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COMBINATORIAL THEORY OF PERMUTATION-INVARIANT
RANDOM MATRICES I:
PARTITIONS, GEOMETRY AND RENORMALIZATION.

Franck Gabriel

E-mail: franck.gabriel@normalesup.org

Abstract. — Using a natural distance, we define and study a family of orders on partitions
of a given set X. When the set X is the disjoint union of two copies of {1, ..., k}, there exists
a canonical choice of order in the family we constructed. We show that the two ordered
sets of partitions and non-crossing partitions of k£ elements can be seen as subsets of the
ordered set Py, of partitions on X. We generalize the notion of Kreweras complement to the
set of partitions Py. These notions allow us to define new structures on the linear forms on
partitions: some triangular transformations, two convolutions, a multiplicative bi-albegra
structure and an Hopf algebra structure and some natural projections. We study the set
of characters on partitions and their interaction with the newly constructed structures.
At last we show that the abstract structures appear naturally when one considers the
notion of convergence in moments for sequence of partitions. The notion of convergence
is generalized in order to study the algebraic fluctuations.
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1. Introduction

This article is the first of a serie of three in which we generalize the notions of indepen-
dence and freeness in order to define a notion of A-freeness in the setting of A-tracial
algebras. This setting unifies classical and free probabilities and allows us to study
random matrices which are not asymptotically invariant in law by conjugation by the
unitary group. In this article, the reader will find the needed combinatorial tools; in
the article [4], he will find the study of A-tracial algebras and applications to random
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matrices; the article [5] uses the previous result and focuses on the study of general
random walks on the symmetric group and the construction of the &(oo)-master field.

The set of partitions of k elements, denoted by P, and the set of non-crossing partitions
of k elements, denoted by NCg, both endowed with the finer-order <, are two important
ordered sets in classical probabilities and free probabilities. Their importance comes
from the fact that one can define the notions of cumulants and independence or freeness
using these ordered sets. For example, let Xi,...,X; be random variables which have all
moments bounded. The cumulants of X5, ..., X are defined by the fact that for any
integer [ and any i1, ...,7; € {1,....,k}:

E(Xy - Xo) = > [ [ eum(Xi, ues)-

meP; bew

Besides, two random variables X and Y are independent if and only if their mixed classi-
cal cumulants vanish. This means that for any integers k, 1 > 1, cum(X, ..., X, Y, ....Y) =
0 where we wrote k times X and [ times Y.

One can define the free cumulants and freeness by considering elements in a non-
commutative algebra A endowed with a tracial state ¢, and using the set of non-crossing
partitions NC; instead of the set P;. The set of non-crossing partitions NC; is also en-
dowed with an interesting involution, the Kreweras complement involution [8]. Actually,
in this paper we prove the two following results.

Result 1. — For any integer k, there exists an order < on Pay such that the sets (P, <)
and (NCg, Q) can be seen as subsets of (Pog, <).

Result 2. — For any integer k, there exists a notion of Kreweras complement on P
which generalizes the notion of Kreweras complement on NCg.

In order to prove this, we define for any set X a distance on the set of partitions
P(X) which allows us to define a family of geodesic orders that we thoroughly study in
Section 2. The main results of this section are summarized below.

Result 3. — The function defined on P(X) x P(X):

d(p,p’) = %(#p +#p) —#(p V),

where pV p' is the finest partition which is coarser than p and p’, is a distance.
Let b be a partition in P(X) and let say that p’ <;, p if d(b,p’) + d(p', p) = d(b,p).

Result 4. — The order <y is fully characterized:
1. there exists a “decomposition” of <p using two simpler well-understood orders,
2. the Hasse diagram is described,
3. the Moébius function of <p is computed.

In Section 3, we apply these two last results to the set P({1,....k,1",...,k'}) = Py
which is in bijection with Poi. This allows us to prove in particular the Result 1 which
is partly a consequence of the following result.

Result 5. — The order < on Py is a natural generalization of the Bruhat order on
permutations.



PARTITIONS AND GEOMETRY 3

The order in this special case exhibits some other interesting properties, like the
geodesic factorization, that we study further. In Section 3.8, Result 2 is proved as a
consequence of the new Inequality (18) which links the distance and the multiplication
operations on Pj. The main result of this section is Theorem 2.4 which links different
notions of defect for partitions in P and which allows us to prove the following result.

Result 6. — The notion of Kreweras complement can be used in order to define a new
order on partitions, denoted < which satisfies a nice factorization property.

In Section 4, we follow some ideas of [11]: using the previous results, we define some
structures on the set of linear forms (972 ,C[Px])*.

Result 7. — The set (D32 C[Px])* can be endowed with:

1. two convolutions which allow us to define:
— a structure of graded connected Hopf algebra,
— a structure of associative, co-associative bi-algebra,
2. notions of characters and infinitesimal characters which are compatible with one
another through the two notions of convolutions,
3. some triangular transformations which nicely interact with the notions of character
and infinitesimal characters,
4. three natural projections: the cumulant-projection, the moment-projection and the
exclusive-projection.

In Section 5, we explain how the structures defined on (B3 ,C[Py]|)* appear naturally
when one considers a special notion of convergence for sequences of elements in C[Py].
Actually, we emulate the theory of random matrices in a combinatorial framework: for
any parameter N, we introduce a family of linear forms on the partition algebras which
allows us to define a notion of weak convergence similar to the convergence in moments in
random matrices theory. This notion of convergence is linked with a notion of moments,
yet we can link it with the asymptotics of the coordinates.

Result 8. — A sequence (En)nen converges if and only if the coordinates of En satisfy
a specific asymptotic behaviour as N goes to infinity.

We also study a notion of exclusive moments and show that the convergence of these
exclusive moments is equivalent to the convergence of the moments. Besides, it is well
known that for any integer N, there exists a natural multiplication on C[Py| which
depends on N [7]. Let us denote it by xy: the convergence is “compatible” with this
family of multiplications.

Result 9. — If (En)nen and (Fn)nen converge for the notion of convergence defined
in Section 5, then En Xy Fn converges and the limit of En X Fy is linked with the
multiplicative convolution on (52 oC[Py])*.

If for any integer N, (E%)i>0) is a semi-group for X, if the sequence of generators
of (E%)i>0) converges then for any t > 0, E%; converges.

Gathering all the results in Section 5, we obtain the following result.



4 FRANCK GABRIEL

Result 10. — There exists a natural notion of convergence for sequences in C[Py| such
that the structures defined on (D3 C[Px])* can be approzimated by natural structures
on C[Py].

In Section 6, we generalize the results obtained about the convergence of sequences in
C[Pg] in order to deal with algebraic fluctuations of these sequences.

2. Geometry and orders on partitions

Let us consider a finite set X. The set of partitions of X is the set:
P(X) ={{b1,...., b5 }|0 # by, ..., b5 C X;Ui?:lbi = X;Vi#je{l,....k},bNb; =0},

Let p be an element of P(X). Let b € p: it is called a block of p. We denote by nc(p)
the number of blocks of p. The set P(X) can be endowed with a first order <: p < p/
if and only if p is finer than p’: for any b € p, there exists b’ € p’ such that b C ¥'. For
the opposite order we will say that p’ is coarser than p. For any partitions p and p’, we
denote by p V p’ the smallest partition for < which is coarser than p and p'.

Any partition p € P(X) can be represented by a graph. For this we consider some
vertices which represent X: any edge between two vertices means that the labels of the
two vertices are in the same block of the partition p. An example is given in Figure 1.
Using this graphical representation, one can recover a diagram representing p \V p’ by
putting a diagram representing p’ over one representing p.

FIGURE 1. The partition {{1,4,5},{2,6},{3}} in P{1,2.3.4,5,6}-

2.1. Cayley graph of P(X). — In this section we define a natural graph on P(X)
which will allow us to define a family of distances on P(X).

Definition 2.1. — The Cayley graph G = (V,E) is given by:
— the set of vertices V is P(X),

— there exists an edge in E between p and p', two elements of P(X), if and only if
one can go from one to the other by gluing two blocks.

Actually, it is almost the Hasse diagram of (P(X),<): we only forget about the
orientation of the diagram. Using this graph, we can define a geodesic distance on

P(X).
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Definition 2.2. — Let p and p' be two elements of P(X). Let Cg(p,p’) be the set of
paths m in G which begin in p and finish in p': it is always non-empty and Cg(p,p) has
only one element, the constant path of lenght 0. The geodesic distance on P(X) between
p and p' is:

d(p,p') = in ) #,

m
m€Cq(p,p

DN |

where #7 is the length of w. A path m such that #7 = d(p,p’) is called a geodesic between
p and p'.

The geodesic distance can be computed easily using the following result.

Theorem 2.1. — For any p and p' in P(X):

1
d(p,p') = 5 (ne(p) +nc(p)) = ne(p v p').
Proof. — For any partitions p and p’, we set:

d(p,p) = %(nC(p) +nc(p')) —ne(p Vp).
It satisfies that d'(p,p) = 0 for any partition p. Let p and p’ be two elements of P(X).
Let us see what happens to d'(p,p’) when one moves from p’ to one neighborhood of p’
in G. Suppose that we glue two blocks of p/, then nc(p) is constant, nc(p’) decreases by
1 and nc(p V p') stays constant or decreases by 1. In this case d'(p,p’) will increase or
decrease by 0.5. Suppose now that we cut one block of p/, then nc(p) is constant, nc(p’)
increases by 1 and nc(p V p') stays constant or increases by 1. In this case d'(p,p’) will
also increase or decrease by 0.5. Thus a gluing/cutting can at most increase the value
of d(p,p’) by 0.5. It implies that d'(p,p") < d(p,p’).

We have to show that d(p,p’) < d'(p,p’). Let us remark that p V p’ is coarser than p:
we can go from p to p V p’ by doing nc(p) — nc(p V p’) gluing of blocks. The same holds
for p': we can go from p’ to pVp' by doing nc(p’) — nc(pV p’) gluing of blocks. Thus one
can go from p to pV p’ and then from p V p’ to p’ in nc(p) + nc(p’) — 2nc(p Vv p') steps in
G. Thus d(p,p') < 5 [nc(p) + nc(p') — 2nc(p vV p)] = d'(p, ') O

Using this distance, we can define a notion of segments in P(X).

Definition 2.3. — Let p1 and ps be in P(X). The segment [p1,p2] is given by:
[p1,p2] = {p € P(X),d(p1,p) + d(p,p2) = d(p1,p2)}-

An other geometric interpretation is to say that any element p is in the segment [p1, po]
if and only if p is on a geodesic path between p; and ps.

2.2. Family of orders. —
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2.2.1. Definition. — Using the geodesic distance d, we can define a family of geodesic
orders. In order to understand this family, we introduce also two new families of orders
which are sligth modifications of the coarser and finer orders. To define these orders, we
consider a base partition b € P(X).

Definition 2.4. — Let p and p’ be two elements of P(X). We define three new orders
<p, N and Typ:
geodesic order : p’ <, p if p' € [b,p],
coarser-compatible order : p' = p if p’ is coarser than p and nc(p’Vb) = nc(pVb),
finer-compatible order : p’ 1, p if p' is finer than p and nc(p’) — nc(p’ V b) =
nc(p) — nc(p V b).

Using the fact that d is a distance, it is easy to see that <; is an order on P(X) for
which b is the smallest partition: it is the geodesic order with base partition b.

Remark 2.1. — The order < is the geodesic order with base partition Ox = {{z},x €
X}. Indeed, using Theorem 2.1, we can see that p' <o, p if and only if nc(p) = nc(pVyp')
which is equivalent to the fact that p' is finer than p.

The geodesic order with base partition 1x = {{z,x € X}} is the order > on P(X).

Remark 2.2. — When the partition p gets finer, the quantities nc(p), nc(p V b) and
nc(p) —nc(pVb) increase. In particular if one such quantity is the same at the beginning
and at the end of a chain of finer and finer partitions, it must stay constant all along
this chain.

It will be useful to denote the defect of p’ from not being on [b, p] by:

(1) dfp(p',p) = d(b,p') + d(p',p) — d(b,p) = nc(p') — nc(p’ V b) —nc(pV p') + nc(p V b).
2.2.2. Study of the coarser and finer-compatible orders. —

Lemma 2.1. — Let p and p' be two elements of P(X). We have the following charac-
terization of the coarser-compatible and finer-compatible order:

1. p 4y p if and only if p' is coarser than p and p’ <p p.

2. p' 3y p if and only if p' is finer than p and p’ <y p.

Proof. — This is a straightforward consequence of the fact that:
1. if p’ is coarser than p, dfy(p/,p) = —nc(p’ V b) + nc(p V b),
2. if p’ is finer than p, df,(p’, p) = nc(p’) — nc(p’ vV b) — nc(p) + nc(p V b).
O

It would be interesting to have a better understanding of the orders - and ;. In
order to do so, we introduce the notion of pivotal blocks, admissible splits and admissible
gluings for a partition p € P(X).

Definition 2.5. — A pivotal block (for the base partition b) for p is a block of p such
that there exists a way to cut it into two blocks in order to cut a block of p Vb into two
blocks. We denote by Pivy(p) the set of pivotal blocks for p.

We denote by Ay(p) the set of all partitions p' which are obtained by cutting in p a
pivotal block for p into two blocks in such way that p' vV b has one more block than pV b.
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This defines a function Ay from P(X) to the subsets of P(X). The admissible splits of
p are Spy(p) = U Af(p)-
=0

Definition 2.6. — Let Gly(p) be the set of partitions p' in P(X) such that p’ is obtained
by gluing blocks of p in a way such that nc(pV b) = nc(p’ Vb). It is the set of admissible

gluings of p.
We can better understand the orders -, and J;.

Lemma 2.2. — Let p and p' be two elements of P(X). We have the following equiva-
lences:

1. p' 4y p if and only if p' € Gly(p),
2. p' 3y p if and only if p' € Sp,(p).

Proof. — The first equivalence is straightforward. Let us prove that the second equiva-
lence holds. We can suppose that p’ is finer than p since it is implied by both conditions.
We have to prove that nc(p’) — nc(p’ V b) is equal to nc(p) — nc(p Vv b) if and only if
there exists a path py, ..., pr in the Cayley graph of P(X) such that py = p, pr = p’ and
pit1 € Ap(p;) for any i € {0, ...,k — 1}.

Let us suppose that such a path exists: by definition of a pivotal block, we see
that for any i € {0,...,k — 1}, nc(p;) — nc(p; V b) = nc(pj+1) — nc(piy1 V b) and thus,
nc(p) — nc(p V b) = nc(pg) — nc(po V b) = nc(pr) — nc(pr V b) = nc(p’) — nc(p’ V b).

