr be its convolution algebra. For j € [N],
define the C-linear map

D : F —» FOF®C[S)

by
D} i)

_ € €11 €141 Em € €1-1 €] €m
= Z ) LD LX) ¢ias '”Xz‘m ®e -+ Z Xi11 . ”Xil—l ®Xi,:11 .. 'Xim ®T.

I -1 I+1
1€ [m] 1€ [m]
=] =]
=1 g =x*

Define then, for any *-algebra M (which will be F, or M, or A), the product
and the adjunction on the linear space M ® M ® C[&;] defined by the rules:
(XRY®e)x(Z®T®e) =XZRYT ®e,
(X0Y®Re)x(ZoT®1)=XZRYT®T,
(XRYRT)Ix(Ze®T®e) =XT"®YZ'®T,
(X@YQT)«(ZRT®1) = XT*®YZ* Qe,
(XY®Re)" =X"®Y"®e,
(XRYRT)"=YRX®T.
If moreover, the algebra M is endowed with a linear functional f (which will be
Trif M = 9, and ¢ if M = A), then we shall endow M ® M ® C[S;] with the

linear functional 2f ® f ® J,., where &, is the state on C[S;] defined by d.(e) = 1,
d.(1) = 0.
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With these notations, if one uses the identifications, for X, Y € IM,,:

L(X)oR(Y)~X®Y @6, € M, @M, @ C[S,],
L(X)oR(Y)oAdj~X®Y®T €M, ®M, ®C[S),

and thus identifies £, with a subset of the finite-dimensional algebra My ®
(M, @ M, @ C[S;]), the Jacobian of Fat A = (Ay,..., AN) is

exp % Tr © Tr ® Tr @4 (log(DF(A)DF*(A))).

With these tools, adapting the proof of Proposition 3.5 of [30], we have the
following proposition. At g psee(2s,) denotes the Kadison-Fuglede determinant
of the linear functional Tr ®¢ ® ¢ ® (26,) on My ¥ A ® A ® C[S;] (see Section 2
of [8] for a brief introduction to Kadison-Fuglede determinant).

PROPOSITION 5.9. Consider F = (F),...,FIN)), G = (GW),...,GN)) which
both belong to Fyx- - -x Fn, and such that for all i € [n],

GOFEW, .. FN)) = x,.

We suppose moreover that there exists (Ry, ..., Ry) common multiradius of convergence
of the FO)’s and (R}, ..., RY) common multiradius of convergence of the G®)s such that:
(@) for all i, ||a;]| < Ry;
(ii) for all i, M(F);Ry,...,Ry) < R
Then
xXP(FWay, ... ay),...,FN(ay, ..., ay))

> 10g Aty spsps(es) [DFF Y (a1, - an)INey + X7 (- an).
If moreover, the following is a common multiradius of the F\)’s, then we have equality:

(M(GW;R),...,RY),..., M(GN);R],...,RY)).

REMARK 5.10. Note that if instead of (ii) we have M(F®; ||ay]],.. ., lan]) <
R; for all i, then one can reduce the R;’s in order to have (i) and (ii).

REMARK 5.11. Note that by Subsection 5.2.1, these formulae still remain
valid for Voiculescu’s free entropy for nonhermitian operators, as it is defined in
Section 1.2 of [32] or p. 279 of [10].

As a corollary, we have the following result, whose proof is an adaptation
of the proof of Proposition 6.3.3 of [10].

COROLLARY 5.12. Let Py, ..., Py be polynomials in the noncommutative vari-
ables X1,X7,..., X}, such that for all i € [N], a; + Pi(ay,...,an) has type (k,1I).

Then for w sufficiently near O we have the following, where for all i, F,,EZ) = X;i+
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P(Xl, ‘e ,XN>.'
XD(al +lXP1(ﬂ1,...,tZN),...,lZN +0¢PN<Q1,...,IZN))
i D
= 10gATr®q)®(p®(2(53) [DjFoEI) (a1, ... ,aN)]fjﬂ +x"(ay,...,an).

5.7. FUNCTIONAL CALCULUS AND ENTROPY. For x € A, with spectral decom-
position uh, and f real Borel function on [0, %), bounded on the spectrum of #,
let f(x) denote uf(h). If f(0) = 0 and f is positive on (0,00), then the polar
decomposition of f(x) is uf(h).

We begin with the following lemma, analogous to Lemma 6.3.5 of [10].

LEMMA 5.13. Consider k,1 € [d] such that k < I, a € Ay such that the distribu-
tion p of (aa*)'? in (Ax, @x) satisfies

X(p) > —oo, /10gtdy(t) > —o09,

and f a continuous increasing function on [0, 00), such that f(0) = 0 and f is positive
n (0, 00). Then there exists a sequence (fu,) of smooth functions on [0, c0), such that for
all m, f,(0) =0, f;, is positive on [0,00),

fm(a) = f@ — 0, xP(fu(a)) — xP(f(a)).

Proof. Let us prove that there exists a sequence ( fm) of smooth functions on
[0, 00), such that for all m, f,,(0) = 0, f;, is positive on [0, ),

fm(a) = f@] — 0, xP(fu(a)) — x"(f(a)).

