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Enumeration of maps with tight boundaries
and the Zhukovsky transformation

Jérémie Bouttier, Emmanuel Guitter, and Grégory Miermont

Abstract. We consider maps with tight boundaries, i.e., maps whose boundaries have minimal

length in their homotopy class, and discuss the properties of their generating functions Tg(f ) o

for fixed genus g and prescribed boundary lengths £, ..., £,, with a control on the degrees of
inner faces. We find that these series appear as coefficients in the expansion of wﬁ,g ) (z1,..-,2zn),
a fundamental quantity in the Eynard—Orantin theory of topological recursion, thereby provid-
ing a combinatorial interpretation of the Zhukovsky transformation used in this context. This
interpretation results from the so-called trumpet decomposition of maps with arbitrary bound-
aries. In the planar bipartite case, we obtain a fully explicit formula for Tz(gz 2¢, from the

g)
Loeees

adding an extra tight boundary, keeping the genus g fixed. Building on a result of Norbury and
Scott, we show that Te(g ) ¢, 18 equal to a parity-dependent quasi-polynomial in 2, ... ,E%
Toaeees n

times a simple power of the basic generating function R. In passing, we provide a bijective

Collet—Fusy formula. We also find recursion relations satisfied by Te( ¢,,» Which consist in

derivation in the case (g,n) = (0, 3), generalizing a recent construction of ours to the non-
bipartite case.

1. Introduction

1.1. Context and motivations

We pursue our investigation, started in [5, 6], of the enumerative properties of maps
with tight boundaries. In this episode, we add a new twist to the story, by making an
unexpected connection with the theory of topological recursion [12, 13]. In particular,
we find a combinatorial interpretation of the Zhukovsky transformation, which was
so far used as an analytical tool in this theory.

Let us first recall some context. The enumeration of maps (graphs embedded in
surfaces) is a venerable topic in combinatorics, initiated by Tutte in his famous series
of “Census” papers, see [22] and references therein. Accounts of further developments
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may be found, for instance, in [15,20]. A fertile connection with random matrices was
made in [7], and it is essentially its ramifications, motivated by the study of 2D quan-
tum gravity—see, e.g., [2, 11, 24] for overviews—that led to topological recursion.

In the paper [5], we found a surprisingly simple formula for the generating func-
tion of planar bipartite maps with three tight boundaries (as we will explain in more
detail below, a boundary is said tight if it has minimal length in its homotopy class).
The tightness property seems to play a role, as without it the corresponding generating
function becomes slightly more involved [10]. One may, therefore, wonder whether a
similar phenomenon occurs for maps of other topologies (higher genus, more bound-
aries).

This question was already explored in the limit case of tight maps. Colloquially
speaking, a tight map is a map in which every face is seen as a boundary, and is forced
to be tight. The counting of tight maps was actually investigated first by Norbury [17],
as tight maps are nothing but fatgraphs describing lattice points in the moduli space of
curves. A remarkable quasi-polynomiality phenomenon occurs in this problem: if we

denote by Ng (b1, ..., b,) the number of tight maps of genus g with n boundaries
of lengths by, ..., b,, then Norbury showed that it is a quasi-polynomial of degree
3g —3+ninb?, ..., b2 depending on the parities, and we gave in [6] a bijective

construction of these quasi-polynomials in the planar case g = 0.

In a further paper [18], Norbury and Scott observed that the quasi-polynomiality
phenomenon can be related to a specific feature in topological recursion, namely, that
the “x” meromorphic function attached to the “spectral curve” takes the particular
form

x(2)i=a+yiz+z7h. €]

This form is nothing but the so-called Zhukovsky transformation [25]. The case of
tight maps corresponds to taking the second “y” function equal to the Zhukovsky
variable z, but Norbury and Scott showed that the quasi-polynomiality subsists when
y is modified.