Let us suppose instead that nc(p) — nc(p V b) = nc(p’) — nc(p’ vV b). Since p’ is finer
than p, there exists a path m,...,m; in the Cayley graph of P(X) such that w9 = p,
7 = p/ and w41 is obtained by cutting a block of m; for any i € {0,...,k — 1}. At
each step the number of blocks of m; goes up by one and the number of blocks of m; V b
is either constant or goes up by one. Since nc(my) — nc(mg V b) = nc(m;) — nc(m V b),
(nc(m;) — ne(m; vV b))é;é must be constant. This means that at each step the number of
blocks of 7; V b must go up by one: m;11 € Ay(m;) for any i € {0, ..., — 1}. O

2.3. The matrices of the orders. — In the following, by matrice, we understand a
triple (I, J, M) where I, the departure set, and J, the arrival set, are finite sets and M
is an application from I x J in R. Given (I, Iy, M;) and (I3, I3, M3) two matrices, we
can multiply them and (I3, I, My) (I3, Is, My) = (11, I3, M1 Ms) where:

M My(i, k) = My(i, j)Ma(j, k).
j€l2

Let us consider a finite set I endowed with an order <. A matrix (I, I, M) is lower
triangular if for any ¢ and ¢’ in I, if M (i,i') # 0 then i’ < i. Let us remark that any
matrix (I, I, M) which is strictly lower triangular is nilpotent : there exists a positive
integer n such that M™ = 0. Indeed, it is enough to consider n = #1I. The matrices
that we will consider in the following have departure and arrival sets equal to P(X): we
will omit to specify it in the following.

Definition 2.7. — The matrices of the partial orders <y, =y, Jp are:
— for the geodesic order <jp: (Gb)pp' = Opr<,ps
— for the coarser-compatible order 4y: (Cp)pp = Opr+yps
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— for the finer-admissible order Jy:  (Sp)pp = Opr,p-

Let us remark that these matrices are lower triangular when their departure set is en-

dowed with the corresponding order. These matrices satisfy the next important identity.

Theorem 2.2. — The partial orders <y, -y, and Jp are linked by the following equality:
Gy = CySp.
Proof. — Let us consider p and p’ in P(X). We have:
(CbSb)p,p/ = Z Op/,pOp! Ty -
pllepk

Thus it is enough to show that p’ <; p if and only if there exists p” € P(X) such that
p" <y p and p’ Jp p”. Besides we need to show that such partition p” is unique: we will
show that it is equal to p V p'.

We have the following equalities:

dfy(p’, p) = nc(p vV b) — nc(p’ vV b) +nc(p’) — nc(p Vv p')
= [nc(p Vb) —nc(pVp' V)] +[nc(pVp' Vb) —nc(p'Vb) +nc(p’) —nc(pVp')]
= dfy(p Vo', p) +dfe (@', p V P').

Thus, p’ <, pif and only if pVp' < p and p’ <, pVp'. Yet, pVp' is coarser than p and
p’ is finer than p V p’. Using Lemma 2.1, we see that p’ < p if and only p V p’ - p and
o 3 pV p'. The proof of the theorem will be completed if we prove that if p” satisfies
p" 4y p and p’ Ty p” then p/ <y p and p”" =p V.

Let us consider such a partition p”, we have:

(2) nc(p” V b) = nc(p V b),

(3) nc(p”) — nc(p” v b) = nc(p') —nc(p’ v b).
Using Lemma 2.1, p’ <, p” <j p, thus p’ <p, p:

(4) nc(p vV p') —nc(p V b) = nc(p’) — nc(p’ V b).

Thus, we have the following equalities:
nc(pVp') = nc(p Vv b) +nc(p’) —nc(p’ Vb) =nc(pVb)+ nc(p”) —nc(p” V)
= nc(p”),

where we applied successively the Equations (4), (3) and (2). Since p” is coarser than p
and than p’, it is coarser than p V p’ and thus the last equation implies that p” is equal
topVyp. O

An other version of 2.2 is given in the following theorem.

Theorem 2.3. — The partition p' is in [b,p] if and only there exists p” € P(X) such
that the two following conditions hold:

1. p" € Gly(p),
2 1 € o).
If so, then p”" =pV p'.



PARTITIONS AND GEOMETRY 9

2.4. Hasse diagram of the geodesic order. — Let us consider (7', <) a finite set
endowed with a partial order. The Hasse diagram of (7', <) is the oriented graph whose
vertices represent the elements of T': there exists an oriented edge between the vertex
which represents x to the one which represents y if and only if z is directly smaller than
y, which means that < y and there does not exist any z such that x < z < y.

Theorem 2.4. — The Hasse diagram of (Px, <p) is characterized by the following prop-
erty: there exists an oriented edge from p' to p if and only if

— either p' is directly finer-admissible than p,
— orp is directly coarser-admissible than p.

Proof. — Let p and p’ in Px such that p’ is directly smaller than p for <;. Using
Theorem 2.3 and Lemmas 2.1 and 2.2, p’ <, pVp' and pV p’ < p. Since p’ is directly
smaller than p for <p, p VvV p’ is equal either to p or p’. Using again Lemma 2.1, either
/ / LI i / / 1/
p Ty p or p' -y p. If there was a partition p” ¢ {p,p’} such that p’ T, p” Ty p,
by Lemma 2.1 it would contradict the fact that p’ is directly smaller than p for <.
The same argument holds for . Thus p’ is either directly finer-admissible or directly
coarser-admissible than p. O

2.5. Mobius function for the geodesic order. — It would be interesting to com-
pute the Mdbius function of < which is roughly the inverse of the matrix Gj.

Definition 2.8. — Let I be a finite set endowed with a partial order. Let M be the
matriz of the order defined as in Definition 2.7. The Mobius function is the function
such that for any a and b in I,

ula,b) = (M V).

Let us consider M the matrix used in the last definition. The matrix M can be written
as Id; + N with N a matrix which is strictly lower triangular and thus nilpotent. This
allows us to compute the inverse of M:

) M= (4 N =3 ()
=0

hence Rota-Hall’s formula:

(6) = (-1)'#Ci(x,y),

=0

where Cj(x,y) is the set of sequences of length [ which are strictly decreasing between z
and y:

Cl(l',y) = {(Z.O,...,Z.l),l' - iO 7é 7& Z‘l - y7i0 Z Z Zl}

Let us remark that the matrix M~ is lower triangular since N' is lower triangular for
any integer .

Our goal is to compute the Mobius function for (P(X), <p): we need to compute the
inverse of G. In order to do so, we need the following lemma.
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Lemma 2.3. — Let p, p' and p” be three partitions in P(X). Let us suppose that
Py p” and p” 3y p, then p”" = pAp', where p Ap' is the coarser partition which is finer
than p and than p'.

Proof of Lemma 2.3. — Let us consider p, p’ and p”, three partitions in P, which satisfy
the hypotheses. Using the definitions of -, and Jy:

(7) nc(p’ v b) = nc(p” v b),

(8) nc(p”) — nc(p” v b) = nc(p) — nc(p V b).

Besides, using Lemma 2.1, we know that p’ <, p” and p” <, p. Thus p’ < p:
(9) nc(p’) —nc(p’ Vb) + nc(pVb) —nc(pVp) =0.

This allows us to write the following equalities:
nc(p”) = nc(p” v b) + nc(p) — nc(p vV b) = nc(p’ V b) + nc(p) — nc(p V b)
= nc(p) + nc(p’) — nc(p V p'),
where we applied successively the Equations (8), (7) and (9). Thus:
(10) nc(p”) + nc(p V p) — nc(p) — ne(p’) = 0.

Using the triangle inequality, we know that d(p,p Ap') +d(p Ap',p') — d(p,p") > 0,
which is equivalent to:

(11) nc(p A p) +nc(p vV p') = nc(p) — nc(p’) > 0.
Since p” is finer than p’ and than p, p” is finer than p A p’: nc(p A p’') < nc(p”). Using
Equations (10) and (11), we get that nc(p”) =nc(p Ap'): p" =pAp. O

We can now compute the inverse of Gj.
Theorem 2.5. — Let p and p’ in P(X). We have:
(Gb_l)p,p/ = dpnpap Sphprp' 1f (P AP D) (A DD,
where for any partition p1 and pa such that py is finer than ps:

nc(p1)

iy (1, pa) = (=107 TT (= 1hy,
=3
where r; is the number of blocks of po which contains exactly i blocks of py.
Proof. — Using Theorem 2.2, we know that Gy = CpS,. Thus Gb_l = Sb_le_l. Let p
and p’ be two partitions in P(X):

-1 -1 -1
(Gb )pvp’ = Z (Sb )p,p”(cb )p”,p’-
P'EPy
Since Sy, respectively Cp, is the matrix of the order 3y, respectively -y, S, ! respectively

Cy ! is lower triangular for T, respectively —: for any partitions p; and ps in Py:

(Sl;l)phm = Op2Tpp1 (Sljl)pLPw

(Cb_l)phpz - 5p24bp1(cb_1)p1,p2-
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Thus:
(Ggl)p,p/ = Z (St;l)p,p”(cl:l)p”,p“

p"€Py | p"Tvp, p'pp”
Using Lemma 2.3, we get that:

(Ggl)p,p’ - (St;l)p,pAp’(Cljl)pAp’,p’-

It remains to compute (S, 1), pnp and (C; H)pap - For sake of clarity, untill the end of
the proof, we will forget to specify the base partition b.
Using Rota-Hall’s formula, given by Equation (6), for any p and p’ in P(X):

o'} i—1
(S_l)p,pAp’ = Z(_l)i Z [H 5pz+13pz] :

1=0 (Pos---,Pi) EPk |[p=po#P1#...#pi=pAp’ LI=0
Yet, if p A p' 3 p, using Remark 2.2, for any positive integer i, for any i + 1-tuple
(P0s s Pi):

i—1 i—1
H 5pz+13pl = H 5pz+1 pr>
=0 1=0

where < was defined at the beginning of Section 2. Thus:

o) i—1
(Sil)p,p/\p’ = Opnp'ap Z(_l)l Z [H 5pz+1§1pl] :
i=0

(PO, Pi) EPr|p=po#£p17...£pi=pAp’ LI=0
This implies that:
(S )prp’ - 5PAP'3P(F )pvp/\p’a

where F'is the matrix such that for any p1,p2 € P, Fp, po = Opo<ip,- The inverse of this
matrix is given by:

(F_l)phPQ = :U‘f(p2,p1)a

for any p1,p2 € Pk such that po < p; and where py is the Mobius function for < and is
given in the statement of Theorem 2.5 (see Example 2.9 in [3]).
Similar arguments allow us to compute the inverse of Cj and to obtain that:

(Cgl)pApCp/ = Oprapap Hf(P ADp).
This allows us to obtain the desired formula for G;l. O

Theorem 2.6. — The Mobius function for (P(X), <), denoted by pi<,, is given by the
fact that for any p1 and ps in P(X):

Mﬁb(p17p2) - 5p14bp1/\p2 5101/\172]1)172 Mf(pl /\p27p1) Mf(pl /\p27p2)-

Let us remark that, as a by-product of the proof of Theorem 2.5, we computed the
matrices C} L and Sy 1 thus we know the Mobius functions for 4, T, and <.

3. The set P, and the Kreweras complement

3.1. Basic facts. —
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3.1.1. Definitions. — Let k be an integer, let us consider 2k elements which we denote
by: 1,...,kand 1',... K.

Definition 3.1. — The set of partitions Py is the set P({1,....,k, 1", ... K'}).

If k£ = 0, then Py, = {0} and nc(0) = 0. Let p be an element of Px. When we represent
graphically the partition p, we will consider two rows: k vertices are in the top row,
labeled by 1 to k from left to right and k vertices are in the bottom row, labeled from
1’ to k¥’ from left to right. An example is given in Figure 2.

o
FIGURE 2. The partition p = {{1,1'},{2'},{2,3',5'},{3,4,4'}, {5} }.

There exists a special partition, called the identity, in P}, given by:
idg = {{i,7'},i = 1..k}.

The diagram of ids is drawn in Figure 3.

FicURE 3. The partition ids.

From now on, we will always suppose that the base partition for the orders is idy.
Besides, we will omit the index which was used to specify the chosen base partition.
Thus, using Section 2, we have three new orders on Py, <, 4 and 3, the notions of
admissible splits and admissible gluings, three matrices of order G, C' and S, and we
know the Mobius function for each order.

3.1.2. Irreducible partitions. — We define the cycles of p as the blocks of p Vidg. A
partition p is irreducible if nc(p V idg) = 1. If it is not the case, p is composed. In
particular, since nc(()Vidg) = 0, the empty partition is composed. We will need a notion
of weak irreducibility later: this is based on the notions of extraction.

Let J be a subset of {1,...,k}U{1l’,... k'}. Let us denote by J* the symmetrization
of J:

JS=Ju{je{l,. . K} IieJn{l,.. khj=iYu{ie{l,... k}i € J}

In order to get the extraction of p to J, denoted py, let us take the complete graph which
represents p, let us erase all the vertices which are not in J* and all the edges which are
not between two vertices in J* and at last let us label the remaining vertices from left
to right. This is the graph of p;.
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Definition 3.2. — The support of p is:

S(p) ={1,...,k}\{i e {1,....k},{i,i'} € p}.
The partition p is weakly-irreducible if ps(y,) is either irreducible or equal to the empty
partition.

In particular, the permutation idy is weakly-irreducible. Let us define a notion of
exclusive-irreducibility. For any integer k, 0 is the partition {1,...,k,1",....k'}.

Definition 3.3. — A partition p is exclusive-irreducible if there exists a cycle cy of p
such that any other cycle of p is equal to a partition of the form 0;. If the cycle cq is
unique, it is called the exclusive-support of p and it is denoted by Supp®(p).

3.2. Special subsets of P,. — Since we have chosen a special set X = {1,...,k} U
{1’,...,k'} and a special base partition, idg, in order to define the order on Py, we can
state further results on < and Sp(p).

3.2.1. Definitions. —

Definition 3.4. — There exist some special subsets of Py:

— Dy, the set of partitions p € Py which are coarser than idg,

— By, the set of Brauer partitions: these are the partitions p € Py such that for any
block s of p, #s = 2.

— By, the set of permutations: these are the partitions p € Py, such that for any block
sofp, #(sn{l,...k}) =#(sn{l',..,k'}) = 1. For any permutation o, seen as
a bijection from {1,....k} to itself, we can associate the partition o € Sy:

o={{i,c(0)}|ie{l,...k}}.

Remark 3.1. — In this section, we focus on these special subsets, yet, in [4], we will
use also the two sets:

— Hy, the set of partitions p such that for any block s of p, #s € 2N,
— Bsy, the set of partitions p such that for any block s of p, #s < 2.

In Bj and & some elements are important: the transpositions and the Weyl contrac-
tions. Let ¢ and j be two distinct integers in {1, ..., k}.

