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Generating series of non-oriented
constellations and marginal sums in the
Matching-Jack conjecture

Houcine Ben Dali

ABSTRACT Using the description of hypermaps with matchings, Goulden and Jackson have given
an expression of the generating series of rooted bipartite maps in terms of the zonal polynomials.
We generalize this approach to the case of constellations on non-oriented surfaces that have
recently been introduced by Chapuy and Dotlgga. A key step in the proof is an encoding of
constellations with tuples of matchings.

We consider a one parameter deformation of the generating series of constellations using
Jack polynomials and we introduce the coefficients Cio,“. uk (b) obtained by the expansion of

these functions in the power-sum basis. These coefficients are indexed by k+2 integer partitions
and the deformation parameter b, and can be considered as a generalization for k > 1 of the
connection coefficients introduced by Goulden and Jackson. We prove that when we take some
marginal sums, these coefficients enumerate b-weighted k-tuples of matchings. This can be seen
as an “disconnected” version of a recent result of Chapuy and Dolega for constellations. For
k =1, this gives a partial answer to Goulden and Jackson Matching-Jack conjecture.

Lassalle has formulated a positivity conjecture for the coefficients GELQ)(A), defined as the

coefficient of the Jack polynomial J /(\a) in the power-sum basis. We use the second main result
of this paper to give a proof of this conjecture in the case of partitions A with rectangular
shape.

1. INTRODUCTION

1.1. JACK POLYNOMIALS AND MAPS. Jack polynomials JE(O‘) are symmetric functions

indexed by an integer partition £ and a deformation parameter « that were introduced

n [22]. Jack polynomials can be considered as one parameter deformation of Schur
functions, which are obtained by evaluating the Jack polynomials at & = 1 and
rescaling. For o = 2 we recover the zonal polynomials. This family of symmetric
functions is related to various combinatorial problems [13, 17, 20]. Some properties of
Jack polynomials have been investigated in [32] and [31, Chapter VI].

In this paper, we will be interested in relationships between Jack polynomial series
and generating series of maps. A connected map is a 2-cell embedding of a connected
graph into a closed surface without boundary, orientable or not. A map® is an un-
ordered collection of connected maps. In this paper, we will use the word orientable for
maps on orientable surfaces and the word non-oriented for maps on general surfaces,
orientable or not. Maps appear in various branches of algebraic combinatorics, prob-
ability and physics. The study of maps involves various methods such as generating
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(DThis is not the usual definition of maps; what is usually called a map is called here a connected
map.
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series, matrix integral techniques and bijective methods, see e.g. [1, 2, 6, 14, 29]. In this
paper we will consider a class of vertex-colored maps that generalize bipartite maps,
called k-constellations. Constellations on orientable surfaces were introduced in [29]
and were generalized to the case of non-orientable surfaces in [8], see Section 1.3.
Let jéa) = (J¢, Je)a be the squared norm of the Jack polynomial associated to
& with respect to the a-deformation of the Hall scalar product, see Section 2.3. We
consider k + 2 different alphabets x(¥) := (xgi),xgi), ...), for =1 <@ < k, and we set
the power-sum variables associated respectively to these alphabets p = (p1,p2...)
and q(¥) = (qy), qgi) ...) for 0 < i < k. Chapuy and Dolega have introduced® in [8]

0

for every k > 1 a function with k + 2 sets of variables, defined as follows:

1 (a a o
M 72tp,a®, . a®) =3y I 0) I @) T @),
n>0 &kn -75
where Jf(a) are the Jack polynomials of parameter o = b+ 1, expressed in the power-
sum variables J(O‘)(p) = Jéa)(x(_l)) and Jéa) (q?) = Jg(a) (x() for 0 <4 < k. This

3
function can be seen as an extension to k + 2 sets of variables of the Cauchy sum for

Jack symmetric functions. We also define

0
(2) \I/l(;k) (t7 P, q(O)a q(l)a R q(k)) = (1 + b)ti lOg ngk) (ta P, q(0)7 cee 7q(k))

ot
In the case k = 1, these functions were first introduced by Goulden and Jackson [17].
They suggested that the function 7151) is related to the generating series of matchings

and \Ilgl) is related to the generating series of connected hypermaps (or by duality
connected bipartite maps). The exponent of the shifted parameter b = a — 1 is
claimed to be correlated to the bipartiteness of the matchings in the first case and to
the orientability of the maps in the second one. This was formulated in two conjectures
that are still open, namely the b-conjecture and the Matching-Jack conjecture. These
conjectures imply that the coefficients of the functions Tél) and \I!,()l) in the power-sum

basis denoted respectively Cﬁ,f(b) and h27£(b) are non-negative integer polynomials in

b. In this paper, we consider a generalization of these quantities 020 uk and h;}o %

indexed by k + 2 partitions and defined by the expansion of Tlfk) and \Il,()k) in power-
sum basis (see Equations (5) and (6)). We investigate their relationship with the
enumeration of non-oriented constellations and tuples of matchings.

1.2. MAIN CONTRIBUTIONS. We now say a word about the main contributions of the
paper. The first four points will be discussed in more details in the next subsections
of the introduction:

e We describe an encoding of non-oriented constellations with tuples of match-
ings; two versions of this correspondence are given, see Proposition 3.4 and
Theorem 4.13.

e This correspondence is used to obtain Theorem 1.4 which relates the generat-
ing series of non-oriented k-constellations to the function \I/l()k) in the special
case b = 1. The case k = 1 of this result was proved by Goulden and Jackson
in [18].

e In the second part of this paper, we consider some marginal sums of the co-

efficients c;)o e and hﬁo T where we control two partitions A and y and

the number of parts of the other partitions, denoted respectively 02711,.“% (b)

(2)The function introduced in [8] is a specialization of this function.
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and h) (b). Theorem 1.9 (see also Theorem 4.4) states that the coef-

ol ol

ficients Cl)’\qllw--lk (b) are non-negative integer polynomials in b and that they
enumerate b-weighted k-tuples of matchings. The proof is based on the work
of Chapuy and Dotega [8] that gives an analogous result for the coefficients
Wyir.., (D). The fact that the coefficients ¢, (b) are polynomials in b
with positive coefficients can directly be obtained from the result of [8], but
not the integrality because of the derivative taken in Equation (2). In the
proof of Theorem 1.9 we use symmetry properties to eliminate factors ap-
pearing in the denominator. When k& = 1, Theorem 1.9 gives the marginal
sum case in the Matching-Jack conjecture, and covers other partial results
established for this conjecture [24, 25].

e Theorem 5.5 gives a combinatorial expression for the coefficients of the de-
velopment of Jack polynomials Jy in the power-sum basis, for rectangular
partitions A. In particular, this completes the proof of Lassalle’s conjecture
in the rectangular case. The proof is based on Theorem 1.9.

e Theorems 6.11 and 6.12 give a combinatorial interpretation of the top degree
part in coefficients 020 & In the case k = 1, this was investigated in [5]

using Jack characters. We give here a different proof.

1.3. CONSTELLATIONS AND MATCHINGS. We consider the definition of constellations
on general surfaces, orientable or not, given in [8]. The link with the usual definition
of constellations in the orientable case is explained in Section 2.5.

DEFINITION 1.1. Let k > 1. A (non-oriented) k-constellation is a map, connected or
not, whose vertices are colored with colors {0,1,...,k} such that®:

(1) FEach vertex of color 0 (respectively k) has only neighbors of colors 1 (respec-
tively k — 1).

(2) For 0 < i<k, avertex of color i has only neighbors of colori—1 and i + 1,
and each corner of such verter separates two vertices of colors i —1 and i+ 1
(see Section 2.4 for the definition of corners).

Constellations come with a natural notion of rooting; a connected constellation M
is rooted by distinguishing an oriented corner ¢ of color 0. The rooted constellation
obtained is denoted (M, ¢). We can define the size of a constellation as the sum of the
degrees of all vertices of color 0. An example of a rooted non-oriented 3-constellation
of size 3 is illustrated in Figure 1.

Given a k-constellation M, we can define its profile as the (k + 2)-tuple of integer
partitions (A, %, ..., u*), where \ is the distribution of the face degrees, and u® is
the distribution of the vertices of color ¢ for 0 < ¢ < k, see Section 2.5 for a precise
definition.

Constellations in the orientable case have been studied for a long time and have
a well-known combinatorial description given by rotation systems; an orientable k-
constellation of size n can be encoded by (k + 1)-tuple of permutations of &,,. More-
over the profile of the constellation is related to the cyclic type of the permutations,
see [4, 7,15, 29]. In Section 2.5, we introduce a notion of labelling for non-oriented con-
stellations using right-paths. This leads to a correspondence between k-constellations
and (k+2)-tuples of matchings, see Proposition 3.4. In fact, this completes the table 1.

(3)We use here the convention of [8], what we call k-constellation is often called (k + 1)-
constellation in the orientable case.

Algebraic Combinatorics, Vol. 5 #6 (2022) 1301
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FIGURE 1. An example of a rooted 3-constellation drawn on the
Klein bottle. The left-hand side of the square should be glued to the
right-hand one (with a twist) and the top side should be glued to the
bottom one (without a twist), as indicated by the white arrows. The
root corner is indicated by a black arrow.

TABLE 1

labelled bipartite maps labelled k-constellations

orientable |pairs of permutations [classical]| (k + 1)-tuples of permutations [23]

non-oriented|triples of matchings [18] (k + 2)-tuples of matchings, this paper

For n > 1, we will consider matchings on the set A, = {1,1,...,n,7}, that is
a set partition of A,, into pairs. A matching 6 on A,, is bipartite if each one of its
pairs is of the form (z,}) Given two matchings §; and do2, we consider the partition
A(01,92) of n obtained by reordering the half-sizes of the connected components of
the graph formed by §; and d;. We consider the bipartite matching on A4,, given by

€= {{1,T}, {2,5}, oo qn, ﬁ}}, and for each X partition of n, we set the matching

(3) o= {12423} (- L)L O T D+ LA+ 2)

The matchings ¢ and 4 will have a specific role in this article as an example of
bipartite matchings satisfying A(e,d,) = A.

EXAMPLE 1.2. In Figure 2, the graph formed by € and 4y is illustrated for n = 8 and
A=[3,3,2].

Note that the symmetric group &, is in natural bijection with the set of bipartite
matchings of A,, via the map o — J, where 4, is the bipartite matching whose pairs

are (i,0(i))1<i<n. Given a k-tuple of matchings, A, u®, ..., u* = n, we consider the
two sets

(4) 320,.‘.,;»’“ = {((507 ..., 0_1) matchings of A,, such that A(e, &) = p°,

A(Gp—1,03) = p* and A(6;_1,8;) = i Vie {1,... k— 1}},

and

gl):“w,u’“ = {(60, ooy 0p_1) € S;\LO,...,MSUCh that ¢; is bipartite for 1 <@ < k — 1}.

In Theorem 4.13, we prove that k-constellations with profile (A, u°, ..., u¥) with a

specific labelling are in bijection with Sio e

Algebraic Combinatorics, Vol. 5 #6 (2022) 1302
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1 2 3 4 5 6 T 8

FIGURE 2. G(g,d,) for A = [3,3,2], ¢ in black and J, in green.