In this paper, we relate the observation of Norbury and Scott to the enumeration of
maps with tight boundaries. At the combinatorial level, the Zhukovsky transformation
z + x(z) corresponds to a substitution, namely, we find that it translates the natural
idea of transforming a map with tight boundaries into a map with arbitrary boundaries
by gluing a “trumpet” onto each boundary (see Figure 2 below for an illustration). By
a trumpet we mean a planar map with two boundaries, one of them being tight while
the other is arbitrary. We use the term by analogy with [19], where a similar notion is
introduced in the context of hyperbolic geometry. The coefficients o and y appearing
in (1) are related to the “basic” generating functions R and S defined in the next
sectionby @ = S and y = R'/2,
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By this approach, we deduce the interesting property that the generating function
Tz(lg ) » of maps of genus g and n tight boundaries of lengths ¢1, ..., ¢, has the
general form

() _ (& Ly +-+L
Ty = % otn? !

with Te(f) ¢, & quasi-polynomial of degree 3g — 3 + n in £2, ... ,K,zl depending on

the parities, and y = R1/2 a5 before. In particular, in the planar bipartite case, we will
derive a fully explicit expression for Tz(g?,.,.,z ¢, from the Collet-Fusy formula [10].
Let us conclude this section by mentioning the recent paper [9], which introduces
the notion of tight boundaries in the context of hyperbolic geometry and makes the
connection with the so-called JT gravity [19]. A very similar polynomiality phe-
nomenon occurs therein, which makes us believe that we are looking at the same

reality from different angles.

1.2. Basic definitions
Let us now introduce precisely the main definitions and conventions used in this paper.

Combinatorial notions: Maps with boundaries and their automorphisms. For g
a nonnegative integer, a map of genus g is a cellular embedding of a finite connected
multigraph into the closed orientable surface of genus g, considered up to orientation-
preserving homeomorphism. By cellular embedding we mean that the graph (which
consists of vertices and edges) is drawn on the surface without edge crossings, and that
the connected components of the complement of the graph, called faces, are homeo-
morphic to open disks. A map of genus zero is said planar.

A map with boundaries is a map in which we mark some faces and vertices and
call them boundaries. We will use the terms boundary-face and boundary-vertex when
we want to specify the type of a boundary. A face which is not a boundary is called
an inner face. The length of a boundary is by definition equal to its degree (number of
incident edge sides) for a boundary-face, and to O for a boundary-vertex. A boundary-
face is said rooted if one of its incident corners is marked. A boundary-vertex cannot
be rooted.

An automorphism of a map with boundaries is a graph isomorphism that also
preserves the map structure, in the following sense.

* The images of the edges pointing away from a given vertex, listed cyclically in
clockwise order, are the edges pointing away from the image vertex, also in cyclic
clockwise order. In particular, the graph isomorphism also induces a bijection of
the set of faces onto itself, respecting the incidence relations with vertices and
edges.
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Figure 1. A toric map, with three distinguished boundary-faces of degree 6, admitting an auto-
morphism group of order 3. There are only 2 rooted maps resulting from marking one of the 6
corners incident to the cyan face, and we must account for this fact by weighing this map by the
inverse automorphism group order factor 1/3.

* The marked elements, i.e., the (possibly rooted) boundary-faces and boundary-
vertices, are preserved.

The automorphisms of a given map with boundaries form a group, which is often
reduced to the identity element. For instance, this holds for a rooted map of any
genus, or for a planar map possessing at least three distinguished boundaries. Con-
trary to the former situation, the latter is not true in higher genera: Figure | provides
a counterexample in genus 1.

Topological notions: Boundaries and homotopy. We think of boundaries as repre-
senting holes in the surface. Precisely, we create a puncture inside each boundary-face,
while we draw a small circle around each boundary-vertex: the interior of the cir-
cle is removed but the edges incident to the vertex remain connected by the circle.
See [5, Figure 2] for an illustration.