Definition 3.5. — The transposition (i,7) in Sy is:

(i,5) = i} 4, U {{L U ¢ {i )

The Weyl contraction [i, j] in By is:

[i 5] = {{i. 33, 4 " u ({1 1 ¢ )
— o

o o

FIGURE 4. The transposition (1,2) and the Weyl contraction [1, 2].
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Let (1,...,k) be the k-cycle in & which sends i on i+ 1 for any ¢ € {1,...,k —1} and
which sends k£ on 1. It is natural to consider the restriction of the geodesic order < to the
two sets [idg, (1, ..., k)] NSy and Dy: these can be identified as some well known ordered
sets, repectively the non crossing partitions NC; and the partitions Py of k£ elements.

Using Theorem 2.1, we see that the restriction of the distance d on &, gives the usual
Cayley distance on &j, (Lemma 6.26 of [9]): the order is thus the usual geodesic order.
The reader can understand why we used the name of Cayley graph in Definition 2.1: if
we forget about the partitions not in &; and replace the paths of length two which join
two elements of & by edges, we get the Cayley graph of &. P. Biane ([1], [2]) showed
that non-crossing partitions can be described using the geodesic condition in the Cayley
graph of G: they are the elements in the geodesics between the identity and the k-cycle
(1,...,k). We recall that the order < was defined at the beginning of Section 2.

Theorem 3.1. — The ordered set ([idg, (1, ..., k)] N &k, <) is isomorphic to (NCy, Q).
Let us consider the restriction of < to Dy.
Theorem 3.2. — The ordered set (Dy, <) is isomorphic to (Py, <).

Proof. — Let p be a partition in Dy. Let us consider ¢(p), the partition in P which is
obtained by considering the restriction of p to {1,...,k}: if p', ..., p" are the blocks of p,

o(p) ={p'N{1,....k}ie{l,..,r}t}
It is straightforward to see that the application ¢ : Dy, — Py is a bijection. Let p and p’
two partitions in Dy. Let us prove that p’ < pif and only if ¢(p") < ¢(p). Using Theorem
2.3, the condition p’ < p is equivalent to the fact that p’ vV p € Gl(p) and p’ € Sp(p V p').
But for any p and p’ in Dy, Gl(p) = {p} and p’ is always in Sp(p V p). Thus, p’ < p is
equivalent to p’ V p = p which is equivalent to p’ < p. It is easy to see that this condition
is equivalent to ¢(p’) < ¢(p). O

Thus, both partitions and non-crossing partitions of k£ elements can be seen as subset
of an unique ordered set (P, <).

3.2.2. No Brauer element is smaller than a permutation. — In the following lemma,
we show that the geodesics in the Cayley graph of Pj between two permutations either
stay in the set of permutations or intersect Py \ By.

Lemma 3.1. — Let o € &y, then [idg, o] N By = [idg, o] N Sk.

Proof. — We do a proof by contradiction. Let S C & be the set of permutations such
that [idg, o] N By # [idk, 0] N Sg. Let 0 € S be a permutation such that d(idg,o) =
H/lé% d(idg,0’). Let us consider b an element of By \ &) such that b € [idg, o] N Bg.
g

There exists a geodesic in By which goes through b and goes from idy to o. Let b € By
be the unique element on this geodesic such that d(idg,b’) = 1. Let us remark that
b € [b/,0] N By: this implies that ' can not be a permutation. Indeed, if b was a
permutation, then [0/, 0] N By # [V/,0] N & and thus, [ids, b to] N By # [idg, 0" to] N
&k Yet d(idy,b'"lo) = d(b,0) = d(idg, o) — 1. This would contradict the fact that
d(idg, o) = ming/eg d(idg, o’). Thus b’ must be an element of B\ &y. Since d(idg, V') =1,
there exist ¢ and j in {1,...,k} such that ¥’ is equal to the Weyl contraction [¢, j] in By.
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Thus there exist ¢ and j in {1,...,k} such that [i,j] € [idg, o]. Using Theorem 2.3, this
means that [i,5] Vo € Gl(0): i and j must be in the same cycle of 0. We can suppose
that o is a cycle of size k. It is not difficult to see graphically that [i, j] Vo = 0 where we
recall that 0 = {1,...,k,1’,....;k’}. By Theorem 2.3, [i,j] € Sp(0x): this is not possible
since nc(0x) — nc(0g V idg) = 0 and nc([i, j]) — nc([z, 5] Vidg) = 1. O

Remark 3.2. — The same result holds if one replaces By by Bsy.

3.2.8. Admissible splittings. — We will consider the interaction between Brauer ele-
ments and the notion of admissible splitting.

Lemma 3.2. — Let p € Py, the set Sp(p) N By is either empty or has exactly one
element. In particular, for any p € By, Sp(p) = {p}.

In order to prove this lemma, an important remark is to see that no partition p € By,
has a pivotal block. Indeed, let us suppose that a partition p € By has a pivotal block
that we will denote by c¢. We can always suppose that p is irreducible. Since we can
shuffle the columns of p and take the transpose of p, we can always suppose that ¢ is of
the form {4, (i + 1)’} or {i,i + 1}. We can also suppose that when one cuts the block
¢, the new partition we get has the form p; ® ps where the notion of tensor product is
defined in the next section and where p; € P;. The partition p; must be composed of
blocks of size two except one block which is equal to {i}. This is not possible since p;
must be a partition of 2¢ elements.

Proof. — Let us consider a partition p € Py, and let b € By such that b € Sp(p). We can
suppose that p is irreducible. Let us denote by C(b) the set of cycles of b. By reversing
the orientation of the paths of admissible splittings from p to b, we get a path of gluings
which goes from b to p and we see that there exists:

1. a covering tree of the graph (C(b), C(b) x C(b)) which set of edges is denoted by FE,
2. for any edge (¢,d) € E, a couple (i, i) such that i. € ¢ and i € ¢,

such that p = bV ({{ic,i¢ }|(c,¢) € E}YU{{i}|i ¢ U )epiic,ic}}). Using this equality,
we see that the only admissible splittings that we can do is to cut the gluings between
blocks of b: the only other possibility would be to cut a block of b but b does not have
pivotal block, this splitting is not admissible. Thus, Sp(p) = {b}. O

This last lemma leads us to the following definition.

Definition 3.6. — For any positive integer k, we define:

S ={pePi|#(Sp(p) N6Sk) =1},
By, = {p € Py | # (Sp(p) N By) = 1}.

For any p € By, we denote by Mb(p) the unique element in Sp(p) N By.

The Figure 5 gives an example of partition p in &y.



16 FRANCK GABRIEL

FIGURE 5. A partition p such that Mb(p) = (1,2, 3)(4,5)(6,7,8).

3.3. More structures on P;. — Using the fact that {1,...,k}U{1l’, ..., k’} is a disjoint
union of two sets of equal cardinal, one can define operations that one could not on the
general set P(X). The reference article for this section and the partition algebra is the
article [7] of T.Halverson and A.Ram.

Let k and | be two non negative integers, and let p € P, and p’ € P;. Let us give
some notions that one can define using a graphical construction: in each construction,
the choice of the diagrams which represent the partitions does not matter.

Tensor product: Let us consider two diagrams: one associated with p, another with
p’. Let p® p’ be the partition in Pk, associated with the diagram where one has
put the diagram associated with p on the left of the diagram associated with p’.

Transposition: The transposition of p, denoted by ‘p, is the partition obtained
by permuting the role of {1,...,k} and {1’,...,k’}. For example if k = 3, let
p={{1,1,3},{2,3},{2'}}, then fp = {{1,1,3},{2/,3'}, {2} }. For every diagram
associated with p, the diagram obtained by flipping it according to a horizontal
axis is a diagram associated with ‘p.

Multiplication o: Let us suppose that & = [. Let us put one diagram representing p’
above one diagram representing p. Let us identify the lower vertices of p’ with the
upper vertices of p. We obtain a graph with vertices on three levels, then erase the
vertices in the middle row, keeping the edges obtained by concatenation of edges
passing through the deleted vertices. Any connected component entirely included
in the middle row is then removed. Let us denote by k(p,p’) the number of such
connected components. We obtain an other diagram associated with a partition
denoted by pop’. An example is given in Figure 6.

°
5 °
: : i H . plop2
) .\.:L\
°

FIGURE 6. Partition p; o ps.

Number of erased loops: x(p,p’) was defined when we defined the multiplication
pop'. It will be an important number in order to define other multiplications on
partitions.

We can extend these operations on C[Pg] by linearity or bi-linearity. Before we define
a modification of o, let us make some remarks on this product. The sets By and &, are
stable by this concatenation operation. Recall that any permutation o € &, can be seen
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as a bijection from {1,...,k} to itself. For any permutations o1 and o9, the bijection
associated with o1 o 09 is the composition of the two bijections associated with o1 and
o3. Besides, the sub-algebra C[&y] is not only stable for the o operation: it also satisfies
the following property which can be easily proved.

Lemma 3.3. — Let p and p' be in Py, if pop’ € & then p and p’ are in Sy.

Besides, for any partition 0 € &y and any p € Py, k(o,p) = k(p,0) = 0. Let us
remark that idy is a right and left neutral element for o. At last, as a consequence of
Lemma 3.3, since idy € &y, the only invertible elements of P, are the permutations.
The inverse of a permutation o is 0~' = 0. We can now recall the definition of the

partition algebra C [Py(N)]. From now on, N is a positive integer.

Definition 3.7. — The partition algebra C[Pr(N)] is the associative algebra over C
with basis Py, endowed with the multiplication defined by:

Y p1, pa € Pp, pip2 = N¥P1P2) (py o py).

3.4. Partitions and representation. — In this section, we recall a natural action of
the partition algebra on (CV )®k (for more explanations, 7] of T.Halverson and A.Ram).
This action will be useful in order to translate combinatorial properties into linear alge-
braic properties.

Definition 3.8. — For any p € Py and any k-uples (i1,...,ix) and (iy,...,ix) of
elements of {1,..., N}, we set:

1, if for any two elements r and s € {1,... kY U{l',... k'} which
= are in the same block of p, one has i, = i,

0, otherwise.

pll/7...,lk/

We can now define the action of the partition algebra C[Py(N)] on (CV )®k. Let
(e1,...,en) be the canonical basis of CV.

Definition 3.9. — The action of the partition algebra C[Py(N)] on ((CN)®k is defined
by the fact that for any p € Py, for any (i1, ... i) € {1,..., N}*:
p.(ej; ®-® eik) = Z pzi;7vljk/ ei, @ Qe
(i1/7...,ik/)6{1,...7N}k

This action defines a representation of the partition algebra C[Pg(N)] on (CV )®k
which we denote by py:

pn : C[PL(N)] — End (((CN)®’“) .

Let us define EZJ be the matrix which sends e; on e; and any other element of the
canonical basis on 0. Let p be a partition in P,. We can write the matrix of py(p) in
the basis (e;, ® -+ ® eik)(z'l)lee{l,...,N}’f3

(12) pn(p) = > Bl ®.. . QF".

(i17"'7ik7i1/7"'7ik’)/p7;1, """ i
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For example, if p is the transposition (1,2), then:

N
pn((1,2) = ) E) @ Ef.
a,b=1

We think that this presentation allows us to understand, in an easier way, the repre-
sentation py. In Figure 7, we illustrate how to find the partition which representation
is given by a sum of the form (12). The partition p; used in Figure 7 is the partition
drawn in Figure 2.

FIGURE 7. 3, . . . El @ EP ® El* ® El* ® EI* = pn(p).

21,22,23,24,%5 ~ 11

Let us remark that the natural action of C[Py(N)] on (CV )®k behaves well under the
operation of tensor product:
pn(p@p) = p(p) @ px ().

Let us suppose that N > 2k. Using Theorem 3.6 in [7], the application py is injective.
Actually, if one considers only its restriction to the symmetric algebra or the Brauer
algebra, it is enough to ask for NV > k. For N = k — 1 this result does not hold, this is
a consequence of the Mandelstam’s identity which asserts that:

S 0)pu-i(0) =0,
oeSy,

where €(0) is the signature of . In the following, we will often need that py is injective,
yet, for a sake of clarity, since we are concerned mainly with asymptotics when N goes
to infinity, we will ommit to specify each time that N must be greater than 2k or k.

3.5. The trace on P;,. — Let IV be a positive integer. Depending on the context, we
will consider a partition either as an element of P, or as an element of End (((CN )®k)

via the action defined in Definition 3.9. We remind the reader that (eg,...,en) is the
canonical base of CV. The family {e;, ®---®e;,, (i1,-..,ix) € {1,..., N}¥} is a basis of

((CN )®k: let Tr¥ be the trace with respect to this canonical basis. We do not renormalize

it, thus Tr" <Id((cN)®k) = N*. We can define the trace of a partition.

Definition 3.10. — Let p be a partition in Py. We define:

Trv(p) = T (o ()
For any integer N, we extend Try by linearity to C[P(N)].

When N is explicit, we will only denote Try by Tr. The trace allows us to go from
combinatorics arguments to linear algebra arguments since we have the following lemma.



PARTITIONS AND GEOMETRY 19

Lemma 3.4. — Let p be a partition in Py:
(13) Trv(p) = Nhe(pVidi)

A generalisation of Equation (13) is that for any partitions p and p’, seen as elements

(1) Te(p ) = N0V

This equation will be used quite intensively. It is a consequence of Equation (13) and
the combinatorial equality:

(15) nc((po ) Vidy) + w(p, ') = nc(p vV p'),

which can be understood by flipping the diagram of ‘p over the one of p’: the flip
transposes p thus we get the two diagrams of p and p’ one over the other. By definition,
the diagram constructed by putting a diagram representing p’ over one representing p is
associated with pV p’. But any block of this diagram either comes from a cycle of po %’
or from a loop that we erased while doing the product p o '

3.6. The exclusive basis of C[Py]. — The basis used to define the partition algebra
C[Px(N)] is quite natural, yet, it is not always very easy to work with. Indeed, if we
look at the representation pE’“ of a partition, we see that the condition we used to define
the delta function is not exclusive. It means that we did not use the following exclusive

delta function:

1, if for any two elements r and s € {1,..., k} U{l’,... K},
= i, = is if and only if  and s are in the same block of p,
0, otherwise.

11,e00lk )em

(p’ill,...,lkl

By changing, in Definition 3.9, the delta function defined in Definition 3.8 by this new
exclusive delta function, we define a new function:

pn : C[PL(N)] — End ((@N)@“) .

Does it exist, for any partition p € Py an element p® € C[Py] such that for any integer
N, pﬁk (p°) = ﬁz’“ (p) ? The answer is given by the following definition, as explained by
Equation (2.3) of [7].