Then we will have, by upper semicontinuity: x”(f(a)) > limsup x?(fu(a)), and
by (5.1), it will suffice to prove

2(f(n)) < iminf X(f,(p /log 11m1nf/10g fm(2))dp(t),

where for all function g, g(y) denotes the push-forward of y by g.
Consider, for m > 1,6(m) € (0, L) such that

1 1
_ > > -
log |t — s|du(t)du(s) > py / log tdu(t) > -’

|t—s|<5(m) [0,6(m)]

1 1
‘ /| | ) S WO
t—s|<d(m

Let us extend f by the value 0 on the negative real numbers Let, form > 1, ¢y
be a nonnegative smooth function with support in [0, ] such that [ ¢y, (£)dt =1

and
I *om(t) — ()] < 211

m
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forall t € [0,5], where S is the maximum of the support of ji. Define fy,(t) :=

L4 fx¢u(t). Since f is increasing and ¢, > 0, f * ¢y is increasing, hence

fin = L. Moreover, f,,(0) = 0and f,, converges uniformly to f on [0, S].
Similarly to p. 267 of [10], we can prove that for m large enough to satisfy

Vs, t € [0,S], |t —s| <d(m) = |f(t) — f(s)| <1,
we have X(f, (1)) = Z(f(n)) — 2. Moreover, for t € [0,6(m)], fu(t) > L and for
telo(m),S],

fnlt) > 2 (1)~ 1f « pm6) — £O1 > (1),

m

/ es( D) / log(F(t)dp(t)+ [ log(F)dn(t)

0,6(m)]
/ log(£()du(t)+ [ log tu(t)~log(m)u([0, 6(m)])
[0,6(m)]
//log - %

which closes the proof. 1

Adapting the proof of Proposition 6.3.6 of [10] (with the density of eigen-
values presented in Lemma 5.2), we obtain the following proposition:

PROPOSITION 5.14. Consider a family f1, ..., fn of continuous increasing func-
tions on [0,00), with value 0 in 0, and positive on (0, c0). Consider ay,...,an simple
elements of A such that for all i, xP (a;) > —oo. Then

X2 (fi(an),--, (fnlan)) = X (ay, - an) + Y X (fia) = X7 (@)

Moreover, equality holds if the functions are strictly increasing.
5.8. MAXIMIZATION OF FREE ENTROPY.

5.8.1. ONE VARIABLE. The problem here is to maximize x?(a), where a is taken
among a set of simple elements of type (k,I) in A. For such 4, we have seen in
5.2.3 a formula which expresses x(a) as a function of u (distribution of aa* if
ox < p;, distribution of a*a in the other case), of px and of p;. For example, let us
suppose that p; < p;.

PROPOSITION 5.15. Fix c positive. Then among elements a of type (k,1) such
that g(aa*) < c, the maximizers of xP are those for which the distribution of aa* in
(Akx, @) is the push-forward, by t — %kt, of the Marchenko—Pastur distribution with

oL
parameter o0
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Proof. First of all, since for all a, for all A > 0, P (Aa) = xP(a) +2pxp;log A,
it suffices to prove it whenc = %. According to Proposition 5.1, x? () is maximal
if and only if

A(p) =XZ(p) + (% — 1) /1ogxdy(x)

is maximal. Note that the condition @i (aa*) < c is equivalent to [ xdpu(x) < c.
But Proposition 5.3.7 of [10] states that the functional

B(u) :=X(u) + (S—; - 1) /logxdy(x) - /xdy(x)

is maximized, among probability measures on [0, ), by the Marchenko—Pastur
distribution . with parameter c. So for all y probability measure on [0, o) such
that [ xdp(x) <c

Alje) — A0 = B(ue) ~ B(p) + [ xdpe(x) ~ [ xdn(x)

= B(pc) — B(u) + (c — /xdy(x)) >0,
with equality if and only if u = p. 1

5.8.2. N VARIABLES. Fix k # | € [N] such that p; < p;. A consequence of sub-
additivity, of Theorem 5.8, and of the previous section is the fact thatif c1,...,cn
are positive numbers, among N-tuples (a1, ...,ay) of type (k,I) elements which
satisfy

Vie [N], grlaia;) =c;
the maximum of xP(ay,...,ay) is realized on free with amalgamation over D
families (ay, ..., ay) of elements such that the distribution of each a;a; in (A, @)

is the push-forward, by t — %t, of the Marchenko-Pastur distribution with pa-

rameter 5—}1. The following theorem states the reciprocal to this fact.

THEOREM 5.16. If the maximum is realized on a family (ay,...,an), then the
family is free with amalgamation over D, and the distribution of each a;a} in (A, ¢x) is

. CiPk . L . . oL
the push-forward, by t— o b of the Marchenko—Pastur distribution with parameter o

Proof. Step I. First of all, since for all ay, ..., ay of type (k, 1), for all positive
numbers Ay, ..., Ay,

(5.3) D()\lal,. .., ANAN) = XD(al, oo, an) +20kp1log(Ag - - AN),

it suffices to prove it when each ¢; is p’

Step II. By Theorem 2.3, if b is an element of type (k, 1) such that the distri-
bution of bb* in (A, ¢i) is the Marchenko-Pastur distribution with parameter
P—]l(, then for all n even integer,

Phere  -obebt) = ;’la
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Let us compute the ¢-distribution of a free with amalgamation over D family
(by,...,bn) of such elements. For all iy, ..., i11,ig € [N], we have

qo(bllb:‘2 by, biyi )—Pk(Pk(bzlb,z . bz2k+1b,*0)
k *
= Pk Z ox(biy - - ,2) ()(bzo ®E(b2]+2 b2r+1)'bi0)
\—/—/

0gj<r
igj41=io @1(b3,5+bar41)pi

* k * *
= Pk 2 (Pk(bil T bizj)é )(bio ® ¢l(b2j+2 o borgq) - Plbio)
0<j<r ~~~
iyj+1=lo bi*o

* k * k
0<j<r
ij+1=lo
= (bj, -+ - b% oy (b3, b )()(b 2 b7)
Pk 2 Pr\Yiy iy P1\92j42 " 2r+1)Cp
0<j<r
iyj+1=lo
=p1 Y oy 0L )@i(Djy0 - barsr).
0gj<r
Ipj+1=ip
Step III. Now, consider a family (ay,...,ay) of elements of type (k, ) such
i

that for all i, gi(a;af) = o, and the maximum of the entropy is realized on

(a1,...,an). Let us prove that the D-distribution of the family is the one of
(b1, ...,bn) of Step II. Since the elements are simple and for all x, ¢(x*) = ¢(x),
it suffices to prove that for all ¥ > 0, for all iy, ..., iy, 41,19 € [N], we have

q)(alia?; a12r+1 10 =PI Z q)k Ajy - ule-)q)l(a;j—i-Z U a2i’+1)'

