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Representations of Symmetric Groups and
Free Probability
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We consider representations of symmetric groups S, for large g. We give the
asymptotic behaviour of the characters when the corresponding Young diagrams,
rescaled by a factor ¢ ~'2 converge to some prescribed shape. This behaviour can
be expressed in terms of the free cumulants for a probability measure associated
with the limit shape of the diagram. We also show that the basic operations of
representation theory, like taking tensor products, restriction, or induction, have a
limiting behavior which can be described using the free probability theory of
D. Voiculescu. © 1998 Academic Press

INTRODUCTION

Almost everything seems to be known about representation theory of
symmetric groups, indeed there exists algorithms, such as the Murnaghan—
Nakayama formula or the Littlewood—Richardson rule, which allow one to
solve the most basic problems, like computing the value of characters,
decomposing induced representations, or restrictions of representations.
While being efficient theoretical tools, these formulas become quite
cumbersome when the symmetric groups, and the corresponding Young
diagrams, become large. In this case, representations contain a large
amount of information, and we only expect to understand their statistical
structure. This topic, asymptotic theory of the representations of symmetric
groups, has been studied, especially by A. Vershik and S. Kerov, in connec-
tion with representation theory of S, the inductive limit of finite sym-
metric groups, see e.g. [ VK2] or the survey papers [ Vel], [ Ve2]. They
have shown that the theory of factor representations of S.,, which is well
understood, can be recovered as the limit, when ¢ — oo, of that of the sym-
metric groups on ¢ objects S,, when the Young diagrams are suitably
rescaled. More precisely, the indecomposable normalized characters of S,
are in one to one correspondence with pairs of sequences o; = oty = -+ =
=20 and fi=f,= - =p=--- 20 (the “asymptotic frequen-
cies”) satisfying 2o, + 28, < 1, and the corresponding normalized character
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Xa, p 18 the pointwise limit, as ¢ — oo, of a sequence Loy of normalized
characters of S,, associated with Young diagrams 1,, with ¢ boxes. The
sequence A,; g > 1 satisfies ¢,(4,)/q = o, L(4,)/q = Bi as ¢ — oo, where ¢,
(resp. I,) denotes the length of the kth column (resp. line) of the diagram.
In particular, the sequences of diagrams with zero asymptotic frequencies
converge to the character of the regular representation of S, .

In this paper we shall consider the asymptotic properties of representa-
tions of §, corresponding to “balanced” Young diagrams, by which we
mean Young diagrams with ¢ boxes, whose largest column and largest line
are of the order 0(\/(}). In this case the asymptotic frequencies are zero,
and the character, evaluated on a fixed, non trivial conjugacy class, con-
verges to zero as ¢ — oo, so that we are looking at some infinitesimal
neighborhood of the regular representation of S.,. We shall see that the
speed of convergence to zero depends in a precise way on the asymptotic
shape of the diagrams. Indeed let 4,; ¢>1 be a sequence of Young
diagrams with ¢ boxes, such that the diagrams, rescaled by a factor ¢ '/
converge to some limit shape w, as ¢ — oo (see Section 1 for precise defini-
tions and statements), then the normalized character yor evaluated on a
fixed conjugacy class has the asymptotic behavior

11,(0) = Col@) g~ 7V2 + O(g =112 1)
where |o| is the smallest number k, needed to write ¢ as a product of k
transpositions, and the numbers C,(w) depend only on the limit shape and
on the conjugacy class of o, ie. the numbers k,, k5, ... of cycles of o of
orders 2, 3, .... The coefficients C_ (w) are multiplicative with respect to o,
Le. they satisfy C, , (w)=C, (w) C, (w) when ¢, and 7, are permutations
which disjoint supports, and their values on cycles are the free cumulants
of a probability measure naturally associated with the limit shape w. The
limit shapes and the associate probability measures have already appeared
in the work by S. Kerov [Kel ], [ Ke2], where the probability measure is
called the transition measure of the diagram. In this paper we shall show
that the transition measure has a natural spectral interpretation in terms of
the Jucys—Murphy elements in the algebra of the symmetric group. The
notion of free cumulants of a probability measure comes from the theory
of free probability of D. Voiculescu, especially in the combinatorial treat-
ment of this theory which has been given by R. Speicher, see e.g. [ VDN]
for an introduction to free probability theory, and [Spl], [Sp2] for the
combinatorial side. The Jucys—Murphy elements have already been used to
construct asymptotic models of semi-circular systems in [Bil]. In our
asymptotic analysis of characters of the symmetric group, the connection
between the free cumulants and the symmetric group is obtained through
a bijection between the lattice of non-crossing partitions, which plays a
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prominent role in [ Spl], and a certain subset of the symmetric group. This
bijection has already been studied in [ Kr], [ Bi3], [ Bi4].

The asymptotic behavior of characters already indicates that free prob-
ability theory should be relevant for understanding representations of large
symmetric groups, with balanced Young diagrams. As we shall see, this is
indeed correct, and we show below that the basic operations of representa-
tion theory have a limiting behavior for large balanced Young diagrams,
which can be described entirely in terms of free probability theory. We shall
treat the three basic operations, namely taking tensor products, restric-
tions, or outer products of representations. For each of these operations,
involving large balanced Young diagrams, we shall show that in the
decomposition of the resulting representations, most Young diagrams
appearing are close to a specific shape, which can be explicitly computed.
Rather than state our results in full generality here (see in Sections 1.4 to
1.6, and 3.1 below), we shall explain informally how they look like on a
specific example. Consider a large integer L and the representation [A] of
S, with square Young diagram A= (L, L, L, ..., L), as in Fig. 1. Application
of Theorem 1.6.1 below then shows that when L is large enough, the
irreducible components appearing in the decomposition of the outer product
[A]°[4A] (which is a representation of S,;:), have Young diagrams which
are almost all close to the triangular shape of Fig. 2.

Analogously, in the decomposition of the restriction of [4] to S;2, (or
Sz 1y if L is odd), almost all diagrams become close to the triangular
shape of Fig. 3.

We have also results for more general asymptotic shapes, and for the
problems of decomposing Kronecker tensor products of representations.
All these results can be expressed in terms of free probability theory, once

L

FIGURE 1
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FIGURE 2

we have defined the probability measure associated to a diagram. The
problem of restriction to a subgroup involves the compression of a non-
commutative random variable with a free projection, while the decomposi-
tion of outer products involves the free convolution of two measures. For
example, the results involving the diagrams above correspond to the fact
that the free convolution square of the symmetric Bernoulli distribution on
{—L, +L} is the arcsine distribution with density 1/(n./4L*—x?) on
[ —2L,2L17, while the compression of the symmetric Bernoulli distribution
on { —L, +L}, by a free projection of trace 1/2 is the arcsine distribution
on [—L,L]. For the decomposition of tensor products, almost all
diagrams appearing are close to the shape corresponding to the semi-
circular distribution. This shape is the limit shape of Young diagrams taken
at random with the Plancherel measure, as shown in [LS], [ VK1].
Connections between representation theory and free probability have
already been noticed in [Bi2], where representations of large unitary
groups where considered. There, the free probability appeared through

L
FIGURE 3
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large matrices, which give rise to free random variables. In the present
paper, we use large matrix theory only at one point, when we consider the
problem of decomposing outer products, i.e. the Littlewood—Richardson
rule. This problem is similar to the one we considered in [Bi2], but we
want to stress that, although the results we obtain here have a certain
similarity, we are in fact dealing with different normalizations, and the two
series of results cannot be related directly. In the present paper we use a
more combinatorial approach to these problems.

This paper is organized as follows. In the first part, we introduce the
basic notations on symmetric groups and Young diagrams, in order to
state our main results. The second section is devoted to free probability
theory. We recall the main facts, with emphasis on the combinatorial
aspects. In the third section we introduce the correspondence between limit
shapes of Young diagrams and probability measures, which we use to
restate the main results in an appropriate form. Section 4 is devoted to
proving the result on the asymptotic behavior of characters, while the
problems of decomposing tensor products and restrictions of representa-
tions are dealt with in Sections 5 and 6. Finally, in the last four sections
we consider the outer products of representations. The proof there is much
more involved than in the other cases, and we have to make a detour
through representation theory of general linear groups, using Schur—Weyl’s
duality.

1. NOTATIONS AND STATEMENT OF THE RESULTS

1.1. Symmetric Groups and Young Diagrams

Let ¢ be a positive integer, in the following we shall denote by S, the
symmetric group on ¢ objects; most of the time, we will assume that the ¢
objects are the integers 1, 2, ..., ¢ and we shall denote by (i) the transposi-
tion exchanging i and j, and more generally by (i, ---i,) cyclic permuta-
tions of order n.

If 6eS,, let ¢(o) be the number of cycles of this permutation. It is well
known that |g| :=¢—c(og) is the smallest number n such that ¢ can be
written as a product of n transpositions, thus d(o, ¢') = |o'c ~!| defines a
left- and right-invariant distance on S,. We shall also call support of a
permutation the set of points which are not fixed by the permutation, and
denote by s(o) the number of elements in the support of .

Finally we shall denote by 2%23%... the conjugacy class of permutations
with k, cycles of order two, k5 cycles of order 3, etc... Note that one has
|lo| =k, +2ks+ --- and s(¢) =2k, + 3k;+ --- when the conjugacy class of
o is 2k3%s ...
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A Young diagram is a nonincreasing sequence of nonnegative integers
with a finite sum. The usual representation of a Young diagram is as a
union of finitely many boxes. See e.g. the diagram 3,2, 2, 1, 0, ... (Fig. 4).

We denote by %, the set of Young diagrams with ¢ boxes, and
Y=U;, ",

DErFINITION.  Let 4 > 1, we say that a Young diagram /4 € % is A-balanced
if width(4) :=max(col(2), line(1)) < A4 \/q, where col(A) (resp. line(1)) is
the number of columns (resp. lines) of A.

Note that for all A€ %,, one always has col(A) line(1) = g, so that for all
A-balanced diagrams Ae @ one has \//A < col(A), line(A)< A f

If A is a Young dlagram with ¢ boxes, we shall denote by [4] the
associated (equivalence class of) irreducible representation of S,, and by y,
its normalized character. As usual, normalized means that the value of the
character at the identity permutation is I.

In Sections 1 and 3 we shall discuss continuous Young diagrams as well
as probability measures associated to them. Our exposition will be based
on that of S. Kerov [Kel], [Ke2], to which we refer for more details.

Making the change of coordinates (x, y)— (x — y, x+ y) in the graphi-
cal representation of the Young diagram, we obtain the equivalent picture
of a piecewise linear function w, with slopes =+ 1, and local minima and
maxima occurring at two interlacing sequences of integer points

Xy < <Xo< - <)Y, <X,

For the diagram of Fig. 4, these sequences are (—3, —1,2,4) and
(—2, 1, 3) respectively (see Fig. 5).

For a Young diagram 4, identified with a function in this way, we shall
denote by |4| the number of boxes of 4, which is equal to %[R A(x) — | x| dx.
Note that width(4) is the smallest ¢ > 0 such that A(x)=|x| for all x with
|x| =c.

FIGURE 4
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FIGURE 5

We can thus embed the set % of Young diagrams in the space €% (con-
tinuous Young diagrams) of functions w: R — R satisfying
(1) Jo(u;) —o(uy)| < |uy —u,| for all u,, u, e R

(2) w(u)=|u| for sufficiently large |u|.

1.2. Generating Function of a Diagram

For a continuous diagram w e ¥%, we consider the functions o(u)=
(w(u)—|u|)/2; ue R, and

Z RX—Z

where z is a complex variable. Note that, since w is Lipschitz, the function
o' is defined almost everywhere on R, is zero outside a compact interval,
and its absolute value is bounded by 1, thus the function G, is defined and
holomorphic outside a compact interval of R. The function G, is called the
generating function of the diagram w in Kerov’s papers. For a Young
diagram A, with associated interlacing sequences (X,); <;<, and (¥,) 1 <i<n—1-
one has
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For a general we %, the function G, has an expansion into a series
convergent in a neighborhood of infinity

Gy(z)=-+ ) a,@)z7""!

n=2
where a, =¢ in the case of a Young diagram with ¢ boxes. We can thus
define the inverse, for composition, of G, in a neighborhood of oo, which
is given by a power series

convergent in a neighborhood of zero. We shall call the coefficients C,, the
free cumulants of the diagram (we shall explain this terminology and its
connection to free probability in Section 3 below). One has C;(w)=0 for
all we €%, and C,(1)=|4| for all Young diagrams.

Note that the effect of a scaling transformation, changing the function w
into u+— T~ 'w(Tu) is to multiply the coefficients @, and C, by T—" (it is
clear that % is invariant under such scaling transformations).

The following is a simple consequence of basic results of free probability
theory, and will be proved below in Section 3.1.

THEOREM 1.2. Let w, w' € €%, and 0 <t <1, then

(1) There exists a unique diagram 7/ (w)eb%¥ such that
Cn(w))=t""1C () for all n=?2.

(2) There exists a unique diagram ol w €€ such that
CloHo)=C,(w)+ C ') for all n=2.

ExampLES. Consider the square diagram o(x)=max(|x|,2L— |x|)
(obtained from the one in Fig. 1. of the introduction). Then one has
G(z)=z/(z—L)(z+L) and Cyy(w)=(—1)P"1L22((2p)!/(p+ 1)! p!),
C5,+1=0. A short computation shows that w [ w(x)=max(|x|, 2L) and
7y 5(w)(x) =max(|x|, L), which correspond to the diagrams if Fig. 2. and
Fig. 3. in the introduction.