Definition 3.11. — The exclusive partition basis, denoted by (p°)pep,, is the unique
family of elements in C[Py| defined by the relation:

p=> p"
plp’

The notion of being coarser defines a partial order on Py: the relation can be inverted.
The family (p®)pep, is well defined and it is a basis of the partition algebra C[Py]. It
satisfies that for any partition p € Py,
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3.7. Geodesics and tensor product. — The following property, known for &; and
B, is still true for Py: a geodesic between id; and p; ® ps must be the tensor product
of a geodesic between id; and p; and a geodesic between idg and ps.

Proposition 3.1. — Let k and | be two positive integers. Let p1 € P and pa € Pj.
For any p' € Py such that p' < p1 ® pa, there exist py < p1 and ph < py such that
/) /

P =p1 P

Proof. — Let us suppose that p’ < p; ® pe. Using Theorem 2.3, p’ V (p1 ® p2) is an

admissible gluing of p; ® pa. This proves that there exist p} € Py and pf, € P; such that
p' = p} @ ph. Since:

df(p} ® ph, p1 ® p2) = df(p, p1) + df (py, p2),

we get that p) < p; and p, < po. O

We have seen the consequences that p’ < p; ® po. What are the consequences that
p1 ®@pa < p' 7 We will answer this question only when p; ® ps is finer than p’. This case
is important in the theory of random matrices which are invariant in law by conjugation
by the symmetric group ([4], [5]). In order to answer, we need to introducte the notions
of left- and right-parts of a partition p. Let ki and kg be two positive integers and recall
the notion of extraction that we defined before Definition 3.2.

Definition 3.12. — Let p € Py, +k,, we denote by pgﬂ the extraction of p to {1,...,k1}

and py, the extraction of p to {k1 +1,....;k1 + ka}. The left-part of p, namely pgﬂ, s in
Pk, and the right-part of p, namely py,, s in Pk,.

Proposition 3.2. — Let k1 and ko be two positive integers and let k = ki + ko. Let p
be an element of Py. Let p1 and pa be respectively in Py, and Py, such that py ® pa is
finer than p. Then:

(16) df(p1 ® pa,p) = df(pr, v, ) + df(p2, pf,) + df (D}, © P}, p)-
In particular, we have equivalence between:

1. p1®p2 Jp,

2. p1 3 pl,, p2 D py, and pl, @p, 3 p.

Proof. — The Equation (16) can be proved by a simple calculation, using the fact that
p1 ® p2 is finer than p and the fact that for any partition v and v, respectively in Py,
and Py,,

nc(u ® v) = nc(u) + nc(v),
nc((u ®v) Vidg) = nc(u Vidg, ) + nc(v Vidy,).

The equivalences are consequences of Equation (16) and Lemma 2.1. U
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3.8. The Kreweras complement for P,. — Let us consider ¢ and ¢’ two permu-
tations in &y. Since d is a distance:

d(ldka U) < d(ldk, OJ) + d(o-la U)'

Any permutation has an inverse and the restriction of d to &y is invariant by left or
right multiplication by a permutation. The last inequality is then equivalent to:

(17) d(idy, o) < d(idg, o) + d(idy, o' ' o).

Thus ¢’ < ¢ if and only if there exists & such that o = ¢'4 and d(idg, o) = d(idg,o’) +
d(idg, ). We recall that & is then unique and it is called the Kreweras complement of o
in o, denoted in this article K,(c’) ([8], [13]). In general, any partition does not have
any inverse. It is natural to wonder if an inequality of the form (17) holds and if so, it
is natural to wonder if we can use it to define a Kreweras complement. The answer to
the first question is given by the following theorem.

3.8.1. A nmew inequality. — Let p and p’ be two partitions in Py,

Theorem 3.3. — We have

k +nc(pop') — nc(p) — nc(p’)
2

As we did for the triangular inequality, we define a new defect.

(18)  d(idg,pop’) < d(idy,p) + d(idg, p’) — — K(p,p').

Definition 3.13. — The <-defect n(p,p’) is:

k +nc(pop) —nc(p) — nc(p)
2

Using a simple calculation, we can give an other form to the <-defect.

n(p,p’) = d(idg, p) + d(idg, p') — d(idy,p o p’) — — k(p,p).

Lemma 3.5. — For any p and p' in Pk, n(p,p’) is equal to:
(19) nc(p) — nc(p Vidy) + nc(p’) — ne(p’ Vidg) —ne(pop’) +nc(pop’ Vidy) — w(p, p').

For now, we do not know if 7(p,p’) > 0 but we can express 7(p,p’) using the defect
for <.

Theorem 3.4. — Let pg, p1 and py be three partitions in Py, the following quantities
are equal:

1. df(p1 o p2,po) + n(p1,p2),
2. df(p1,po) + df (pa, tp1 o po),
3. df(p1,po © 'p2) + df(p2, o),
4. df(p1 ® pa, (po ® idg)7),

where T is the permutation in Gqk equal to (1,k + 1)(2,k + 2)...(k,2k). In particular,
taking po = p1 @ pa:
1(p1,p2) = df(p1,p1 0 p2) + df (p2, 'p1 o p1 o p2)
= df(p1,p1 0 p2 © 'p2) + df (p2, p1 0 p2)
= df(p1 @ pa, ((p1 0 p2) @ idy)7).
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Proof. — The proof is done by doing calculations and using intensively the Equation
(14). From now on, we will take the following convention: the o and ® operations are
done first before any V operation, thus p; o ps V p3 ® py stands for (p1 o p2) V (p3 @ p4).

Let us expand df(p1 opa, po) +n(p1,p2). Using Equations (1) and (19), df (p1 op2, po) +
n(p1,p2) is equal to:

nc(py) — nc(pr Vidg) + nc(pa) — nc(pe V idg) + nc(po V idy)
—nc(p1op2 Vpo) — K(p1,p2)-
In a similar way df(p1, po) + df (pa,tp1 o po) is equal to:
nc(py) — nc(pr Vidg) + nc(pa) — ne(pe V idg) + nc(po V idy)
— nc(p1 V po) — nc(pz V 'p1 o po) 4 ne(‘p1 o po V idy).
For df(p1,po o 'p2) + df (p2, po), we get:
nc(p1) — nc(py Vidg) + nc(p2) — nc(p2 Vidg) + nc(po V idy)
— nc(p1 V po © 'p2) 4 nc(po © "pa V idg) — nc(pa V po).
For df(p1 ® p2, (po ® idg)T), we get:
nc(p1 ® p2) — nc(p1 ® p2 Vidag) — nc(p1 @ p2 V (po ® idg)7) + nc((po @ idg)7 V iday),

but nc(p1 ® p2) = nc(p1) + nc(p2), nc(pr ® pa Vidak) = nc(py V idg) + ne(pe V idg) and
nc((po ® idg )7 V idag) = nc(po V idg). Thus, df(p1 ® pa, (po ® idg)7), is equal to:

nc(p1) — nc(py Vidg) + nc(p2) — nc(p2 V idg) + nc(po V idg)
—nc(p1 @ p2 V (po ® idg)7).

The first lines are all equal, thus it remains to prove that the following numbers are
equal:

1. —nc(pyop2 V po) — “(101,]?2)

2. —nc(p1 V po) — nc(p2 V 'py Opo) + nc(*p1 o po V idy),
3. —nc(p1 V po o 'p2) + nc(po o 'p2 V idy) — nc(p2 V po),
4. —nc(p1 @ p2 V (po ® idg)T).

Let us prove that the first one and the second one are equal. The idea is to use
Equation (14) and the fact that we need to prove:

N e(P1Vpo)tne(p2Vipiopo) _ prne(piopzVpo)+k(p1,p2)+ne(‘propoVidy)
We have:
NPV T100) — T () o) Tr(pz (‘po 0 p1))
= Tr(p po) (( Poop1) OPQ)NH(pl,pz)
= Tr(*po p1)Tr(*po o (p1 © pa)) N P1:P2)
= Tr(*pg o p1)N“( p“’pl)Tr( po © (p1 OpQ))NH(pl,pg)

= Tr('po o p1) Tr("po(p1 o pa)) N*P172)
— N“C(tplopo\/ldk)Nnc(p10p2\/po)Nli(p17p2)7
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which allows us to conclude. In order to prove that the third element is equal to the
first one, the proof is similar. Let us show that the first and the forth are equal:

NV poSidi)T) = Tr((py @ pa) “((po @ idy)7))

= Tr(p1p2 "po)
— Nﬂ(pl,pz)-rr((pl o p2) tpo)

_ Nﬁ(p17P2)+nC(p10p2\/p0)_
This concludes the proof. O

This theorem allows us to prove Inequality (18): since the defect df is always non
negative, n which is a sum of two defects for < is also non negative. In the first place,
Inequality (18) was obtained as a consequence of the triangle inequality for d and an
inequality between d(p,p o p') and d(idy,p’) given by the following proposition. This
inequality generalize the invariance of the restiction of d to &y by left or right multipli-
cation by a permutation.

Proposition 3.3. — Let p and p' in Py, we have the following inequality:

_ k+nc(pop') —nc(p) — nc(p')
2

Proof. — It is a consequence of the triangle inequality:

(20) d(p®idy, ((pop) ®id)7) < d(pRidp,p@p ) +d(p@p, ((Pop) ®idy) 7).

and computations similar to what we did in order to prove Theorem 3.4. U

— k(p.p').

d(p,pop) < d(idy,p")

3.8.2. The Kreweras complement. —

Definition 8.14. — Let p and p' be two elements of P,. We will say that p’ is an
admissible prefixe of p if and only if:

1. there exists p” such that p =p' o p”,

2. we have the equality:

k — AN 1
d(idg, p) = d(ids, p') + d(idy, p") — + nc(p) n2c(p) nc(p”)

It p' is an admissible prefize of p, we write p' < p and the set of p” which satisfy 1. and
2. is called the Kreweras complement of p’ in p. We denote it K,(p').

_ K(pl,p”).

If p’ < p does not hold, the Kreweras complement of p’ in p is set to be equal to (.
Now, let us suppose that p’ < p. The set K,(p) is not empty but in general it is not
reduced to a unique partition. For example, one can show that if p’ = {{1,2,1’,2'}} and

p={{1,2},{1},{2}} then:
Ko() = ({11 21 (V1 420} {10 (2041, 21
Let us remark that for any o € &y, {0’ € &,0’ < 0} = [idg, 0] N Sg. This is due to
the fact that k(o,0’) = 0 for any couple of permutations, the fact that nc is constant on

the set of permutations and the fact that any permutation is invertible. Using similar
arguments and Lemma 3.3, one can have the better result.
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Lemma 3.6. — Let 0 € G
{p € Pr,p < 0} = [idy, 0] N &
Besides, for any p € Py, {0 € Sk, 0 < p} = [idg, p] N Sk.

We have seen, in Theorem 3.1, that the poset of non-crossing partitions over {1,..., k}
is isomorphic to ([idg, (1,. .., k)]NSk, <). From now on, we will consider any non-crossing
partition over {1,...,k} as an element of [id, (1,..,k)] N Sg. Our notion generalizes the
usual notion of Kreweras complement since for any o € [id, (1, ..., k)] N &, K, x)(o)
is the Kreweras complement of the non-crossing partition corresponding to o. In the
general case, as a direct consequence of the definitions and Theorem 3.4, we get the
following theorem.

Theorem 3.5. — Let pg, p1 and ps be three partitions in Py. The following assertions
are equivalent:

1. propa < po and pa € Ky op, (1),
2. p1 < po and pa <'py o po,

3. p1 < po o'py and pa < po,

4. p1 @ p2 < (po ® idg)T.

Thus, by specifying pg = p1 © p2, we have the equivalences:

L. pa € Kpiop, (P1),

2. p1 < p1opy and pa <'pyopiops,
3. p1 < p1opaolpy and pa < pyops.
4. p1 @ p2 < (p1 o p2 ®idy)T.

3.8.8. The order <. — In the previous section, we have defined a relation < that we
are going to study a little in this section. As explained in the beginning of Section 3.8,
< and < are equivalent when we restrict them to &j. In general, we have the following
result.

Proposition 3.4. — For any partitions p and p' in Py, p' < p implies that p’ < p.

Proof. — Indeed, if p’ < p, there exists p” such that p = p’op” and p” € Kyyop (p'). The
result is then a consequence of Theorem 3.5. U

This will allow us to prove the following result.
Theorem 3.6. — The relation < defines a new order on Py.

Proof. — The fact that < is reflexive is due to the fact that for any p, p can be decom-
posed as p o idg: using the fact that x(p,idy) = 0, we see that p’ is a admissible prefixe
of p. The antisymmetry is a consequence of Proposition 3.4 and the antisymmetry of
<. It remains to prove the transitivity which is proved in the upcoming Proposition 5.3.
At last, we can see that < is not equal to < since it is easy to find some p and p’ in P
such that p’ < p but p can not be decomposed as p o p”. O

Let us state a consequence of Proposition 3.4: the factorization property for <.

Lemma 3.7. — Let k and | be two positive integers. Let p1 € Py, and ps € P;. For any
P € Prii such that p’ < p1 ® pa, there exist py < p1 and ph < pa such that p' = p} & ph.
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Proof. — 1t is a consequence of Proposition 3.4 and the factorization property for the
geodesics stated in Proposition 3.1. U

4. Structures on (@;-, C[Px])"

Using the definitions of <, < and the Kreweras complement, we can define some new
structure on (@;° C[Px])* which have a similar flavor than the structures constructed
in [11] for linear forms on permutations. Let us remark that we have the canonical
isomorphisms:

k=0 k=0 k=0

Thus, the structures we are going to define on (7, C[Px])" can also be seen on the
two other spaces.

Remark 4.1. — It is important to notice, when reading this section, that most of
the definitions or notions and results (in fact all except the one about characters, in-
finitesimal characters and B-convolutions) can be restricted to the space of linear forms

(C[Px])*: this will be useful in Section 5.

4.1. Some transformations. —

Definition 4.1. — The M-transform is the application M : (B C[P:])" —
(Breo ClPk])" such that for any ¢ € (Bre C[Pk])", any k and any p € Py:

(21) (M(@)p) =Y ().

'<p

Let us consider a positive integer k. The application M can be restricted to the space
(C[Pg])* seen as a subspace of (Pre,C[Px])". But the space (C[Py])* is isomorphic
to C[Py] or CP+. The M-transform induces an application on C** which is only the
multiplication by the matrix G of the geodesic order <. Since G = C'S (Theorem 2.2), it
is natural to consider the M™°-transform (resp. the M¢7-transform) which is defined
in the same way as M but using the order 7 (resp. -) in Equation (21). The equation
G = C'S then implies the following equality:

Since G is invertible, the M-transform is a bijection: we can consider its inverse.