1.4. GENERATING SERIES OF CONSTELLATIONS. As described in Section 1.3, con-
stellations on the orientable case can be encoded with tuples of permutations. The

multivariate generating series of permutations with respect to their cycle type, can

be related via representation theory tools to the function To(k), see e.g. [19, Proposi-

tion 1.1] (in the following, we formulate this result using bipartite matchings rather
than permutations). This gives a formula for the generating series of orientable con-
stellations. To state this result we need to introduce the following notation; for a
partition A and a non-negative integer n we write A - n if A is a partition of n and if
A =[A1,Ag,...] we set as in [31]

Zy\ = Hm m,()\
izl

where m;(\) is the number of parts of A equal to i. For a given set of variables
u = (ug,us,...), we denote uy = ux, Uy, - - -

THEOREM 1.3 ([19]). For k > 1, we have

. k 3 el 0 k
(1) Té )(tapaq(O)a""q(k)) = 1+Zn>1 tn Z)\,Moww,l’«kkn Mp}‘ql(l) q(k)7
.. k ~ 0 k
(11) \P( )(t7p7q(0)77q(k)) = Zn>1 t" Z)\ w0 pkEn C:,\O,H kp)‘ql(l,o) ' q(k)7
where C ok is the number of rooted connected orientable k-constellations, with
profile ()\ u TR
In this paper, we give an analogous result in the non-oriented case:

THEOREM 1.4. For every k > 1, we have

@ P, a®, . a®) =1+ " Y ok %mq(o) 4,

(i) U p,a®, . a®) =Y 0 o kn O aPAG
where L(X) is the number of parts of A and C _ u’“ is the number of non-oriented
rooted connected k-constellations with profile ()\ u e 1R,

For k = 1, these results have been proved in [18]. In this case, constellations are
bipartite maps. The generating series of non-oriented bipartite maps have been®
investigated through the correspondence between bipartite maps and matchings on
the one hand, and a relationship between matching enumeration and the structure
coefficients of the double coset algebra of the Gelfand pair (&ay,,B,) on the other
hand. In this paper, we extend this development to constellations.

(4)Actually7 the maps considered in [18] are face colored maps called hypermaps. These maps are
obtained from bipartite maps by duality.

Algebraic Combinatorics, Vol. 5 #6 (2022) 1303
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1.5. GENERALIZED GOULDEN AND JACKSON CONJECTURES. We define the coeffi-
cients cf;o ot and hﬁo ok for partitions A\,u°,... . u* F n > 1 such that

A b)
(k) (0) (k)y _ n Chigiins (0) (k)
6 7 pa?,. . q®) =14 Y (1 b0 A i

nzl  Apo,....ukbn

© v tp.a®,a®)y =" ST w0 )
n>1 A0 5o b ET

For k = 1, these coefficients were introduced by Goulden and Jackson. They have
conjectured that these coefficients are non-negative integer polynomials in b and that
they enumerate respectively matchings and bipartite maps. Based on the particular
cases of Theorems 1.3 and 1.4, and on computational explorations we formulate a gen-
eralization of these conjectures for £ > 1. These generalized conjectures are somehow
implicit in [8]. First, we introduce a positivity conjecture.

CONJECTURE 1.5 (Generalized positivity conjecture.). For every k > 1 and partitions
M.,k of size n > 1, the coefficients 0207__#,@ (b) and hﬁoy___#k (b) are polynomials
in b with non-negative integer coefficients.

It turns out that Goulden and Jackson’s positivity conjecture for the coefficients ¢
(the case k = 1) implies the conjecture for any k > 1, since these coefficients satisfy a
multiplicativity property (see Proposition 6.1). Such property does not a priori exist
for the coeflicients hzf’,---,u’“ so the positivity for these coefficients is more general
than the conjecture for k£ = 1. Using computer explorations, this conjecture has been
tested when k < 5and n <12—-k. We attach® the values of the coefficients ¢ and h
for K < 5and n <9 — k. Given Theorems 1.3 and 1.4, Conjecture 1.5 is equivalent to
the two following combinatorial conjectures:

CONJECTURE 1.6 (Generalized Matching-Jack conjecture). For every k > 1 and par-

titions \, 10, ..., u* of size n > 1, there exists a function Uy on 3/’)0 ok with non-
negative integer values such that 95(d, . ..,0k—1) is zero if and only if each one of the
matchings dg,. . .,0k—1 is bipartite, and

(50,-~~75k71)€320 &

CONJECTURE 1.7 (Generalized b-conjecture). For every k > 1 and partitions
Mul, . pF En > 1, there exists a function v on connected rooted constellations
with profile (A, 1%, ..., u*) with non-negative integer values such that v(M,c) is zero
if and only if (M, c) is orientable, and

P, (B) = D B,
(M7C)
where the sum runs over rooted connected k-constellations with profile (A, u°, ..., u*).

The conjectures introduced by Goulden and Jackson in [17] correspond to the case
k = 1 and are still open, despite many partial results [8, 10, 11, 12, 24, 25, 28].
Using basic facts about Jack symmetric functions, we can see that the quantities

c, .(b) and h?, . (b) are rational functions in b with rational coefficients. The
O, 1O,

polynomiality of the quantities 020 ok and h;\LD ok for k = 1 is not direct from

(5)To access the attached files with acrobat reader, click on view/navigation panels/attachments.
Alternatively, you can download the source files from arXiv.org
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the construction and has been open for twenty years. Dolega and Féray have proved
this polynomiality for coefficients C/ig ,i(b), see [11]. Shortly after, they deduced the

polynomiality of hl’)o 41 (D), see [12]. The proofs extend directly to any k > 1

Conjecture 1.6 and Conjecture 1.7 are closely related, since the functions 7(®) and
U(*) are related by Equation (2), and k-constellations can be encoded by matchings,
see Proposition 3.4 and Theorem 4.13. However, we are not aware of any implication
between them in the general case (even for k = 1). This difficulty to pass from one
conjecture to another is due to the fact that we divide by zx(145)*™ in the definition
of c/’)oy.“’“k and we should take the logarithm and the derivative to pass from U to

7(*®) . Combinatorially, this can be explained by the fact that constellations appearing
in the sum of the b- conjecture are rooted while there is no natural way to “root" the
elements of the sets 3 0,k appearing in the Matching-Jack conjecture. This notion
of rooting will be dlscussed in more detail in Section 4. Nevertheless, we were able
to overcome these difficulties in the case of marginal sums and deduce a result for

¢, . from the analog result of [8] on h?,

B, nO,.. ke

1.6. THE CASE OF MARGINAL SUMS. We consider the marginal sums of coefficients

cf; #1 . and hf; .o defined as follows: for all A, = n > 1, and for all Iy, ..., [ =
1 set
— A A — A
(7) hu Iyl Z hu,ul,---,u’“ and  cuy, g, = Z Cliopt .ok
p,’v'lf’ﬂ,é(;l/’):li u,”*n,f(/,l,l):h

where /(%) denotes the number of parts of the partitions x. The main motivation for
formulating the generalized versions of Goulden and Jackson conjectures introduced
above is the following theorem due to Chapuy and Dotega [8] that establishes the

generalized version of b-conjecture for the marginal sums b PRI

THEOREM 1.8 ([8]). For every k > 1, partitions \,p=n > 1 and ly,...1l; = 1, there
exists a function v on connected rooted constellations with profile (X, u°, ..., u*) with
non-negative integer values such that v(M, c) is zero if and only if (M, ¢) is orientable,
and
# o Z bz/(M c
(M,c)
where the sum runs over rooted connected k-constellations with profile (A, p, u* . .., u*)

for some partitions u', ..., u* satisfying ((p?) = 1;.

A

The second main result of this paper is an analog for the marginal sums AR
sblyeelk

THEOREM 1.9. For every k > 1, partitions \,u-n > 1, and ly,...ly > 1, there exists
a function 9y on 320 o with non-negative integer values such that 9 (0o, ..., 0k—1)
is zero if and only if each one of the matchings dg,. .. ,0x—1 is bipartite, and

c)‘l L= E E b19>\(60a<~~75k—1)
Hsblseeeslk :

L(put)=l; (5O;~-~76k—1)€32 1

plopk

As explained above, the implications between the b-conjecture and the Matching-
Jack conjecture are still open problems. The proof that we give here to deduce The-
orem 1.9 from Theorem 1.8 cannot be applied in the general case of the conjectures,
since it uses a property of symmetry of the statistic v that appears in Theorem 1.8, see
Equation (21). Note that for the other partial results established for these conjectures
(the cases b = 0, b = 1, and polynomiality), we start by proving the result for the
Matching-Jack conjecture and then we deduce it for the b-conjecture, this approach
is reversed in the current case.

Algebraic Combinatorics, Vol. 5 #6 (2022) 1305
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1.7. LASSALLE’S CONJECTURE. For partitions A n > 1 and g - m > 1 we define
Ql(La)(/\) as follows:

0, if n <m.

0 (\) = W) J, . if n = m.
[e] = m « .

0 (N = (M li%)l(”))%lwn(”v if m < n.

where [p,] is the extraction symbol with respect to the variable p and m;(u) is the
number of parts equal to 1 in the partition u.

It is known that the coefficients 0,(;1)()\) are polynomials in « with integer coeffi-
cients (see [27] and the discussion of [11, Section 3.6]). Actually, it has been proved
that these quantities are also polynomials in the multirectangular coordinates of the
partition A (see [30] for a precise definition). Lassalle has conjectured that these poly-
nomials satisfy some positivity properties:

CONJECTURE 1.10. For every partition p of size m such that mi(u) = 0, the quantities

(—1)‘”‘2#9,(;1)()\) are polynomials in the parameters (b,q1,q2,...,—r1,—Ta,...) with
non-negative integers coefficients, where b= a — 1, and (¢1,92,...,71,72...) are the

multirectangular coordinates of \.

In this paper, we consider the case where the partition A has a rectangular shape,
i.e. a partition with g parts of size r, where 7, ¢ > 1. In this case, the multirectangular
coordinates of A are given by (¢, r) and we write A = (¢ x r), and 9,30‘) (q,7) = 9,&0‘) (N).

Using a recurrence formula for the coefficients HLO‘)(q, r), Lassalle has established
in the same paper the positivity in Conjecture 1.10 for the rectangular case but not
the integrality. In [13], a combinatorial expression of these coefficients in terms of
weighted bipartite maps was given. However the weights considered are not integral.

In Theorem 5.5, we give a complete answer to the rectangular case in Conjec-
ture 1.10 by proving the integrality of the coefficients. We obtain an expression of
(—1)““,2M0,(La)(q7 —r) as a sum of bipartite maps with monomial weights in ¢, —ar
and b. The approach we use here is different from the one used in [30] and [13]. It
is based on the marginal case in the Matching-Jack conjecture (Theorem 1.9) and
Corollary 5.2 that relates the Jack polynomials indexed by rectangular partitions to
some specializations of the function Tb(l).

1.8. OUTLINE OF THE PAPER. In Section 2 we introduce some necessary definitions
and notation. In Section 3, we introduce a notion of labelling for non-oriented constel-
lations, in order to construct a correspondence between k-constellations and match-
ings. Building on that, we prove Theorem 1.4. Section 4 is devoted to the proof of
Theorem 1.9. In Section 5, we prove the rectangular case in Conjecture 1.10. In Sec-
tion 6, we discuss some general properties of the generalized connection coefficients

c;\LO ik and we give a new proof for the positivity of the top degree part of these
coefficients.

2. PRELIMINARIES
2.1. PARTITIONS. A partition A = [A1,...,\¢] is a weakly decreasing sequence of

integers Ay > ... = Ay > 0. The quantity ¢ is called the length of A and is denoted
£(N). The size of X is the integer |A| ;== A1 + Ao + - - + A\. If nn is the size of A\, we say
that A is a partition of n and we write A - n. The integers Aq,...,\¢ are called the
parts of A. For every i > 1, we denote by m;(A) the number of parts of A which are
equal to i. The partition 2A is given by 2A := [2A1,2)a, .. ].

Algebraic Combinatorics, Vol. 5 #6 (2022) 1306
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We denote by P the set of all partitions, including the empty partition. For every
partition A and ¢ > 1, we set A; = 0 if ¢ > £()\). The dominance partial ordering < on
P is given by

p<A = |pl=|Nand pr+--Hpu <A+ N fori > 1
We identify a partition A with its Young diagram defined by
A= {(i,5),1 <i<lN),1<5< N}

Fix a box O = (4,5) € A. Its arm-length is given by ax(O) = |{(i,r) € \,7 > j}|
and its leg-length is given by ¢,(0) == [{(r, ) € A\,r > i}|. Two a-deformations of the
hook-length product were introduced in [32]:

hook\™ := [ (aax(0) + £x(D) +1), hooky™ := [T (a(ax(D) +1) + £r(0)) .
Oex Oex

With these notations, the classical hook-length product is given by (see e.g. [32])
Hy, = hookg\l) = hookl)\(l) .
Finally, we define the a-content of a box O := (i,7) by ¢, () = a(j — 1) — (: — 1).