Another example is provided by the limit curve of Young diagrams with
respect to Plancherel measure (see [LS] and [ VK1]),

2
Q(x)=n<x arc sin;+\/4—x2> for |x|<2,

= |x| for |x|=2.

See the Fig. 6.
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FIG. 6 The curve Q.

The rescaled functions Q,(x)=s"2Q(s '"2x) satisfy C,(Q,)=s and
C,(Q,)=0 for n=3. It follows that for all s, s'>0, and 0 <7< 1, one has
Qs Qs’ = Qs+s’ and nr(Qs) = Qm'

1.3. Asymptotics of Characters

The first application of free cumulants that we give is to the asymptotic
behavior of characters of S, when ¢ — co, for balanced diagrams.

THEOREM 1.3. For all A>1 and m positive integer, there exists a con-
stant K> 0 such that, for all A-balanced Young diagrams A, and all permuta-
tions o € S\, satisfying |o| <m, one has

X/I(O-)_ 1—[ |;“|7|C‘71 C\(:\+2(/‘L) <1<|;“|7]7|a-|/2

clo
where the product is over the disjoint cycles ¢ of the permutation o.

Note that, since C,(41)= ||, only the non-trivial cycles contribute to the
product (recall that |c|=k—1 if ¢ is a cycle of order k). In order to see
that Theorem 1.3 gives the right order of magnitude for the characters,
consider a sequence A, of A-balanced diagrams satisfying |1, | — oo, and
such that the rescaled diagrams |4y| "2 Ax(|Ax|"? u) converge uniformly
to some continuous diagram w, then one has C,(Ay) ~ |iy|"* C,(w), and
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thus 7, (0) = |Ax| """ Tl |g Ciep42(@) + O(lAy| 77271, as N— oo, by
Theorem 1.3.

Observe that Theorem 1.3 implies the following asymptotic factorization
property for characters.

COROLLARY 1.3. For all A> 1, and m positive integer, there exists a con-
stant K >0 such that, for all A-balanced Young diagrams A, and all permuta-
tions o, T€ S\, with disjoint supports, satisfying |o|, |t| <m, one has

li(07) = xa(0) xA(D) < K |A] 72—t

This is to be compared with the factorization property for characters of
S, or related groups (see [ VK2] and [Vo3]).

Remark. The constant appearing in Theorem 1.3 (and in the
Corollary), can be made explicit. In fact by a slightly more careful analysis
than the one we carry out below, the theorem can be extended in several
ways. On one hand, one can deal with Young diagrams satisfying a condi-
tion of the kind width(1) < A(q) \/(} with A(q)=o0(g®) for every £¢>0, on
the other hand it is possible to have estimates uniform over all permuta-
tions satisfying |o| = O((log ¢)' ~¢) for some &>0. The only difficulty in
obtaining these extensions is to keep track of all the constants involved.
Since the proof of the basic result we present is already quite cumbersome
we will not try to go into these matters.

1.4. Asymptotic of Tensor Products

We now turn to the problem of decomposing the Kronecker tensor
product of two balanced representations (we denote by [A]®[u] the
Kronecker tensor product of representations).

THEOREM 1.4.1. For every A>1, and &, >0, there exists q, such that
Jor all = qq, and all A-balanced Young diagrams A, e %, the subspace of
the representation [A]1® [u], which is spanned by all the isotypic com-

ponents of type [v], satisfying
sup [v(x) — Q,(x)| <&/4,

xeR

has dimension larger than (1 —9J) dim([A]® [u]).
The function Q,, is defined in Example 1.2. Besides Theorem 1.4.1 we also

have the following concentration result for characters.

THEOREM 1.4.2 (zero rule for character of tensor products). For every
A>1, all ¢,0>0, and integer n> 0, there exists q, such that for all = q,,
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and all A-balanced Young diagrams A, u € %,, the subspace of the representa-
tion [A]® [u], which is spanned by all the isotypic components of type [v],
satisfying

lxl0) <eq™V%  forall |o|<n,
has dimension larger than (1 —0)dim([A] ® [u«]).

1.5. Asymptotics of Restrictions

If p<gq, we denote by [4] ]S, xS,_, the restriction of the representa-
tion [1] of S, to the subgroup §, xS,_,. For v, e%,, and v, €%, _, we
denote by [v,]#][v,] the tensor product of [v,] and [v,], which is an

irreducible representation of S, xS, _,.

THEOREM 1.5.1. For every A>1, and o€ ]0,1/2], all ¢, 6>0, there
exists qo such that for all q=p=>q,, with ag<p<(l—a)gq, and all
A-balanced Young diagrams J€%,, the subspace of the representation
[A]11S, xS which is spanned by all the isotypic components [v,]#[v,]

satisfying

q—p°

SUp [Vi(X) = Ty 1ygen(A(X) <e /g and

xeR

SUP [12(X) = Ty — s 1yg o A(X)| <& /g

xeR

has dimension larger than (1 —6)dim([A]]S, xS, _,)=(1—0)dim([4]).

p

As in Section 1.4, we can give a version of this result involving characters
of cycles.

THEOREM 1.5.2. For every A>1, and a€]0,1/2], all ¢, 6>0, and
integer n>0, there exists q, such that for all q=p=>q,, with
ag < p<(l—a)q, and all A-balanced Young diagrams J.,ue%,, the sub-
space of the representation [A]lS, xS, _,, which is spanned by all the
isotypic components [ v,]|#[v,] satisfying

0, ((12---m)) = (12 ---m))| <eq == D2 and

U, (12- - m) = (12 - m))| Seq =" =D for m<n,

has dimension larger than (1 —0)dim([A]] S, xS,_,) = (1 —4)dim([4]).
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1.6. Asymptotics of Induction

Finally we treat the case of the induction of representations. Recall that,
given representations [A] and [u] of S, and S, respectively, [A]c[u]
denotes the outer product of the representations [ 1] and [x], namely the
representation of S,,, induced by the representation [A]#[u] of
S, xS, 8,4,

THEOREM 1.6.1. For every A>1, and &, 6 >0, there exists q, such that
for all q=q,, and all Young diagrams /. and u, satisfying width(4),
width(u) <A /q, and ||, |u| =q,, the subspace of the representation
[A]o[u], which is spanned by all the isotypic components [v], satisfying

sup [v(x) — 2 B u(x)| <&/,

xeR

has dimension larger than (1 —0)dim([A]o[u]).

THEOREM 1.6.2 (sum rule for induction). For every A>1, all ¢, >0,
and n positive integer there exists q, such that for all q = q,, and all Young
diagrams A, u satisfying width(1), width(u) <A ./q and |A|, 1| = qq, the
subspace of the representation [ 4] o[ u], which is spanned by all the isotypic
components [ v] satisfying

V1™ (122 m)) — 2] (12 -+ - m))
— |l (12 m))| < egm D2

for all 2<m < n, has dimension larger than (1 —0) dim([A][u]).

1.7. Some Remarks

One can give explicit versions of the constants involved in these results, as
will be clear from the proofs, however, since the bounds that one obtains in this
way are probably far from being optimal, we did not bother to state and prove
the results with these explicit formulas, which would be more cumbersome.

We have chosen to state our results in terms of uniform estimates on the
class of A-balanced Young diagrams. We could alternatively have con-
sidered sequences of A-balanced Young diagrams A, with |1,|— oo, such
that the rescaled diagrams |Ay| Y2 Ay(|Ay|Y?u) converge uniformly to
some function we %, as in Section 1.3. We leave the reader to state the
results in this setting which is perhaps easier to grasp. More important, is
the fact that the condition that the diagram be A-balanced can be
weakened. Indeed, it will be clear from the proofs we give that we could
replace this condition by width(1) <¢(|4|) and |C,(A)| <c, |A|"? for some
function ¢ satisfying ¢(q) =o(q"?>*") for every >0, and some sequence
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¢,>0. This would allow us to consider sequences of diagrams such that
IAn| Y2 An(|An] Y% u) converge uniformly to some function w, satisfying
o(u) = |u| for all ue R, and w(u)— |u| — 0 as |u| - oo. The only difference
in the results would be that estimates of the form O(q~"~'?) would be
replaced by estimates of the form o(g ="~ '2+7) for every # >0. The proof
of such results is essentially the same as the one we give, but with heavier
notations so we keep the more straightforward version given above.

Finally, extensions of Theorems 1.4.1, 1.5.1, and 1.6.1 along the lines we
presented in the remark at the end of Section 1.3, can be obtained by the
same methods. For example in Theorem 1.6.1, there exists a function
d(q)= 0(\/;1) such that the condition sup, . [v(x) — A H u(x)| <e \/c; can
be replaced by the condition sup, g [v(x) —AH u(x)| <é(g). This boils
down to finding a good modulus of continuity for the map w+— m,, to be
defined in Section 3 below. Again, proving these stronger forms would
make the proofs longer, so we stick to the version given above.

1.8. Connection with the Hook Walk

The results of the papers [ Kel ] and [ Ke2 ], where the semi-circular distri-
bution, and the complex Burger’s equation appear in the limiting behavior
of the hook walk, have suggested to the author of the present paper that
there should exist a connection between representations of symmetric
groups and free probability. Let us explain in a few words how Kerov’s
results can be interpreted in terms of ours. Kerov considers the mean value
of the Young diagrams obtained from an initial Young diagram ie %, by
inducing [ 4] from S, to S, (this is the representation theoretic content of
the “hook walk™), he then shows that after rescaling, so that ¢ becomes a
continuous parameter ¢, the generating function of the mean diagram,
called R in Kerov’s paper, satisfies the complex Burger’s equation
(OR/0t) + R(OR/0z) = 0. Inducing [A] from §, to S, gives the same decom-
position as inducing [ A] #reg, where reg is the regular representation of
S,_ »» and moreover, for large ¢ — p, almost all the diagrams occurring in
reg are close to the limit curve Q,_, so that, by our result Theorem 1.6.1,
after rescaling, almost all Young diagrams occurring in [ 1] -reg will have
their transition measure close to the free convolution of the initial measure
with a semi-circular distribution. It is well known that the semi-group of
free convolution by a semi-circular distribution is governed by the complex
Burger’s equation (see e.g. [ VDN]), so that we recover Kerov’s result.

2. FREE PROBABILITY THEORY

We recall some facts and definitions from the theory of free random
variables. Our main references are [ VDN], and [ BV].
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2.1. Non-commutative Probability Spaces

Let .o/ be a von Neumann algebra and ¢ a normal faithful trace on ..
Following [ VDN, [ BV], we call non-commutative probability space such
a couple (.«Z, ¢). We denote by .7, the subspace of self-adjoint elements of

. If X e .o/,, the distribution of X in the state ¢ is the unique probability
measure my, with compact support on R, such that ¢(f(X))=
[ f(x) my(dx) for any bounded Borel function f on R.

2.2. Free Random Variables

Let I be a set of indices, and %,, for ie I, be unital von Neumann sub-
algebras of .o7. They are called free if one has ¢(a; ---a,) =0 each time

@(a;) =0 for all j=1, .., n and a; e% for some indices i; #i, # -+ #1i,.

Let [ and m be probablllty measures with compact support on [R{ then
there exists a non-commutative probability space (.7, ¢) and self-adjoint
elements X, Y in ./ with respective distributions [ and m, such that X and
Y are free, i.e. the von Neumann algebras generated by their spectral pro-
jections are free. The distribution of X+ Y depends only on [ and m, it is
called the free additive convolution of [ and m and is denoted by I[H m.
This defines a symmetric and associative binary operation on the set of
probability measures with compact support on R.

Similarly, if m is a probability measure and 0 <7< 1, let X be a self-
adjoint element in some non-commutative probability space (<7, ¢), with
distribution m, and I7€.«/ be a self-adjoint projection of trace ¢, which is
free with X. The free compression of X by II is the self-adjoint element
IIXII. Tts distribution in the non-commutative probability space
(1111, (1/t) ¢ 1..;7) Which we denote by 7,(m), depends only on nt and .

2.3 Computation of Free Convolution

The explicit computation of the free additive convolution of two
measures on R can be effected in an analytic way, as follows. Recall that
the Cauchy transform of a probability measure m on R is

1
Gul(0)=| o m(dv)

—X

This defines an analytic function on C\R, such that G, ({)=G,.(0),
furthermore, this function uniquely determines the measure m. If m has
compact support, then G is analytic and invertible in a neighborhood of co.
Call K, this right inverse, and let R,,(z) = K,,,(z) — (1/z), then for all prob-
ability measure [, m, with compact support, one has

Rimm(2) = Ri(2) + Ry, (2)
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in a neighborhood of 0. Since [ m is determined by the restriction of
R @ to any neighborhood of 0, this characterizes completely the measure
[Hm.

Note that the operation is continuous on the space of probability
measures with compact support, endowed with the topology of weak con-
vergence.

These results were established in [Vol]. For extension to arbitrary
probability measures see [ BV].

The computation of 7,(m) is analogous, indeed, one has

Rn,(m)(z) = Rm(tz)
which determines completely the measure 7,(m), see e.g. [NS].

2.4. Combinatorial Approach to Freeness

Another approach to freeness, which is combinatorial in nature and
relies on properties of non-crossing partitions, has been proposed by
R. Speicher. We shall briefly recall some of the main facts now, coming
from [Spl] and [Sp2]. For some further references concerning the use of
non-crossing partitions in free probability, see [ N], [ NS].