Definition 4.2. — The R-transform is the inverse of the M-transform: R = M™%

4.2. Convolutions. — In this section, we will only consider the subspace of linear

forms which are invariant by the action of the permutations, namely ((7-, C[Pk])*)e,

which is equal to:

{¢ e (EBCM) | Vk € N,Yo € Gy, Yp € Prod(copoo) = ¢<p)} ,
k=0
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or

(é C[Pk/gk]> ;
k=0

where Py, /&) = {{copoc™t,0 € &;},p € Pr}. We do so since it allows us to clarify the
explanations, but the same results hold for the general space (Pse, C[Px])* by slightly
changing the definitions. From now on, p is a partition and p or [p] are the orbit of p in
Pr/Sk.

Let us remark that @;- , C[Px/Sk] can be endowed with the multiplication given by
([pl,[P']) — [p® p']. This multiplication, that we denote also by ®, does not depend
of the choice or the representant of the orbits and its neutral element is given by {(}.
Besides, the M, R, M€ and M are invariant by the action of the symmetric group:
they are well defined on (72, C[P/Sk])".

4.2.1. Additive structure. —

Definition 4.3. — Let p be in Py/Sy. We can suppose that p has the form p1 ®...Qp,
with p; an irreducible partition for any i € {1,...,r}. We define:

Am(p) = Y [(®icrpi)] ® [@igrpi] € <@C [Pr/ Skl ) ® (EB C[Pk/Gk]> :
Ic{1,..,r} k=0
We extend by linearity Ag to @r—y C[Pr/Sk]:
A : EBC [Pr/Gk] = <€BC [Pr/6k] ) ® (@ CW’k/@z]) -
k=0 k=0

Proposition 4.1. — Let em be the linear form on @;-.,C[P/Sk] wich sends p on
op=(0}° (Breo ClPr/6r],®,0, Am, em) is a graded connected Hopf algebra.

Proof. — Tt is easy to see that (@p—, C[Pr/Sk], ®,{0}, Am, em) is an associative and

co-associative bi-algebra. Besides, if p is a partition in Py, we define dg(p) = k:
reo C[Pr/Sk] becomes a graded bi-algebra which is connected. Thus it is a graded
connected Hopf algebra. O

Definition 4.4. — The convolution of ¢1 and ¢2 in (Phey C[Pr/Sk])" is given by:
¢1H @2 = (61 ® ¢2)Am

Let us remark that eg is the neutral element for H.

4.2.2. Multiplicative structure. —

Definition 4.5. — Let p be in Py/Si. We define:

Aw(p) = > [p1] ® [p2] € <§_90 C[Pr/G%] ) (SRC [Pr./ Skl )

p1op2=p,p2€Kp, (p1op2)
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We extend by linearity Ax to @r— C[Pr/Sk]:

Ag : C[Py/Sk] — <@C Pk/6k> ® (@ C[ﬂ/@J) :
k=0

In the following proposition, we use the notation that idy = )

Proposition 4.2. — Let ex be the linear form on @p, C[Pr/S] wich sends, for any
k € N, idy on 1, and any other partition p on 0: (P, C[Pr/6k],®,0, Ax, ex) is an
(associative, co-associative) bi-algebra.

Proof. — The two main problems are to prove the fact that Ag is a morphism and that
it is co-associative. The other facts can be verified easily.
Let p; and po be two partitions. We need to show that:

Ag([p1] @ [p2]) = Ax([p1]) ® Ax([p2]).

This is a direct consequence of Lemma 3.7.
For the co-associativity, we need to prove that:

(23) (Ag ®id)Ag = (id ® Ag)Ax.
Using the definitions, if p € Py:
(A @id)Aw([p]) = > [p1] ® [p2] ® [p3].
P1,p2,P3E€ Py |p10p20p3=p,p3EKp; opgyops (P10P2),p2E€Kp; 0py (P1)
Using the upcoming Equation (38),
(Ax ® id)Ax([p]) = > [p1] ® [p2] @ [ps],

P1,P2,3 € Pr|p10p20ps=p,p20p3EKp; @ps@ps (P1),p3E€EKpgops (P2)

hence Equation (23). O

It is easy to see that (P, C[Pr/6k], ®, 0, Ax, €x) is not a Hopf algebra: the antipode
does not exist.

Definition 4.6. — The convolution of ¢1 and ¢2 in (PDiey C[Pr/Sk])" is given by:
¢1 X dg = (1 ® ¢2)Aw.

Let us remark that ex is the neutral element for X. We will need to understand
the action of the M-transform on the X-convolution. This is given by the following
proposition.

Proposition 4.3. — Let ¢1 and ¢2 in (Preo C[Pr/Sk))":
(24) M(p1 X ¢2) = M(¢1) K d2 = ¢1 K" M(o2),

where W7 and X' are the convolutions associated with A|X|m and Agm given by:

Agp(p) = [po'pi] @ [pal, Agp(p) =Y Il @ ['prop).

p1<p p1<p
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Proof. — Actually, it is easier to prove the same equations in the setting of
(B0 C[Pe])*, where W, K7* and N[} are defined similarly except that we do not
use the brakets [ ]. The special case of (y-, C[Px/Sy])" is then a consequence.

Let k be an integer. For any p € Py, we denote by p* the linear form which gives the
coordinate on p. By bi-linearity, we only need to prove Equation (24) for ¢; = pj and
¢2 = p5 where p; and py are two partitions in Py. In this case, Equation (24) boils down
to the fact that for any pg € Py:

5p10p2§p05p2€Kp10p2 (p1) — 5p1§p05p2§ tp1opo

and

5p10p2Sp05pzeKmop2 (p1) — 5p1 <pgo fp25p2Spo-

These Equalities are consequences of Theorem 3.5. ]

4.3. Characters, infinitesimal characters and moment maps. —

4.3.1. Character and infinitesimal characters. —

Definition 4.7. — A character of @y o C[Pi/Sk] is a element of (Bre C[Pr/Sk])"
such that:

1. ¢(0) =1,
2. for any p1 and py in Pr/Gk, ¢(P1 @ p2) = ¢(p1)d(p2)-
The set of characters is denoted by X[P].

Notation 4.1. — In the following, the results hold either for B or X. This leads us to
use the following notation: by [, we denote either B or K.

Proposition 4.4. — The set of characters is stable by 1.

Proof. — Let ¢1 and ¢2 be two characters. Let k1 and ko be two integers, let us consider
two elements p; and po, respectively in Py, and Py,. Let us remark that ® is used for two
different notations: as an inner law for @, , C[Py/S;] and as the tensor product of two
elements of @, C[Py/Sk] seen as an element of (D, C[Pr/Sk]) @ (B C[Pr/Sk)).
For sake of clarity, the tensor product in the latter sense will be denoted by ).

Using the definitions and the fact that Ag is a morphism for ®:

¢1 8 d2(p1 @ p2) = (41 ®¢2)AB(P1 ®p2) = ($1 ®¢2) [An(p1) ® Aa(p2)] -

Let us use the Sweedler notations: Ag(p1) = Zp§1)®p§2) and Ag(p2) =
Zpgl) ®p§2). Then:
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(61 X ¢2) [Aa(p1) ® An(p2)] = (61 ®¢2 [Z ®P§ ) ®(p§2) ®p(2))]
=" 10" @ pi)a (0t @ p)
=Y o) ¢1<p;>>¢z< Ng2(p$)

Z¢1 Nea(p? Z¢1 (52 (p5))
= (¢1 B ¢2(p1))(¢1 [ ¢2(p2)),
where, in the third equality, we used the multiplicativity property of ¢1 and ¢s. O

After this proposition, it is natural to study semi-groups of elements in X[P] and to
study the set of generators of these semi-groups.

Definition 4.8. — The set of [-infinitesimal characters is the subset of (D C[Pr/Sk])"
such that for any partitions p1 and ps,

d(p1 ® p2) = ¢(p1)er(p2) + e (P1)9(P2)-
The set of [-infinitesimal characters is denoted by Xg[P]

Using the definitions of ex and em, the set of H-infinitesimal characters is the set
of linear forms ¢ such that ¢(p) = 0 for any composed partition p, and the set of
X-infinitesimal characters is the set of linear forms ¢ such that ¢(p) = 0 for any non
weakly-irreducible partition p and ¢(idg) = k¢(idy) for any integer k& € N. In particular,
since we took the convention that () was composed, any Cl-infinitesimal character is equal
to 0 on [(].

In order to study semi-groups of characters and infinitesimal characters, we need a
new order and a notion of height. Recall that d(p) is the unique integer such that p € P.

Definition 4.9. — Let us endow U2 Py /S), with two orders:
— ift=H, p <g p’ if dg(p) < dg(p’) orp =7/,
—if =KX, p <g p’ if there exist an integer k, py and py in Py such that p = [p1],
p’ = [p2] and p1 < pa.
Definition 4.10. — The height of (p1,p2):
— if =B, hg(p1, p2) = dg(p1) + dg(p2),
— if 0 =K, hx(p1,p2) = d(idgg(p,), P1) + d(idgg(p,): P2)-

We have now gathered all the notions in order to prove the following result.

Theorem 4.1. — Let ¢ € (Pp—C[Pr/Sk])". There exists, for any t > 0, a unique
element e of (Dsey C[Pr/Sk])" such that:

d

= b — [ Ltod

dt‘tztoe ¢ c ’
and e = ery. Besides, the following assertions are equivalent:

1. ¢ is a [-infinitesimal character,
2. for any t >0, e € X[P].
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Proof. — Let us consider ¢ € (@r-, C[Pr/Sk])". The system of differential equations:

4wy Ctod
T " (p) = <¢De ‘ )(p)

is triangular when we consider the order <m on Uy (Pj/Sk): it implies that the system
admits a unique solution. For [ = X, this is a consequence of Theorem 3.5 where we
proved that ps € Kj(p1) implies that ps < p.

Let us prove the equivalence between the condition 1 and the condition 2. Let p; and po
be two partitions such that h(p1, p2) > 0. Let us suppose that for any couple of partitions

(P}, py) such that ha(p], ph) < ha(p1, P2), ¢(P] ® Ph) = en(p))d(Ph) + ¢(P})em(py) and
for any t > 0, eDtOd’(pll ® ph) = emt0¢(P/1)eDtO¢(P/2)-

Let tg > 0:
el t0¢ (2) (2)
T Y(pr@p) =Y o (py” @ py”)
= d(e1 ® 62)€t°¢(P1 ® P2) + ¢(P1 ® p2)e?(e1 ® e3)
- > ol @ pi)e? (p? @ piY)

PV op ¢ {e1@er,p1@pa}

where (e1, e2) = ([0], [0]) if O] = B and (e1, e2) = ([idgg(py)]; [[dag(py)]) if I = X. We can
Ctogp d

apply the hypothese about ¢ and e ) E|t=toet¢(p1 ® p2) is equal to:

P(e1 ® e2)e™?(p1 ® pa) + ¢(p1 ® P2)e®®(e; @ 62)
+ 3 o) ea s () (1) + 3 e et (pP e (p?)

— ¢(p1)em(p2)el®®(e1)e*? (ez) — (61)€D( 2)eld ( ) ¢<p2>
— en(p1)d(p2)e'®®(e1)e?(e2) — em(e1)p(ea)e’? (p1)e™? (p2).
But,
3 ot )ea(py))eo? ()60 (pS)) = (6 D €0 (p1)) (e B €0?(p2))
—(p) o),

Using the fact that é(e; ® e2) = é(e1)em(ez) + em(er)p(ea) and e'0?(e; ® eg) =
e (e1)et?(eq), we get that 2 @ 1=t (e"(p1 ® p2) — €' (p1)e™®(p2)) is equal to:

Ple1 ® e3) <6t°¢(p1 ® Pp2) — 6t°¢(p1)et“¢(p2)>

+€"%(e1 ® e2) (¢(p1 ® P2) — d(P1)em(p2) — d(P2)em(p1)) -

It is easy to see that this result allows us to prove, by recurrence on the height of the
couple (p1,p2), the equivalence between conditions 1 and 2. ]

Remark 4.2. — Let us remark that when [ = B and if we suppose that ¢() = 0 these
results are already known ([10]). But when [ = X, the usual theory can not be applied
since (Br—o C[Pr/Sk), ®,0, Ax, ex) is not a filtered (connected Hopf) algebra.
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4.3.2. Characters, infinitesimal characters and transformations. — We will study char-
acters and infinitesimal characters using the different transformations that we defined

on (B2 C[Pr/6k])"

Proposition 4.5. — The M, R, M7 and M -transforms are bijections from X[P]
to itself.

Proof. — Let us prove that the M-transform is a bijection from X[P] to itself: it will
implies that the R-transform is a bijection, and using the same arguments, we can prove
that the M™¢ and M -transforms are bijections.

Let ¢ be an element of (Pje o C[Pr/Sk])", let p1 and ps be two partitions, respectively
in Pk, and Py,. Let us suppose that for any (p}, p5) € Pk, X Pk, such that hx(p), ph) <
hx(p1, P2), we know that ¢(p] ® p) = ¢(p})d(ph). We have the equality:

(25) (M(9))(P1 ® P2) — (M(9))(P1)(M(¢))(P2) = ¢(P1 ® P2) — ¢(P1)P(P2)-

This is a simple consequence of Proposition 3.1, the definition of M and the hypothesis

on ¢.
This allows us to prove by recurrence on the height of (p1,p2) that M is a bijection
on the set of characters. U

In order to state a similar result for the infinitesimal characters, we need to define the
set of additive characters and the set Xg[P]. Recall Definition 3.3 and the notation 0.

Definition 4.11. — An element ¢ € (Pjre C[Pr/Sk))* is an additive character if for
any partitions p1 and ps:

¢(p1 ® p2) = #(p1) + d(P2)-

The set of additive characters is denoted by X [P].

Let € be the linear form in (Do C[Pr/Sk])" which sends, for any k € N, 0 on 1,
and any other partition p on 0. We recall that O = {{1,....k,1', ..., K'}}. The set Xg[P]
is the set of linear forms in (@ C[Pi/Sk])" such that ¢(p1 ® p2) = e4(pP1)d(p2) +
d(p1)eqy(p2) for any partitions p1 and ps.

Using the definition of €f and Definition 3.3, the set X§[P] is the set of linear forms
¢ such that ¢(p) = 0 for any non exclusive-irreducible partition p.

Theorem 4.2. — The M-transform is a bijection from :
1. Xg[P] to itself,
2. Xgx[P] to X+[P].

In particular, the R-transform is a bijection from Xg[P] to itself and from X [P] to
Xx[P].