2.2. MATcHINGS. We introduce some notation related to matchings as defined in [17].
We recall that for every n > 1, we set A, = {I,T, ...,n,n}. We also denote by F,
the set of matchings on A,,. For §1,...,0, € §F, we denote by G(d1,...,0d,) the multi-
graph with vertex-set A,,, and edges all the pairs of §; U ... U dg. In the case r = 2,
we note that all connected components of G(d1,d2) are cycles of even size, so we
can define A(d1,02) as the partition of n obtained by taking half of the size of each
connected component of G(d1, d2).

2.3. SYMMETRIC FUNCTIONS AND JACK POLYNOMIALS. For the definitions and no-
tation introduced in this subsection we refer to [31]. We denote by S the algebra of
symmetric functions with coefficients in Q. For every partition A, we denote m) the
monomial function, py the power-sum function and s, the Schur function associated
to A\. If « is an indeterminate, let S, = Q[a] ® S denote the algebra of symmetric
functions with rational coefficients in «. We recall the following notation introduced
in Section 1.4;

Z) = H my(A)1imi )

i>1
We denote by (.,.) the a-deformation of the Hall scalar product defined by
<p>\7pu>a = Z)\O/(A)(S)\,M, for /\,,u cP.

Macdonald [31, Chapter VI.10] has proved that there exists a unique family of sym-
metric functions (Jy) in S, indexed by partitions, satisfying the following properties,
called Jack polynomials;

Orthogonality:  (Jx, Ju)a =0, for A # p,
Triangularity: [my]Jx =0, unless p < A,
Normalization:  [my=]Jy = nl, for A F n,

where [m,,]Jy denotes the coefficient of m,, in Jy, and 1™ is the partition with n parts
equal to 1. For a = 1 and a = 2, the Jack polynomials are given by

(8) JV = Hysy,  JP =2,
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where Z denotes the zonal polynomial associated to A, see [31, Chapters VI and VII].
The squared norm of Jack polynomials can be expressed in terms of the deformed
hook-length products, (see [32, Theorem 5.8]):

(9) 5\ = (Jx, Ja)a = hook ™ hook™ .
In particular, we have
(10) iV =H? and j¥ = Hy.
We conclude this subsection with the following theorem (see [31, Equation 10.25]).

THEOREM 2.1 ([31]). For every A € P, we have

J/(\a)(g) = H (u+co(Od)),

Oex

where u == (u,u,...), and J/(\a) is expressed in the power-sum basis.
2.4. Maps. We start by giving the definition of a map (see [29, Definition 1.3.6]).

DEFINITION 2.2. A connected map is a connected graph embedded into a surface such
that all the connected components of the complement of the graph are simply connected.
These connected components are called the faces of the map. We consider maps up
to homeomorphisms of the surface (see [29, Definition 1.8.7]). A connected map is
orientable if it is the case for the underlying surface. A map is an unordered collection
of connected maps. A map is orientable if each one of its connected components is ori-
entable. We will use the word non-oriented maps for maps which are orientable or not.

Another description of orientable maps is the following: a map is orientable if each
one of its faces can be endowed with an orientation such that for every edge e of
the map the two edge-sides of e are oriented in opposite ways. In Figure 3 we have
an edge e whose sides are incident to two faces F; and F» (not necessarily distinct),
and that are oriented in opposite ways. In this case we say that the orientation of
the faces is consistent. A pair of edge-sides that appear consecutively while travelling
along a face F' is called a corner of F. An oriented corner is a corner endowed with
an order on its pair of edge-sides. A corner of a vertex v is a corner whose edge-sides
are incident to v. In this case, we say that the corner is incident to v. In this paper,
we will consider rooted maps, i.e. maps with a distinguished oriented corner. We call
canonical orientation of a rooted connected orientable map the unique orientation on
the faces of the map which is consistent and such that the face containing the root is
oriented by the root corner.

FiGURrE 3. Consistent orientation from either side of an edge e.
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2.5. k-CONSTELLATIONS. In this subsection, we introduce the same notation related
to constellations as in [8].

We say that a corner of a constellation has color i if it is incident to a vertex of
color 7. We call a right-path of a k-constellation M, a path of length k£ along the
boundary of a face of M that separates a corner of color 0 with a consecutive corner
of color k incident to this face. We recall that a connected k-constellation M is rooted
if it is equipped with a distinguished oriented corner c of color 0. This oriented corner
¢ is called the root of the constellation. This is equivalent to distinguishing in M, that
will be the right-path following the root corner, see Figure 4. We will use the term
root to design the root corner or the root right-path. The rooted constellation will
be denoted (M, c). We say that an edge is of color {i,7 + 1} if its end points are of
color ¢ and 7+ 1. When k = 1, 1-constellations are bipartite maps and right-paths are
edge-sides.

Since the number of right-paths contained in each face is even, we can define the
degree of a face as half the number of its right-paths. Similarly, we define the degree
of a vertex as half the number of right-paths that passes by this vertex (we can see
that this is the number of edges incident to this vertex if it has color 0 or k, and half
the number of edges incident to this vertex if it has color in {1,...,k — 1}). We also
define the size of a k-constellation M as half the number of its right-paths, it will be
denoted |M|. Therefore, for every k-constellation M and for every color 0 < @ < k,
we have [M| = )" deg(v), where the sum runs over vertices of color i. We also have
M| = Zf deg(f), where the sum runs over the faces of M. We define the face-type
of a k-constellation as the partition obtained by reordering the degrees of the faces of
M. Similarly, for ¢ € {0,...,k}, the type of the vertices of color i, i.e. the partition
obtained by reordering the degrees of the vertices of color i. We define the profile of a
k-constellation M as the (k + 2)-tuple of partitions (X, u°, ..., u*) such that X is the
face-type of M, and for i € {0,...,k}, u® the type of the vertices of color i. If M is a
k-constellation of size n, then A, u°, ..., pu* F n.

EXAMPLE 2.3. The 2-constellation of Figure 4 has size 4 and profile ([2,1,1],[4],
2,1,1],]2,2]).

Finally, we say that a k-constellation of size n is labelled if it is equipped with
a bijection between its right-paths and the set A, = {1,1,...,n,n}. Labelled k-

constellations will be decorated with a check, as in M.

FIGURE 4. An example of a rooted 2-constellation on the projective
plane. Here c is the root corner of the constellation, and H, is the root
right-path. The 8 right-paths are represented in different colors. Note
that the two sides of one edge are always in different right-paths.
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Hy

FIGURE 5. An example of a labelling of the 2-constellation illustrated
in Figure 4. The right-path labelled by 4 is denoted H;.

We now compare the definition of constellations that we use here (given in Defi-
nition 1.1) to the usual description of orientable constellations given by hypermaps,
(see e.g. [4, 7, 15]). This correspondence between the two descriptions is mentioned
in [8] without details.

Link with the usual definition of orientable constellations. We define a hypermap as
a map with faces colored in two colors such that each edge separates two faces of
different colors. The faces of one color are called the hyperedges of the hypermap, and
the faces of the other color are called the faces of the hypermap. The usual definition
of orientable constellations is the following:

DEFINITION 2.4 (Usual definition of orientable constellations.). Let k > 1. An ori-
entable k-constellation is an orientable hypermap with vertices colored in the colors
{0,1,2...,k} with the following properties:
e The degree of each hyperedge is equal to k + 1.
o The degree of each face is a multiple of k + 1.
e There exits a consistent orientation of the faces such that when we travel along
a face in this orientation we read the colors {0,1,2...,k,0,...}.

A connected orientable k-constellation is rooted if it has a distinguished hyperedge.

Let us prove that this definition is equivalent to the definition of constellations that
we use in this paper (see Definition 1.1).

To each connected rooted orientable k-constellation (in the sense of Definition 1.1),
we can associate a hypermap as follows: we travel along each face with respect to the
canonical orientation (see Section 2.4), and we add an edge between each corner of
color 0 and the following corner of color k. In other terms, we close each right-path
traversed from its corner of color 0 to its corner of color k£ by adding an edge of color
(0, k), thus forming a face of degree k. Such face will be considered as a hyperedge of
the hypermap. The other faces of the map will be considered as faces. In Figure 6,
we have an example of this transformation illustrated on a planar 2-constellation. Let
us prove that the map obtained is a hypermap; since the constellation is orientable,
the orientations from either side of a given edge e of the constellation are consistent.
This implies that one of the two right-paths that contain e is traversed form the
corner of color 0 to the corner of color £ and the other right-path will be traversed
in the opposite way. Only the first right-path will be transformed to a hyperedge.
This proves that e separates a hyperedge and a face. Hence the map obtained is a
hypermap that satisfies the properties of Definition 2.4. Moreover, this constellation
can be rooted by distinguishing the hyperedge associated to the root right-path. We
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thus recover the usual definition of orientable constellations. Conversely, if we have a
hypermap with the properties of Definition 2.4, we can delete the edges of color (0, k)
to obtain a constellation as described in Definition 1.1.

REMARK 2.5. Note that the orientability of the constellation is necessary to obtain
a hypermap by the transformation described above. The description of orientable
constellations with hypermaps has the advantage of being symmetric in the k + 1
colors, while in the definition with right-paths the colors 0 and k have a particular
role. This lack of symmetry seems inevitable in the case of non-oriented constellations.

FIGURE 6. An example of an orientable 2-constellation in the plane,
illustrated on the left with the description of Definition 1.1, and on
the right with the description of hypermaps. The hyperedges are
colored and the root hyperedge is represented with a darker color.

3. THE CASE b =1

3.1. CORRESPONDENCE BETWEEN CONSTELLATIONS AND TUPLES OF MATCHINGS.
The purpose of this subsection is to give a bijection between labelled k-constellations
of size n and (k + 2)-tuples of matchings on A,,. This is a generalization of the
construction given in [18] which corresponds to the case k = 1.

DEFINITION 3.1. IflVI is a labelled k-constellation of size n, we define /\/1(1\\//[) as the
(k + 2)-tuple (6—1,00, - ..,0k) of matchings on A,, defined as follows:

e d_1 (respectively §y.) is the matching whose pairs are the labels of right-paths
of the same face, that have a corner of color 0 (respectively k) in common.

o Foric{0,...,k— 1}, d; is the matching whose pairs are the labels of right-
paths having an edge of color (i,i+ 1) in common.

It is easy to see that the profile of a k-constellation M can be determined by the
associated matchings M(M):

e A(0_1,0p) is the face-type.
e Forie{0,...,k}, A(0;—1,9;) is the type of vertices of color i.

Given a (k+2)-tuple of matchings (6_1,...,dx), we define its profile as the (k4 2)-
tuple of partitions (A(é_l, 0k), A(0—1,00) ..., A(Ok—1, 5k)). We get from the previous

remark that M and /\/1(1\\//[) have the same profile.

ExaMPLE 3.2. The labelled 2-constellation of Figure 5 is associated to the matchings
(6-1, 00,01, d2) below, §_; in red, dp in blue, J; in green and s in black.
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Conversely, if (6_1,...,0d;) is a (k + 2)-tuple of matchings of 4,, we can construct
a labelled k-constellation M such that M(M) = (d_1,...,0;) (this construction is
described with more details in [13, Section 3.1] in the case k = 1):

e For each connected component C of the graph G(d_1, dx) of size 2r we consider
a polygon consisting of 2r right-paths labelled by vertices in C, as follows:
two right-paths have a vertex of color 0 in common (respectively of color k) if
and only if their labels in G(d_1, ;) are connected by §_1 (respectively ).

e For each 0 < i < k—1, and for each edge e = (j, k) of the matching §; (where
j.k € Ap), we glue the two edge-sides of color (i,i + 1) of the right-paths
labelled by j and k.