Let S be a totally ordered set. A partition of the set S is said to have a
crossing if there exists a quadruple (i, j, k, /) e S* with i< j<k </, such
that i and k belong to some class of the partition and j and / belong to
another class. If a partition has no crossing, it is called non-crossing. The
set of all non-crossing partitions of S is denoted by NC(S), it is a lattice
with respect to the dual refinement order (such that 7 < ¢ if 7 is a finer par-
tition than o).

When S={l,..,n}, with its natural order, we will use the notation
NC(n).

Let (.7, ) be a non-commutative probability space. For each integer
n=1, let Y™ be an n-linear form on 7. We shall forget the superscript n
when it is clear which 7 is considered. For any n > 1, and = € NC(n), define
an n-linear map Y[z ] on .o/ by

lp[n](als () an) = l_[ lp(aV)

Vern
where ay=(a;, ..., a;) if V=1{ji,.., ji} is a class of the partition =, with
J1< Jy< --- < ji. In particular y[1,] =y if 1, is the partition with one
class. If y(ay, ..., a,) = @(a, ---a,) we shall denote by @[ n] the correspond-
ing n-linear maps. Obviously one has |p[n](ay, .., a,)|<I1;-, lla;].
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The non-crossing cumulants of ¢ are the family R of n-linear maps
defined by

R"(ay, ..,a,)= )  Moeb(n)p[rn](ay, .. a,)

ne NC(n)

where Moeb is the Mobius function on NC(n). The Mobius function is
multiplicative on the set (J,~, NC(n) of all non-crossing partitions, which
means that for all = one has Moeb(n) =[]y, Moeb(1,,,), furthermore
Moeb(1,)=(—1)""Y¢, , where ¢, ;=(2n—=2)/n!(n—1)! are the
Catalan numbers. Since ¢,_; <4", one has |Moeb(n)| <4" for n e NC(n),
so that |R(ay, .., a,)| <4 [T7_, lla;l, since there are less than 4" elements
in NC(n). We denote by R[ 7] the n-linear forms corresponding to R. The
formula giving R in terms of ¢ can be inverted, namely one has, for all
ayy ., d, €,

pla, ---a,)= Y R[zn]l(ay,..a,) (2.4.1)

e NC(n)

More generally, for any 7€ NC(n), one has

olnl(ay, ...,a,)= Y Rlo](ay, .., a,) (2.4.2)

oceNC(n),c<m

2.5. Non-crossing Cumulants and Freeness

We take again the notations of 2.4. The connection between non-crossing
cumulants and freeness is the following result of Section 4 of [Spl].

PROPOSITION 2.5. Let (%;);c; be free subalgebras of </, and a, ..., a, € o/
be such that a; belongs to some %, for each je{l,2,..,n}. Then
R(ay, ..., a,) =0 if there exists some j and k with i; # .

This property has the following consequence for the computation of
moments. Let 4,, %4, — .o/ be two free subalgebras, and «,, ..., 4, € &/ such
that a; belongs to %, or %, for each j. Let S; US, be a partition of
{1,..,n} into two subsets such that a; €%, if jeS, and a;€ %, if je S,.
A pair (7,, 7,) of partitions of S; and S, determines a partition 7; U 7, of
S, uS,. Let ¢, and ¢, be two families of n-linear functionals, and suppose
that 7, U n, is non-crossing, we define an n-linear form

Yy Vsln v, (ay, . a,) = n Yi(ay) 1—[ Volay)

Vern Vern,
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If ze NC(S,) let ¢ be the maximal non-crossing partition of S, such that
mu ¢ is non-crossing. One has then, by (2.4.1),

(p(al "'an): Z R[T[](als ooy an)
ne NC(n)
By Proposition 2.5, the only elements of NC(n) which contribute to the
sum are the partitions of the form 7, Un, where n, e NC(S,;) for i=1, 2,
hence we have

Y Y RUR[n, un,](ay, ..., a,)
n e NC(S|) myeNC(S,)
VU nye NC(n)

play---ay,)

= ) Y RUR[m, un,](ay, .., a,)
7 e NC(S))) mye NC(S,)
nzsnf

Applying now (2.4.2), we see that

play---a,)= ) Rugln, unil(ay,..a,) (2.5)

7€ NC(S))

This formula comes from Section 3.4 of [ Sp2]. We have reproduced the
derivation of Speicher for the reader’s convenience.

2.6. Combinatorics of Free Convolution

The connection between the combinatorics of Sections 2.4 and 2.5, and
the analytic approach to free convolution of Section 2.3 is the following.
Let Xe .oZ, have distribution m(dx), then one has

j x'm(dx)=p(X")= Y  R[z](X,...X)

R ne NC(n)
The map n— R[#n](X, .., X) is a multiplicative function on (J,>, NC(n),
determined by the values of R[1,](4, ..., X), for n=1, 2, ..., and one has

Ru(z)= Y =" 'R[1,1(X, .., X)
n=1

The coefficients of the expansion of R,, are called the free cumulants of the
measure m, and we denote them by C,(m).

2.7. Non-crossing Partitions and Permutations

There is a useful connection between non-crossing partitions and per-
mutations which we shall review in this section, see e.g. [ Kr], [ Bi4] for
more details.
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Let n denote a positive integer, and 7 and o€S, be such that
|o| + |o~'7| = ||, then the partition of {1, .., n} induced by the cycles of &
is finer than that of 7 (see e.g. Section 1 of [ Bi4]).

Let now 7t be the cycle (12---n) and ¢ be as above, then the partition
of {1, .., n} induced by the cycles of ¢ is non-crossing and furthermore, for
each je {1, .., n}, the element o() is the one in the same component as j
which comes first in the list 7(), t%(j), *(j) - - -. Conversely, if 7 is a non-
crossing partition of {1, .., n} let the permutation #(n) of {Il,.. n} be
defined by the preceding algorithm, i.e. #(7)(j) is the first element in the list
(), 7(j+ 1), .. which is in the same class for = as j, then #(n) satisfies
|t(7)| + |t(m) ~'z| =|z|, thus ¢ is a bijection between NC(n) and the subset
of all ¢ € S, satisfying the condition |g| + | ~'z| = |z|. In this bijection, the
components of 7 € NC(n) correspond to the disjoint cycles of #(z). The map
o+ o~ 't is a bijective map of #(NC(n)), which gives a bijective map on
NC(n) called the Kreweras map, denoted by K. There is a geometric
description of the Kreweras map. Put the n points 1, ..., # in cyclic order on
a circle, and add a new point j' at the middle of j and j + 1 mod(n) for each
J, then represent a non-crossing partition 7 by joining each point to the
next point for cyclic order, which lies in the same component, with a
straight line segment. Then 7 is a non-crossing partition if and only if
segments do not intersect inside the circle. The Kreweras complement of 7,

FIGURE 7
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identified with a partition of {1’,2’, .., n'}, is then the maximal non-cross-
ing partition which does not cross 7, i.e. such that 7 Uz’ is a non-crossing
partition of {1,1,2,2',..,n,n'}. See Fig. 7 for the case 7=(12345678),
and o= (145)(2)(3)(68)(7). The partition n’ is represented with dotted
lines. One has ¢ 't = (123)(4)(58)(67).

3. JUCYS-MURPHY ELEMENTS AND YOUNG DIAGRAMS

3.1. Measures Associated with Continuous Young Diagrams

Let we %%, then there exists a unique probability measure m, with
compact support on R, determined by

Gof2) = G (2) = | ——m,(dx)

Z—X

see [AD], [ Kel]. The measure m, has mean zero, it is called the trans-
ition measure of the diagram in [ Kel], [ Ke2]. Conversely, given a prob-
ability measure m, with compact support and mean zero, there exists a
unique continuous diagram w such that m=m,,. Let us endow, for ¢ >0,
the space ¥%, of continuous diagrams, satisfying w(x)=|x| for |x|>c,
with the topology of uniform convergence. This is a compact space, and the
map w — m,, is a homeomorphism with its image, which is the space of all
probability measures with mean zero, and with support in the interval
[—c, +c], endowed with the topology of weak convergence (see
Theorem 2.3 in [ Kel ]). Note that the smallest interval [ —¢, + ¢] supporting
the measure m, is obtained for ¢ =width(A).

Since the generating function of a diagram w coincides with the Cauchy
transform of m,,, the free cumulants of the diagram and of the measure
also coincide. With these results, we can now prove Theorem 1.2, namely,
the operation on continuous diagrams corresponds to the free convolu-
tion of measures through the map w+— m,,, while the map 7, corresponds
to the compression by a free projection of trace ¢, as follows easily from
Section 2.3.

Since convergence of measures with support in a fixed interval, in the
weak topology, is equivalent to the convergence of their moments, we can
rephrase Theorems 14.1, 1.5.1, and 1.6.1 in terms of the measures
associated with the diagrams. In fact it is in this form that we shall prove
these theorems. The statements involving measures that we shall prove are
the following.

THEOREM 3.1.1. For every A>1, and n positive integer, there exists K,
Cy, and q, such that for all q>q,, all C> C,, and all A-balanced Young
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diagrams 2, u€¥,, the subspace of the representation [A]® [u], which is
spanned by all the isotypic components [ v] satisfying

<Cg*=12 forall k<n,

k k
J X mv(x)—f X Mg (v
R R

has dimension larger than (1 — K/C?) dim([A]® [u]).

THEOREM 3.1.2. For every A>1, a€]0,1/2], and n positive integer,
there exists ¢q, K, Cu>0, such that for all q=p>=q,, with oag<
p<(l—a)q, all C>C,, and all A-balanced Young diagrams Ae%,, the
subspace of the representation [1]] S, xS which is spanned by all the
isotypic components [ v,]|#[v,] satisfying

q—p°

<CgP=12  and

j kavl(dx)_J‘ xkn(p+1)/(q+l)(m/1)(dx)
R R

<CG?=V2 forall k<n,

j ka"z(dx)_j X g p 1+ n(1M)(dx)
R R

has dimension larger than (1 — K/C?) dim([A]).

THEOREM 3.1.3.  For every A>1, and n positive integer, there exists q,
and K, Cy>0 such that for all q=q,, all C> C,, and all Young diagrams
A, u satisfying |Al, |u| = qo and width(4), width(u) < A4 f, the subspace of
the representation [ 2] o [u], which is spanned by all the isotypic components
[v] satisfying

j kav(dx)—f xfmy EHmy(dy)| < Cg*?= V4 forall k<n,

R R

has dimension larger than (1 — K/C?) dim([A]o[u]).

In order to prove 1.4.1, 1.5.1 and 1.6.1, from 3.1.1, 3.1.2 and 3.1.3, we use
the fact that weak convergence of measures with support in [ —A4, 4]
implies uniform convergence of the associated diagrams in % ,, and apply
this to the rescaled diagrams ¢~ "?A(¢'?-), ¢~ "?u(q'?)..., appearing in
the theorems. If we have a good estimate of the modulus of continuity of
the inverse map of w+>m,, then we can get a more refined version of

Theorems 1.4.1, 1.5.1 and 1.6.1, as explained in the remarks in Section 1.7.

3.2. Examples

The square diagram of side L considered in Section 1.2, corresponds to
the symmetric Bernoulli distribution (6, +J_;), while the flat diagram
corresponds to arcsine distribution (1/7)(L*>—x?)""?dx on [ —L, +L].
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The diagram Q, correspond to the semi-circle distribution of variance s,
namely the distribution with density (1/27s) \/4s —x? on [ —2 \/s:, 2 \/3]
(see [Kel]).

3.3. Jucys-Murphy Elements and Spectral Interpretation of the Measure
Associated with a Young Diagram

For a Young diagram 4, with associated interlacing sequences (x;); <;<,
and (;);<i<n_1, On€ has

n
my = z :ukéxk
k=1

where ¢, is the Dirac measure at x, and

L= [T720 (=)
“ [Tien (X —x))
The interpretation of this measure in terms of representations of the sym-
metric group is the following. Consider the representation of S, ; induced
by the representation [ 4] of S, by the branching rule (see e.g. [JK]), this
representation decomposes into S, -irreducible components correspond-
ing to the Young diagrams obtained by adding a box to /, each appearing
with multiplicity one. It is possible to add a box to 4 exactly at each of its
local minima x,. The measure m, puts a mass at each point x,, which is
proportional to the dimension of the representation of S, ; corresponding
to the diagram augmented by a box at x,. This follows from the hook for-
mula for the dimension of representations, see [ Ke2].

We shall now give a spectral interpretation of the measure m;. Recall
that the Jucys-Murphy element ./, is the sum of transpositions

(I9)+R2q)+ --- +(q¢—1q)

in the algebra of the symmetric group S,. It is easy to see that ./, com-
mutes with S, ;. The image of .#, by an irreducible representation [4]
has a spectrum which can be described as follows. By the branching rule
again, the representation [A], when restricted to S, ;, splits into
irreducible components corresponding to Young diagrams obtained from A
by taking away one box, each of these diagrams having multiplicity one.
By Schur’s Lemma, each of these subspaces is an eigenspace of [ A](.#,),
and one can prove that the corresponding eigenvalue is the abscissa of the
lower corner of the box deleted from /, i.e. one of the numbers y,. For a
proof of this, see e.g. [OV].
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Let V, be the space of the representation [A], we endow End(V',;) with
its normalized trace tr,, and the W*-algebra structure such that [A1] is a
unitary representation, and we denote by <-) the normalized trace on
M, (C), with its canonical W*-algebra structure. We can now prove

PrOPOSITION 3.3. The measure m, is the distribution of the selfadjoint
element

0 1 1 1 1 1

1 0 [41(12) [4]1(13) .-~ [AJ(lg—1) [2](1q)
I2)=| 1 [4]1(12) 0 [41(23) -+ [41(2¢—1) [41(29)

1 [41(q) [41(2q) [413q) --- [4Al(g—1q) 0

in the non-commutative probability space (End(V;) @ M, ,,(C), tr; @ {-)).