0gj<r
ij+1=lo
Fix A € C and let us define the polynomial P = AX; X} ---X;, ,, and
d = P(ay,...,aN). We have, for « sufficiently near 0,
12
D D o (ai, + ad)
X (ar,....an) = x"(a1,...,a;-1, i1, AN
~ ( T (orr((ai, + ad) (ay, +ad) )27 )

Thus the derivative with respect to «, at & = 0, of the difference between right-
hand side and left-hand side of the previous equation is zero. According to (5.3)
and to Corollary 5.12, for a sufficiently near 0, the difference between right-hand
side and left-hand side of the previous equation is equal to

Pk ((ai, + ad)(a;, + ad)”)

logATr®qJ®(p®(26g)[DjPﬂEl)(all‘-'raN)]zlj':l — pip1 log 0 ,

where for all j, F,,Sf ) = X; + ad;jP. We have

10gATr®(p®(p®(25e) [DjFoEl) (al, e ,IZN)]%‘:l
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=Tr @9 ® ¢ @ b log([DEL (ay, ..., an) Ny [DFY (a1, ..., an)*1Ny)
=TrReR¢dlog(Iy®1®1®e+a(A+ A*) +a2AAY),
where A is the Nx N matrix with (i, j)-th entry

0 if i £ o,
D]'P(al,...,IZN) ifi = i().

Thus
IOgATr QPRPR(26,) {DF(Z) (ﬂ], e ,ﬂN)]%:l
= a9 ® @ ®d(D;P(ay,...,an) + (D P(ay,...,an))*) +o(a).
Thus

9 |a=0 log Aty ppo e (24,) [Dijgl) (a1, .. ~/’ZN)]£§:1

=00 ®(5g(DiOP(€ll,. ..,aN) + (DiOP(al,. . .,(ZN))*)
= 2§R§0® (] ®53(D1‘0P(611,. . .,LZN)).

Moreover, since g (a;,a5 ) = £,

ok @k ((ai, + ad)(a;, + ad)*)
o1

a * *
3ok 108 = Pior(aiyd” + daj))

= Zp%ﬂ%gok(P(al, . ,aN)al-*O).
Thus ¢ ® ¢ ® 6.(D;,P(ay,...,a )) and p2gi(P(ay,...,ayN)a a; ) have the same real
part. Recall that P = AX; X7 - What we did is true for any A € C, so

12 +1°

pi(pk(P(al,. .., aN)a;) = @ @ ¢ @ 6e(D; P(ay, ..., an)).
Now recall the definition of D; P and choose A = 1. This gives

2 *

Pk(Pk(ailaiz' a12r+1 10 2 (P all T z )gp(a2]+2 a2r+l)r
0<j<r
ipj1=ip

i.e. the following, which closes the proof:
k(@i ay, - a) = ) pegr(aiy -8l )or@i(agp g azesn).

0gj<r
ij+1=lo
COROLLARY 5.17. Consider a family (ay, ..., ay) of elements of type (k,1) such
that
X2 (a1, an) = xP (@) + -+ X7 (an) > —co.

Then the family is free with amalgamation over D.
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Proof. We use the notation defined in the beginning of Section 5.7. Since for
all i, xP(a;) > —oo, the distribution of a;a; in (A, k) is non-atomic, hence the
distribution of |a;| in (A, ¢k) is also non-atomic. Hence we can find a contin-
uous increasing function f; on [0, 00), with value 0 in 0, and positive on (0, c0),
such that the distribution of f;(a;)f;(a;)* is the Marchenko-Pastur distribution
with parameter S—i Then by Proposition 5.14 and subadditivity,

xP(filar), ... fulan)) = X7 (fi(ar)) + -+ xP (fn(an)),

hence by the previous theorem, fi(a1),..., fy(an) are free with amalgamation
over D,and so do ay, ..., ay, because for all i, a; € {f;(a;)}"’. 1

QUESTION. It would be interesting to have a characterization of R-diagonal el-
ements with nontrivial kernel involving the entropy defined in this paper. In-
spired by the papers [9], [16], we ask the following question: given a compactly
supported probability measure v on R, what are the elements a € Ap; such that
aa* has distribution v in (A, p2), and such that xP (p1apa, prapa, p2a* p1, p2a*p2)
is maximal ?

6. ANALOGUE OF FREE FISHER’S INFORMATION FOR SIMPLE ELEMENTS:
THE MICROSTATE-FREE APPROACH

In this section, we present a notion of free Fisher’s information for sim-
ple elements, constructed without using the microstates, like what was done by
Voiculescu in [31] and by Shlyakhtenko in [22] for elements of a W*-probability
space. For a synthetic presentation of the free Fisher’s information of elements of
a W*-probability space, see Section 2 of [15].

6.1. DEFINITIONS. In this section, we suppose that (A, ¢) is a W*-probability
space, with ¢ faithful tracial state. L?(.A) will denote the Hilbert space obtained
by completing A for the norm ||al|; = (¢(aa*))'/?,a € A.

A acts on L?(A) on the right and on the left, so one can define, for k, I € [d],
L?(A)y = pkL?(A)p;. We still have an identification between L?(.A) and

L(An - LA
(Mg (A
pixpr -+ P1XpPa
by the map x € L?(A) — : : . We still call the nonzero el-
paxpr -+ PaXP4

ements of U L?(A)y the simple elements of L?>(A). We define, for a nonzero
kl€[d]
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simple element of L2(.A), r(a) (r is for row) and c(a) (c is for column) the unique
numbers of [d] such that

ac LZ(A)r(u),c(u)'
Moreover, x — x* extends to LZ(.A), and for all 4,b € A,x € Lz(.A), we

have (axb)* = b*x*a*. For all k € [d], the state g} on Ay extends to L?(A), so
the conditional expectation E extends to L?(.A), and we still have

vd,d' € D,Vx € L*(A),E(dxd") = dE(x)d'.