ExaMPLE 3.3. The construction of the 2-constellation of Figure 5 by gluing polygons
with respect to the matchings of Example 3.2 is illustrated in Figure 7.

FIGURE 7. Polygons obtained from matchings §_; and Jo of Exam-
ple 3.2. Continuous arrows illustrate how to glue edge-sides of color
(0,1) with respect to matchings dg and dotted arrows illustrate how
to glue edge-sides of color (1,2) with respect to d;.

From the definition of a map, we know that the faces of a constellation are isomor-
phic to open polygons. This implies every map can be obtained by gluing polygons as
above (see [29, Construction 1.3.20] for a complete proof in the orientable case). We
deduce the following proposition:

PROPOSITION 3.4. For \, u°, ..., " = n, the map M — M(l\\//I) is a bijection between
labelled k-constellation with profile (A, u°,. .., u*) and (k + 2)-tuples of matchings on
A, with the same profile.

Finally, we use the previous correspondence between constellations and matchings
to introduce the notion of duality that will be useful in Section 4.

DEFINITION 3.5. Let (M, ¢) be a rooted k-constellation. We define the dual constella-
tion (M, ¢) as follows. First, we choose a labelling of M such that the root right-path
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is labelled by 1, we obtain a labelled constellation M. Let (0-1,00,...,0k) == M(lVI)
Then, we define the labelled constellation M’ such that (0-1,0k,...,00) = ./\/l(l\\//I’)
(i.e. we exchange the matchings §; <+ 0x—; for 0 < i < k). Finally we forget the labels
of M’ except for the label 1. We thus obtain a rooted constellation (M ¢). It is clear
that (M,A) does not depend on the labelling chosen for (M, c).

One can check that this definition is consistent with the definition of duality given
in [8, Definition 2.4].

REMARK 3.6. It is straightforward from the definition that duality is an involution
that exchanges faces with vertices of color 0, and vertices of color 7 with vertices of
color k+1—1i, for 1 < < k. More precisely, given partitions X, u0, ..., u* duality is a
bijection between k-constellations with profile (A, u° ..., u*) and constellations with
profile (u®, X\, ¥, ..., ub).

REMARK 3.7. It is also possible, using matchings, to generalize this notion of duality
in order to exchange colors in all possible ways, while controlling the profile as in the
previous remark. However, these generalizations do not have a simple description in
terms of maps.

3.2. THE GELFAND PAIR (&2, B,,). In this subsection, we give some results that will
be useful in the proof of Theorem 1.4(i). We follow the computations given in [18]
when k = 1, we recall the most important steps of this proof and give a generalized
version for the key lemmas. For this purpose we need to recall some results on the
Gelfand pair (Say,, By,) (see [31, Section VIL.2]). We consider Sy, as the permutation
group of the set A,, := {1,T, ...,n,n}. We define the following action of &z, on F,,
the set of matchings on A,,.

DEFINITION 3.8. Let 0 € Gy, and 6 € §,,. We define 0.6 as the matching of §, such
that {i,j} is a pair of 0.0 if and only if {0’1(i),0’1(j)} is a pair of §.

This action is both transitive and faithful. We define the hyperoctahedral group
B,, as the stabilizer subgroup of the matching . One has that |B,| = nl2".

DEFINITION 3.9. Let 0 € Go,,. We define the coset-type of o as the partition of n given
by A(e,0.€).

The double cosets B,,\Sa, /B, can be indexed by the partitions of n. In fact, for
all o, 7 € &gy, one has B,08B,, =B, 7B, if and only if o and 7 have the same coset-
type (see [21, Lemma 3.1]). We denote K the class of B, \S&2, /B, indexed by the
partition A, i.e. the class of permutations of coset-type A and K, € CSsy,, defined by

These sums are the basis of a commutative subalgebra of CS,,,, the Hecke algebra
of the Gelfand pair (&a,,%B,,) (see [31, Section VIL.2]). Hence for A, u°, ..., u* - n,
we define a’, btk such that

w
K, = al K
wt TN STLELP

0<i<k An

For o € Ky, the coefficient aﬁo o

o =o0y...0, where (ao,...,a;;) € Ko x -+ x IC». We deduce that
(11)

aﬁo,ul,---uk|lc>‘| =[{(00,...,0k) € Kyo X -+ x K« such that o¢...05 € K1} |.

» can be interpreted as the number of factorizations
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For every A  n, there exist :—:2"“3(’\) matchings ¢ such that A(e,d) = A, see [17,
Proposition 5.2]. On the other hand, using the fact that the action of &y, on F, is
transitive, we can see that

(12) |{o € G2, such that g.c =0y} | = B/,
where J, is the matching defined in Section 1.3. We deduce that
(13) ol = 8l =0 = Lol

A 2220

The coefficients a? 041k AT€ related to the size of the sets SIO e defined in
Equation (4). The followmg lemma is a generalization of [21, Lemma 3 2].

LEMMA 3.10. For A\, pi°, ..., uF = n, we have
A _ a/if’,ul,-uu""
Syl = g e

Proof. We define £ as the subset of 6]2“:{1, consisting of the elements (oo, ...,0%)
of Kuo x «++ x K,k such that oq...op.e = dx. For every permutation o) such that
ox.€ = 0y, one hab that o) € ICy, and that o) has au0 ik . factorizations of the form
ox = 0¢...0, where (0p,...,0%) € Kyo X --- x K». Using Equation (12), we get
(].4) |g| = |%n‘auo p,l,.,,,uk‘
We now consider the map

P E— Sﬁ

(0’0, ey O'k) — (O’o.E, 0001.€y...,00... Uk_l.zf).

For all i € {0,...,k}, we have

A(0001 ...0.£,00... O'Z‘_l.E) = A(Oi.é‘,{-}) = /Li,
since o; € K,:. Hence, ¢(€) C Sﬁo ke Let (dg,...,0k-1) € Sﬁo s There ex-
ists (oq,...,0%) such that og.e = do, ox.0p—1 = dx and for i € {1,...,k — 1},
0;.0;—1 = ;. Then (0q,...,04) € € and (oq,...,0,) = (dg,...,0k—_1), proving that
WY€) = 320 k- Moreover, ¢(co, ..., 0%) = ¥(0g,...,0) if and only if there exist
70, -+ Tk € By such that for i € {0,...,k}

0'6...0';4 = 0001 ...0;T;.

We deduce that

(15) [~ (W(00, - 0n))| = [Bal"H
Equations (14) and (15) conclude the proof. O

We shall now establish the connection between the coefficients a?, e and the

yeeey

Jack polynomials for a = 2. To this purpose we define for all \, £ F n:
A=Y x*(0)
gel\

where x?¢ is the irreducible character of the symmetric group indexed by the partition
2¢. We also introduce the orthogonal idempotents of the Hecke algebra of (&a,,,B,,)
that can be defined as follows (see [21, Equation (3.5)]);

2T \’CA\ M,

AFn

16
(16) Ee = H%
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where Ho¢ is the hook-length product associated to the partition 2¢ (see Section 2.1
for the definitions). The orthogonal idempotents satisfy the property E¢E, = 0¢,E¢
for each £, F n, where d is the Kronecker delta. Equation (16) can be inverted as
follows (see [21, Eq. (3.3)]):

(17) Kx=Y ¢*(VE
&kn

The following lemma is a generalization of [21, Lemma 3.3].

LEMMA 3.11. For each pa,rtitions DT ,uk Fn>1, we have
A — (A E(uk
CL'U,O,/LI,_../;,’»" |IC)\‘ % H2£¢ )¢ (:u’ )

Proof. Using Equation (17) we can write

1T Ku =D 65" .. 65 (") Ee.
0<i<k &kn

We use Equation (16) to extract the coefficient of K from the last equality to obtain
. O
k

af;",u%---u
When o = 2, the Jack polynomials are called zonal polynomials and denoted by
Ze, see [31, Chapter VII]. They can be expressed in the basis of power-sum functions

as follows; for every & - n one has
>

(18) Zg =
pukEn

\‘B |
We are now ready to prove Theorem 1.4.

Proof of Theorem 1.4(i). For a = 2, the function Tl(k) has the following expression;
see Equations (1) and (10).

k n
Ptp.a®,..q®) =1+ "t 2725( )Ze(@?) ... Ze(a'®).
n>1  tn Hae
Using Equation (18) and Lemma 3.11, this can be rewritten as
#(t,pa®,....q®)

n 13 £(0,0),0) £, ky (k)
—1+Zt ZH@% == Z‘ NP (1) gy - 0 (1F)a

n>1  &Fn Aul, . ukEn

LY 0 k
=1+ Z t" Z af;o D |k+2p/\q( . q,(uc)~
n2l  A\pO,.pFn

Finally, we use Lemma 3.10 and Equation (13) to conclude. O
Before deducing Theorem 1.4(ii), we introduce the following notation; if M is
a k-constellation with profile (X, 1%, ..., u¥), we define the marking'® of M as the
monomial
RM) =pagiial ... gl
We define the marking of a labelled constellation as the marking of the underlying
constellation. Theorem 1.4(ii) can be reformulated as follows:

v (t,p,a®,....q®) = Y (MIEM),
(M,c)

(6)What is called marking in [8] will be called marginal marking in this paper, see Section 4.1.
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where the sum runs over non-oriented rooted connected constellations.

Proof of Theorem 1.4(ii). Theorem 1.4(i) can be rewritten as follows;

k
Mt p,a?,....q®)
_ " A @) om0 (k)
=1+ Z (271)' Z |S 0,_“7Mk| nlon 2 gp/\q‘uo cee quk s
nz1 A0, uFn

On the other hand, the number of (k + 2)-tuple of matchings (d_1,...,dx) with pro-

file (A, u0 ..., p*) is given by + (2" 2 on—l(A) ”' |S>‘ k|; we have f,gll choices for §_1,

%2”_1(” ch01ceb for 45, and |§M u’“l chomes for the other matchings. Using the de-

scription of labelled k-constellations with matchings (see Proposition 3.4) we obtain

M|
5 © . q®)) = ARy
t,p,q i) =1+ ——~r(M),
( ) EM 2IN)! (M)

where the sum is taken over labelled k-constellations, connected or not. Since the
marking k(M) is multiplicative on the connected components of M, we can apply
the logarithm on the last equality in order to obtain the exponential generating series
of connected labelled constellations (we use here the exponential formula for labelled
combinatorial classes see e.g. [16, Chapter II]). When we forget all the labels in a
connected rooted constellation except for the label “1”, we obtain a constellation with
a marked right-path that we can consider as a rooted constellation, see Definition 1.1.
As each rooted constellation of size n can be labelled in (2n — 1)! ways, we obtain

M|

IOg ( * )(ta P, q(O)a teey q(k))) = Z ME(M)7
(M,c)

where the sum runs over connected rooted constellations. We conclude the proof by
applying 2t% on the last equality. O

4. MATCHING-JACK CONJECTURE FOR MARGINAL SUMS

The purpose of this section is to give a proof for Theorem 1.9.

4.1. NotATION. We fix £k > 1. We consider two sequences of variables p =
(p1,p2,---), 4 = (q1,92,-..) and k variables uy,...u. For a variable u we denote
u = (u,u,...). From the definition of the marginal sums cﬁ’lln and hﬁ’l (see
Equation (7)), we have

(b)

& Lol ! !

()(t paqaulau%"'ai 71+ § t" E E Zull+ka(A PAQ,uull- 'Ulkka
n>l Apbnly,.o k>l A(

\Iji()k) (tv b, Q>ﬂ7%a e a Z " Z Z h )pAquul . uﬁf

n>1 Apbnly,. Ll >1

.,lk 1 ;lk

If M is a k-constellation with profile (A, u°, u!, ..., u¥), we define the marginal mark-
ing of M by
1 k
k(M) == pAquouf(“ ). .ui(“ ),

and we say that (X, u%, €(u'), ..., €(u¥)) is the marginal profile of M. We can formulate
Theorem 1.8 as follows.
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THEOREM 4.1 ([8]). For every k > 1, we have

k
U (L p, g ur,up, ) = Y s(M)EMIpr M),
(M)
where the sum is taken over rooted connected k-constellations and v(M,c) is a non-
negative integer which is zero if and only if (M, ¢) is orientable.