Proof. Consider the left regular representation of S, ;. We identify
S,e1 with S, x{e;(1 g+1);(2 g+1);..;(¢ g+1)} by the map
(o, 7)—0o7. In this way we can represent an operator on lz(Sq +1) by a
(¢+1)x (¢ + 1) matrix of operators on /*(S,). Let 6eS, and je {1, .., ¢},
then the Jucys—Murphy element acts by the left regular representation as

Myii(o(jqg+1)=2 (i g+1)a(j g+1)

similarly,
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so that the matrix of .#, ,, acting by the left regular representation is

0 1 1 1 ... 1 1
I 0 (12) (13) --- (lg—1) (lg)
1 (12) 0 (23) -+ (2¢—1) (29)
1 (lg) (2¢9) (3q) -~ (g—1q) 0

where (ij) is acting by the right regular representation of S,. Let us now
consider the Young projector 7,, in the left representation of S, on
I*(S,.1). This projector commutes with .#,,,, and with the action of
S, xS, 1, where S, acts on the left and S, on the right. Recall that
P(S, 1= G—)AE%H [4] # [4]asan S, ,; XS, ,-module, so that applying
the branching rule, the range of 7, reduces, as an S, xS, ;-module, to
@i_[A)#[4,], where the sum is over all diagrams A, obtained by
adding a box to 1. Let x, be the value of the abscissa of the lower corner
of the box added to A to form A,, then by what we saw before, the
Jucys—Murphy element has eigenvalue x, on the component of type
[4] # [4,], thus the distribution of 7.4, ., on the range of z,, is m, (for
the reduced trace defined by tr(z, )/tr(x;)). On the other hand, its matrix
on the range of x, is

0 1 1 1 1 1
1 0 my(12) my(13) - m(lg—1) my(1q)
1 7,(12) 0 m,(23) - m(2g—1) my(2q)
1 7(lg) 7m(2q) my(3q) --- m(q—1q) 0

Since 7, is also a Young projector for the right regular representation, one
has 7, #,,,=1d® I(.) on the range of =, which is ([4] # [Z])®Ca+!
as an S, x §,-module; we deduce the claim from this. i

4. ASYMPTOTICS OF CHARACTERS

In this section we shall prove Theorem 1.3. We use again the notations
of Section 3.3, in particular (1) denotes the operator defined in Proposi-
tion 3.3.
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4.1. Preliminary Estimates

Let A€ %, be such that width(4) <4 ./¢, then one has

=t (T < T |F < A"

f Xk, (dx)
R

Therefore, the free cumulants of the diagram A satisfy the estimate
|Cu( )| <4 4"q">.
4.2. New Balanceness Condition

We shall define, for technical reasons, a refined notion of balanceness for
diagrams.

DEerFINITION 4.2. Let 4>1 and n be a positive integer, we say that a
Young diagram Ae€%, is (A, n)-balanced if its associated measure m,
satisfies

< A*q*?  for all integers 0<k<n.

j xF,(dx)

By 4.1, we see that an A-balanced diagram is (A4, n)-balanced for all n.
Conversely, if 4 is (A, n)-balanced for all n, then since

1/2n
width(2) = [ I(4)] = lim <j xz”m,l(dx)> <A./q.

n— oo

the diagram A is 4-balanced.

PrOPOSITION 4.2. For all A>1 and n =2 integer, there exist a constant
K> 0 such that, for all (A, n)-balanced Young diagrams 1, and all permuta-
tions o € S\, satisfying |o| <n—2, one has

XA(O')_ 1_[ |ﬂ|—IC|—l C|C|+2(;L) <K|l|_l_|al/2
clo
where the product is over the disjoint cycles c of the permutation ¢.

We shall prove Proposition 4.2 in the next sections. By the remark
following Definition 4.2, we see that Proposition 4.2 implies Theorem 1.3.
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4.3. Preliminary Combinatorial Lemmas

Let us compute the nth moment of the distribution of 7(4). We make the
convention that (ij) denotes the identity permutation if either i or j is equal
to zero, then we have

1

tr,(<I(2)")) Zm

Z Ka(1ix)(ixi5) - - (i)

0<iy#b# - #£i,#i|<q

We shall decompose the set of n-tuples (i, ..., i,,) occurring in the above
sum according to the set J of places r; <r, < --- <r; such that i, =0. For
each J= {1, .., n}, and iy, ..., i,, such that J={/|i,=0}, let 7 be the parti-
tion of {1, .., n}\J induced by iy, ..., i,,, namely j and k belong to the same
component of 7 if and only if i;=i, #0. Clearly, the conjugacy class of
(iyi5)(ixi3) - -~ (i,iy) in S, depends only on J and #. We shall denote by /(7)
this conjugacy class, and by |i(7)| the length of any permutation belonging
to it. One has thus

1
tr (<L) =—— % Y (D eompim 2a(h(m))

q+1 T {1, .n} neP (. n)

where 2,(J,n) is the set of admissible partitions = of {1,..,n}\J, ie.
such that j and j+ 1 mod(n) never belong to the same component of =,
we denote by comp(nm) the number of components of 7z, and
(De=q(q—1)g—2)---(¢q—k+1). Note that the sum is over subsets J not
containing two successive elements.

Lemma 4.3.1. Let ne 2,(J, n) be a partition with a crossing, then

()| +n =2 comp(n).

Proof. We choose ¢>n. Let iy, ..., i, induce an admissible partition =,
with at most n— 1 components, and let k€ {1, .., n} belong to some com-
ponent of 7 with at least two elements. Let i} € {1, ..., ¢} be distinct from
all iy, i, ..., I, and let 7’ be the admissible partition induced by iy, ..., i _1,
I%s> I g1 e Iy then comp(n') = comp(w) + 1. Write

0= (iyix)(izis) -+ (18l 1) - - (iniy)
=01(Ik—1ix)igirs1) 02
and
o' = (iyix)(ixi3) - (g1 ip) (i klpq 1) -~ (i,01)

=0 (i1 ikix 1) 02,



REPRESENTATIONS OF SYMMETRIC GROUPS 151

then o' ™' =0 (ix_ 113 ({hcir ) igs 1 i) ixi—1) 07 ' = 01(idp i) op b if
ir_1#ixyr and o’'c ' =eif i,_; =i, hence |¢'c '] <2. The class of ¢
is /i(7), while the class of ¢’ is h(n'), thus |A(7")| < |h(7)| + 2, and it follows
that the quantity |h(n)| +n—2 comp(n) does not increase when we pass
from the partition n to n'. If 7 has a crossing, then there exists j <k <l<m
with j~/ and k ~m for =, thus if we consider the partition 7" consisting
of two pairs {j,/}, {k,m} and n—4 singletons, then we can pass from 7
to n” through a sequence of changes of the form 7+ 7’ as above thus, by
what we have just seen, one has

|h(7)| +n—2 comp(r) = |h(7n")| + n—2 comp(n"),

but we can compute explicitly that |A(zn")| +n=2 comp(n")=2n—4, this
proves the lemma. ||

LeEMMA 4.3.2. Let J be nonempty, and let ne 2,(J, n), then

|A(7)| +n =2 comp(n).

Proof. We start with = and k, such that i, #0, and k belongs to a class
of = with at least two elements, as in the proof of the preceding lemma. We
build the new partition ' and the permutation ¢’, then we can check that
even if iy _, or iy, is zero, we still have |¢'0 ~!| <2, and thus, proceeding
as in Lemma 4.3.1, we can reduce the claim to the case where all i, for
ke{l,..,n}\J are distinct. In this case, by a direct computation, one
checks, denoting by |J| the number of elements of J, that

[h(n)| =n—|J| =1 =comp(m) -1,

and the result follows. ||

LemmaA 4.3.3. Let ne 2(, n) n NC(n), then one has
2+ |h(x)| +n=2 comp(r).

Furthermore, if 2%23%4% ... s the conjugacy class of t(K(r)), then the con-
jugacy class of h(r) is 2%3%4%s ...

Proof. The claim is easy to check when n=2, or when = has n com-
ponents. We prove the result by induction on #n. Suppose that it is proved
up to n— 1, and consider a non-crossing admissible partition of {1, ..., n},
with strictly less than » components. Then there exists some j, k such that
j<k—1, j~k and the classes of j+ 1, j+2, .., k—1 consist of singletons.
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Then for any iy, .., i, inducing =z, one has i;=i;, and (i;i;, 1) (ix_ i) =
({j416;42 - ix_1), therefore

(i1ix)(izi3) -+ (iyiy)
=[(iyia) - (g i)l == (L) I X (G gy - e y)

where (iyiy) - (i;_10;)(ijig 1) -~ (i,iy) and (i;417;4, -+ ix _;) have disjoint
supports, thus the class /(z) consists of the product of a disjoint cycle
of length k— j—2 with the class of A(xn') where n’ is the non-crossing
partition of {1,..,j} U{k+1,.,n} induced by iy, ., ijs igxy1s e in
On the other hand, one sees that the conjugacy class of #(K(x)) consists
of that of the Kreweras complement of 7', to which is added a disjoint
cycle of length k—j—1. The first claim follows by induction. The fact
that 2 + |ha(n)| + n=2 comp(n) also follows from these considerations by
induction. ||

LemmaA 4.3.4. Let ne 2,(J, n), then |h(n)| <n—2, and there is equality
if and only if J= & and n is the partition with n components, or J has one
element and m is a partition with n—1 components. In these cases, h(n) is a
cycle of order n— 1.

Proof. The number of elements in the support of i(x) is at most equal
to the number of components of z. Since |o| <s(g)—1 for any permuta-
tion, it follows that |h(n)| <comp(n)—1<n—1. If J= ¢, then A(n) is a
product of n transpositions, hence its length has the same parity as »n (for
signature reasons), since it is at most n — 1, it cannot be more than n—2.
If J# &, then h(n) is a product of at most n — 2 transpositions, and thus
|h(m)| <n—2.1If |h(n)| =n—2, then = has at least n — 1 components. In the
two cases of the lemma one can check the last assertion directly, so that it
remains to rule out the possibility that J= ¢ and n consists of n—2
singletons and one pair. Assume this is the case, ie. i,=1i, with r+1 </,
and all other i) s are distinct, then one sees by a direct computation that
|h(m)|=n—4. |

LemMA 4.3.5. Let o, and o, be permutations having k elements in com-
mon in their supports (k>=1), then |g,0,| = |0,| + |o,] +2—2k.

Proof. Suppose first that k=1, then ¢, =f,y,, and g, = f,y, where y,
and y, are the cycles containing the common element. Thus ¢,0,=
B1B2(y172), but y17, 1s a cycle of length |y, [+ |72, hence |a,0,| =[]+
[B2] + y172] = oy + o] If k>1, let aq, ay, ..., a,_, be the elements in
common. Choose elements a, ..., @) _; which do not belong to the supports
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of either o, or g, (we assume ¢ is large enough), and let 7= (a,d})(a,d5)
-w(ay_,dy_,), then 7o;7~" and o, have only one common element a, in
their supports, hence

loy |+ loz| =lto T + o,
=|to,7 " 0,|
:|T<717_1‘71_1‘7102|
<ltl+lot oyt + o0,

<2k—2+|0,0,| 1

LemmaA 4.3.6. Let o, and o, be permutations such that |c,+c,|=
|, + |o,|, then either o, and &, have disjoint supports, or c'(6,0,)<
(0,)+ ' (a,)— 1, where c'(a) denotes the number of non-trivial cycles of
the permutation o.