Proof. — The proof uses the same arguments as the proof of Proposition 4.5. We only
explains which equation is used instead of Equation (25).
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1. In order to study the assertion on Xm[P], it is enough to see that if for any (p], p)
such that hg(p},p)) < hx(pi,p2), we know that ¢(p] @ ph) — em(p})o(ph) —

¢(p})em(pz) = 0, then:
(M(9))(P1 @ P2) — em(p1)(M(9))(P2) — (M(¢))(P1)em(P2)
= ¢(p1 ® p2) — em(P1)9(P2) — #(P1)em(P2)-

This is a simple consequence of Proposition 3.1, the definition of M and the fact
that > /., em(p') = em(p) for any partition p.
2. In order to study the assertion on Xg[P], it is enough to see that if for any (p}, pj)

such that hg(p),ph) < hx(pi,p2), we know that ¢(p] ® ph) — ex(p))d(PsH) —
¢(p)em(py) = 0, then:

M(9)(p1 ® p2) — M(¢)(P1) — M(#)(P2)
= ¢(p1 ® P2) — ex(P1)9(P2) — A(P1)ex(P2)-

This is a simple consequence of Proposition 3.1, the definition of M and the fact
that > /., em(p') = 1 for any partition p.

O
Theorem 4.8. — The M~ -transform is a bijection from:
1. Xg[P] to itself,
2. Xg[P] to Xg[P].
Proof. — The proof uses the same arguments as the proof of Proposition 4.5. Again we

only explain which equation is used instead of Equation (25).

1. In order to study the assertion on Xg[P], it is enough to see that if for any (p}, pj)
such that hg(p},ph) < hxm(p1,p2), we know that ¢(p] ® py) — em(p))o(ph) —
o(p))em(ph) = 0, then:

(M79))(P1 ® P2) — em(pP1)(M7(9))(P2) — (MT7(¢))(P1)em(p2)
= ¢(p1 ® p2) — em(P1)@(P2) — d(P1)em(P2)-
This is a simple consequence of Proposition 3.1, the definition of M™¢ and the fact
that > -, em(p') = em(p) for any partition p.

2. In order to study the assertion on Xg[P], it is enough to see that if for any (p}, p)
such that hg(p],ph) < hx(p1,p2), we know that ¢(p] ® ph) — ex(P])d(pPh) —
¢(p)em(py) = 0, then:

(M79))(P1 ® P2) — ex(P1)(MT(9))(P2) — (MT7(¢))(P1)ea(P2)
= ¢(p1 ® p2) — ex(P1)d(P2) — d(P1)ex(P2)-
This is a simple consequence of Proposition 3.1, the definition of M™¢ and the fact
that >, ex(p') = efg(p) for any partition p.
]

4.4. Study of (P2, ClAL])*. —
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4.4.1. Projections. — Recall the definitions in Section 3.2.1. Let us consider A in
{6, B, Bs,H}. Since for any integer k, Ay, is a subset of Py, any element of (B~ C[Px])*
can be restricted to @,-, C[A].

Definition 4.12. — Let ¢ be an element of (P, C[Ps|)*, its restriction to
veo ClAg] is denoted by R4(¢). We can extend canonically an element of (Br—y ClAk])*

by defining for any ¢ € (Br—y ClAk))*, Ea(®) as the unique element of (Br—, C[Pk])*
such that for any p € URZqPk, (Ea(9)) (p) = dpeuse .4, 9(P)-

This definition allows us to define a M 4 and a R 4-transforms.

Definition 4.13. — The M yg-transform is given by: My = Rgo Mo Ey. It is a
bijection from (Pr—y ClAk])* to itself, whose inverse is the R 4-transform.

In order to be more pedagogical, let us explain the equality M 4 =R 40 M oE4: for
any ¢ in (@i, C[Ag])*, for any k and any b € Ay:

(Ma@)@) = Y o).

b eAL ‘bgb

Remark 4.3. — The definitions of characters, [1-convolutions, [J-infinitesimal charac-
ters and the results which concern these notions and the M 4, R.a-transforms can be
extended to (P, C[Ax])*.

The application E4 o R4 is a projection which “erases” the values for p ¢ UgAy. Let
us define three new interesting projections.

Definition 4.14. — Let C%y, C'¥ and C} be the three applications on (-, C[Pk])*
given by:
Ch=EsoRs0Rp40M,
Cl=MoC(CjoR,
C.ZLC — M%c OC.IZ o (Mﬁc)fli
The application C% is called the camulant-projection on A, the application C'} is called
the moment-projection on A and the application Cﬂc 1s called the exclusive-projection

on A.

These applications are projections and Im(C%) = E4((Bz—, C[Ax])*), Im(C}) = Mo
EA((D5 o ClAk])*) and Im(CF") = M7 0E 4 (D C[Ak])*). These remarks are direct
consequences of the following straightforward equality:

RaoMoEgoRA = (@@=, craw)--

Notation 4.2. — In the following, for any A, G(A) will denote the letter given in the
following table.
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A S B Bs H P

G(A) U 0 B H &

Table 1. Notation G(A).
Let us consider an element ¢ of (Pr-, C[Px])*.
Definition 4.15. — We say that ¢ is G(A)-invariant if ¢ is a fized point of C'}.
Since C'} is a projection and using Equation (22), we get the following lemma.

Lemma 4.1. — The linear form ¢ is G(A)-invariant if and only if one of the following
conditions is satisfied:

L. ¢ € MoEA((Dr=y ClA])Y),
2. R(¢) € EA((BrZo ClAR])),
3. (M) (¢) € M7 0 Ea((Dr2 CLAKD ™).

The sets EA((Pr—y C[Ak])*) and M7 0 EA((P—, C[Ak])*) are easy to understand.
Recall Definition 3.6 where we defined Mb(p).

Lemma 4.2. — We have the following characterizations:
1. The set E4((Br—o C[Ak])*) is the set of linear forms ¢ such that for any p ¢ U Ay,
¢(p) = 0.
2. When A € {&,B}, the set M7 o E4((Pj—y ClAk])*) is the set of linear forms ¢
such that for any p € UpPy, ¢(p) = 6, , 7 #(Mb(p)).

Proof. — The first assertion is straightforward. The second is a direct consequence of
Lemma 3.2. Indeed, if ¢ € M7 0 E4((Pr_, C[Ax])*), there exists ¢ in (Pr—, C[Ax])*
such that for any p € Py:

sp)= Y, J0)

p'€A|P'Ip
Using Lemma 3.2, for any p € Py, ¢(p) = 0, 779 (Mb(p)) = 6, 27¢(Mb(p)). Using
similar arguments, the other implication is straitforward. ]

4.4.2. The moment map and (Pp_, C[Sx])*. — We will explain in this section that the
Re-transform is in fact the usual R-transform in free probabilies ([15], [16], [14]). Let
us begin with a straightfoward lemma.

Lemma 4.3. — The affine space X[S] can ben identified with the affine space Cq[[z]]
of formal power series which constant term is equal to 1 by the following isomorphism :
U X[S] — Cq[[2]]
¢ > (1, k)2,
keN
where we recall that (1,...,k) is the k-cycle in S.



PARTITIONS AND GEOMETRY 35

Let us recall the notion of R-transform in free probabilities, defined on C;[[z]], which
we will call the R, -transform.

Definition 4.16. — Let M(z) be a formal power serie in Cy[[z]], that is a formal power
serie of the form:

o0
M(z) =1+ Zanz".
n=1

Let C(z) be the formal power serie C(z) =1+ > > | kpz" such that C[zM(z)] = M(z).
The Ry -transform of M is C.

Theorem 4.4. — Using the identification X[S] ~ Cy][z]] via the application ¥ ex-
plained in Lemma 4.3, the following diagram is commutative:

X[®] X[@]
Ci[[e]] —— Cy[2]]

Proof. — The assertion is equivalent to the fact that for any ¢ € X[S], any integer k,
any o € &y,

o)=Y [T Ru(®(9)se

0'€Glo’<o c cycle of o

When o = (1, ..., k), this is a consequence of the bijection between non-crossing par-
titions of k elements and the set [idg,(1,...,k)] N &) and Theorem 2.7 of [12]. In
the general case is a consequence of this special case by using the factorization of the
geodesics (Lemma 3.1). O

5. Observables and convergences of partitions

In this section, we motivate the definition of the structures in Section 4: these struc-

o0
tures appear when one studies limits of elements in [[ C[Py(NN)]. The notion of con-
N=1
vergence we are going to use is the good notion to consider when one wants to apply
the results to the study of random matrices which are invariant in law by conjugation

by the symmetric group ([4], [5]).

o
5.1. Definitions. — In order to define the notion of convergence on [[ C[Px(N)],
N=1
we define observables.
Definition 5.1. — Let N € N, let p be a partition in Py and E € C[Px(N)]. The
p-moment of E is:

mp(E) = #(mTrN(E D),

where the product is seen in C[Pg(N)].
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Let p be a partition in Py and p’ be a partition seen in C[Py(N)], using the Equalities
(13) and (14), we have:

(26) mp(p/) _ Nnc(p\/p/)fnc(p\/idk)‘
oo
From now on, (Ex)nen is an element of [[ C[Pg(N)].
N=1
Definition 5.2. — The sequence (En)nen converges in moments if for any p € Py,

mp(EN) converges when N goes to infinity. If so, we denote by my(E) the limit of
mp(EN) and we denote by ¢} the linear form in (C[Py])* such that ¢ (p) = my(E) for
any p € Py.

In the next section, we give a condition on the coordinates of (En)nyen which is
equivalent to the convergence in moments of (Ex)nen.

5.2. Cumulants and the key result. — For any p € P, and any F' € C[Pr(N)], we
denote by F), the coodinate of F}, on the partition p: F' = ZpePk Fyp.

Definition 5.3. — Let p be a partition in Py, and let F € C[Px(N)]. The cumulant of
F onp is:

Iip(F) _ Nnc(p)—nc(pvidk)Fp.

Theorem 5.1. — The sequence (En)nen converges in moments if and only if for any
D € Pr, kp(EN) converges as N goes to infinity to a number that we denote by r,(E).
Let us suppose that (En)nen converges in moments, for any p € Py:

(27) my(E) = Z Ky (E),

'<p

Remark 5.1. — Let us suppose that (En)nen converges in moments, let ¢, be the
linear form in (C[Pg])* such that ¢%.(p) = kp(E) for any p € Py: the theorem asserts
that ¢} = M(¢%,), where we recall that M was defined in Definition 4.1.

Proof. — Let (En)nen be an element of [[ C[Pr(N)], let p € Py and let N be a
NeN
positive integer. Using the cumulants of E, we can calculate the p-normalized moment

of EN:

1
mP(EN) = Z Kp/(EN)Nnc(p’)—nc(p’vidk) mp (p/)
p'EPx

— Z Kp! (EN)Nnc(p\/p/)*nc(p\/idk)7nC(p’)+nc(p/\/idk)’
p'EPy
where we used the Equality (26). Hence, using Definition 1:

(28) my(EN) = Z ”p’(EN)N_df(p/’p)-
p'E€Py
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Let us suppose that for any p’ € Py, ry (En) converges to a limit r, (E). The triangle
inequality for d shows that for any p € Py, m,(EN) converges when N goes to infinity
and:

lim my,(En) = (EN).
i my(Ey) =k (Ex)
p'<p
Now, let us suppose that it converges in moments. We can write the Equation (28) as:

m" = Gnkn,

N — — — 7df(p/7p)
where m (mp(EN))pE'Pk(N) VKN (KP(EN))pE'Pk(N) ,and Gy <N )p7p,€'pk(N) )
The sequence (Gn) yey converges to the matrix G of the order <: since G is invertible,
N

Ky = Gy'm” converges to G~'m where m = (]\}1_{1100 mp(EN)) O

PEPL”

From now on, we will say that (En)nen converges if it converges in moments. Besides,
for any set of partitions P C Py, we will use the notation:

(29) kp(E) =Y kp(E).
peEP

Using Theorem 3.5, we can generalize easily Equation (27): we give one of these
generalizations in the following proposition.

Proposition 5.1. — Let us suppose that (En)nen converges. For any partitions pg
and py1 in Py such that p1 < po:
(30) mtplopo(E) = Z ’%Kp/(pl)(E)'

' <po

Proof. — By linearity, it is enough to prove that Equation (30) holds for Ey =
y Y. g

mpg for any integer IV and for a given partition ps € Pj. For this choice of

(EN)N€N7 for any p € Pka
mp(E) = dpy<p
tip(E) = Op=ps-
Thus Equation (30) is equivalent to:
5p1§po5p2§ tpropg — 5p10p2§p05p2€"plopz (p1)

which was proved in Theorem 3.5. U

5.3. The exclusive world. — In Section 3.4, we defined an other basis of C[Py],
namely the exclusive basis. We can define the exclusive moments and the exclusive
cumulants in the same way that we defined the moments and the cumulants but using
p° instead of p. Let N € N, let p be a partition in Py and E € C[Px(N)].

Definition 5.4. — The p-exclusive moment of E is:

mype(E) Tryv(E 'p°).

_ 1
~ Trn(p)
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Let p be a partition in Py and p’ be a partition seen in C[Py(N)],
N
31 T tr Ic — , )
( ) TN(p (p )) p<Ip (N _ nc(p/))!

Definition 5.5. — The exclusive cumulant of E on p is:
Fipe (E) = Nnc(p)_nc(pVidk))(E)pc,
where (E)ye is the coordinate of E on p° in the exclusive basis (p°)pcp, -

The Theorem 5.1 can be extended to the following theorem. Let (En)nyen be in
[Tx=1 C[Pe(N)].
Theorem 5.2. — The sequence (En)nen converges if and only if one of the two con-
ditions holds:

1. for any p € Px, mpe(EN) converges as N goes to infinity to a number that we
denote by myc(E).

2. for any p € Pk, kpe(EN) converges as N goes to infinity to a number that we denote
by kpe(E).

Let us suppose that (En)nen converges, for any p € Py:

(32) my(E) =Y mye(E),

p'p
(33) Fpe(B) = Y kp(E).
p'Ip
Remark 5.2. — Let us suppose that (En)nen converges, let qﬁgc be the linear form in

(C[Px])* such that ¢ (p) = mye(E) for any p € Py: the theorem asserts that ¢’y =
M7 (PF).

Proof. — Let (En)nen be an element of [[ C[Px(N)]. For any positive integer N:
NeN

_ kp(EN)
En = Z Nnc(p)fnc(p\/idk)p
PEPy

— KP(EN) /c
- Z N ne(p)—nc(pVidy) Z p

pEPy p'€Py|p<p’

/c
_ —ne(p)+nc(pVidy)+ne(p’) —ne(p’ Vidy,) p
= Z KP(EN)N neip)rncipVidy)rnelp e Vilk Nnc(p’)—nc(p’Vide

PEP,p' €Pr|[pIp/
and using Equation (1):

/c

_ —df (p,p") p
Ey = Z Z KP(EN)N Nne(p’)—nc(p'Vidy) *
p'€Pr \PEPk,pIp’
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Thus, for any integer N, for any p’ € Py
(34) kpe(En) = > kp(Ey) N~ @),
PEP,pIp’
Besides, it is easy to see that:
mp(EN) _ Z Nnc(plvidk)_nc(p\/idk)mp/c (EN)
p<p’

Using the same arguments as the one we used for Theorem 5.1, we deduce the equivalence
of the conditions for convergence. Besides we have that:

my(E) = Z mye(E),

pIp’,p'<p
kpe(En) = > kp(E).
p'<p,p'<p
Using Lemma 2.1, we deduce the Equalities (32) and (33). O

Using Theorem 5.2, we deduce the following theorem. From now on, let us suppose
that (En)nen converges.