In the same way, for n > 1 and 7w € NC(n), we can extend E,, E, ¢, and ¢, to
L?(A) ® (A®"1), and the relations (2.1), (2.2), (2.3), and (2.4) remain true.

A family (a;);c; of elements of L2(.A) is said to be a self-adjoint family if there
exists an involution * of I such that foralli € I, a} = a,(;).

A finite sequence (ay,...,a,) of simple elements of L?(.A) is said to be a
square sequence if for all i € [n], c(a;) = l(a;1) (With a, 41 1= a9).

DEFINITION 6.1. Let (a;);c be a self-adjoint family of simple elements of A.
A family (&;);cs of simple elements of L2(A) is said to fulfill conjugate relations for
(a;)jcr ifforalli € I,
r(8i) = c(ai), (&) =r(a),
and if one of the following equivalent propositions is true :
(i) for all n > 0, for all 7,iy,...,i, € I such that (&;, Aiyye - - rﬂi,,) is a square
sequence,

n
Prie (Gimiy - ai) = Y i Pe(e) @iy - @i ) Pr(e) @iy - - iy );
m=1

(ii) -forallie I,E(&) =0,
- for all i,j el E(glﬂ]) = 51']‘]97@1,),
-foralln > 2, for all i,iy,...,i, € Isuch that (¢;, a;,...,a;,) is a square
sequence,

n
E(Gia;, - - a;,) = 21 SiimMr(e) c(c) © Eaiy -+ -ai, ) E(ay, - -ai,),
m=

(we recall that for all k,I € [d], 7, is the involution of D which permutes the
k-th and the [-th columns in the representation of elements of D as dxd diagonal
matrices);
(iii) for all n > 0, for all i,iy,...,iy, € I such that (&;, Ajpy- - - ,a;,) is a square
sequence,
cn1(6i ®a;, @ - @ a;,) = 6n100, Pr(y)-

Proof. Consider a family (¢;);c; of simple elements of L?(.A) such that for
alli e 1,

li=r1(&) =cla;), ki:=c(&)=r(a;),
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and let us prove the equivalence of (i), (ii), and (iii). The equivalence between (i)
and (ii) is obvious by definition of E: for all x € L?(.A),

d
E(x) = k; ok (prapx) - pr-

Now, suppose (ii) true, and let us prove (iii) by induction on n. Note that
c1 = Ej, and that forall & € L2(A),a € A,

c2(¢ ®a) = E(Ga) — E(C) E(a),

so (iii) is proved for n = 0,1. Now, suppose it proved for to all ranks 0,1, ...,n —
1, with n > 2, and let us prove it to the rank n. Consider i, iy, ...,i, € I such that
(i, aiy, - - .,a;,) is a square sequence. We have

ci1(Gi®ay @ ®a;,) = B(Gag---a;,) =Y cx(§i®a, @ @ay,),
7T

where the sum is taken over all noncrossing partitions 7t of {0, ..., n} which are
< 140,...,n}, and in which all blocks are associated to square subsequences of

(é,-,ail, . ,ain).

Consider such a partition 71, and apply the factorization formula (2.6) to
cn(§i ®a;, ®---®ay,). If it is not null, then the block of 7 containing 0 has only
one other element, say m, and in this case, we have

cr(@i@a; @ ©a,) = [Tmeca, ©-oa,) [Tmiec(a, ©---oa,),
VETL’l Vem
V={ti<---<t:} V={t;<---<t;}

where 711 (respectively 71p) is the partition induced by 7w on {1,...,m — 1} (re-
spectively {m +1,...,n}),ie.to

5i/im171irki °© Cﬂl (ail Q- ® aimfl )CHZ (aim+l @ ® ai;z)’
Thus we have
chp1(Gi®a; ® - ®ay,)
n
=E(Gitiy -+ ,) =), Y Oii ik O Cry (05 ® - @4y, )em, (47, @ - @ ay,)

m=1 m;eNC(m—1)
M eNC({m+1,..,n})

n
=BG, ---ai,) = ) dij g 0By, ---ai, ) Ela, ., ---a;,) = 0.
m=1
The reciprocal implication is analogous. 1§

DEFINITION 6.2. Let (4;);c; be a self-adjoint family of simple elements of A.
(i) A family (&;);e of simple elements of L?(.A) is said to be a conjugate system
for (a;);¢; if it fulfills conjugate relations and if in addition we have that

(6.1) Viel, &ecAlg({a;;icl} uD)”'“2 C L*(A).
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(ii) Let the D-Fisher’s information of (a;);c; be

Z HC:’”Z if (§;)ics is a conjugate system,
@r((ai)ier) = q iel
o0 if there is no conjugate system.
REMARKS. (i) The algebra generated by {a;; i € I} UD is the set of elements of
A which have a dxd matrix representation of the type

P11(ai;i61) Pld(ﬂi;iEI)

Pdl(ai;iel) Pdd(ai;iEI)

where for all k,I € [d], Py is a polynomial in the noncommutative variables
Xj;i € I, and Py(a;; i € I) € Ay. So the conjugate relations can be viewed
as a prescription for the inner products in L?(A) between &; (i € I) and elements
of this subalgebra. It follows that the conjugate system for (a;);c; is unique, if
it exists. Note moreover that the existence of the conjugate system is equivalent
to the existence of any family in L?(.A) which fulfills the conjugate relations; in-
deed, if ({;);es fulfill the conjugate relations and if we set, for alli € I, ; to be
the projection of ¢; onto Alg({a;; i € I} U D)H'”Z, then (7;);c; will also fulfill the
conjugate relations, hence will give a conjugate system.