Proof. For any permutation one has |g| =s(g)—¢'(o). If ¢, and o, do
not have disjoint support, then s(o,0,)<s(o;)+s(g,)—1. The claim
follows easily. |

4.4. Induction on the Length of o

We shall now prove Proposition 4.2 by induction on n. The case n =2 is
trivial. Assume Proposition 4.2 holds for n— 1, (with n > 3), then it follows
that |y,(a)| = O(g~'°"?) uniformly over all (4, n — 1)-balanced diagrams A,
and permutations ¢ of length <n — 3. Recall that from Section 4.3 we have

1
tr/l(<r(;“)n>):7 Z Z (Q)comp(n) Xi(h(n))

qg+1 T AL, .n} neP(J.n)

By Lemma 4.3.4, all the terms /() in this expression have length at most
n—3, except the ones where J= ¢ and = is the partition with » com-
ponents, or J has one element, and 7z is a partition with » — 1 components.
These last terms give a contribution of

1

741 (@) +n(q)n—1) (12 n—1))

=q¢""'(14+0(g™") y,((12---n—1))

We now evaluate the contribution of other partitions. We use the fact
that for =« not in the preceding set, by induction hypothesis,
2.(h(m)) = O(q~"™V2) " uniformly over (A, n)-balanced diagrams (in the
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following, we shall not repeat each time the words “uniformly over (A4, n)-
balanced diagrams”, which will be implicit). If 7 e 2,(, n) is a partition
with a crossing, or if J has at least one element, and = € Z,(J, n), then from
Lemmas 4.3.1 and 4.3.2, one has (1/(¢+ 1))(4) compm 22(1(7)) = O(g">~1).
Therefore one has

tr(XI(A)") ) =¢ +0(q7") (12 n—1))

n— 1( 1
1 n/2—1
+71 (q)ﬁomp(n) X}.(h(n)) + 0(‘1 )
9+ 1 nco @, maNcm\0,)
where 0,, is the partition with » classes.
The set of Kreweras complements of partitions 7 e Z,(J, n) n NC(n) is
the set of non-crossing partitions with no singleton, which we denote by

NCy(n). From Lemma 4.3.3 and the induction hypothesis we deduce that
tr, (<)) =¢"""(1+0(g~") y((12---n—1))
+ > [T Cm(2)+0(g"?~1)

ne NC|(n)\{0,} Ven

We compare this expression with the expression for the moments of the
distribution of I(A1) in terms of its cumulants (see Section 2.4). Since the
first moment of I(1) is zero, one has

tr ({I(A)")) = Z n C|V|(/1)-

neNCy(n) Vern

Comparing these two relations, we have
2((12---n—1))=¢"*'1C,(2) + O(g~"?),

uniformly over all (A4, n)-balanced diagrams, and the induction hypothesis
is verified for cycles of length n— 2.

We now continue the proof by induction on the number of non-trivial
cycles of the permutation o. So we assume that Proposition 4.2 holds for
permutations of length n —2, with at most r—1 non-trivial cycles, with
r=2. Let now ¢ be a permutation of length n — 2, with r non-trivial cycles,
and write it as 0 =0,0,, a non-trivial product of two permutations with
disjoint supports. We denote by card(s;), for i=1,2, the number of all
elements conjugate to o, in S,, and by X; the sum of these elements in the
group algebra. Let A%, then [4](2;); i=1, 2 are multiples of the iden-
tity, and thus

try([A1(2125)) =try([A1(2)) tr([41(25))
= card(a,) card(a,) x(01) x4(02).
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One has card(d;) = C;q"°? + O(¢*°?~"), where C, are positive com-
binatorial terms, independent of ¢ (they depend only on the numbers
ky, k5, ... of cycles of lengths >2 of g;). Let us expand the product X' X,.
Since s(o,0,) =s(a;) + s(a,), we find that the terms which are conjugate to
0,0,, are obtained from pairs of permutations (g', g5), having disjoint
supports, in the respective conjugacy classes &,, G,. Their number is
C, Crq*@V+5@) L O(g*@+5(@)—1) The terms which are not conjugate to
0,0, correspond to pairs (¢, g5) which have some element in common in
their supports. The number of such pairs having k > 1 elements in common
is of the order O(g*°’*5(@=#%) By Lemma 4.3.5, they satisfy |o}05|>
|g,0,| +2—2k, and by Lemma 4.3.6, if |6 05| =|0,0,| =|0o,| + |0,], then
the number of nontrivial cycles of ¢} is at most r — 1, so that the induc-
tion hypothesis gives us the estimate y,(c05) = O(q~'91°2/2), Thus, these
terms give a contribution to tr,([1](2,2,)), which is of order

0( qs(al) + (o)) —k—loq|/2—o,|/2—1 +k) — O(qs(al) +s(a,) —lo11/2 = |o,]/2 — 1)'
This implies that

C, Cog* V5 (ay) y(02)

— Cl C2 qs(al) +S(62)XA(O-1 0.2) + O(qs(al) +5(a,y) — loy1/2 — oyl /2 — 1)

so that one has

1:(0) = 1:(01) x(a2) + O(g~1 V2= Inl2=1)
uniformly over all (A4, n)-balanced diagrams. Using the induction
hypothesis for ¢; and o,, we have the correct estimate for o.

This proves Proposition 4.2. ||

Corollary 1.3 follows from the preceding proof, in fact one sees that there
is a version of that corollary with (4, n)-balanced diagrams.

5. TENSOR PRODUCTS

5.1. Reduction to Markov’s Inequality

We use again the notations of Section 3.3 and Section 4. Let now & be
a finite dimensional, reducible representation of S,, on some space V.,
then one can define an operator I(¢) in End(V:) ® M, (C) by a formula
similar to the definition of /(4) in Proposition 3.3. We denote by tr, the
normalized trace on End(V.).
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LemMA 5.1.1. Let A>1, then for all n, m positive integers, one has

trinepa(CTIA @ U])YD) = | ¥mg (dx) +0(g"7") (5.11)

tr[z]®[ﬂ](<F([;b] Q[ul)">I([AI®[u])™>)
=t e (TULAI® [1]))) e (KTLAT® [1])™))
+ O(q"/2+’”/2_1) (5.1.2)

uniformly over all A-balanced Young diagrams 1., €%,

Proof. By the same computation as in Section 4.3, since the normalized
character of [A]® [u] is x;x,, one has

trea(<ILAT® [])™D)

1
:ﬁ Z Z (q)comp(n) Xi){y(h(n))

J={1,..,n} neP,(J,n)

By Corollary 1.3 we see that for a typical term in the sum one has

1

m (q)comp(n);{i}(,u(h(n)) = O(Q_l comp(z) = Ih(n)l).

By Lemmas 4.3.1 and 4.3.2 and 4.3.3, for all #n, one has 2+ |h(n)| +
n =2 comp(m), so that the only terms which are not of order O(g™>~!),
satisfy —1 + comp(n) — |h(n)|/2=n/2 and |h(n)| =0, ie. ne Z(F,n) is
non-crossing and /i(n) =e. By Lemma 4.3.3 there are no such partitions if
n is odd and for even n, the partitions satisfying these requirements are
the non-crossing partitions whose Kreweras complement is a partition of
{1, .., n} into n/2 pairs. It is well known that the number of such partitions
is equal to the Catalan number (2p)!/p! (p+l)!, where n=2p. Each
such partition gives a contribution of ¢” + O(¢?~') to the sum. On the
other hand, one has |gx" mg (dx)=0 if n is odd, frx pmg (dx) =

q?(2p)/p! (p+ 1)!). This proves part (5.1.1) of the estimates.

In order to prove (5.1.2) we expand

e (CIILAT® [u D)) T(LAT® [1])™))

: )
(g+1) 0<iy iyt - £y Al <q
0<ir1+17éin+2;é o Flyym F 1S9

XAXu((iliz) o (gl ) ting2) - U eming1)




REPRESENTATIONS OF SYMMETRIC GROUPS 157

We write this sum as a sum over sets J and partitions of {1, .. n}u
{n+1,..,n+m}\J, denoting h(x) the conjugacy class associated with a
partition, we get

tr[i]@[g](<F([;h] Q[u])">ILAI®[u])"))

1 ~
Z Z (Q)comp(n) XAXy(h(n))

2
(q+ 1) J={l, . .,n+m} ne P (J, {1, ..,n+m})

where admissible partitions in #,(J, {1,...,n+m}) are partitions of
{1, .onfu{n+1,.,n+mj\J,such that j ¢ j+1, forj=1,..,n—1, 1 xn,
n+jrn+j+1 for j=1,..,m—1, and n+1~+xn+m.We have the
analogue of Lemmas 4.3.1 and 4.3.2.

LEMMA 5.1.2. Let m be an admissible partition, as above, of
{1,..,n+m} such that there exists ke{l,..,n} and le{n+1,..,n+m}
with k ~ [, then one has

2+ |h(m)| +n+m=2 comp(n).

Proof. As in the proof of Lemma 4.3.1, we can reduce the claim to the
verification in the case where n consists in one pair {k,/}, with
ke{l,..,n}andle{n+1,.,n+m}, and n+m—2—|J| singletons, which
we leave to check to the reader. ||

End of proof of Lemma 5.1.1. With the help of Lemmas 5.1.2, we see
that the sum of terms corresponding to partitions which connect {1, ..., n}
and {n+1,..,n+m} can be neglected, and using Lemma 4.3.2, one can
neglect the terms with J# (J, so that

(LA [u])" > I([AT® [1])™))
1

2
(¢g+1) m e P (B {1, .an})
e P (D, {n+1,..,n+m})

(Q)comp(nl)-kcomp(nz) X}.X,u(h(nl) h(nZ)) + O(qn/2+m/2—l)

where h(n,) h(n,) denotes the class of the product of two permutations of
classes h(m;) and h(m,) with disjoint supports. Note that one has
(q)comp(n1)+comp(nz) ~ (q)comp(n:l) (q)comp(n'z)' USing now the apprOXimate fac-
torization of characters (i.e. Corollary 1.3) and the estimate
7.(0) 21:(6) =0(q~"""), we can replace the terms y,y,(h(n;)h(n,)) by
HuX2(h(71)) % 24(h(7,)) and we have
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tr e (KLLAT® [ > I[AI® [u])™))
:tr[z]®[,l](<r([/1] ®Lul)">) tr[A]@[g](<F([/1] ®Lu])™>)
+ O(qn/2+m/2—l). I

5.2. End of the Proof of Theorem 3.1.1

Let Ae%,, then the operator {I(4)") € End(V,) commutes with all
[A](o), for o€ §,, so that by Schur’s lemma, it is a multiple of the identity,
its eigenvalue being the nth moment of the distribution of 7(4). It follows
that for a reducible representation &, the operator {I(&)") is a multiple of
the identity on each isotypic component of &, with the eigenvalue
tr,(<I(4)") on the component of type [4]. Denote by #}, the multiplicity
of [v] in [A]®[u]. From the above considerations we deduce that one
has

o ((<MEAO LAY - magin ) )

B dim([v]) ., 2
= > 1 BT <j X mv(dx)—ij mgq(dx)> .

ve@

Using estimates (5.1.1) and (5.1.2), we see that this expression is of order
O(q"~"). Let H(C) be the set of ve %, such that

n/2—1/2

> Cq

f X" (dx) —f X" g (dx)

R

Applying Markov’s inequality, we obtain that

dim([v]) P _
v — ==K C n+1 X 0( n 1)
o am e < I
uniformly over 4-balanced Young diagrams in %,. Theorem 3.1.1 follows
from this. |

5.3. Proof of Theorem 1.4.2

Fix 4, & J, and choose C large enough in Theorem 3.1.1 so that
K/C?< 6. Then for q large enough, the diagrams occurring in the “good”
set of Theorem 3.1.1 will be (4 + 1, n)-balanced, so that we can apply
Proposition 4.2 to them, and deduce that the corresponding characters are
given asymptotically by the cumulants of the diagram Q,. We leave details
to the reader.
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6. RESTRICTIONS

6.1. Asymptotic Freeness with Diagonal Operators

Again we use the same notations as in Section 4. We shall prove an
estimate which essentially means that I(4) becomes asymptotically free
with diagonal operators in M, ,,(C), when g — oo. We consider DV, for
j=1,..n, diagonal matrices in M, (C), which we identify with their
dilations to I, ® D' e End(V;,) ® M, ,(C).

Lemma 6.1. Let A>1 and n, m be positive integers, denoting by R the
free cumulants associated with the trace tr; ® -, one has

tr,({DDOI(L) DPT(A)--- D™WI(1))
= Y <[=1DW, .., D™) RIK(7)](I(A), .. [(A))+O(g">~ )
e NC(n)
(6.1.1)
tr,((DOI(1) D@ ... DWI(7)y{ D"+ VI (1) DA+ ... Dr+mL(7))
=tr,({DWI(A) D"+ ... DWI()))
X tr,({ D"+ V() DA+ ... pirm())y)

+0(q"?+m2) (6.12)

uniformly over all A-balanced Young diagrams i€, and all diagonal
matrices DV, ., D" +™ e M, \(C) having all their coefficients bounded by
1 in absolute value.