Theorem 5.3. — For any p € Py, mpe(E) = kpe(E).

Proof. — Let ¢% be the linear form in (C[Py])* such that ¢ (p) = kpe(E) for any p €
Py. Using Theorems 5.1, 5.2 and Equation (22), ¢% = M7¢(¢5) = M7 M7(¢R) =
(M) H o) = o O

This result implies the equality ¢° = M7¢(¢%) which can be stated also in the
following form.

Theorem 5.4. — For any p € Py, mpe (E) =) E).

P’ Jp ! (

From this result, we get that if p is a partition in P; which does not have any pivotal

block, then:
(35) mype (E) = kp (E) .
In particular, for any p € By, the Equality (35) is satisfied.

5.4. The special case: [[3_; C[Ax(N)]. —

5.4.1. Generalization. — Using the same notations as in Section 4.4.1, we consider
A C {6,B,Bs,H,P}. When we consider an element (En)yen of [[N—; C[Ak(N)], we

can consider the following notion of convergence.

Definition 5.6. — The sequence (En)nen converges in A-moments if for any p € Ay,
my(EN) converges when N goes to infinity.

Then, following a similar proof, Theorem 5.1 can be generalized easily.
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Theorem 5.5. — The sequence (En)nen converges in A-moments if and only if for
any p € Ag, kp(EN) converges as N goes to infinity. Let us suppose that (En)nen
converges in A-moments, for any p € Ay:

my(E) = Z fp (E).

p'€Ar|p'<p

Remark 5.3. — If we use the same notations as before for ¢ 4 and ¢ 4, except that
they are elements of (C[Ag])*, then ¢ 4 = Ma(df 4)-

Theorem 5.6. — Let us suppose that (En)nen converges in A-moments then it con-
verges in moments: for any p € Py, the limit of m,(EN) exists. Besides, for any p € Py,
the following equality holds:

my(E) = Z ki (E).

p'E€AR,P'<p
Proof. — Indeed, if (En)yey € [I C[Ak(IN)] converges in A-moments then, by The-
NeN

orem 5.5, for any p € Ay, kp(EN) converges. By definition, for any p ¢ Ay and any
integer N, kp(En) = 0: for any p € Py, k,(EnN) converges and by Theorem 5.1, for any
p € Py, the limit of m,(Ey) exists. The Equation (27) allows us to conclude. O

Using Definition 3.6 and Lemma 3.2, when A € {&, B}, the limit of the exclusive
moments of (Enx)nen are easy to compute.

Theorem 5.7. — Let us suppose that A € {&,B} and that (En)nen converges in A-
moments. For any p € Py:

Mype (E) = 6pETkKMb(P) (E)

5.4.2. Projection by integration. — In this section, we motivate the definitions and
results obtained in Section 4.4.1. The notation G(A) was set in Section 4.4.1 (Table 1).

Notation 5.1. — For any integer N, the notation:

— U(N) stands for the unitary group of size N,

— O(N) stands for the orthogonal group of size N,

— H(N) stands for the hyperoctahedral group of size N, which consists of matrices
which have exactly one monzero enty in each row and each column which is equal
to 1,

— B(N) stands for the orthogonal bistochastic group of size N, which consists of
orthogonal matrices having sum 1 in each row and each column.

Let (En)nen be an element of ]y C[Pr(NV)] which converges when N goes to
infinity. For any positive integer IV, we define

A *
B = [ g on(En) () s,
G(A)(N)

where dg is the Haar probability measure on G(A)(V) and py was defined in Section 3.4.
Recall Remark 4.1.
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Proposition 5.2. — There exists a sequence (Ex)nven € []yeny Cl[AR(N)] such that for

any positive integer N: py(Exn) = E]%(A)_ The sequence (En)nen converges as N goes

to infinity and the three following equalities hold:
(36) o =Ch(oh),  oF =CL(8), ok =Ci (¢F).

Proof. — The first part of the proof is a direct consequence of the Schur-Weyl duality
for the unitary, orthogonal groups [6]. Let us prove that (Eyx)nen converges as N goes
to infinity and that Equations 36 holds. Let p be in Ay and let IV be a positive integer.
Using the traciality of Tr", mp(En) is equal to:

1 k £\ _ 1 k( P Nk |t N Ok
Nrcviay | (pn(En)pn ('p)) = W/Q(A)(N) Tr (PN (En)(9")pn(p)g )dg-
For any g € G(A)(N), (¢*)®*pn('p)g®* = pn('p), thus m,(Ex) = m,(Ey). It implies
that for any p € Ay, my(ExN) converges as N goes to infinity: by Theorem 5.6, (Ex)nen
converges and:

Ra(¢g') = Ra(0).

Let us recall that ¢ = E40R 4(¢f) since (En)ven € [[yeny CLAL(N)], besides R4 (o) =
Ry o0 RA((ﬁEL), thus:

¢ =EqaoRA(Pg)=EaoRaoR4(¢r) =Es0RA40RA(PE) = Ea0Ra0R40 M(oF)

= Ca(ok)-
The two other equalities can be proved with the same kind of computations. ]
5.5. Convergence of the modified algebras. — Let us define a deformation of the

partition algebra C[Py(NN)] by modifying the multiplication which was set in Definition
3.7. This deformation is motivated by the fact that for any p € Pj, the sequence in
[13=1 C[Pi(NN)] which is constant and equal to p does not converge. Thus, the basis
(p)pep, is not a good basis for the study of the asymptotic of the partition algebra

C[Pr(N)]-
Definition 5.7. — We define the application:

My : Pk — Pk
1
pr NHC(p)*nC(pvidk)p'

This application can be extended as an isomorphism of vector spaces from C[Py] to itself.

The definition of My was set such that for any E € C[Pg(N)], (M} )_1 (E) is simply
equal to >_ cp kp(E)p: asequence (En)nen € [[3—; C[Pr(IN)] converges if and only if
(My)~'(Ey) converges for the usual convergence in finite dimensional vector spaces.

Let us remark also that for any p in P, and any p’ in Py,

(37) MY (p®p') =M (p) @ MY ().
We can now define the deformed algebra C[Py(N, N)].
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Definition 5.8. — We endow C[Py| with a structure of associative algebra by taking
the pullback of the structure of algebra of C[Px(N)] by My. For any p1,ps in Py the
new product of p1 with py is given by:

pryp2 = (My) "' [My(p1) Mn(p2)].

This is the deformed algebra C[Px(N, N)].
The application My can be extended as an isomorphism of algebra from C[Py(N, N)]

to C[P(IV)]. Its extension will be also denoted by My. In the following, we study the
limit of the deformed algebras in the following sense.

Definition 5.9. — Let C be a finite set of elements. For any N € NU {co}, let An
be an algebra such that C is a linear basis of Ly. For any elements x and y of C, for
each N € NU {oo}, we denote the product of x with y in Ly by xz.,y. The algebra Ay
converges to the algebra Ao when N goes to infinity if for any x and y in C,

.y — zy i C[C],
N—o0
for the usual notion of convergence in finite dimensional linear spaces.

Theorem 5.8. — The deformed algebra C[Py(N, N)| converges, when N goes to infin-
ity, to the deformed algebra C[Pk(0c0,00)] which is the associative algebra over C with
basis Py, endowed with the multiplication defined by:

Vp, 0" € P Db’ = dpyek,, ,(p) (POD),
where the Kreweras complement was defined in Definition 3.14.
Proof. — For any N € NU {oo}, Py is a linear basis of C[Py(N, N)]. It is enough to

prove that for any p and p’ in Py, p.,p’ converges to dp<popp o p'. By a straightforward
computation:

P = NAdepop)=d(idip)=d(idy.p') + HEIP DD 4 n(p ) () 6 1) = =109 (6 ),

Using Inequality 18 and Definition 3.14, p., p’ N—> 6P’€Kp0p/ w (P op'). O
—00

5.6. Some consequences. —

5.6.1. Combinatorial consequences. — Using the associativity of the product ., and its
limit when N goes to infinity, one can deduce the folllowing proposition.

Proposition 5.3. — The relation <, defined in Definition 3.14, is transitive.

Proof. — Let p1, p2, p3 be three partitions in Py. Let us consider the product p;., p2.yP3.
We can compute the limit of this product in two ways by looking either at (p1.yp2)yP3
or p1.y(P2.yp3). We get two limits which are equal and considering the coefficients, we
get:

(38) )

P2€Kp;opy (P1) 61?3 €Kpyopyops (P1oP2)

=9

p3€ KPQ op3 (p2) 6172 op3 € Kpl opoop3 (p1)-
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Let us consider pq, p’ and p” in P}, such that p; < p’ and p’ < p”. There exists py and
ps such that p1ops = p', p1oprops =p", p2 € Ky op, (p1) and p3 € Kpyopsops (1 0 p2).
Using Equation (38), we get that:

5

P3EKpyops (P2)

J

p2op3€Kp101?20P3 (p1) 7& 0.

In particular, ps o p3 € Ky opsops (P1). Let p be equal to py o p3, then p € Kyr(p1) and
p1op=p": it proves that p; < p”. -

5.6.2. Convergence of the product. — A consequence of Theorem 5.8 is the continuity
of the product for the notion of convergence in moments.

Theorem 5.9. — Let (Ex)nen and (Fy)nen be two elements of [] C[Prp(N)]. Let
NeN
us suppose that (En)nen and (Fn)nen converge (in moments), then the sequence

(ENFN)NeN converges (in moments). Besides:

(39)  dpp=9pNoE, Ppr = ¢ X7 OF, Ppr = o X' o
Remark 5.4. — Using the notations k, and my,, the Equations (39) can be written in
the following form: for any py € Py
(40) Fpo (EF) = Z ’%P(E)’%Kpo(p)(F)v

PEPK,p=Po
(41) mpo(EF) = Z KP(E)mtpOpo(F)a

PEPK,P<Po
(42) Mpo(BF) = > myorp(E)ip(F).

PEPkp<po

Proof. — By definition for any integer N, (My) " (ExFn) = (Mn) "' (En).y (Mx)"" (Fy).
But (My) "' (Ex) and (My) "' (Fy), seen as elements of C[Py], converge when N goes

to infinity. Besides, the algebra C[Py(N, N)| converges to C[Py (00, 00)], as it was proved

in Theorem 5.8. Thus (M}¥)™'(ExFx) converges when N goes to infinity. Again this
shows that (EnFy)ycy converges. Besides:

(My) "N ENFN) = Y kpo(ENFN)po,

PEPy
-1 _
(MN)"(En).n (MN)TH(EN) = ) mp(BN)kp (FN)py
PEPL,p'€Px
Using the formula for the limit of . in Theorem 5.8, for any pg € Py:
kpo(BEF) = Y kp(B)ik,, ) (F),
PEPK,p<po

which gives us the first equality of (39) (or equivalently Equation (40)).
The other equalities are consequences of the Equation (24) since, by Theorem 5.1,

Ppr = M(dgp), ¢ = M(9E) and ¢ = M(¢F). O
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5.6.3. Convergence of multiplicative semi-groups. —

Definition 5.10. — A family ((EtN)N)t>0 of elements of [[ ey C[Pr(N)] is a semi-
group if there exists (Hn)nen € [Iyeny C[Pe(N)], called the generator, such that for any
t >0, for any integer N:

d

—  EN = HyEN.
dt‘t:to t Nt

Let us suppose that ((E{¥)y) >0 18 a semi-group in [y C[Px(N)] whose generator
is (Hn)nen- B

Definition 5.11. — The semi-group ((E¥)n)
EN converges as N goes to infinity.

o converges if and only if for any t > 0,

The next theorem shows that a semi-group in [y C[Pr(IV)] converges if the initial
condition and the generator converge.

Theorem 5.10. — The semi-group ((E{V)N)t>0

and (Hy)nen converge as N goes to infinity. Besides, we have the three differential
systems of equations: for any tg > 0:

converges if the sequences (E{ )nen

d
K _ K K v m _ K m g m v m o m m K
(43) Eu:to(ﬁEt = o Ko, dt\t:tongt = ¢ Wy PF,, dt|t:to¢Et = o5 X' O, -
Remark 5.5. — Using the notations k, and my, the Equations (43) can be written in
the following form: for any p € Py, for any tg > 0:
d
(44) it kp(Er) = Z tpy (H)EK, (p1) (Eto )
- P1EPK,p1<p
d
(45) o) = S (o),
- P1E€Pg,p1<p
d
(46) %hﬁ*t mp(Et) = Z Mpotp, (H)ﬁm (Eto)-
- P1E€Pg,p1<p

Proof. — Let us suppose that (E})neny and (Hy)yen converge. For any integer N
and any t > 0, we define EY = (My)"Y(E}) and Hy = (My)~!(Hy). Since My is a
morphism of algebra, the family ((Ef)nyen),s,, is a semi-group in  [] C[Px(N, N)] and

NeN
its generator is (HN)NEN' For any ty > O:
d
ah&:t Z ’fpo(Ez{V)pO = ( Z Hp(HN)P> -N< Z lip/(Egg)p/)
0 poepk pe’Pk p’EPk
Thus, for any pg € Py:
d _ ’
oo mE = 3T Ny (BN,

p,p'€Py, pop’=po
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When N goes to infinity, because of the hypotheses and since the <-defect is always
positive, this differential system converges: Iip(EtN ) converges for any p € Py and any
real t > 0. Besides, for any ty > 0, for any p € Py:

d
—  rp(Ey) = E topy (), (p1) (Eio )-
dt [t=to

P1€Pk,p1=<p

This gives us the first equation in (43). The other equations are again consequences of
Proposition 24. ]

Remark 5.6. — Let the letter A stand either for & or B. If (EN)nen)i>o is a semi-
group in [ yen ClAR(N)], we can state a more general result: if the sequences (E{) nen
and (Hy)nen converge in A-moments as N goes to infinity then ((E}Y ) Nen)i>o converges
i P-moments.

6. Fluctuations

In this section, we generalize Section 5 in order to study the asymptotic developments
of the moments and cumulants. This would allow us to generalize the notions of M-,
R-transforms, X and B convolutions which would be defined on (72, C[(Pr/Sk) X
{0,...,n}])*: the definitions are straightfoward after reading this section. Yet the char-
acters of (P, C[(Pr/Sk) x {0, ...,n}])* are not interesting in the asymptotic study of
random matrices which are invariant in law by conjugation by the symmetric group thus
we will not spend more time to explain these generalizations, only will we give short
definitions in 6.2 in order to simplify results in the following article [4]. This section can
also be easily generalized for the sets of partitions A when A € {&, B, Bs, H}.