(ii) Consider an involution * of I such that for alli € I, Ay(iy = a;. Consider a
family ({;);c; which fulfills conjugate relations. Then define, foralli € I,

Pe(ai) xx
Pr(a;)

i = ()’

Then (§;);¢; fulfills conjugate relations, hence we have ¢; = ¢; for all i if (;)c; is
a conjugate system. It can be written

(6.2) Cu() = ——

Proof. Let us prove (ii). It suffices to prove that (&;)ic; fulfills conjugate
relations. Consider n > 0 and 7,1y, ...,i, € I such that ({ji,ail, ..., ) is a square
sequence. Then we have the following which closes the proof:

=~ p i * * *
n1(Gi®a;, ®- - ®a;,) = R (Cio) ©ayiy ® - ®ay; )
Pr(a;)
Pe(a;
= pczascnﬂ(“*(m@ T @ (i) ® Gu(i))”

= (Mr(e),c(z) © Cnt1(Cu(i) @ Ay(iy) @ - @ ay(ip)))"
= (Mr(e),0(2) 9105 (i) (i) Pr(e, )" = Oii Prig)-
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(iif) A link with the already defined notions of Fisher’s information can be
made as follows: Consider x € Ay such that x*x is invertible in A;;. Then a
pair (&, %6*) fulfills conjugate relations for (x,x*) if ‘;—’I‘Cx(x*x)’l fulfills conju-
gate relations in the sense of [15] for x*x in (Aj, ¢;). The reciprocal is true if
moreover, @;(&x(x*x) 1) is null.

Proof. (¢, %é*) fulfills conjugate relations for (x,x*) if and only if for all
n=>0,

i((xx*) ) pe((x*2)" ),

|
=

(4) @1 (Sx(x7x)")

0
@1 (") i ((xx*)" 1),

M-

(B) Ehgp(@x*(xx*)") =

0

where (xx*)? stands for p; and (x*x)? stands for p.
But using ¢(-*) = ¢(+), we have

(4) < @z((X*X)”X*C*)=ié¢z(x*xi)¢k((XX*)”i),

which is equivalent to (B) because ¢;((x*x)"x*¢*) = %’l‘q)k(é*x*(xx*)”).
So (&, %f«;" *) fulfills conjugate relations for (x, x*) if and only if for all n > 0,

n

r(Ex(xx)") = Y el (xx*) ) g (x"x)" ).

i=0
It is implied by the fact that %(jx(x*x)’l fulfills conjugate relations in the sense

of [15] for x*x in (Aj;, ¢;), and the reciprocal is true if moreover, ¢; (&x(x*x)~1) is
null. 1

6.2. CRAMER—-RAO INEQUALITY.

THEOREM 6.3. Consider a nonnull element a of Ay, with k # 1 and py < p.
Then

@(aa*)D,(a,a*) = p2 + 07,
with equality if and only if there exists c positive number such that the moments of ¢ - aa*

in (Ak, i) are the moments of the Marchenko—Pastur distribution with parameter %

Proof. If (a,a*) has no conjugate system, then it is obvious. If a conjugate
system for (a,a*) is (¢, %’I‘C*) (indeed, by (6.2), any conjugate system has this

form), then
2

Pr(a,a") = (1+ =5 )9(EC7),
' ( p12>
so it suffices to prove that

(aa*)g(E5*) = pf.
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Note that we have ¢((*)*a) = p;, so the result follows from the Cauchy-Schwarz
inequality. Moreover, we have equality if and only if there exists ¢ > 0 such that
¢* = ca, which is equivalent to the fact that for all n > 2 even,

1 1
cgll)(a*®a®"'®”):‘5n/2z and C%)(g@a*@...@a*):5;1,2%?
k

which is equivalent, by Theorem 2.3, to the fact that the moments of c - aa* in
(Akk, ¢r) are the moments of the Marchenko-Pastur distribution with parameter
oL

oc 1

6.3. FISHER’S INFORMATION AND FREENESS.

THEOREM 6.4. Consider a nonnull elements x,y of Ay, with k1. Then we have
(6.3) Dr(x,y,x",y") 2 Pr(x,x7) + ey, "),

and we have equality if x,y are free with amalgamation over D. Moreover, if we have the
following then x,y are free with amalgamation over D:

Pr(x,y,x7,y") = Pr(x,x7) + Pr(y,y") < co.
Proof. Let us prove that

(pr(x/y/X*/y*) > ®7(x/x*) + ®7(y’y*)

If &,(x,y,x*,y*) = oo, it is clear, and in the other case, let (¢, %g*, Z, %jg*) be the
conjugate system for (x,y,x*,y*). Then (¢, %’l‘(j*), (respectively (¢, %@*)) satisfy
conjugate relations for (x, x*) (respectively for (y,y*)), so the result is proved.

Suppose that x,y are free with amalgamation over D. If @(x,x*) = oo or
®(y,y*) = oo, then we have equality in (6.3). In the other case, let (¢, %C*),
(respectively (g, %’I‘C *)) be a conjugate system for (x, x*) (respectively for (y,y*)).
It suffices to prove that (¢, %’l‘(j*, Z, %g*) is a conjugate system for (x,y, x*,y*). It
is clear that

& 0,0 B e Aig(Tey, T uD)

Pk
7 pr1
ily (x,y,x*,y*). Let us prove condition (iii) of Definition 6.1. Since (¢, p—’;@'*),

so it suffices to prove that (¢, %’I‘é *, ¢, £E ) fulfills conjugate relations for the fam-
(respectively (¢, %’1‘5 *)) is a conjugate system for (x, x*) (respectively for (y,y*)),
we have ¢1(¢) = c1(8") = e1(f) = e1(f") = 0, and 2(( @ x) = 2((®Y) = p1,
cz(%g* @y = CZ(%g* ® x*) = pg. Since ¢, &* € Alg({x,x*} UD)MZ, and

¢, 0 e Alg({y,y*}UD) HAHZ, by freeness with amalgamation over D, we have

2(f®x) =l 0x") =alley) =c(loy") =0
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Consider now n > 2, and a square sequence (T, ay,...,a,) € {¢, %’I‘C*,é, %’I‘C*}x
({x,x*,y,y*}"). Let us prove that
(6.4) (TR ®---®@ay) = 0.

For example, we can suppose that T = ¢. If one of the a;’s is y or y*, then (6.4) is
due to the freeness with amalgamation over D. If none of the a;’s is y or y*, then
(6.4) is due to the fact that (¢, p—’l‘é *) fulfills conjugate relations for (x, x*).