Proof.  We first expand the left-hand side of (6.1.1); we get

[CO N )1}
y DY ...D

i X ) X llil inin
O0<iy#ip## - #i,#i|<q

1
qﬁ 20 igis) -+ (iyiy))

As in Section 4.3, we rewrite this in terms of admissible partitions of
{1, ...,n}\J. The term corresponding to a partition = is

1

- M ... pw
S Y DD

- i iy,
iy, ..., i, induce #

Since all coefficients of the matrices D® are bounded by 1, as in Section 4,
we see that we can neglect the terms corresponding to =z not
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in Z2(J,n)n NC(n). On the other hand, for 7e 2,(, n) n NC(n) one
has

1), (n)
Z Dil [ Dinin
iy, ..., i induce 7

=@ H[IDDY, .., D®)+ O(gemr ),

Note that in (6.1.1), the partitions such that K(z) has one-element com-
ponents do not contribute. By Theorem 1.3, and Lemma 4.3.3, one has

RLK()J(T(A), s T(2)) = g2+ WOV 1 (h(m)) + O(g"2 1)

for r € NC(n). This implies (6.1.1). The estimate (6.1.2) can be proved along
the same lines as the estimate (5.1.2) of Section 5.2, using Lemma 5.1.2. We
omit the details. |

6.2. End of Proof of Theorem 3.1.2

Let p < ¢, we shall apply Lemma 6.1 in the case where the matrices D*
are all equal to 77, the matrix with one’s on the first p +1 diagonal
elements, and zeros outside. The matrix I77(A) IT is now

_(I([211S,) 0
HF(l)H-( 0 0>

where I([A]]S,)is a (p+1)x(p+ 1) matrix with entries in End(V). By
(2.5), the expression

Y K H[a]U, ... IT) R[K(7)J(I(A), ..., T(A))

e NC(n)
is the nth moment of the distribution of /7X77, where X and /T are free ran-
dom variables, X is distributed as I(A), and IT is a projection with nor-

malized trace (p+1)/(¢+1). In other words, this expression is equal to
(P+DNq+1) g X"y 1y0q+ (M) (dx). It follows from (6.1.1) that

treayys (CLLATLS,)™)) = fR X" p 4 g+ (M) (dx) + O(g"* )

Furthermore, let d; be the multiplicity of [v] €%, in [41] ] S,, then one has
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2
s, ((CCALLS, S = [ 3y i@ ) )

d 2
_v;g icmg nmv(dx)_LRxn”<p+1>/(q+1)(“11)(dx)>

By (6.1.1) and (6.1.2) this last expression is O(g"~'), uniformly over
ag < p<(1—a)q. Arguing as in Section 5.2, applying Markov’s inequality,
we see that for most irreducible components [v] of [4]]S,, the moments
of the measure m, are close to those of 7, 1,41 (M,). For the same
reason, for most irreducible components [v] of [4]]S,_,, the moments
of the measure m, are close to those of 7, ,, 1y, 1(1M,), and taking the
intersection of these two sets, we see that for most irreducible components
[vi]#[v2] of [A]1]S, xS,_,, the moments of the measure m, are close
to those of 7, ; 1)/4+1)(M;) and the moments of the measure m,, are close
to those of 7(,_ , 1 1)/g+1)(M;). Again we omit the details. [

The proof of Theorem 1.5.2 is along the same lines as the proof of
Theorem 1.4.2.

7. REPRESENTATIONS OF SYMMETRIC AND
GENERAL LINEAR GROUPS

The last parts of the paper are devoted to the induction problem and the
proof of Theorem 3.1.3. It would be interesting to have a proof of this
result along the lines of 3.1.1 and 3.1.2, by exhibiting a decomposition of
the operator I([A]°[u]) into a sum of two operators which would be
asymptotically free. One can observe that the obvious decomposition of the
Jucys-Murphy element [A]ec[u](.#,) into the sum of the first [A| terms
and the last |u| terms does not yield two asymptotically free operators. One
can find more subtle decompositions, which are good candidates, but a
direct analysis involving only symmetric group has escaped us. In some
sense what we do in the next sections is to find another route to this
decomposition, using the duality between representations of symmetric
groups and general linear groups, and this allows us to exploit large matrix
theory.

7.1. Schur—Weyl Duality and the Littlewood—Richardson Rule for Outer
Products

Besides representations of symmetric groups, a Young diagram
Ai1=A,= -+ can also be used to denote the highest weight of a finite
dimensional irreducible representation p, of GL(N, C) for N large enough,
occurring in the tensor powers of the basic representation. Indeed, by a
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classical result of Schur (see [ Wey]), the space V' ®4 where V is a complex
N-dimensional space, carrying the basic representation of GL(N, C), can be
decomposed into a direct sum

yei= Y E, (7.1.1)

le@q

where %, denotes the set of all Young diagrams with || =¢ and E; is a
subspace invariant under the natural action of S, x GL(N, C) carrying an
irreducible representation of class [A] ® p;.

The Littlewood-Richardson rule gives the multiplicity ¢}, of the
representation [v] in the decomposition of [A]-[u]. These coefficients
also arise when taking the Kronecker tensor product of the two representa-
tions p,; and p, of GL(N, C), namely for N large enough, ¢, is the multi-
plicity of p, in the decomposition of p, ® p,. This can be seen from
Schur—Weyl’s duality relation (7.1.1). We shall not recall the explicit
description of the Littlewood—Richardson rule, but rather refer to e.g.
[JK], [M] or [R] for several formulations.

7.2. Another Spectral Interpretation

We start by quoting the following Lemma which are quite standard. We
give the proof for completeness.

LemmaA 7.2.1.  The normalized character of the natural representation of
S, on V®4 where V is an N-dimensional space, is (o) = N,

Proof. Just compute the trace in the basis ¢; ® --- ®e, where
€y, .., ey 1s a basis of V. |

Lemma 7.2.2. Let A€, then one has

lim N~dim(p,)=dim([1])/q"

N— ©

Proof. This follows from the explicit formulas for the dimensions of the
representations involved (Weyl’s dimension formula for p, and the hook
formula for [A]). We give however a more instructive, less computational
proof which relies on Lemma 7.2.1. Consider the representation of S, on
V' ®4 where V is an N-dimensional space carrying the basic representation
of GL(N, C), then by Lemma 7.2.1, the normalized character of this
representation converges, as N — oo, toward the normalized character of
the regular representation of S,. It follows that the coefficient of the
character of [ 4] in y,, which is equal to N ~?dim(p,) by (7.1.1), converges
as N — oo, towards the coefficient of y, in the normalized character of the
regular representation, which is dim([1])/¢!. |
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Let E;; 1 <i, j< N be the canonical basis of the Lie algebra gl(», C). Let
now A be a Young diagram and N > |A|. Denote by W, the space of an
irreducible representation p, of the group GL(N, C) with highest weight 4.
We denote by dp, the derived representation of the Lie algebra gl(N, C).
There is a Hilbert space structure on W such that dp,(E;)* =dp,;(E;). We
denote by tr, the normalized trace on End( W) and by < - > the normalized
trace on M ,(C) (this should not cause confusion with the notations we
used earlier). Then the von Neumann algebra End(W,) ® M 5(C), endowed
with the trace tr; ® { - ), is a finite dimensional non-commutative probabil-
ity space. We define a self-adjoint element of End(W,) ® M (C) by the
formula

X(4, N)= Z dP,l(Eji)®Eij

1<i j<N

We shall now give another spectral interpretation of the measure m,
associated with the Young diagram A. By a slight abuse of notation, we
denote by tr, the trace dilated to End(W,)® M(C) by tr, ® Id, and
similarly for {- ).

PropoSITION 7.2.  For all integer k =1, one has

lim tr,({ X(Z, N)E>) = f xFm,(dx)

N — ©

This means that the measure m, is the weak limit, as N — oo, of the dis-
tributions of the elements X(4, N) in the non-commutative probability
spaces (End(W,;) @ M n(C), tr; ® {-)).

Proof. First note that 3, _, ;cy E; ® E; acting on CN®C", is the
transposition sending x ® y to y ® x. We consider the operator

q
Z Z (I®(k_l)®Eﬁ®I®(q_k))®E,-j

k=11<i,j<N

on (CM)®@+D By the above remark, this is the image of the
Jucys-Murphy element .74, , in the canonical representation of S, ,; on
(CM)®@+D Multiplying on the left by the Young projector 7, one gets
the operator /® X(4, N), acting on the space E, of formula (7.1.1), con-
sidered as the S, xGL(N,C) module [4]®p,. By Lemma 721, as
N — oo, the character of the representation of S, on V'®7 converges
towards that of the regular representation of S,, thus the distribution
of n,(#,,,) on E, converges towards m, as in the computations of

q
Proposition 3.3. |1
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7.3. Two Operators

We now elaborate on the last subsection and consider simultaneously
two representations associated with Young diagrams A and x4, acting on the
spaces W, and W,. Let this time

X

X(4, N)= z dpA(Eji)®I®Eij

1<i, j<N
and
Y=Yu,N)= ) I® dp(E;) ® Ey
1<i, j<N

be elements of End(W,) ® End(W,) @ M y(C).

ProrosiTiON 7.3.  For all integers k, ..., k, one has

Jim tr, @tr, [{(X+ 1)) - (X +1)*)]

oy oy dimr]) <f xklmv(dx)>...<j xkrmv(dx)>

Vel ,lﬂ dim([4]<[x]) \Ur R

Proof. Consider the decomposition of the space W, ® W, under
the action of the representation p, ® p, of GL(N, C). Each component
of type p, occurs with multiplicity c},. By Schur’s Lemma, on each such
component the operators {(X+ Y)*> are diagonal, with eigenvalue
tr,({ X(v, N)*>). Thus for fixed N we have

;@ [{(X+ 1)) - (X4 1) ]
Ly e dmi)

Tl n ) dim( ) Ny L k,
o e dimip,) dim(p,y A W) AR (AT M)

Applying Lemma 7.2.1 and Proposition 7.2, we get the result, since
dim([4]°[u]) = ((m+n)!)/(nt m!) dim([A]) dim([x]). 1§

8. CASIMIR ELEMENTS ASSOCIATED WITH PERMUTATIONS

In this section we gather information on permutations and we introduce
certain elements in the center of the enveloping algebra of gl(N, C).

8.1. A Fundamental Lemma

We denote by Z the cycle (123 ---¢). The following simple Lemma will
be crucial in the proof of asymptotic freeness.
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Lemma 8.1. Let o and t be permutations in S, such that
lo| + |Zt Y| + |t Y = | Z|, then either o or Zt~! has a fixed point.

Proof. Since |Z|=¢g—1, one must have either |o|<(¢—1)/2 or
|Zz~!| < (¢ —1)/2. But the product of at most (¢ — 1)/2 transpositions can
move at most ¢ — 1 elements, hence either o or Zz~! has a fixed point. ||

8.2. Anti-exceedances

For g€ §, we define aexc(o) as the number of 7 such that o(i) <4, i.e. the
number of anti-exceedances of the permutation (see, e.g. [ FS]).

LemMA 8.2. Let 1<k<g—1, and denote by & the transposition

(k k+1), then for all o, 7€ S, one has

(1) aexc(t)+aexc(Zt— ") =q+1
(2) |aexc(o)—aexc(t)| < |to Y.

Proof. For every j<g—1 we have the two mutually exclusive
possibilities: either 7(j) < j or Zz~Y(z(j)) = j+ 1 < (), hence either j is an
anti-exceedance of 7 of 7(j) is an anti-exceedance of Zz ~!. Finally one sees
that ¢ is always an anti-exceedance of v and 7(g) is an anti-exceedance of
Z7~ L. Counting all anti-exceedances gives part (1). For the second part, it
is easy to check when 7o ! is a transposition, and the general case follows
by the triangular inequality for the distance |-|. |

8.3. Definition of the Casimir Elements
Let &;; 1<1i, j< N be the canonical basis of %(gl(N, C)), the universal

enveloping algebra of gl(N, C). Thus the &, satisfy the commutation
relations

[fij, fkl] = 5i15jk - ékjéli

Let ¢ be a positive integer and for o€ S,, define the following element of
U(sl(N, C))

C‘T = ) Z éilia(l)éiZia(Z) e éiqia(q)
In order to ease notations, we shall not indicate the dependence in N of
these elements in the sequel. When o is the cycle (123 ... ¢) we put C,=C,.

One can casily check that C, belongs to the center of Z(gl(N, C). Let us
now introduce a convenient notation. For an integer p > 1 define

&= Y Gaundy & € UGIN,C)

1<ipy iy | <N
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These elements satisfy the commutation relations

[EP, &P T=EP+a D0, =gtV
Let p=(pi, . p,) where Pis s Pg  ATE positive integers, and
Ipl=pi+ -+ +p,. If 7is a permutation of {1, .., ¢} let p* be the vector
(P<(1)» - Pe(py)- We now define the following Casimir operator
() — (1) £(py) (py)
Co'= 2 éilimfizim ..-éiqi‘t]r(q)
1<y, s By <

Replacing the elements &{#¥ by their defining expression, we see that in fact
C® = (C, where ¢’ is a permutation of |p| elements, obtained from o by
inserting p, _, elements in the cycle between k and o(k).

LemmA 8.3. Let c€S, and for some 1 <r<q—1, let & be the transposi-
tion (r r+1).

(1) Ifo(ry=r+1 then
CcCP=Ck

where p' = (P, s Dy —1> Pr+ Pri1> Dr s 20 0 Pg) and @' is the permutation of
{l,..,q—1} given by o =oaaf, where o(j)=j; Pp(j)=j for j<r,
o j)=j—1 B(j)=j+1forj>r.

(2) Ifo(r)#r+1and o(r+1)=r, then

C®_C®),=C® —NCE

where p'=p" = (p1, o Pr—1s Py + Pry1— s Dy 2y oor Dy)> O 1S the permuta-
tion of {1, ..., q—1} given by o' =a'afy’, where o«'(j)=j; p'(j)=Jj for j<r,
(r)y=rp'r)=r+1,d(j)=j—1; p'(j)=j+1 for j>r, and ¢" is the per-
mutation of {1, .., q— 1} given by ¢" =o"af", where &"(j) = j; p"(j) = Jj for
j<r o’ (j)=j=1 p"(j)=j+1 for j>r

3) Ifa(r)#r+1 and a(r+1)#r, then

) ®)  —_ c®) (»")
CO_C®)_ =C®)

where p', p”, o' and " are as in (2).