DEFINITION 4.2. For a class of vertex-colored maps, we call a b-weight a function p
that has values in Q[b] which has the two following properties:

e p(M) =1 if and only if M is orientable.

o When we take b =1 we have p(M) = 1.
Moreover, we say that a b-weight p is integral if for every map M one has that p(IM)
is a monomial in b.

With the definition above, the quantity b*™-¢) that appears in Theorem 4.1 is an
integral b-weight on connected rooted constellations. In Section 4.3, we will consider
b-weights on face-labelled constellations.

REMARK 4.3. There is not a unique b-weight satisfying Theorem 1.8, see [8, Theo-
rem 5.10]. In particular there exist non integral b-weights with this property. In this

section, we fix once and for all an integral b-weight b*(M:¢),
For every \,uFn and ly,...,lx > 1 we define
Sovietn = U Bh e

piknl(pt)=l;
where § ik is defined in Equation (4). Theorem 1.9 can be reformulated as
follows:

THEOREM 4.4. For every k > 1, we have

( )(t D, qvulv"w%)

173

qu;ﬂh e U 95 (00, 10%—1)
=1+ > AL LD 2 ’ ’
nzl Apkn (60,-,0K-1)ES ) ;4
el =1 Fofloeeth
where 95 (0o, ... ,0k—1) is @ non-negative integer which is zero if and only if each one

of the matchings &g, . ..,0k_1 s bipartite.

The purpose of this section is to use the b-weight of rooted-constellations given in
Theorem 4.1 in order to define a statistic ¥ on k-tuples of matchings that satisfies
Theorem 4.4. We recall that in Proposition 3.4 we have established a bijection between
(k 4+ 2)-tuples of matchings and labelled k-constellations. The difﬁculty here is that
the sums run over k-tuples of matchings (we recall that in definition of §* ok We fix
the matchings 6_; to be € and the matching d; to be dy; see Equation (4 )) It turns
out that the convenient objects to consider are the face-labelled constellations. The
purpose of Sections 4.2, 4.3, and 4.4 is to introduce face-labelled constellations and
define b-weights on them. In Section 4.6 we will establish a bijection between 320
and face-labelled constellations.

k
yeees b

4.2. FACE-LABELLED CONSTELLATIONS. Face-labelled maps were introduced in [5] in
the case of bipartite maps, we give here an analog definition for constellations. We
say that a k-constellation M is face-labelled if each face is rooted (with a marked
oriented corner of color 0 or equivalently with a marked right-path), and for every
J > 0, the faces of degree j are labelled i.e. if M contains m; > 0 faces of degree j,
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these faces are labelled by {1,2,...,m;}. Face-labelled constellations will be denoted
with a hat: M. In each face, the marked corner or right-path is called the face-root.
We say that a connected face-labelled k-constellation is oriented if the underlying
rooted constellation is orientable, and the orientations given by the face roots are
consistent, see Figure 3. Finally, we say that a connected face-labelled k-constellation
M is rooted if the underlying constellation has a root ¢ such that the orientation of the
root face (given by the definition of a face-labelled constellation above) is the same
as the orientation induced by the root c. This constellation will be denoted (ﬁ, c).
Note that the root ¢ of the constellation is not necessarily a face-root.

4.3. b-WEIGHTS FOR CONNECTED FACE-LABELLED CONSTELLATIONS. Once and for
all, and for every connected rooted k-constellation (M, c), we fix an orientation Oz,
of the faces of M that satisfies the two following properties (see [10, Section 5.1]):

e The orientation of the root face is given by the root c.
e If M is orientable, then Oy, is the canonical orientation of the constellation,
see Section 2.4.

DEFINITION 4.5. Let (ﬁ,c) be a connected rooted face-labelled constellation, and let
(M, ¢) be the underlying rooted constellation. We define the b-weight ¥ of (M, c) by

19(1/\\/1,0) = V(M,E) + 7,

where (M,E) is the dual constellation of (M, ¢) as defined in Definition 3.5, V(M,E)

is the non-negative integer of Theorem 4.1, and r is the number of faces ofﬁ whose
orientation is different from the orientation given by O, c)-

REMARK 4.6. We note that ﬁ(ﬁ, ¢) = 0 if and only if M is oriented. Moreover, for
every connected rooted constellation M with face-type A, we have

(19) S B — 2 (14 b)),
(Mic)

where the sum is taken over all possible face-labellings of (M, ¢). Indeed, we have
zx choices to label the faces of (M, ¢) which have the same size and choose a corner
of color 0 (which is not yet oriented) in each face. Besides, for each face other than
the root face, we have to choose an orientation for the root corner (the orientation
in the root face being fixed by the root c). The orientation consistent with O,
contributes 1 to the b-weight and the other orientation contributes b, which gives us
1+ b for each face different from the root face.

We now define b-weights for unrooted connected face-labelled constellations. These
b-weights are given by different ways to root a face-labelled constellation.

DEFINITION 4.7. Let A be a partition of n and let M be a connected face-labelled
k-constellation of face-type A. We define three b-weights on M:

(1) We root M with co, the Toot of the face of mazximal degree and which is labelled
by 1. We define:

ﬁ(ﬁ) — P (Mico),
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(2) We take the average over all possible roots ¢ that lie in a face of mazimal
degree (we recall that the orientation of this root should be consistent with the
orientation given by the face-root):

A 1 ~
5(M) = 9 (M,c)
M) = = > e,
c,deg(fe)=M1
where m = my, () is the number of faces of mazximal degree.
(3) We take the average over all possible roots c:

1N o)
n;b M.c),

Note that the b-weight p has the advantage of being integral, however it is a priori
less symmetric than p. The purpose of the next subsection is to show that the b-weights
7, p and p are equivalent when we sum over connected face-labelled k-constellations
of a given marginal profile (\, u,l1,..., k).

4.4. EQUIVALENCE BETWEEN THE THREE D-WEIGHTS. We start by the equivalence
between g and p.

LEMMA 4.8. For every k,n > 1 and \, 1i°, ..., yu* = n we have
(20) > AM) =AM,
M M

where the sums are taken over connected face-labelled k-constellation with profile
(A’MO’_..’M]C).

Proof. We denote m = my, (\), the number of parts in A of maximal size. From
Definitions 4.5 and 4.7, we know that ﬁ(ﬁ) is of the form b"b*M-¢) We rewrite
the left-hand side of Equation (20) by putting together the terms having the same
underlying rooted connected constellation (M, ¢). With the same argument as in the
proof of Equation (19), for every rooted constellation (M, c) with a root ¢ in a face
of maximal degree we have

Zp = (1 4 b))~ 127;\\bu(M,Z)7
mAy

where the sum is taken over face-labelled constellations that can be obtained from
(M, ¢) by labelling its faces, with the condition that the root face is always labelled
by 1 and rooted by ¢ (see Definition 4.7 item (1)). We deduce that the left-hand side
of Equation (20) side is equal to

Z()\) 2 »(M, )
(1+4b) mAl Z pr(Me

where the sum is taken over rooted connected Fk-constellations with profile
(A, 1%, ..., puF) such that the root face has maximal degree \;.

On the other hand, we can rewrite the right-hand side of Equation (20) (using
Definition 4.7 item (2)) as follows

1
bﬁ(M c)
Z mAy
(M7(‘)

where the sum is taken over face-labelled rooted constellation, for which the root is
in a face of maximal degree.
We use Equation (19) to conclude. O
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The link between the two b-weights p and p is less obvious. We need a property of
symmetry of the b-weight defined in [8] on rooted connected constellations. We start
by defining for every s > 1 the series

_ 9 (0

We also define the operator 7w that switches the variables p <+ q and u; < ug+1—;
(k) (k)

(k) - (1 9
() o Va=(4b)sy -

for 1 <4 < k. Since n1)"" = 7,7/, we get 7Us = V,. On the other hand, one has
(see [8, Corollary 5.9])
(21) Uo=qt S M)y ™o,
(M,c)
deg(ve)=s

where the sum is taken over rooted connected k-constellation whose root vertex has de-
gree s. Moreover, it is straightforward from Remark 3.6 that for every k-constellation
M we have

(22) (k(M)) = £(M),
where M denotes the dual constellation of M. Applying 7 to Equation (21), we get
(23) Ve=p' S tMIg(Myp M),
(M,c)
deg(fe)=s

We deduce the following lemma.

LEMMA 4.9. Let A, pFn and ly,...l > 1, and let s > 1 such that m == ms(\) > 1.

Then N
1 Z e _ 1 3 ),
(Mc ms (M,¢)
deg(fc)=s

where the sums are taken over connected rooted k-constellations of marginal profile
(A iy lay .o, k), with the condition that the root face has degree s in the sum of the
right-hand side.

Proof. From Theorem 4.1 we have

M|
(1+b)log(ry™) = > - r(M)b M),
(M,c)

Applying 7w on the last equality, we get

Ml
(1 +b)log(r, b”(M of
1= 2 e

We deduce then that the coefficient of the monomial t"p,\quoulf . uﬁc’“ in p,Vs, is

given by

ms Z pr(M.c)

n b

(M,c)
where the sum is taken over connected rooted k-constellations of marginal profile
(A pyl1, ..., lg). On the other hand, using Equation (23) we get that this coeflicient
is also equal to
3 M,

deg(fo)=s
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where the sum is taken over connected rooted k-constellations of marginal profile
(A, 511, ..., 1) with the condition that the root face has degree s, which finishes the
proof. O

This lemma has the following interpretation: conditioning the root to be in a face of
a given degree does not affect the b-weight obtained when summing over constellations
of a given marginal profile. We deduce the following corollary that establishes the
equivalence claimed between p and p:

COROLLARY 4.10. Let A, =mn, and ly,...,l > 1. Then we have
> AM) =Y p(M),
M M
where the sums run over connected face-labelled k-constellation of marginal profile

O, ).

Proof. We apply Lemma 4.9 for s = A; and multiply both sides of the equation by
Zx(1 4 b)* =1, Using Equatlon (19) we obtain:

- Z b19Mc _ ml/\ Z bﬁ(l\ﬁ?c)’
1

(M c) (1\7[70)
deg(fe)=A1

where m := my, (A), which finishes the proof. O

4.5. EXTENSION TO DISCONNECTED FACE-LABELLED CONSTELLATIONS. We extend
multiplicatively the b-weight g to disconnected constellations. More precisely, if M is
a disconnected face-labelled constellation and ﬁl is a connected component of 1/\\/1,
then it can be considered as a face-labelled constellation where the labelling of the
faces having the same degree in ﬁZ is inherited from their labelling in M. This allow
us to define p"(ﬁ) as the product over all its connected components of ﬁ(ﬁl), where
ﬁ(i\/Il) is given by Definition 4.7 item (1).

REMARK 4.11. By definition M is oriented if and only if each one of its connected
components is oriented. Hence, we can deduce from Remark 4.6 that p(M) is a mono-

mial, and it equals 1 if and only if M is oriented. Hence p is an integral b-weight on
face-labelled constellations.

The following lemma establishes the connection between the generating functions
of connected and disconnected constellations. It is a variant of the exponential formula
in the combinatorial class theory. However, one has to take care of the multiplicities
since we have a separate labelling for each size of faces. We give here the proof in
completeness.