Given a map, possibly with boundaries, a path is a sequence of consecutive edges.
It defines a curve on the underlying surface provided that, if the path visits a boundary-
vertex, we choose a direction for “circumventing” the corresponding puncture in the
surface. A path will always be assumed to contain this data in the following. A path
is said closed if it starts and ends at the same vertex. A path is said simple if it does
not visit the same vertex twice (except at its endpoints for a simple closed path). The
contour of a face is the closed path formed by its incident edges. Two closed paths
on the map are said (freely) homotopic to one another if their corresponding curves
can be continuously deformed into one another on the punctured surface. A closed
path is said homotopic to a boundary if, on the underlying surface of the map, the
curve associated with the path can be contracted onto the puncture associated with
the boundary. A boundary-face is said tight (resp., strictly tight) if its degree is not
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larger (resp., is strictly smaller) than the number of edges of any other closed path
homotopic to it. A boundary-vertex is considered as (strictly) tight by convention.

Generating functions. Let 7,1, f5, 3, ... be a collection of formal variables. We
attach a weight ¢ to each vertex which is not a boundary, and a weight #; to each
inner face of degree i, i = 1,2, 3, .... The global weight of a map is the product of
the weights of all its (non-boundary-) vertices and faces, multiplied by the inverse
of the order of the automorphism group of the map. This last factor yields better
combinatorial properties for the corresponding generating functions, see the caption
of Figure 1 for a quick explanation.

We now introduce two important quantities denoted by R and S, which are formal
power series inf,1,%,13,. ... The first one R is the generating function of planar maps
with two distinguished boundaries of length 1. The second one S is that of planar
maps with two boundaries, one of length 1 and the other of length 0. It is known' that,
as formal power series, R and S are determined by the following equations:

R:t—{—Zli[Z_l](Z-l—S—f';) )

i>1

i1 )
R
S=Y t[2° -] .
_Z iz ](Z+S+ Z)
i>1
A simplification occurs in the essentially bipartite case t; = t3 = t5 = -+ = 0, which

corresponds to imposing that every inner face has even degree. Indeed, we then have
S = 0 and R satisfies the single equation

2j—1 :
R=t+ Yo (Ve @
iz /

In this case, R can also be understood as the generating function of bipartite planar
maps with two unrooted boundaries, one of length 2 and the other of length 0.

1.3. Outline

The remainder of this paper is organized as follows. Section 2 is devoted to the trum-
pet decomposition which relates maps with arbitrary boundaries to maps with tight
boundaries. We first describe in Section 2.1 the bijection for maps with boundary-
faces only, before analyzing its enumerative consequences in Section 2.2. The case

ISee, for instance, [3] for a proof in the dual language. Beware that ¢ is a weight per edge
in this reference, one has to set #; = t g; to match the notations.
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of maps having also boundary-vertices is discussed in Section 2.3. In Section 2.4, we
derive from the Collet—Fusy formula an explicit expression for the generating func-
tion of planar bipartite maps with tight boundaries. Section 3 is devoted to recursion
relations satisfied by the generating functions of maps with tight boundaries. These
recursion relations consist in adding an extra tight boundary, preserving the genus.
We first discuss in Section 3.1 the addition of a boundary-vertex, and then that of a
boundary-face in Section 3.2. In Section 3.3, we check that the explicit expression
for planar bipartite maps found in Section 2.4 satisfies these recursion relations. Sec-
tion 4 is devoted to the quasi-polynomiality phenomenon: we first consider maps with
boundary-faces only in Section 4.1, revisiting the result of Norbury and Scott. We
then treat the case of maps having also boundary-vertices in Section 4.2: the proof is
by induction on the number of boundaries, using the recursion relations of Section 3
for the induction step and results from topological recursion for the initialization. For
the sake of clarity, we begin with the case of maps with even face degrees. The exten-
sion to the general case follows the same strategy but requires extra technical steps
which are offloaded to the appendices. Concluding remarks are gathered in Section 5.
Additional material is contained in the appendices: Appendix A generalizes the for-
mula of [5] for the generating function of planar maps with three tight boundaries
(i.e., “tight pair of pants”) to the non-bipartite case. Appendices B and C contain
the proof of the induction step and the initialization step, respectively, for the quasi-
polynomiality phenomenon. Appendix D gives a combinatorial expression for the
derivatives of inverse functions of several variables, used in Appendix C.