Proof. The first case of the lemma is easy. For the other cases, observe
that for any o € S, one has

é(pr+2) . é(pq)

b 4 2g5(r +2) fgte(q)

S (py) (Pr_1) 211 £(p)
Coli= Y e gy e g
I <

eoe™ Idgg(1) b1l —1) > rlgg(r +1) = b+ 170(r)
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Exchanging the numbering of the indices i,, i, ; in the above sum gives

b 1t(r—1) " U4 1l6lr+1) ° Brloly) ® fr42%(r+2) Lyts(q)

g (ry) (1) (Pr41) ) 2(Pry2) (py)
CELi= ) &gl Gl G &l G
C <N

an application of the commutation relations shows that

(® __ ) (r1) L (»,) (Pry1) L (py)
Ca ngg Z éilia(l) [firia(r)’ éir+lia(r+1):| fiqizl(q>
1<y oy iy <N
_ Z é(pl) f(p'_l) é(p,+p,+.fl)
1135(1) b 1(r—1) 2 Brlor 4 1)
1<y, oy ig <N
(Pry2) (r,)
X0; T e
5’r+l’ﬂ(r)é’r+2’a(r+2) f’q’a(q)
. Z f(pl) é(p,,l) é(pﬁp,ﬂfl)
Ig(1) 105 —1) 2 by 150)
1<y, s iy <N
é(py+2) é(Pq)
g +1) 2 G 4206 42) iqls(g)

Parts (2) and (3) of the lemma then follow by inspection. ||

8.4. Expression in Terms of Basic Casimir Elements

Since the elements C, are in the center of %(gl(N, C)), they can
expressed in terms of the basic Casimir operators C,, indeed one has

Lemma 8.4.1.  For all 6 €S, there exists a unique polynomial P, in g+ 1
variables, with integer coefficients, such that for all N >0,

C,=P,N, Cy, .., C))

Proof. We prove the existence by induction on ¢. Let 1 <r<¢—1, and
¢ be the transposition (r r+ 1), then by Lemma 8.3 and the induction
hypothesis, C, —C,,.-1 is a polynomial in N, C;, C,, .., C,_,. Iterating
this we see that for any permutation 7, conjugate with g, the same is true
of C,— C,. Now if k,, k,, ..., k, are the lengths of the cycles of g, then we
can easily compute C, for 7 the permutation with cycles

(12 kg s [k + D)k +2) - (K +k3) 15
[(ky+hkot+ -k, + Dk +ho+ -k +2) -
(kl+k2+ "'kr—l+1r)]
which is conjugate to g, and get C, = Cy, Cy, --- C . This proves the exist-

ence of the polynomial P,. The uniqueness follows from the fact that for
all N>gq the C,, ..., C, are algebraically free in %(gl(N, C)). |
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COROLLARY 8.4.2. There exist polynomials P™ such that, for all N >0,
CETP) = P(O_P)(N, Cl 9 sees Cll’l)

8.5. Gradations

We now define three gradations on the space of polynomials in the
variables N, Cy, ..., C,, ... The first is the degree d(P) obtained by assigning
a degree 1 to each variable N, Cy, ..., C,, ... The second is A(P), obtained
by assigning a degree zero to N and a degree j to C;. The third is v(P),
obtained by assigning degree 1 to N and degree j to C;.

Let o be a permutation, for each cycle ¢ of the permutation we denote
by p. the sum >, .p,, We define polynomials in several variables
RP®(xy, ..., xp) by the formula

RP(xy, o xpp) =[] x,,

clo

where the product is over the cycles of a.
We now come to the main technical result of this section.

PROPOSITION 8.5. For all permutation o of {l,..q} and vector
p=(pi1, ... p,) one has

(1) h(PP)=1p|
(2) o(PP)=]p|
(3) d(P®)=uaexc(o)

Furthermore, P®(N, Cy, ..., Cp) —RP(Cy, ..., C\y)) has h-degree < |p| — 1.

Proof. We first prove (1) and (2) by induction on ¢. Let ¢ be a trans-
position (r r+ 1). Using Lemma 8.3, we see that P®® —P®)_, is of the form
AxP®) — By P®) where ¢’ and ¢” are permutations of ¢ — 1 elements, one
has |p’| =|p”"| = |p| — 1, and A4, By are cither 1 or N. It follows, by induc-
tion hypothesis, that the h-degree of P® —P®) , is <|p|—1 and its
v-degree is < |p|. Replacing ¢ by any permutation, this holds again, hence
if we look at t=pop~! the permutation introduced in the proof of
Lemma 8.4.1, we see that P —P®)_, has s-degree < |p|— 1 and v-degree
<|pl. But P®) (N, Cy, ..., Cp)) =RP(Cy, ..., C}p)), as one can check, so
that the /-degree and the v-degree of P®)_, are both [p|, hence, the
h-degree of P® is |p|, and its v-degree is < |p|. Since the v degree is always
larger than the A-degree, we have the conclusion. The last assertion also
follows from these considerations.

We now turn to the proof of part (3) of the Lemma. We shall prove by
induction on ¢ and ¢ —a(g) that P® has d-degree equal to aexc(s), and
more precisely, that it contains a monomial with d-degree aexc(o) and with
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v-degree |p|. Assume that this is true for all permutations of less than ¢ — 1
element.

Let geS, be such that o(q) =¢, then CP'=C, C*’ where ¢’ is the
restriction of ¢ to {l,..,¢—1}, and p'=(p,,.., p, ). By induction
hypothesis we see that P, has a term of d-degree aexc(o)= aexc(c’)+ 1
and of v-degree |p|.

Consider now the case where g(g) =¢ —1 and g(q¢ — 1) = ¢, then one has
CP=C, p, ,CF) where ¢" is the restriction of o to {1, ..,¢—2}, and
where p” = (py, .., p,_»). Using the induction hypothesis again we see that
P, has a term of d-degree aexc(o)=aexc(c"”)+ 1 and of v-degree |p|.

Assume now that o(¢)=¢—1 and a(¢g—1)<g—1, and let ¢ be the

transposition (¢ g — 1), then using (3) of Lemma 8.3 we see that
cP®_c®)  =c®)_ yCk&)

Since eoe '(g—1)=¢g, and aexc(ece™')=aexc(c)—1, by induction
hypothesis, and (1) of Lemma 8.3, C'*)_, has d-degree equal to aexc(c) — 1.
One sees that C®) and C®” have v-degree |p|—1. By induction
hypothesis, C®") contains a term with d-degree aexc(c”) = aexc(o) — 1 and
v-degree |p| — 1, hence NC®" contains a term with d-degree aexc(a) and
v-degree |p|, and the induction hypothesis holds for o.

Finally we assume that a(q)=r<g—1 and let ¢ be the transposition
(r r+1), then o(r+1)#r. If a(r)=r+1 then we can apply (1) of
Lemma 8.3, and we obtain easily the result. If o(r) #r + 1, we apply part
3 of Lemma 8.3 and we see that

) »  —_ c®) (»")
CO_C®)_ =C®)

This time the two terms on the right have v-degree |p| — 1, moreover, we
have ¢ —o(q) =g —eoe~Y(q) + 1, and aexc(eoe ') = aexc(o). Using induc-
tion on ¢—oa(q), we know that C®)_; contains a term with d-degree
aexc(o) and v-degree |p|, and the claim follows. ||

8.6. Limit Polynomials
Once we have computed the d-degree of PP, we can define new polyno-

mials in several variables by the formula

QP (x1, wos Xppy) = lim NTUFDPP(N, Ny, .y N )

N — ©

Note that only terms of highest d-degree in PP give rise to terms in the
limit polynomial Q». We define the A-degree of such a polynomial by
assigning degree j to the variable x;.
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PROPOSITION 8.6.  For any permutation o € S,, one has aexc(o) + |a| = q.
If aexc(a) + |a| > q, then (Q®) < |p| —1
If aexc(a) + |a| = q, then (QP —RP) < |p| — 1

Proof. First we note that each cycle of ¢ contains a j such that o(j) < j,
so that aexc(o)=c(a), this gives the first assertion. For the other asser-
tions, we have to compute the terms in P® of /-degree |p| and d-degree
aexc(a). By the last assertion in Lemma 8.5, the only term of A-degree |p|
in PP(N, Cy, ..., Cp) is RP(Cy, .., Cyp). The d-degree of this term is equal
to ¢(o), hence it gives a contribution to Q® only if ¢(g) =aexc(a). |

9. EXPANSION OF UNITARY GROUP INTEGRALS

9.1. Asymptotics of Integrals

First we recall a result on asymptotic evaluation of unitary group
integrals. Such results have been obtained for classical groups by Weingarten,
see [ Wei]. The full proof in the unitary group case can be found in [ X].
We denote by dU the normalized Haar measure on U(N), and by U, the
coordinate functions.

PROPOSITION 9.1.  Let iy, .y iyy J1s s Jgo E1s s gy J1s s Jy» De positive
integers, then one has

.[U(N) Uigi+ U"qf'q Uiy - Uy, dU

q°9

— —q—|to!| R Y e O s -1
= L N Oty Oty Oy Oy P> 4, 70 77)

G',TESq

where ¢(N, q,ta~") is independent of the indices iy, ..., ji,, and converges
towards ¢(q, 7o~ ') e R as N — o0. Moreover, ¢(q, 1o ~1) depends only on the
conjugacy class of to~" in S,

Proof. See Lemma 2.2 of [ X]. |

Beware that here |t¢~!|=¢g—c(to~!) does not have the same
significance as in [ X].
9.2. Unitary Invariance of Representations

Let 4 and u be Young diagrams, we consider the operators X(4, N)
and Y(u, N) introduced in Section 7.3. Let 1<¢,<¢g,< --- <gq, and
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P=(p1, - Pg)s = (51, .., 4 ), be positive integers, we shall compute, with
the help of Proposition 9.1, the limit as N — oo of

tr, @ tr, (CXP1 Y IXP2e . XPa Yooy { XPa+1 Y+ 1 X Pa+2. o XPo Yoo -
(X Pap+1 Y 001 X Pap 1200 X Pa, Y%, ))

We shall do the computation for r =2, but the same idea works for all r.
First we notice that if I" is invertible in End(V,® V,), then for all
AeMy(C)® End(V, ® V,) one has

KA I =1 A1)
hence
tr; @try({A><{B>)
—tr, @ (1) AN T H)>((1® ) BUQT™)))
We apply this to
A=XPY*-.. XPa Y
B=XPa+1Yq+1... XPs, Y
I'=p(U)®1y,

where Ue U(N). Since 1 ® I commutes with Y, we have (identifying, by a
slight abuse of notations, p,(U) with its ampliation ey ® p,(U) ®1y,)

tr; @tr, (CXP1 Y™ XPa Yo y{ XPa+1Y o+t XPo Y )
=tr; @tr, ({p(U) XPp(U*) Yoo py(U) XPaup,(U*) Yoy
X {pAU) XPa*p,(U*) You* 1t py(U) XPup (U*) You))

We shall integrate both sides with respect to dU and investigate the limit
of these expressions as N — oo, with the help of Proposition 9.1. For this
we shall do computations in Z(gl(N, C)) ® %(gl(N, C)), where we define
elements

(p) — £(p) (p) — (p)
o =PI and PP =IQLY

Observe that

pU) XPp,(U*) = _ z Ujk dpl(égc[l’)) Uil®Eij
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The expression
tr, @tr ({XPY*t. . XPa Yooy { XPa+1 Y n+1. .. XPu Y0} )

is the image by (tr, ®tr,)ec(dp, ®dp,) of the element of %(gl(N, C)) ®
A(gl(N, C))

-2 Z (Pl) r7 (5'1) (Pz)
R U VR ) D N D
N Uy U’lll(x]]h U’illﬂlﬂz U’z/z JaJ2
. .= "
( 1<ip s tq2 I wes tq2 <N
1<jj, s jqzji, wens j;z <N
WU, g g gl g
g gt T g g+ g e g 11 T B e g 1 gt 2ty 42 gy 42
(s4,)
a2
i j! ﬂi' i 1dU
D79 “aqt

Using Lemma 9.1, and the fact that the elements ocﬁ.jp) commute with the
elements B, we see that this expression is equal to

—qy—2—|ta~! —1
Z N % ! |¢(N» q2» |TU |)
a,reSq
< 2 z O((Pl) ~--O((Pq2) ﬁ(Sl) -~-ﬁ(s"1) (sq,+1) .._ﬁ(s%)
J1J (1) JayTalg) " TD T2 Llg i gy + D igy 42 Llgy) lgy +1
LSy o gy i, e i) <
VSt v Jgy J1o w0 Jgy SN
—g,—2—|1o~! —1 S
= ) N 227 g(N, g5, 107" CP ® CF) -

o, TESqZ

where W is the permutation with cycles ([123---¢; ; [¢1+1g1+2---¢,]).
Applying (tr, ®tr,)e(dp, ®dp,) to this expression, we get

Y NT27271 (N, gy, 107

o, requ

x PP(N, N tr,({ X(4, N)D), ..., Ntr({X(4, N)P'Y))
x PGS (N, Ntr,({X(u, N)Y), ooy N tr, (< X(p, N)*H))
Bearing in mind that tr({X(4 N)’))— [gx/m,(dx) as N— co, by

Proposition 7.2 and Section 8.5, a typical term in the sum will be of the
order

N7q2727|'m'_1|+aexc(a)+aexU(WT_')¢(q2’ 70'71)
x QW < j xm(dx), .., j x""m,l(dx)>
R R

x Q) <JR xm,(dx), ..., JR xIpl mﬂ(dx)>
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For short we shall write Q®(4) instead of Q®({gxm,(dx), ..,
& x™®'m,(dx)) in the sequel.

Similarly we shall use R®(1) instead of R®(fgxm,(dx), ..,
[ Xl (dx)).