LEMMA 4.12. For every k > 1, we have
pxqﬂul .
1 t"
N R
n>1 Apbnly, Ll 21
A le
PAGuUT ... U o
oo (L 3 3 Sl X AsD),
n>l  Apbnly,.. =1 i connected

where the M in the final sums range over face-labelled constellations of marginal
pmﬁle ()‘7/~‘La l17 s 7lk')'
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Proof. When we develop the exponential of the right-hand side, we obtain a sum over

tuples of connected face-labelled constellations. Let ﬁl - ,ﬁr be a list of r connected

face-labelled constellations, with face-types AV ... A" We define \ == U A Tak-
i=1

ing the disjoint union of the constellations Mj,...,M,., we obtain a constellation of

face-type A. In such operations, we deal with the labellings as in the theory of labelled
combinatorial classes [16, Chapter II]; namely for every j such that m;(A) > 0, we
consider all the ways to relabel the faces of degree j of Ml,. .. ,ﬁr in an increasing
way such that their label sets become disjoint and the union of their label sets is

[m;(A)]. So we have (m'_()\f)"f.(.%'_()\r)) choices to relabel the faces of degree j, and

A "
ZAL .. 2\ 1:[ (mg()\l)77amj(>\r))

choices to relabel all the faces of |J M, to obtain a face-labelled constellation M.
i=1

Finally, we notice that the marking and the quantity (1 4 b)*) are multiplicative

which concludes the proof. O

4.6. FACE-LABELLED CONSTELLATIONS AND MATCHINGS. Let M be a face-labelled
constellation of face-type A. We describe a canonical way to obtain a labelled constel-
lation M from M that will be useful in the next proposition. We start by defining
the following order on A,: 1<1<2...<7% <n. We label the right-paths starting
from faces of highest degree and smallest label: We start from the face of degree \;
and label 1. We travel along this face starting from the right-path preceding the root
corner, and we attribute to each right-path the smallest label not yet used. We restart
with the face of highest degree and smallest label whose right-paths are not yet la-
belled. This will be called the canonical labelling of the face-labelled constellation M.
Note that for every face-labelled constellation M of face-type A, the matchings d_1
and ¢, associated to the canonical labelling M (as in Definition 3.1) satisfy d_1 = ¢
and d; = Jy, where ) is the matching defined in Equation (3).

We now prove the following proposition that establishes a correspondence between
face-labelled k-constellations and k-tuples of matchings.

THEOREM 4.13. For A\, 1i°, ..., u* = n, there exists a bijection M between face-labelled

k-constellations with profile (A, %, ..., u*) and Si)o T Moreover, a face-labelled

constellation M is oriented if and only if M\(ﬁ) is a k-tuple of bipartite matchings.

Proof. Let M be a face-labelled constellation, and let M be its canonical labelling.
By construction of the canonical labelling, the matchings associated to M by the
bijection of Proposition 3.4 is of the form M(l\\//I) = (g,00,...,0k-1,0x). Then we
define M\(ﬁ) = (00, -+, 0k—1)-

Conversely, let (dg,...,0k—1) € S;“,-..,u’“' The bijection of Proposition 3.4 gives us
a labelled k-constellation M := M~Y(e, b0,...,0k_1,05). Then M\_l(do, vy Op—1) i

the face-labelled constellation having M as a canonical labelling.

We now prove the second part of the proposition. Let M be a face-labelled constel-
lation. We start by the following remark: when we travel along the boundary of each
face of M in the orientation induced by its root, a right-path H in M is traversed
from the corner of color 0 to the corner of color k (respectively from the corner of
color k to the corner of color 0) if it has a label in the first class of A, (respectively

in second class) with respect to the canonical labelling of M. Indeed, this property
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is clear for the root right-path of each face. Moreover, this can be extended to the
other right-paths since when we travel along a face we alternate right-paths traversed
form 0 to k and right-paths traversed from k to 0, and when we traverse a connected
component of G(g,0,) we alternate labels of first and second class.

We recall that M is oriented if and only if the orientations induced by the faces
roots are consistent as in Figure 3. Note that the orientations of the faces of M are
consistent from either side of edges of color (4,74 1) if and only if each two right-paths
having an edge of color (7,7 + 1) in common are traversed in opposite ways. By the

previous remark, this is equivalent to saying that d; is bipartite. In particular M is
oriented if and only if each one of the matchings dy,. ..,0x_1 is bipartite. O

4.7. A STATISTIC 1 FOR ELEMENTS OF Sﬁ l....1, AND PROOF OF THEOREM 1.9.

DEFINITION 4.14. Let A, u b n and l,...,l; = 1. For each (61,...,0;) € SM I
we define the non-negative integer 9 (dg, . ..,0k—1) such that

POM) = b7 Co0),

where M is the face-labelled constellation associated to (61,...,0r) by the bijection of
Theorem 4.13.

Since the bijection of Theorem 4.13 ensures that M is oriented if and only if the
matchings g, ...,0r_1 are bipartite, we note that ¥, (dg,...,dk—1) is equal to zero if
and only if each one of the matchings d1,...,0 is bipartite.

Proof of Theorem 4.4. From Theorem 4.1 we have
v (t,poa,ug, ) —t—z Z M) b (M)

where the second sum runs over connected rooted constellations of size n. Applying
the operator 7 on the last equation and using Equation (22) we get

\Ilék)(t,p,%ﬂ,...,i _tfz Z bu(f/[,c).

Using Equation (19) and Definition 4.7(3), we obtain

\Ijl()k) (t,p.q,u1, ..., uk) 8t Z Z Z f:qluilb[()\ k AZ bﬂ(M o)

n>1 ApbEnly,. Ll 21 (M,c)
0 n p,\quu1 .
=tg 2 1D D ZAHMMZ/)
n>1 ApbEnl,..., =1

where the last sums are taken over connected face labelled constellations of marginal
profile (A, u,l1,...,1lx), rooted in the first equation and unrooted in the second one.
This can be rewritten using Lemma 4.8 and Corollary 4.10 as follows

v (g, )
Ly
paguult . ul s
_tf +0b) E t" E WA E p(M).

n>1 Apbnly, Ll 21 M connected
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Applying Lemma 4.12, we obtain
\P(k)(t b, q7u17"'77k)
0 n p>\quu1 .
fta(l—i-b)log(l—i-Zt > z>\1+bz()‘ Zp )
n>1 Apbnly, Ll >1

where the last sum runs over face-labelled constellations of marginal profile
(A gy, - . . 1k), connected or not. Comparing the last equation with Equation (2), we
deduce that

k pag U .
O RIRTRNNTES DS P ul—lkbé(/\ E M
n>1 ApFnly,..lp>1 A(

Using the bijection of Theorem 4.13 and Definition 4.14, the last equation can be
rewritten as follows:

k
( )(t p7qau17 cee 7%)
Lk
pxquul cooug NG
— 1 _|_ b Al00;5--+y0k—1 .
P >
SR (o)L,
Since 9 has the properties required in Theorem 4.4, this concludes the proof. O

5. APPLICATION: LASSALLE’S CONJECTURE FOR RECTANGULAR PARTITIONS

In this section, we take k£ = 1, and we consider the function T( )

with the following
specializations: q(©) = ¢ = (q,q,...) and qV = —ra = (—ra,—ra,...). We also
replace t by —t. We recall that for k& = 1, k-constellations correspond to bipartite
maps; these are maps with vertices colored in white and black such that each edge
separates two vertices of different colors. For every face-labelled bipartite map M, we

denote by w(®) (ﬁ, q,r) the quantity:
Wl (M, g, 7) = (=1)Ml (—pq)VeMDIgIVeMD]

where |Vo(ﬁ)| (respectively |V.(ﬁ)|) denotes the number of white (respectively

black) vertices of M. The generating series of bipartite maps can be written as follows
(see Theorem 4.4):

1 D t‘“" o o)
(24) 7 (=t,p,q, =ra) = Y s S AM) Wl (M, g, 1),
) Fe —

where the second sum runs over face-labelled bipartite maps of face-type p.

The key step of the proof is Corollary 5.2, that gives an expression of Jack poly-
nomials associated to partitions with rectangular shape in terms of the function Tél).
We state here a more general result related to Jack polynomials indexed by multirect-
angular partitions. Unfortunately, we were not able to use it to obtain polynomiality

information on coefficients 9,&0‘)(/\) for multirectangular partitions .

LEMMA 5.1. Fiz s > 1, and two sequences of positive integers 1 = q1 < g2 < ... < qs
and ry > ... > rs = 1. We consider the boxes O; = (¢; + 1,7 + 1) for 1 < i < s,
and the respective opposite of their a-contents u; = —co(0;). Let A be the partition
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of mazimal size that does not contain any of the boxes O;, and let n be its size. Then,
we have
(s—1)
(25) J(Ot) — [tn]Tb (t7 p’ﬂ’ tt ’%)
A nl(5—2)
[t"]7, (t,ug,... us)

where [.] denotes the extraction symbol with respect to the variable t.

Proof. Recall that

9

T ()T (wy). .. I (us) |

n s—1 n
(26) [TVt pou, . u) = (1)) —
&kn Je
Let Oy be fixed box, and let u = —c,(0g) be the opposite of its a-content, see
Section 2.1. Using Theorem 2.1, we can see that Je¢(u) = 0 if and only if Oy € &.
In particular, the partitions that contribute to the sum of Equation (26) are the
partitions that do not contain anyone of the boxes [J;, for 1 < i < s. By definition,
the only partition of size n that fulfills this condition is the partition A. Hence

o I ()Y (). ... T Usg
D tpn ) = (-1 2RI (e R ()
Ix

Similarly, we have

Ja) u ....J(a) Ug
(o) = (2l ()
Ix

This concludes the proof of the lemma. O

n1,(s—2)
[t"]7,

In the case of rectangular partitions, Equation (25) has a simpler expression.
COROLLARY 5.2. For every partition A = (¢ X r) b n, we have
ny(1
(27) I =1 (~t.p, g, —ra),
where [.] denotes the extraction symbol with respect to the variable t.
Proof. Tt is enough to prove that
A (@) (zar)
(=1) @ =1
I

The last equality can be checked directly from Theorem 2.1 and Equation (9). O

The purpose of the following lemma is to explain how to add faces of degree 1 on
b-weighted bipartite maps. We will need a variant of Equation (24) where we replace
0 by another b-weight on face-labelled maps psy s that we now define. As noticed
in Remark 4.3, the b-weight *™:¢) that we consider in Section 4 is not the only
one that satisfies Theorem 4.1. We consider now the b-weight pgy (M, ¢) defined
in [8, Remark 3], which is not integral but has more symmetry properties that will
be useful in the proof of Lemma 5.3. We define pgy s as the b-weight on face-labelled
bipartite maps obtained in Section 4.5 when we replace b*(M:¢) by psym (M, c) in
Section 4 (see also Definition 4.5 and Definition 4.7 (1)). With the same arguments
used in Section 4, one can check that Equation (24) also holds for psy -

LEMMA 5.3. For every partition u = m such that mi(u) =0, and A = (¢xr) Fn > m,
we have

1 1
(28) [Pt} (4. p. g, =ra) = [put™)r ) (~,p,q, =ra),
where 1 U 1° denotes the partition obtained by adding ¢ parts equal to 1 to fu.
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Proof. We start by proving that for every partition £ + ¢ we have the following
equation:

(29)  2(m1(€) + Dpent ™ riY (—t, p, ¢, —ra) = 2(n — O)[pet‘]" (—t, p, g, —ra).

Using Equation (24) for the b-weight psy s introduced above, we can see that the
two terms of the previous equation are generating series of bipartite maps. Hence, the
last equality can be rewritten as follows:

(30) 2Zpsm wl® (M, g,r) = 2a(n — ) > fsyn (M) w® (M, g, 7)
M

where the sums run over face-labelled bipartite maps, of face-type £ U 1 in the left
hand-side and £ in the right hand-side. The factor 2 in the left hand side of the last
equation will be interpreted as marking an edge-side on the face of degree 1 with the
highest label of each face-labelled bipartite map M of face-type £ U 1. Such a map
can be obtained by adding an edge e with a marked side to a bipartite map M of
face-type £ so that the marked side is in a face of degree 1 in the map MU {e}.