In order to finish the proof, let us prove thatif (&, %’I‘(f *) is a conjugate system
for (x, x*), then we have x¢ = ¢*x*. Both belong to

pAlg({x, 1 UD) 2p,

which is equal to

Ul ns 1y
Thus, since @y is a faithful trace state on Ay, it suffices that for all n > 0,
pr((xx*)"xG) = @p((xx™)"¢"x"),
where (xx*)? stands for p;. We have
n . .
oe((ex)"2) = Eron(@ o)) = L Y gl (ax )y,
i=0

which is a real number. Thus

Pr((xx7) "¢ )= r (8" (xx™) ) =i (xx7) " x8) " )= (xx*) "% )=y (xx7) " xE) .
So we have proved that x¢ = {*x*.
Now, suppose that

@ (x,y, X, y") = (%, x°) + Or(y,y*) < o0,

By Theorem 2.1, in order to prove the freeness with amalgamation over D of x
and y, it suffices to prove that for all n > 2, for all zy, ..., z, taken in the algebras
Alg({x,x*} UD) and Alg({y,y*} UD), but not all in the same one, we have

(6.5) Cn(zl®®zn) :0.
By the formula of cumulants with products as entries ([26], Theorem 2), we can
suppose that
z1,--,zn € {x, X", y,y" }.
If the sequence (z1,...,z,) is not square, then (6.5) holds by paragraph 2.2 (a).

So we suppose the sequence to be square, and by equation (2.7), we can suppose
that

(z1,22) € {(x,y"), (v, %), (x"y), (y", %) }-
For example, we will treat the case where (z1,27) = (x,y*).
Consider (¢, %g*,g, ’;—’I‘C*) a conjugate system for (x,y, x*,y*). Then using
the hypothesis and (i) of Remark following Definition 6.2, we know that (¢, %’;é ),
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(respectively (¢, %’I‘C *)) is the conjugate system for (x, x*) (respectively for (v, y*)).
Since x¢ = ¢*x*, we have

k k * ¥ *
(6.6) C£z+)1(x‘:®22® "Rzp®2z7) = ,(le(éf YRR ®zy Q27).

Now, we apply the formula of cumulants with products as entries ([26], Theo-
rem 2) to left hand side and right hand side of (6.6):

LHS =M, (x®0y050 - ®2,02)

+ ¥ Peonene-05)d?, 060500 02,02])

1<i<ni even

=0 because
zp=y (and cz(¢) = 0)

Pz (§®]/®23® "®zyp®2] ®x) =0.
k
On the other side, we have

RHSchﬂz(é*®x*®zz®23®~~-®zn®zf)

=0 because
n+2>2
+ Z Cgl)(X*®zz®23®~~®zz‘)cfzk_)i+z(§*®Zi+1®'"®Zn®zf)
1<i<
ie\lzer’11 =0ifi<n
_ (D ) 7+ @ x*
= (FRYRzBA--®zp)cy (§FRXT).
——
#0

Hence we have the following which is what we wanted to obtain:
c,g)(x*®y®23®~-®zn) =0. 1

QUESTION. It would be interesting to have a characterization of R-diagonal el-
ements with nontrivial kernel involving the Fisher’s information defined in this
paper. Inspired by the paper [15], we ask the following question: given a com-
pactly supported probability measure v on R, what are the elements a € Ap;
such that aa* has distribution v in (A, p2), and such that

O, (prapy, paapa, p2a™p1, p2a*p2)
is minimal ?
APPENDIX A: PROOF OF PROPOSITION 5.1

Let us suppose, for example, that p; < p;. Fix R > 0 such that R? is more
than the suppremum of the support of y. Define, for all g4 > 1, the map

q
kg : x € [0,R}T — 1 Y bx

i=1
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The index g in x; will always be omitted, because no confusion will ever be pos-
sible. For P probability measure on [0, R]7, we denote by x(P) the push-forward
of P by «. First of all, let us recall a large deviation principle. For basic definitions
on large deviations, see p. 177 of [10] or many other books (e.g. [6]).

THEOREM 6.5. Let, for n > 1, Z, be the total mass of

P, = A(x)2 x;”( )=ak(mq (x)dx.

[0,R]%k ()
Then the finite limit B := nlim n=2log Z, exists, and the sequence (K(Z%’Pn)) n satis-

fies a large deviation principle in the set of probability measures on [0, R] endowed with
topology of weak convergence in the scale n=2 with the good rate function

I':v— —pES(v) — (pxpi — p}) [ log(x)dv(x) + B.

This Theorem was proved under a slightly different hypothesis in [10] (The-
orem 5.5.1 p. 227, with Q = 0). The difference between the hypothesis above and
the hypothesis of Theorem 5.5.1 of [10] is that in the latter, the bound R does not
appear, the measures are considered on R*. But it is not a problem: the proof
of Theorem 5.5.1 can easily be adapted to this context (in fact it is more easy to
work with the compact set [0, R]). Note that an analogous modification of a result
proved for the interval R™ to the interval [0, R] is done on p. 240 of [10].

Note that removing the renormalization constant Z, and the limit B, one
gets the following result. Its formulation implies to have extended the notion of
large deviation principle to sequences of finite measures (not only of probability
measures), but it can be done without any ambiguity.

COROLLARY 6.6. The sequence of finite measures (x(Py)), satisfies a large devi-
ation principle in the set of probability measures on [0, R] endowed with topology of weak
convergence in the scale n=2 with the good rate function

i v—=pE5() = (oxpr — o) [ log(x)dv(x).