By Lemma 82, one has —g,—2—|o " 't|+ aexc(c)+ aexc(o)+
aexc(Wr~1)<0 for all permutations o,7€S,,. Indeed, one has W= Ze
where Z=(1---¢,) and € is the transposition (¢; ¢,), and then

aexc(Wr 1) = aexc(Zer 1)
=¢,+ | —aexc(te) (by (1) of Lemma 8.2)
< ¢+ 2 —aexc(t) (by (2) of Lemma 8.2)
<q,+2+ |07 7| —aexc(c) by (1) again

We can thus take the limit term by term and we have proved

LemMA 9.2.1. For all p=(py, .., pg,) and s=(sy, .., s,), one has

lim tr; @ tr, (<XPY* - XPa Yoy { XPa+1 Yoo+t XPoYon))

N— o
= Y $(g2, 70~ ") QP(4) Q) -1(u)
o, Tequ
aexc(o) +aexc(Wr—1) = |t~ | =¢q, +2

By the same kind of argument, the following result is also established.

Lemma 9.2.2. For all p=(p,, .., p,) and s=(sy, .., s,), one has

lim tr, @tr, ({XP1Y*1-.. XPaY*))

N— ©

= 2 $(q. 7o) QP(A) Q1w

o, reSq
aexc(o) + aexc(Zr— ) — o~ =g +1

9.3. Back to Random Matrices

The computations of the preceding section are elaborated on Lemma 2.4
of [ X]. We shall recall this result below, and deduce some consequences.
Let for each N, matrices A, .., 4, and By, .., B, be such that for all
families of distinct indices 1 <iy, .., iy <g the limits limy_, ,, {A4; ---4; >
and limy_, ,, {B; --- B, ) exist. For 6€S,, denote by (4), the limit of
[0 <A; Ao, -+ >, where the product is over the cycles of ¢ and j.,
a(j.), 6*(j,)--- are the elements in the cycle ¢ of o.
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LEMMA 9.3.1. One has

lim j (UA,U*B,UA, ---UA,U*B,> dU
o q q

N — ©

= Z ¢(q’ TU—1)<A>J<B>ZI’1

g, TeS,
(o) +c(Zr ) —|ta | =qg+1

Proof. This is a consequence of Lemma 2.4 in [ X], and it is proved by
the same kind of arguments as we used in Section 9.2 (computations being
much simpler in the present case, since the entries of the matrices com-
mute). |

We shall apply this result to the following situation: we have two prob-
ability measures with compact support n; and m,, and we choose two
sequences of self-adjoint matrices 4 and B whose distributions in the non-
commutative probability space (M (C), {-)) converge towards m; and m,
respectively, as N — oo (it is always possible to choose such sequences).
In the noncommutative probability space L*(U(N), dU)® My(C), let
U=3%1<; <~ U; ®E; be a random, Haar distributed, unitary matrix, and
consider the elements X = UAU* and Y = B, where A and B are considered
as constant matrices, then one has

Lemma 9.3.2. For all p=(py, .., p,) and s=(sy, ..., s,), one has

lim [ X7y XYY AU
N oo Jum)
= Y ¢(q, 7" ) RP <j xmy(dx), ..., J x'P'ml(dx)>
g, 7€ S, R R
lol +1Zz =1 + e~ 1| = |Z|
xR <fR xmy(dx), ... fR xPP mz(dx)> (9.3.2)

Proof. Once we notice that |Z]=¢g—1, and that the condition
c(o)+c(Zt7Y)Y—|te" =g+ 1 is equivalent |o|+|Zt7 |+ |67 =]|Z]
this is an immediate consequence of Lemma 9.3.1 and of the definition of
the polynomials R. |

Note that in this result, the p; and s; can take the value zero, if we agree
to make the polynomials R, depend on a new variable x, and set this
variable equal to 1, in the definition of R,.
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Observe that Lemma 9.3.1 implies that there exists a noncommutative
probability space with two self-adjoint elements X and Y, whose joint dis-
tribution is such that for all p and s, the identity (9.3.2) is satisfied.

9.4. Connection to Freeness

We shall now relate freeness and the identity (9.3.2).

ProprosITION 9.4.1. Let X and Y be self-adjoint elements in some non-
commutative probability space (<, @), then X and Y are free if and only if
one has, for all p,, ..., p, and sy, ..., s, positive integers,

QD[XPI Ysl “ee XPquq]

= > #(g, 76 ) R®(p(X), .... p( XP))
leo 1| + |:| Téfn =1z
XRE (oY), ..., @(Y™)) (9.4.1)

Proof. We first prove sufficiency. Observe that the identity (9.4.1) deter-
mines the joint distribution of X and Y. By the remark following Lemma
9.3.2, we know that once the distributions of X and Y are specified there
exists indeed a noncommutative probability space and elements X, Y
satisfying these relations, moreover, the identity (9.4.1) still holds if some
of the p; or s; are equal to 0, with the appropriate extension of the defini-
tion of R. Consider now expressions of the form

P(P1(X) Q1(Y) -+ Py(X) Qy(Y))

and
Y d(g, a7 ")
|zo 1|+IZ|:-€|;T =1z
Xl_[ X)Pa'(]) l—[ QDQ]LX)QT(jL( ) )
clo c|Zz~

where the P; and Q; are complex polynomials in one variable, and the
products are over the cycles of ¢ and Zr~!. Both are multilinear func-
tionals of the polynomials P; and Q;. Recalling the definition of the R,,
one sees that the two formulas above coincide when the P; and Q; are
monomials, by the extended version of (9.4.1), it follows that they coincide
for all polynomials. Consider now an expression of the form ¢(P;(X)

0,(Y)--- Py(X) Q,Y)) where
P(Py(x))=¢(Q;(Y))=0  for all j (*)
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Let ¢ and 7 be permutations such that |z ~'| + || + | Zz ~!| = | Z|, then by
Lemma 7.1, either ¢ or Zr~' must have a fixed point, consequently,
because of the condition (*), every term in the expansion

> ¢(q, 107"
o, T€S
lto = + ol + 12z~ =|Z|
X [T @(Pi(X) Poip(X)---) [T 0(Qu(Y) Quip(Y)---)
clo c|zz—!

must vanish. In this way we have recovered the freeness condition.
The necessity of the condition is now clear since the joint distribution of
a pair of free elements is determined by its one dimensional marginals. []

COROLLARY 9.4.2. The function ¢(q,ta~") is multiplicative, namely if
q1<{,, and one can write 6 =0,0,, T=71,T, Where o, and t, permute only
elements of {1,..,q,}, while ¢, and t, permute only elements of
{ql + 19 Rt q2}9 Zhen ¢(qa To-il) :¢(q19 Tlafl) ¢(q2_q19 T20;l)a Where we
have identified ©, and o, (respectively t, and a,), with elements of S,
(respectively S

‘Iz—ql)'

Proof. Formula (9.4.1) gives us an explicit way of writing the joint
moments of two free random variables knowing the moments of each of
them. We can compare this formula with the one based on non-crossing
partitions in [ Sp2], namely formula (2.5) above, where the cumulants are
replaced with their defining formula. The permutations ¢, 7 and 7o~}
occurring in the formula (9.4.1) satisfy the condition |o|+ |Zz7!|+
|te =1 =|Z|. As we recalled in Section 2.7, this implies that the partitions
of {1, .., ¢} induced by their cycle decompositions are non-crossing parti-
tions. Comparison with the formula for the moments (2.5) shows that in
fact ¢(g, 7o~!) is equal to the Mobius function on NC, evaluated on
t~Y(zo~1). The multiplicativity of ¢ then follows from the multiplicativity
of the Mobius function. |

10. END OF THE PROOF OF THEOREM 3.1.3

10.1. Preliminary Estimates

From Proposition 7.6 we deduce the following

LemMA 10.1.  For each integer n >0 there exists a constant K,, such that
for all Young diagrams i€ %, all permutations o € S,, and all p with |p| <n,
one has
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(1) [R®(1)] < width()»)“"
(2) If aexc(c)+ |a| > g, then |Q®(1)| < K, width(A)!P' !
(3) If aexc(a) + |o| = q, then |QP (1) —RP(1)| < K, width(A)P! !

10.2. Computation of the Mean

We now prove that the mean value of the measure m,, for the [v]
occurring in the decomposition of [ A]o[u] for large diagrams, is close to
my, Hm,.

LemMA 10.2. For all A>1, and m a positive integer, one has

y e dim([v])

_dmiivy) ki (d
Vel #dim([4]° [1]) 'w m(dx)

- j xkm, Bl m(dx) + O(g*2~172)
R

uniformly over all Young diagrams A, u satisfying width(1), width(u) <
A/q and all k <m.

Proof. By Proposition 7.3 one has

~ dim([v]) (e Y
VG@;M-HIA C;L/‘ dlm([l]o[ﬂ])J‘RX mV( X) N1—1>noo tri@tr”(<( + ) >)

We can expand (X + Y)¥ in the right hand side of the expression above,
and then use 9.2.2 to evaluate the limit of each term when N — c0. We get
a sum of terms of the form ¢(g, 7o~"') QP (1) QE)_i(u) with |p| + |s| =k
By Lemma 10.1, we can replace each term Q by either 0 or the correspond-
ing R, depending on whether condition (3) or (2) of Lemma 10.1 is
satisfied, making an error which is bounded by some constant times
g*=12 By Lemma 94.1, the result of this replacement gives exactly
o((X+ Y)¥) where X and Y are free random variables in some noncom-
mutative probability space (.7, @), with distribution m, and m,. This is
[ x*m; H m,(dx) by definition of free convolution. ||

10.3. Estimation of the Variance

We shall estimate the variance of the expression |g xFm (dx).
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LemMA 10.3.1. Fix A>1, and m a positive integer, then one has

lim tr, ®tr, (CXP Y1 XPa Yo, ) { XPay+1 Yy +1 . XP0, Yoo )

N— ©

= lim tr, @tr, ({X71Y* ... XP0 Y0 ))
N — oo

x lim tr, @ tr ({ XPa+1Yq+1... XP0 Y0 ))

N — o©

+ 0(q|P|/2 +1sl/2— 1/2)

uniformly over all Young diagrams A, u, satisfying width(4), width(u) <
A \/;1 and p=(py, s Pg,)s S=(S1, s 84,) with |p|, [s| <m.

Proof. By Lemma 9.2.1, one has

lim tr, ®tr”(<Xp1YS1 o XPaYoayd XPa+1 Yo+ XPaYon)y)

N — ©
= > $(¢2, 70" QP(2) Q) -i(w)
o, reSq
aexc(o) + aexc(Wr—1) — |‘ra_l| =q,+1

Applying Lemma 10.1 we can replace each occurrence of a term Q by
either 0 or the corresponding R, depending on the permutation, making an
error bounded by O(g™/2*1s/2=1/2) Taking care of the conditions on the
contributing permutations, we thus obtain the quantity

I'= ) #(q2. 0 ~") RP(Z) R -(p)
o,TeS
IGI+IWT’1|+I1:7’1|=IW|

Let P = (pl’ e pql)ﬂ $;= (S1> () Sql)ﬂ P:= (pq1+17 ) pqz)a $;= (Sq1+15 e qu)'
We do the same in the expressions for

lim tr, ®tr, ({X71Y* ... XPaY*a))

N — oo
and

lim tr, ®t1‘ﬂ(<XP41+1qu1+1 s XPoYSn)y)

N — oo

applying Lemma 9.2.2, and we get two quantities

Ih= > $(qy. ta ") RPO(Z) R i(p)

a, reSq
lol+1Zz 1+ lzo~ 1| =1z
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where Z;=(12---¢,), and an analogous formula for 7I,. We find that
the sum defining I is over permutations o, v of {1,.. ¢,} satisfying
|o| + |Wz~! 4+ |to~!| = | W|. This condition is an equality in the triangular
inequality (satisfied by all permutations) |o|+ |Wz~ |+ |ta ™| = |W]. It
implies that the partitions of {1, .., ¢,} induced by the cycles of the per-
mutations ¢ and t are finer than the one induced by W (see Section 2.7).
Thus all permutations ¢ and 7 appearing in the sum can be decomposed
as 0=0,0, and 7=1,7, where ¢, and 7, permute only elements of
{1,..,q;}, while g, and 7, permute only elements of {g, +1, .., ¢,}. By
Corollary 9.4.2, one has ¢(q,, 76 ") =¢(q1, t107") §(¢» — ¢4, 1,05 "), more-
over one has R®P(1) =RPV(1) RP)(2), and it follows that I'=1"T,. |

Define  ¥,cu,,,, ¢, dim([v])/dim([ 2] [#]) [a x*n,(dx) = M(J, 1, k)
for Young diagrams 4, ¢, and k > 1 integer.
As in Sections 4 and 5, we deduce from 10.2 and 10.3.1

CorOLLARY 10.3.2. For all A>1 and integer m =1, one has

y e dim([v])

dim(TAToTu1) k SAdx)—M(A, ,k>2:0 k—1/2
vEY i+ Mdlm([}v]o[ﬂ])<£|ax m(dx) (4, 1, k) (g )

uniformly over all Young diagrams A, u satisfying width(1), width(u) <
A./q and all k<m.

Theorem 3.1.3 now follows from Lemma 10.2 and Corollary 10.3.2 by an
application of Markov inequality.

Theorem 1.6.2 again can be proved along the lines of Theorems 1.4.2 and
1.5.2.
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