In the following, we show that this corresponds to the right-hand side of Equa-
tion (30). Let M be a map of face-type £. We have two ways to add such an edge e
with a marked side to M:

e We add an isolated edge with a marked side. We chose the highest label for
the face of degree 1 that we form by adding e. We thus obtain a face-labelled
map. In this case we have: w(a)(ﬁu {e},q,7) = 2na~w(o‘)(ﬁ, q,r); the black
vertex has weight ¢, the white —ra, and we multiply by —1 for adding an
edge. Finally we have two choices for the marked edge-side.

e We choose a side of an edge s to which we add the marked side of the edge e in
order to form a face of degree 1. Since the map is of size ¢ we have 2¢ choices
for the edge-side s. Once s is fixed, we chose the highest label for the face of
degree 1 formed by adding e. Since we have two choices of the orientation of
this face, we obtain two face-labelled maps of face-type £ U 1, that we denote
M; and M. They satisfy W(O‘)(ﬁl,q, r) = wl® (ﬁg, q,r) = —W(a)(ﬁ, q,7).

On the other hand, we claim that the b-weight psy s defined above has the following
property: if e is an edge that we add to a bipartite map M to form a face of degree 1
then we have:

° pSYM(M U{e}) = pSYM( ) if e is an isolated edge.

° pSYM(Ml) + pSYM(Mg) = apSYM( ), if e is added on an edge side of M
where M1 and Mg are as above.

Let us explain how to obtain this property. As explained above psy ps is obtained from
psym by duality (see Definition 4.5 and Definition 4.7(1)). Notice that adding a face
of degree 1 on a map is equivalent to adding a white vertex of degree 1 on the dual
map. But such operation does not affect the b-weight pgyas (this is clear from the
combinatorial model used in [8] and the definition of pgy s [8, Remark 3]). Finally,
observe that when e is not an isolated edge, one of the possible orientations of the
added face does not affect the b-weight psy as (ﬁ), and for the second one pSYM(K\/I) is
multiplied by b (see Definition 4.5). This concludes the proof of the previous property
and thus the proof of Equation (29).
Using Equation (29), we prove by induction on ¢ that

et (g zr0) = () "5V (-, =1,

This gives Equation (28) when ¢ = n. O

n—
{—m
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REMARK 5.4. Observe that Equation (29) can be rewritten as follows

0 (—ra)q 0 e
aiplTb ( t7p7g,—7’a):— T+tat b ( tp,q,fT’O[)
This equation can be seen as a b-deformation of the first Virasoro constraint for
bipartite maps (see [26] and [8, Equation (17)]). After the first version of this article
has been made public, Virasoro constraints have been proved in a greater generality
by Bonzom, Chapuy and Dolega (see [3, Proposition A.1]).

We now prove the main result of this section.

THEOREM 5.5. For every partition p = m > 1 such that mi(u) = 0, we have that
(=1)mz Q(Q)(q, ) is a polynomial in (q, —r,b) with non-negative integer coefficients.
More precisely, we have

(31) Z, Zp M7

ae (k)

where the sum is taken over face-labelled bipartite maps of face-type .

Proof. We start by proving Equation (31). Let ¢, > 1, and let A := ¢ x r. We denote
by n = ¢ - r the size of A. Since m;(n) = 0, we have that Gﬁa)()\) (‘)ffi,)ln m(A).
Applying Corollary 5.2 and Lemma 5.3, we get

8 (\) = [puoin-mt"Irs (=1, py ¢, —ra) = [put™]n) (—t, p, g, —ra).

Using Equation (24), this leads to Equation (31).

Let us now prove that Equation (31) implies the positivity and the integrality
of the coefficients of (—1)7'Lzu9,(f) (q,7). Since (—1)" w(®) (ﬁ, gq,r) is a polynomial in
(g, —r,b) with non-negative integer coefficients, it suffices to eliminate the term at(
that appears in the denominator of the right-hand side of Equation (31). We say that
a bipartite map is weakly face-labelled if it is obtained from a face-labelled bipartite
map for which we keep the labelling of faces, but we forget the orientation of all
the faces except for the face of maximal degree and smallest label in each connected
component. For such a map, we have a natural notion of rooting for every connected
component given by the root of the face of maximal degree and minimal label. Using
a variant of Equation (19), Equation (31) can be rewritten as follows

(32) 2,65 (g, 7 Z T e )W (Mirg,m)

«
(M“c )

where the sum is taken over weakly face-labelled bipartite maps M with face-type u
and the product runs over the connected components of M rooted as explained above.
To conclude, notice that it is direct from the definition that w(®) (Mj, ¢, r) is divisible
by a. O

REMARK 5.6. As noticed by Lassalle [30, Conjecture 1, item (i), z, is the good
normalization to obtain integrality in Theorem 5.5. Indeed, if u - m

4" (=1)" 2,057 (q,7) = (=) ),

where [.] denotes the extraction symbol with respect to the variable g. To see this,
observe that the only face-labelled bipartite map that contributes to the monomial ¢
in Equation (31) is the map of size m and face-type p that contains m black vertices.
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REMARK 5.7. Lassalle suggested that the coefficients fo‘)(q,r) have a natural ex-

pression as a positive polynomial in both variables o and b (see [30, Conjecture 2]).

Such an expression can be obtained from Equation (32) by considering the two terms
[T »™Mocd and ] W This expression in o and b and the one given

(Mi,ci) (Mi,ci)

by Lassalle in [30] are related but not the same.

6. GENERALIZED COEFFICIENTS ¢,

12 "“),L"k

In this section, we state some properties of the coefficients ¢* 0,y and we give a new
proof for a combinatorial interpretation of the top degree part in these coefficients.
This part is also related to the evaluation of Cu“ e at b= —1, see Corollary 6.5.

6.1. GENERAL PROPERTIES OF c}’)o E We start by a multiplicativity property of
the coefficients 020 ik due to Chapuy and Dolega (private communication).

.....

PROPOSITION 6.1. Let k > 2 and X\, 1%, ..., uF =n > 1. We have
Zc s )CZ*’—l,u’“(b)‘
nkn
Proof. Let r := (r1,r2,...) be an additional sequence of power-sum variables. We

consider the two functions Tb(k_l)(t,p,q(o), ..,q*=2) r) and Tél)(t,q(k’l),q(’“),r),

and we take their scalar product with respect to the variable r. Since
(JE(0), I (1)) = 01 25

this scalar product gives the function (k )(t p,.q9, ..., q*=2 g1, q(k)). On the
other hand, the expansion of these functlons in the power-sum basis can be written as:

A
A1) (0) (k=2) . _ n Cuo,.. b ©)  k2)
Ty (t,P,q e d 71‘)—Zt Z Z)\(].-l-b)e()‘)pq Qk 2 Ty,

n20 A p0,.. pk=2 nkn

,,,,,

and )
V) p (k=1 (k) ) — n M (k=1) (k)
Ty (t7q ,d 71')—275 Z ( +b)£(77) ,uk 14 klr’f]
nz0  npk=lpken
We conclude by taking the scalar product of the two last equations. O

The previous property can be used to extend some results known for coefficients
¢ with three parameters (the case k = 1) to the general case. In particular, we can
deduce the following corollary.

COROLLARY 6.2. Conjecture 1.5 for the coefficients ¢ 0.k when k = 1 implies the
w Jorany k> 1.

.....

conjecture for Cu _

Proof. We use induction on k and Proposition 6.1. O

As mentioned in the introduction, the polynomiality of the quantities cﬁo ik has
been proved in [11] when k& = 1. This can be generalized for any k > 1

THEOREM 6.3. For all A\, %, ..., " = n, the coefficient 020 u (b) is a polynomial

.....

with rational coefficients, and we have the following bounds on the degree:
A . , 0 k
deg(cuo’m’uk) < 7%11216 dz()\7 Koy eeos )7
where

doy N oo, 1Py =k 0 — (0(u°) + -+ £(uF)),
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and
di()‘7/’['07 s 7/’[’k) = kn — ZE(ILL])
JF#i
for0<i<k.

Proof. The polynomiality and the bound d_; follow from [11, Proposition B.2] and
Proposition 6.1. To deduce the other bounds, we use the symmetry of coefficients
C;\LO..‘M in partitions u? for 0 < 4 < k and the following relation that exchanges A and
p0 (see Equation (5)):
A I
(33) CHUa~-~,Hk — CAvlldlwwHk . O
A1+ 0)N)  z0(1 4 b)HE)

In Section 6.2, we give a combinatorial interpretation of the term associated to each

one of these bounds. We now state some results that will be useful in Section 6.2.

PROPOSITION 6.4. For every k,n > 1 and \, 1%, ..., u* F n, the coefficient cﬁo
has the following form;

o = D @I,

oci[ 5

yeres P

where a; € Q and d_y = d_1(\, 1°, ..., u").

The proof is essentially the same as in the case k = 1 proved in [28]. For complete-
ness, we give the key steps of the proof in Appendix A.
The previous proposition has the following implication:

COROLLARY 6.5. For all A\, %, ..., u* Fn>1
[bd 1] /LO ok T (71)dilci\¢°,...,pk(71)'

The polynomiality of coefficients hf;o e has been deduced from the polynomiality

.....

of ¢ . When k=1 in [11]. The proof works in a similar way for k > 1. We give
the key steps of this proof in Appendix B. We obtain the following theorem.

THEOREM 6.6. For all A\, u°, ..., u* = n > 1, the coefficient h e is a polynomial
in b with rational coefficients, and we have the following bound on its degree:

deg(hho o) Skn+2— (L) +€(u°) + -+ £(u")).

The following property has been proved by Dolega in the case kK = 1 (see [10,
Proposition 4.1]). We copy here the proof, adapting it to the case k > 1.

LEMMA 6.7. For all \, 1i°, ..., uk¥=1 Fn > 1 we have
_ k—1
Zh BTN (b) = (1+b)lm+1 B+ 42l ))Zhﬁo,.‘.,uk’l,n(o)-
nkn ntn
Proof. From Equation (6), we have
S i ey ®) = ["prgWalY g DTwY (t 1,99, ()7~~.,q(’“)),
nkn

where the variable p is specialized to p = 1 = (1,1,...). With this specialization,
Jack polynomials have the following expression

(@) )0+ +2a)...(1+(n-1)a) if&=n],
T ()= {0 if 0(¢) > 1
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Moreover, we have the following properties related to partitions of one single part;
n!anfe(u)
VIO gy

z
pEn w

for a fixed variable r, and
j = 1+ a)(1+20)... (1 + (n - Da)nla”,

(see [32] for the proof of these properties). Hence

DI ()

nkn
T (q*D)

a) (@) (- (0)
=[t pxq(o)q(l). q('Z })]1+bt*10gzt"‘]n () Jn (q7). -

nla™
n=0
(0) (k—1)
© 1) (k-1 a, 9 n ()" P30 - G
. U114+ b))t =1 t )
= [t" DAGo g1 -Gy J(1+0) ot ng L Z ey e 2
n20 D L ) AR K

where d = kn+1— (((A\) +£(u°) + - - - + £(¥~1)). We conclude by observing that the
last expression is equal to

L+ hho e, (0). m

.....

We deduce the following corollary that will be useful in the proof of Theorem 6.11.

COROLLARY 6.8. For A\, i°, ..., u*~* F n we have

f;o"_ k—dk[nzh kL (0),

nkn

[bkn+1—(€(/\)+€(u0)+~“+((Hk71))]h

where § is the Kronecker delta.
Proof. If ¥ # [n], then from Theorem 6.6 we have

[bkn+17(f(>\)+f(/i0)+---+€(Mk_1))]h207m7#k71Mk(b) —0.