Now, we give the proof of Proposition 5.1.
Stepl. Forallr >1,e >0,

Xr(a;2r,€) = limsup —logA(FR(a n,2r, pxe)) + pxp; log n.
n—o0
I'r(a;n,r, pe) is the set of matrices of My, (k, 1) such that || M|| < R and each mo-
ment of order < r of the spectral law of the k-th diagonal block of MM* is e-close
to the moment of same order of p. Thus by the remark following Lemma 5.2,
A(I'r(a;n,2r, pxe)) is
WP, ({x € [0, R]‘”(”)  Vi=0,...,7, | mi(k(x)) —mi(p)| < e})
-1 . ’

q q
REag 'Hfm (n)—aqx(m) "
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where P, is the measure introduced in the previous theorem.
Step II. Let us compute the limit C, as n — oo, of

srk(n )ql(")
Uy = —

log + pkp; log n.
n2 i (n qi(n ;
HJ' 1 'H] qzn (n)]!

We have, by Stirling formula, log j! = 4 logj + j(logj — 1) + O(1). So

_ qk(m)qi(n) _iqk(ﬂ) 1
Up = 2 log 7 2 ]; (2 logj+ j(logj 1))
AR B .
-3 L (510g1+1(10g1—1))+pk9110gn+0(g)
j=a1(n)—qx(n)
= prporlog 7w
4 3 (ge(m) +1) + (i () — Vi (n) — (qu(n) = gi() = 1) (qi(n) — qi(n))
2n?
qe(n)? 1 () i j log gy () a(m)
lo
g A g B e )
qe(n)? 1 ‘“%l j jlogge(m) "L
- log Y j+pxorlogn-+o(1)
2 2
N AL LSO B Sty )
1 p1/pk
= pxpi(log T+ 1) —p%/tlogtdt—pi tlog tdt
0 pr/px—1
lo n
B0, (o) g Y ) )0 ) ) (01 )i ()]
n
+piprlog (ax(n) s ) +o(1)
i/ px 1 (n)
:pkpl(logﬂ—l—l—logpk)—pi/tlogtdt—p% / tlogtdt—i—ogzisn
p1/pp—1
<[ar(m)(qe(n) +1) + (q1(n) = Dgi(n) — (q1(n) — qi(n) — 1)(q:(n) — q(n))
—2qx(n)qi(n) + O(n)] +o(1).
Thus
1 1/ Pk
up —= Ci= pxpr(log T+ 1 —log px ) —p%/ tlog tdt —p? / tlog tdt.
pr/px—1

| ——
=—1/4
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Step III. Now, let us denote by F(r,¢) (respectively G(r,¢)) the set of prob-
ability measures on [0, R] for which each moment of order < r is e-close (respec-
tively strictly e-close) to the moment of same order of . F(r,¢) (respectively
G(r,€)) is closed (respectively open). Thus by the previous corollary, we have

limsup%logpn(K_l(F(r,e))) < - inf)],

n—oo F(r,e

liminf%bg Pa(x " (G(r€))) > — inf J.

n—00 G(re)

But inf | = inf ], so
F(r,e) G(re)

1 . ,
ﬁloan(K (F(r,e))) — — 1n£)],

n—eo  F(r,
and it follows, by Steps I and 1I, that
xr(a;2r,e) = — inf ]+ C.
F(re)

As ¢ goes to 0 and r goes to oo, Fi(nf) J goes to J(y), and we obtain the desired
7€

result:
xr(a)
- Pz Pl/Pk
=R Z (1) + (01— 1) P / log(x)dp(x)+p¢p1 (log a+1)+zk—9ﬁ / tlog tdt.
pir/pr—1

APPENDIX B: PROOF OF LEMMA 5.2

In all this proof, we shall identify elements of R7 with the associated diago-
nal gxg matrix.

(i) First of all, the fact that ¥ is an injection onto a set with negligible comple-
mentary is well known (see [11]).

(ii) Let P be the gxq’ matrix with entry (i,j) equal to 1 if i = j, and to 0 in
the other case. Then the set Z/{W/ is Puq/. So the set U,/ Ty x Ri, o x L{W/ is a
manifold, and for u € Uy, a € Rf’h <, U € Uy, its tangent space at (uTy,a, Pv)
is the cartesian product of tangent spaces of respectively U, /T, Ri, < Uy g at
respectively uT,, a, Pv. The first of them can be identified, via the map M — u*M,
to the set ilg of anti-hermitian matrices with zeros and the diagonal, the second
one is R”, and the third one can be identified, via the map M — Mv*, to the
set 8, o, of gx g’ matrices in which the submatrix of the first g columns is anti-
hermitian. The differential d¥;7, q,p, of ¥ at (uTy, a, Pv) is given by the following
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formulae:
VX € 4y, d¥,1, 0,00 (47X, 0,0) = u(Xa' — a' 2X)u* Po,
=M, (X)
1 A
VA € RY, dIFuTq,a,pv<O, A,0) = Zul—ﬂu *Po,
VY € 8y o, d¥,1, 4,0(0,0, Y0) = ua'*u*Yo.

04 when con-
sidered as a real space. Define n = g?> — g and m = 2gq’ — g°. Fix (uTy,a, Pv) in
the manifold, and Xj,..., X, € ng, Ay,...,Ag e RY,and Yy, ..., Yy € U, 4+ Now,

let us compute the differential form ¥*det at (1T,, a, Pv) on the family
((u*X41,0,0),...,(u"Xy,0,0),(0,A1,0),...,(0,A40),(0,0,Y10),...,(0,0,Yy0)).