Let (En)nen be an element of [[ycy C[Pe(N)]. We define and study a notion of

strong convergence up to the nt" order of fluctuations.

Definition 6.1. — The sequence (En)nen converges in moments up to the‘nth order
of fluctuations if for any p € Py, for any i € {0,...,n}, there exist a real m,(E) such
that:

n—1 4
N™ <mp(EN) -y mﬂ;’é?) — m(E)
=0

N—oo

6.1. Cumulants of higher orders and the key result. — The generalization of
Theorem 5.1 is given in the following theorem.

Theorem 6.1. — The sequence (Ex)nen converges in moments up to the nt order of
fluctuations if and only if for any p € Py, for any i € {0,...,n}, there exists a real x,(E)
such that for any p € Py:

nlyip
) N (npwm Syl )> — ()

1=0
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Let us suppose that (Ex)yen converges in moments up to the nt* order of fluctuations,
for any p € Py, for any ig € {0,...,n}:

(48) m;;O (E) = Z ﬂ;(;—df(p’,p)(E)_
p'€Py df(p’,p)<ido
Proof. — Let us suppose that for any p € Py, for any i € {0,...,n}, there exist a real

5, (E) such that:

n—1 H;)(E)
(49) Ky (En) == N" | kp(EN) — N | vol Ky (E)
=0

Let us denote for any ¢ < n — 1 and any p € Py, Ké(EN) = K;,(E). This change of
notations allows us to write the Equation (49) as following:

p p
En = Z Z Nz Nnc(p)—nc(p\/idk) ’
pEPy i=0

We can compute the p-moment of E:

1
my(EN) = Try(p) Tonp) VN ) Z Z” (En) N2+df(p ,P)

klo

= i > ‘%/(EN) %

J=0 \(p',1)€Prx{0,...,n—1},i+df (p’ ,p)=j

1
p
+ Z Nierf(p/,p)fn m
(p' 1) E€Px{0,...,n},i+df (p’ ,p)>n

For any N € N, any j € {0,...,n — 1} and any p € Py:
mi(Ey) = > iy (EN)
(p’n)e'PkX{O,7n—1},z+df(p’,p):]

and .
KL (EN)
_ P
my (En) = > N
(p',1)€Pk x{0,...,n},i+df (p' ,p) >n
so that, for any p € P, and any N € N:

— n(EN)
my
»(EN) = E_O —.

For any p € P and any ¢« < n—1, mp( Ex) does not depend on N and mg (Ey) converges

to )
n—df(p’,p
E Ko (E)
p'€Py, df (p’,p)<n

when N goes to infinity. This shows that (Ex)yen converges in moments up to the nt*
order of fluctuations and Equation (48) holds.
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Let us suppose now that (Ey)nen converges in moments up to the n'* order of
fluctuations. We prove that Equations (47) and (48) hold by recurrence on n. Since
(En)nen converges, by Theorem 5.1, r,(ExN) converges to k,(E). Let us suppose that
Equation (47) holds for | < n: for any p € Py, any i € {0, ...,1}, there exists x}(E) and
for any N there exists KL(EN) which converges to /f;,(E) such that:

-1 4 1
. wp(E) | kp(EN)
Bv=> | XN+~ |P
peEPr \J=0

Using the computations we already did:

-1

SEREDD > ()

7=0 \ (p',1)€Pxx{0,...,I1=1},i+df (p' ,p)=j

1
NJ
+ Z Nz+df )

(p’ 3)EP x{0,...,1 },i+df (p’ ,p)>1
Using Equation (48) for ig < I, we get:
i ! E ol E
— mp(E) ﬁp/( N) ’%p/( )
) =3 E 5 -
J=0 P’ €Pg,df (p’,p)=0
/’ii/(EN) 1
P
t Z NI+ +0<Nz+1> :

(p’,i)€Pr x{0,...,l },i+df (p’,p)—I=1

Since (En)nen converges in moments up to the order I + 1 of fluctuations: for any
/
P’ € P,

! J
Ny (By) = R
§=0

converges as N goes to infinity. This implies that for any p € Py,

> N(kp(En) - ki (E))
p'€[idg,p]

converges as IN goes to infinity. By inverting the order <, for any p € Py:

N (ki (En) =ty (E))

converges as N goes to infinity. Thus Equation (47) holds for n = [ + 1, and using the
first part of the proof, Equation (48) holds for n =1+ 1. A recurrence allows us to finish
the proof. O

From now on, we will say that (En)yen converges up to the n* order of fluctuations
if it converges in moments up to the n" order of fluctuations. Let us remark that
Theorems 5.5 and 5.6 are easily generalized in this setting of fluctuations.
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6.2. The N-development algebra of order n. —

6.2.1. Definition. — We can also generalize the algebra C[Py (N, N)] in order to study
the algebraic fluctuations. We need to consider a formal variable X.

Definition 6.2. — The N-development algebra of order m of Pr, denoted by
Cim)[Pe(N)], is the associative algebra generated by the elements of the form: &,
where p € Py, and i € {0,...,n}. The product is defined such that, for any p and p' in
Pr, and any i and j in {0,... ,n}:

p p 1 poyp

Xi X3 Nmax(i+j+n(p,p')—n,0) X min(i+j+n(p,p’)n)’

The <-defect is non-negative, thus for any 4, j € {0,...,n} and any p,p’ € Py, min(i+
j +n(p,p'),m) > 0. This implies that fj’.i};l G s an element of the canonical
basis of C(,,)[Px(NN)]. This shows that the product is well defined.

When n = 0, we recover the algebra C[Px(N,N)]: the application ® : Py —
C)[Pr(N)] which sends p on %5 can be extended as an isomorphism of algebra

between C[Py,(N, N)] and Cq)[P(NV)]. Indeed if p and p’ are two partitions in P,

/ /
o2 ® 1 poy 1
d(p)2(p) = X0 X0 7 nmlpp) X0 T Nnlpp)

D(pop) = P(pyp).

Notation 6.1. — For any E € C[Py(N,N)], we denote by x.(E) the coordinate of E

p
on X

We will use a slight modification of the usual notion of convergence.

Definition 6.3. — A sequence (Ex)nen in [[yeny Ca)[Pr(N)] converges if and only
if for any i € {0,...,n—1}, and any p € Py, n;(EN) does not depend on N and for any
p € Pr, ki, (EN) converges when N goes to infinity. We denote then ry(E) the limit of
Iin(EN).

P

6.2.2. Convergence of Cp)[Pr(N)]. — As for C[Py(N,N)], the algebra C,[Py(N)]
converges as N goes to infinity. Recall Definition 5.9 where we define the notion of
convergence of a sequence of algebras. Theorem 5.8 has the following generalization.

Theorem 6.2. — The algebra C,)[Px(N)] converges, when N goes to infinity, to the
oo-development algebra of order n, denoted by C(,[Pr(c0)], which is the associative
algebra over C with basis (%)ie{(],___,n}’pepk, endowed with the multiplication defined by:

p v pop

, . . e . . ., .7 N
Vp,p' € Py, Vi, j € {0,...,n}, Xixi 52+J+n(p,p’)§nXz‘+j+n(p,p’)'

Proof. — Let p and p’ be two partitions in Py, and let ¢ and 7 be two positive integers.

p v 1 poy s __pop’
Xi X7 Nmax(itjtn(pp)—n0) xminititnmpr)n) Noeo TIPS ()

where the first product is seen in C,,)[Pg(N)]. O
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6.2.3. Convergences: C,)[Pr(N)], multiplication and semi-groups. — Using Theorem
6.2 and using similar ideas as for the n = 0 case, we deduce the two followings results.

Proposition 6.1. — Let (Ex)nen and (Fn)nen be elements of []nen Con)[Pr(V)]
which converge. The sequence (EnFn)nen converges. For any ig € {0,...,n} and
for any po € Py

. . -/
K9 (EF) = > Kb (B)kb (F).
P,p' € Py 1,1’ EN|pop’ =po ,i+i’+n(p,p’)=io

The good behavior of the product, given by Proposition 6.1, implies a criterion for

the convergence of semi-groups in [ yey Cin)[Pe(N)]. Let (BN )n) >0 be semi-group in

[Inen Cin)[Pr(N)];, which generator is denoted by (Hy)nen- By definition, it converges

if and only if for any t > 0, (EiN)NeN converges.
Proposition 6.2. — The semi-group ((E{V)N)DO converges if the sequences (B )nen
and (Hy)nen converge. Besides, for any to > 0, for any p € Py, and any i € {0,...,n},
d . : .
a“:tof@;%(Et) = > Ky (H )iy (B, ).

P,p'€Py,1,i’ EN|pop’=po,i+i'+n(p,p’)=io

6.2.4. TIx=1 Cam)[Pe(N)] and [Tx—; C[Px(INV)]. — Let us consider an element (Ex)nen
in [T~ C[Px(N)] which converges up to the n'* order of fluctuations. Using Theorem
6.1, we can associate a real number ﬁ;,(E) for any p € Py and any i € {0,...,n} such
that for any p € Py, Equation (47) holds. Let us denote by rj(Ex) the left hand side
of Equation (47).

Definition 6.4. — The lift of the sequence (Ex)nen i [ [yeny Cin)[Pr(IV)], denoted by
(En)nen is:

n—1
X (&) o)

By definition, (Ex)yen converges as N goes to infinity and for any N € N, one has
E(]X )(E ~) = En, where S(JX ) is the evaluation morphism:

i CuPuN)] = ClPr(N)]
n i p n i 1 P
Z A KP(E)E = Z Z KP(E)W N ne(p)—nc(pVidy)) ©
pEP =0 pEP =0

The fact that E(Z ) is a morphism of algebra follows from a simple calculation. Besides, by

N

definition, if a sequence (En)yen in [[3—; Cn[Pr(N)] converges then &(n) (En) converges

up to the n*” order of fluctuations.
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6.3. Convergences: C[Py(N)], multiplication and semi-groups. — Using the
discussion in Section 6.2.4, we can use Section 6.2.3 in order to state results for C[Px(N)].
Let us consider (En)nen and (Fiv)nen two elements of [] oy C[Pr (V)] which converge
up to the n* order of fluctuations.

Theorem 6.3. — The sequence (ENFN)ycy converges up to the nt" order of fluctua-
tions. Besides, for any ig € {0,...,n}, for any py € Pk:

(50) K (EF) = > ki (E)kL (F),
D,p' € P i, EN|pop’=po i+’ +n(p,p’)=io

(51) m(EF) =% > mp(Eyml, (F),

PEPy i+j-+df (p,po)=io

(52) m (EF) = Y > ml o (B)R(F),

PEPy i+j+df(p,po)=io

Proof. — Let (En)nen (respectively (F n)nen) be the lifts of (En)nven (resp. (FN)nen)
in [Tyen Cm)[Pr(N)]. The two sequences (Ey)nen and (Fy)nen converge. According

to Proposition 6.1, the sequence (ENF n)nen converges. For any i € {0,...,n} and for
any po € Py:
(53) K9 (EF) = > KL (E)kL (F).

P,p' € Py 1,1’ EN|pop’ =po,i+i’+n(p,p’)=io

This implies that the sequence (Ea )(ENFN))N N converges in moment up to the
€

n" order of fluctuations. Since E(JX) is a morphism of algebra, S(JX)(EN) = Ey and
E(]X)(FN) = Fy, for any N € N, S%(ENFN) = EnxFn. We deduce that (ExFN) yen

converges up to the n'® order of fluctuations. The Equation (50) is a consequence of
Equation (53). The Equations (51) and (52) are consequences of Theorem 3.4. O

Let us suppose that ((E}) ) +>0 18 a semi~group in [ yen C[Px (V)] whose generator
is (HN)yey- We say that ((E{V)N)m converges up to the n' order of fluctuations

if and only if for any t > 0, (Egv ) Nen converges up to the n™ order of fluctuations.
The following result is a generalization of Theorem 5.10: it is a direct consequence of
Proposition 6.2 and some usual arguments.

Theorem 6.4. — The semi-group ((EgV)N)DO converges up to the n'* order of fluctu-

ations if the sequences (B )nen and (Hy)nen converge up to the n'' order of fluctua-
tions. Besides, we have the two differential systems of equations: for any py € Py, for
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any to > 0, for any ig € {0,...,n}:

d A . ,
GO G ) - > () (B,
0 p.p' €Py,i,i EN|pop’=po ,i+i'+n(p,p")=io
d ) ) )
(55) dt 1=t My (Br) = Z Z K;’(H)mzpozﬂo(EtO)’
0 PEPy i+j+df (p,po)=io
d ‘ A ,
W0 g meE =Y Y o, 0E)
=0

PEPy i+j+df(p,po)=io
The Remark 5.6 can be generalized to fluctuations.

Notation 6.2. — As explained at the beginning of Section 6, for sake of clarity, in the
following article [4], we will use some B and X convolutions in the setting of fluctuations
of higher order. We will define them on (@5, C[Px])*.

For any set X, £(X) is the notation for the set of sets of X. For any I € £(X), let
1€ be the complement of I in X. Recall that p; is the extraction of p to I defined in
the beginning of Section 3.1.2. Let k be an integer and p € Py, the set of factorizations
Sa(p) is the set of (p1,p2, 1) € Px P xE({,....;k,1',....k'}) such that p; = p1, pre = p2
and nc(p1) + nc(p2) = nc(p).

Let ¢1 and ¢z in (By—y C[Pk])*, for any py € UpPy and any i € {0, ...,n}:

¢1 B go(po,io) = Y > bu(pr,in)da(pa, ia),
(p1,p2,1)ET2(p) i1,i2€N]i1+iz=io
¢1 X ¢a(po, o) = > ¢1(p1,11) P2 (P2, i2).

P1,02€ Py i1,i2E€N|p1opa=po i1 +iz+n(p1,p2)=io

7. Conclusion

By introducing a distance and a new order on partitions, we defined new structures on
P = UpPy and on (C[P])*. In [4], we will define the notion of P-tracial algebras which
are algebras endowed with multi-linear observables. These observables are compatible
with the product and are indexed by the partitions in P. The structures defined and
studied in this article will allow us to study P-tracial algebras and to define a notion of
P-freeness.

Besides, we emulated in this article the theory of random matrices. Using these results,
we will define in [4] the notion of finite dimensional cumulants for random matrices. This
will allow us to get various results on asymptotics of random matrices.

In [5], we will use these results in order to study the asymptotic of general random
walks on the symmetric group. This will allow us to define the &(oco)-master field which
is in some sense the limit of the &(N)-Yang-Mills measure.
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