The previous lemma finishes the proof. O

6.2. TOP DEGREE IN COEFFICIENTS cf;o e Theorem 6.3 gives k + 2 upper bounds
on the degrees of coefficients c)‘0 T Using the symmetry property, we can see that

the bounds d;(\, u°, ..., u¥) for 0 < k are equivalent. Theorem 6.11 gives a
combinatorial interpretation for the coefﬁment in cf; o associated to the bounds

di(\, 10, ..., ) for 0 < i < k and Theorem 6.12 gives an interpretation for the bound
d_1(A\ p°, ..., pF). The bound d_;(\, u°, ..., u*) was investigated in [5] when k = 1
and the combinatorial interpretation was given in terms of unhandled maps, while we
give here an interpretation with orientable maps with a different proof. In fact, there
exists a bijection between the two objects, showing that Theorem 6.12 for £ = 1 is
equivalent to the result of [5] (see [9, Theorem 1.8]).

As explained in Section 1.4, the labelling of constellations is simpler in the ori-
entable case. We introduce the following definition of labelling for orientable constel-
lations that will be used to state the main results of this section.
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DEFINITION 6.9. If M is an orientable k-constellation of size n. We say that:

o M is labelled if its hyperedges are labelled by {1,...,n}, when we consider M
as a hypermap (see Section 2.5). In terms of right-paths, this is equivalent to
label the right-paths of the constellation M traversed from the corner of color
0 to the corner of color k, when M is equipped with the canonical orientation.

o M has labelled faces if each face has a distinguished corner of color 0, and
the faces of same size are labelled.

Note that the definition of face-labelling that we give here for orientable constel-
lations is slightly different from the definition given in Section 4.2; in each face we
do not choose an orientation for the distinguished corner. The reason is that in the
orientable case all faces have a canonical orientation (see Definition 1.1). We also
introduce the following definition.

DEFINITION 6.10. Let A be a partition. We say that a k-constellation M is M-
connected, if A is the partition obtained by reordering the sizes of the connected
components of M. We say that a k-constellation M has labelled connected com-
ponents, if each connected component is rooted, and the connected components of
the same size are labelled, i.e. for r > 1 if M has j connected components of size
r, they are labelled with {1,...,5}. For all partitions \,n,u°,....u " = n > 1,
we denote h)‘ u’“ the number of labelled orientable n-connected k-constellations

with proﬁle ()\ u O ..., uk). Finally, we say that a k-constellation has partial profile
A 0, ..., uFL, @) if dts profile is given by (A, 1O, ..., u*=t, u*) for some partition u*.
THEOREM 6.11. For all A\, u°, ..., u* =n > 1, the top degree [b%]c? Ot

the number of p*-connected orientable k-constellations with labelled faces with partial
profile (A, u°, ... u*=1 o), and where dy == d,(\, u°, ..., u¥).

x s equal to

Proof. From equations (5) and (6) and by developing the exponential in Equation (2),
we obtain

(b)

A
ok 1 Uy ety
. S D

r>1 (n;) A )’“(L)’ 7#( )) 1<igr

where the second sum is taken over r-tuples of positive integers which sum to r, and

the third sum is taken over r-tuples (\(;), ub), .. ,u(l))1<l<r such that 1<U< AG) = A,
U u =, forall j € [0,k] and n; = [A| = \,u{i)|, foralli € [1,r] and j € [0, k].

1<igr

The last equality can be rewritten as follows

(1+b)*C)= h)\(”

k
S IED DD DI || ot
r! n;

rzl (ni) (A )M(l), 7M( o) ISiST

(0)

But from Theorem 6.6 we know that for all 4, hiﬁ,“ . (b) is a polynomial in b and
ORI

14 b) O =1 O b
( ) A OTRRA0) ©)

deg - ; <kni+1-— Z E(u{i))gknif Z E(/L{i)).

0<j<k 0<j<k—1
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Taking the product over i, it gives us

s
14+ p)fC@)-tpte
g O bty

b)
1 )
dex | 35 11 e S )=

T1<igr 0<j<k—1

To have equality in the last line, we should have E(,ul(“i)) =1 for all ¢ € [r]. In other
words, ;ﬂ(“i) = [n;] (and hence r should be equal to £(1*)). Therefore, one has
A
c :
(35) (o)L
2
(1+ b)e(A(i))—lh/\éi)

_ 1 d sy ooty o [na)
- g(uk ! Z [b™] H n;

YA L)

D1
(14 b)!Aa)=1p O

1 _ 10, sty o]
= 0(uk)! Z H [b%] n S ’

CYON AN SR ESAN (T

where the sums run over £(u*)-tuples ()\(i),/l?i)7...,ni)lgigg(#k) such that

(ni)i<i<e(ur) is a reordering of b, U A = Aand U M{i) = for all
1<i<r ' 1<<r

J € [0,k — 1], and where d;y = kn; — > 6(;%.)). From Corollary 6.8, we know
0<j<k—1

that

de; L) =17 A0 _ A
(36) [b ( )] (1 + b) @ hu((’i),...,,ul(“ijl,[ni](b) - Z h;t‘()i),...,uzjl,n(i)
neyEni
Hence

Ai)

A w1 (0)
Co k 1 [N T TE0
Pk ik 0ot
[6%] g(uk)l Z H n;

2\ : )
(GYD) )N?i)v”')ll’)(ci;l)n(i)) L<ie(pk)

On the other hand, from Theorem 1.3 we know that h:g” .
Ciyrre sty M)

number of rooted connected orientable k-constellations. Then for all partitions

k—1

(0) is the

h>\(7:) . 0 ’HA(i%[ni] .
N?i)v--#dlﬂ?(i) _ 'U'?i) """ “(51*’7(1')
n; TLZ' ’
where h g”’[" } et is the quantity defined in Definition 6.10. Hence, Equation (35)

[T AR T T
can be rewritten as follows
k

di] A TAu
[b k]cu”,wuk _hu",...uk*%o
2\ n! '

k

Finally, we multiply Eig" ikl by 2% to pass from labelled constellations to face-

labelled constellations. O

We now deduce from Theorem 6.11 an analogous theorem for the bound
d_1(\ 0, ... pb).
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THEOREM 6.12. For A\, u°, ..., u* Fn > 1, the top degree term [b%- ]C#O L 18 equal

.....

to the number of A-connected orientable k-constellation with labelled connected com-
ponents and partial profile (¥, p°, ... p*=1 @), where d_y ==d_1(\, %, ..., u¥).
Proof. From Equation (33), we know that

[bdfl]c* — 27)‘[bdk(uk,MO,---vu"“’lw\)]cuk

HO, ..k KO, A
Zﬂk e

We apply Theorem 6.11 and multiply by z) to choose the labels of the connected
components and we divide by z,» to forget the labels of the faces, which concludes
the proof. O

APPENDIX A. SKETCH OF THE PROOF OF PROPOSITION 6.4

In this appendix, we give the key steps of the proof of Proposition 6.4. The same
proof given in [28] for k = 1 still works in the general case. But we prefer here for
completeness to use the multiplicativity property of Proposition 6.1 to extend some
key steps of this proof to the case k > 1. We start by introducing some definitions
and results due to La Croix [28].

DEFINITION A.1 ([28]). Let g > 0. We denote by Z, the set of rational functions in b
with coefficients in Q, satisfying the following functional equation:

Fb—1) = (-b)7f ( - 1)
We have the following multiplicativity property (see [28, Lemma 5.6]).
LEMMA A.2 ([28]). Let g1,92 = 0, and let fi € 4, and fo € Zg,, then fifs € Eg,4q,-
La Croix has proved the following lemma [28, Lemma 5.7].
LEMMA A.3 ([28]). Let f be a polynomial in b with coefficients in Q. Then f € 24 if
and only if f is of the form
f= Y ab*(1+b),
0<i< [ 4]
where a; € Q.
On the other hand, we have the following lemma.

LEMMA A 4. For every k,n > 1, and for every partitions \, u°, ..., u* = n, we have
that CHO .k € g, where g = kn O = L(pC) ... — b(u").

Proof. We start by the case k = 1. La Croix has proved that W € Zg_2e(n)

(see [28, Lemma 5.14]). On the other hand, it is easy to see that zy(1+b)**) € Zypy).
Using Lemma A.2, we obtain that C;\LO,;LI €5,

Using the multiplicativity property (see Proposition 6.1) and Lemma A.2, we de-
duce the lemma for k& > 1. d

We now deduce Proposition 6.4:

Proof of Proposition 6.4. The proposition is a straight consequence of the polynomi-
ality of the coefficients cf;o ok (see Theorem 6.3) and Lemmas A.4 and A.3. O

PROPOSITION A.5. For partitions \, u°, ..., 1", we have hzﬂw’uk € &y, where g =
k42— (0) +0(u°) + -+ £(pk)).

Proof. The proposition is obtained by induction on n, using Equation (34), and Lem-
mas A.4 and A.2. O
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APPENDIX B. SKETCH OF THE PROOF OF THEOREM 6.6

In [12], Dolega and Féray have deduced the polynomiality of the coefficients hl’),y inb
using the polynomiality of CZ\W proved in [11]. The same proof can be used to obtain
the polynomiality of h/);“,..-,u’“' We give here the key steps of this proof.

NoTATION B.1. We recall that « is the Jack parameter related to the parameter b by
a =b+ 1. Let R be a field. We denote by R(«) the field of rational functions in o
with coefficients in R. For f € R(«) and an integer m, we write f = O(a™) if the
rational function o~ - f has no pole at 0.

Let A',...,\" be a family of partitions. We denote by @1<i§r A\ its entry-wise

sum defined by (@1<i<r )\Z)J = Zlgigr )\;a for eVQYYj P 1.

DEFINITION B.2. Let F be a function on Young diagrams, and let \*,\2,... A" be a
family of r partitions. We define its partial cumulants 1, (A1, ..., \") inductively by
F (@ x’) = Y JIss0h.an,

teH meP(H) BE™

for every subset H of [r]|, where P(H) denotes the set of set partitions of H.

DEFINITION B.3 ([12]). We say that a function F on Young diagrams has the small
cumulant property if for every Young diagrams \',... A" and every subset H of [r]
of size at least 2, we have

rp(M\L A = | [T FOY) | o).
i€[r]

We now give some key results due to Dolega and Féray.
THEOREM B.4 ([12]). The following functions have the small cumulant property:

e the function A — Jia)(p), where p is a fized alphabet.
o the function A — j/(\a)/ (@ TT; mi(N)!), where X' denotes the conjugate par-
tition of A and m;(\') is the number of parts equal to i in X\ .

ProprosITION B.5 ([12]). If Fy and Fy have the small cumulant property and take
non-zero values then this is also the case for Fy - Fy and Fy/F5.

We deduce from the two previous propositions that the function
o [T, mi(\)!
i

has the small cumulant property.

We consider an alphabet of infinite variables ¢ = (¢1,to, . ..). We recall the notation
ty =1, -t - In the following we denote for a family of partitions AL, A7, the

cumulant nﬂ]] (AL, .., \T) by k(AL AT,

A Ja@) (@) ... Ix(@™®)

LEMMA B.6 ([12]). For every function F on Young diagrams,

F(\) 1 oo .
logXA: aM H1 mi(\)! bty = Z rlar Z rE( T )tjl R

21 (1)

We now prove Theorem 6.6.
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Proof of Theorem 6.6. Using Equation (34) and Theorem 6.3 we inductively prove
that for all partitions X, u%,...,u* F n > 1 the coefficient h;\LO ok is a rational
function in « with only possible pole at &« = 0. Hence, to obtain the bolynomiahty of
these coefficients in « (or equivalently in b), it is enough to show that the function

\Ill()k), defined in Equation (2), is O(1). To this end, we write

k PO
B, ) =g 3 O,
) i M AT

where

o TT. m; (V)
Py = CALmO 7 )7, 4@) . n@®).
Ix

We now use Lemma B.6 with the function F' and ¢ = (¢,¢,...). Since F' has the small
cumulant property, and for every partition A the quantity

oM [T, mi(W)!

L (513 @®)... (e

Ix

has no pole at 0 (see [32, Proposition 7.6] and [32, Theorem 5.8]), we deduce that
&E( 1) =0(a" Y,

for every positive integers (ji, ..., j,). This finishes the proof of the polynomiality. To
obtain the bound on the degree we use Proposition A.5 and Lemma A.3. g
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