(iii) Let det denote the determinant on the canonical basis of 9t

It is equal to

1 A ., 1 Ay
det {uMa(Xl)u*Pz;,...,uMu(Xn)u Po, EMT}zu Pu,. 2u1—/2u *Po,
ua'?u* Y, . ua1/2u*Ymv].
Define u = [g I 0 } S Z/[q/. We have Pu = uP. Note that the base we chose
q'—q

is orthonormal for the euclidian structure we chose on 9, ,/, and the left or right
multiplications by unitary elements are orthogonal, and have determinant 1 by
connexity of the unitary group. So what we want to compute is equal to

1 Ay 1 A,

det (Mﬂ(xl)p,...,zvfa(xn)p,ia17 3T

29 pa Puryaii, . a Py, u)

In order to compute this, let us introduce another basis of 2, ;. Let us denote
the elementary matrices of M, ,» by
By (1<k<q1<1<q).
Define, for1 <k <1<y,
ex1 = Exi+ Eix, ey = i(Exg — Erg),

let By be the family (e, ¢; ;) 1<k<1<4, define

By = (Exi)1<k<qs

and let B3 be any basis of U,,4- Note that B := By U B, U Bj is a basis of M, ;- Let
A be a non-null real number such that det is A times the determinant on B. Note
that the matrix of the family

1 A 1 Ay

—P,. 1/2P A Py, a 2 utY, u)

F = (MQ(X1)P,.--,Ma(Xn)P/§u 7 "2,
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on B is block upper-triangular (with respect to the decomposition B = B U By U
B3). So det(F) is A times the product of the determinants of the matrices of the
families

(Ma(X1)P, ..., Ma(X,0)P), (%é%%P,”.,%é%%P>,
(Pr(a'?u*Yqii), ..., Pr(a'u*Y,ii)),
on the respective bases B1, By, B3 (where Pr denotes the projection on Span(583) =
i, o in the direction of Span(B; U B, ), i.e. the orthogonal projection on &l ;).

Let us compute the first determinant. M, maps linearly 112 into the set of
hermitian matrices with null diagonal, so X — M,(X)P maps linearly 112 into
Span(B1). Let (Fi1)1<ki<q be the elementary matrices of 9, 4. Define, for 1 <
k<l<g,

fiy =Fa—Fx  fig=i(F+Fy),
let 81 be the family (fk,lrf;é,l)lgkdgq- The matrix of the map X — M,(X)P be-
tween the bases 51 and B is block-diagonal, with blocks

0 a2 _ g2
k oy, (1<k<I<yg).
all 2 “11 2 0 (1< <9q)
So its determinant is A(a'/?)2, and the determinant of the matrix of the family

(M (X1)P,...,M(X,)P) in By is A(a'/?)? times the determinant of the matrix of
the family (X3, ..., Xy) in By.
The second determinant is 5
of the family (A4, ..., A,) in By.
Let us compute the third determinant. In this paragraph, we shall use a two
blocks-decomposition of matrices of M, ;. Any gxq" matrix Y will be denoted

m times the determinant of the matrix
1ln

by Y = (Ys, Y:), where Y; is a gxg matrix, and Y is a gx (¢’ — ) matrix (s is for
square, and r for rectangular). With this decomposition, Pr has a simple expression:

Pr(Y) = (%%, Y,). Note that if Y € &I, ,

Pr(a'2u*Yit) = Ny ((u*Ysu, u*Yy)),

then Yj is anti-hermitian, so

where

(ul/zYs + Ysa1/2 12y, )
f,ﬂ r

No: Y €ty — ST

Note that Y € U q — (u*Ysu, u*Y;) is orthogonal, and has determinant one by
connexity of ;. Let us compute the determinant of N,. All vectors of the basis

(Bt — Erp)iski<q Y (((Eig + Er) icksi<g Y (Bit) 1<k<q Y (k) 1<i<
q q q q
q'—q<i<q’ q'—q<i<q’
are eigenvectors of N,;, with respective eigenvalues
gl 1 g1 al? 4l

71) U(7> U (12 U (al2
( 2 1<k<I<q 2 1<k<I<q (@) 1<kgq V(7)) 1<k

q'—q<I<q’ q'—q<I<q’
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Thus the determinant of N, : uw, — u,w, is
al? 4 al2 2

(o a2 ] (B
<q

The third determinant is this quantity times the determinant, in B3, of the family
(Y1,..., Ym).
(iv) So the value of the differential form ¥*det at (1T}, a, Pv) on the family

((u*X1,0,0), ..., (4" X,,0,0), (0, A1,0),..., (0, Ag,0),(0,0,Y10),...,(0,0,Y,0))
is
AA(a )2 det(Xy, .. .,Xn)i;
B 2" (ay - - an)?
/2 + al/z

xdet(Al,...,An)(al...aq)q’fqﬂ/z H ( :

can 1<k<I<q

) det(Y, .., Yo,

It is well known (see, e.g., Section 1.5 of [5]), that it is equal, up to a multiplicative
constant, to

U, /T, u.
2Hak T WXy, X)) det(Ay, L, An)wy bt (Y1, ..., Yio),

can

Uy /T,

where w is a non-null differential n-form on Z/{q / T; which is invariant under

the left action of the unitary group, and w14 is a non-null differential m-form on
U, 7 which is invariant under the left and right actions of the unitary groups. So
Y*det is equal, up to a multiplicative constant, to

f-wta/Ta pdet A wor,

can

where f is the smooth function defined on U4,/ T; x R‘i, < x Uy g by

f(uT,a, Pv) = Aa)? I az i

Hence the push-forward, by ¥ !, of the Lebesgue measure on I, is the tensor
product 7 ® Coy o ® 74 4, Where C is a positive constant.

(v) Let us compute C. As noticed in the remark following the lemma, by defi-
nition of the measures vy, and 7, ,/, we can now claim that the map

v Uy x (R+)q X Uq/ — mq’q/
(u,x,v) — wudiag(xq,.. )1/2 *Po
is surjective and preserves the measure Haar({/;) ® q, g,y @ Haar(Uy) (i.e. the

push-forward of this measure by ¥ is the Lebesgue measure), where 0y, 1s the
measure on (R1)" with density given by formula (5.2).
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The functionx € M, — e~ Trxx" has integral with respect to the Lebesgue

measure equal to 717 . Thus

!

"y
7 quqq L (a)zﬁu?/_qe‘T”’””PW*P*“”"*dadudv.
I /iy 6]]|a€(R+)‘7uEL{qv€Z/{/ j=1
Thus
1 1 g »
/ — a;
c= o A(a)ZHa? “Te =1 da.
H] 1] q g e @y j=t

We can now apply formula (4.1.8) p. 119 of [10], withn =g, =1,a=q"—q+1,
and it appears that C = 1.
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