2. The trumpet decomposition

In this section, we discuss a bijective decomposition of a map with boundaries into
a map with tight boundaries and a collection of annular maps with one strictly tight
boundary (a trumpet). This generalizes [5, Proposition 6.5], which dealt with planar
maps with three boundaries, to arbitrary genera and number of boundaries.

2.1. The decomposition theorem

Let us introduce some notation. A trumpet is a map M of genus 0 with two boundary-
faces f, F, such that the boundary-face F is rooted, and such that the boundary-
face f, called the mouthpiece, is unrooted and strictly tight. Recall from Section 1.2
that this means that the contour of f is the unique closed path of minimal length
among all closed paths of M that are (freely) homotopic to f. By considering a
leftmost geodesic from the root corner of the face F' aimed towards the face f, we
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Figure 2. An illustration of the decomposition of a map of genus 3 with three external faces
into a map with tight boundaries and with the same topology and a brassband of three trumpets.
We emphasize in this picture that while the mouthpieces of the trumpets always have simple

boundaries by Lemma 2.1, the (tight) external faces of the central map need not have simple
boundaries.

may canonically distinguish one corner incident to f. We state the following simple
but crucial fact.

Lemma 2.1. The contour of the boundary of the mouthpiece of a trumpet is simple.

This lemma is a consequence of the fact that the trumpet M is drawn on a topo-
logical cylinder, and is characteristic of this topology: as can be seen, for example, in
Figure 2, tight faces need not have simple boundaries in maps of arbitrary topology
(precisely, of negative Euler characteristic y = 2 — 2g — n, where g is the genus and
n is the number of boundaries).

Proof. We may assume that the trumpet M is embedded in the plane, with the punc-
ture of the mouthpiece f set at point 0, and the puncture of the rooted face F sent to
infinity. We let D be the unit open disk in R? and S! = 9D be the unit circle.

The contour of f is a closed path, which we orient arbitrarily and denote by c.
Plainly, it admits a simple closed subpath ¢’ not reduced to a single vertex, and we
aim at showing that ¢’ = ¢. By the Jordan—Schoenflies theorem, ¢’ cuts the plane into
two domains D (bounded) and R? \ D (unbounded), and moreover, ¢’ viewed as a
continuous injective mapping S' — Im(c’) can be extended into a homeomorphism
h : R? — R? sending D to D. If 0 does not belong to D, it follows ¢’ is homotopic
to the trivial path in the punctured plane R? \ {0}, so that ¢ is homotopic to a strictly
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shorter path, contradicting the tightness assumption of f. Therefore, it must be that
0 € D, so that ¢’ is homotopic to S! and therefore generates the fundamental group
w1 (R?\ {0}) ~ Z. Since c, being the contour of the face f that contains 0, is also a
generator, this implies that ¢’ is either homotopic to ¢ or to its reversed path. But the
tightness of f shows that the length of ¢’ is at least that of ¢, and the only possibility
is that ¢’ is equal to c. [

0
v Jn 0

Next, let My be a map of genus g with n tight rooted boundary-faces flo, ..
and let M;,1 <i < n be a sequence of trumpets (a brassband), with respective
boundary-faces f;, F;, where f; denotes the mouthpiece. We assume that the length
of f; and the length of £, are equal for 1 <i < n.

For every i € {l,...,n}, we orient the contour of the faces fio, fi in such a
way that fi0 lies to the right, and f; lies to the left of their oriented contours. Then,
since the boundary of f; is a simple closed path, and since f;, fio have the same
length, one may identify these boundaries, in such a way that the root of in and
the distinguished corner of f; (obtained from the root of F; as explained above) are
matched, by gluing edges sequentially as they appear in contour order, for our choice
of orientation. This results in a map M = &(My, My,..., M,) with genus g and with
the n rooted boundary faces Fi, ..., Fy inherited from My, ..., M,.

Theorem 2.2 (Trumpet decomposition of maps). Let g, n be integers such that g > 0,
n>1,and (g,n)#(0,1) or equivalently y=2—2g —n <0, andlet L1,41,..., Ly, 4y
be fixed positive integers. Then, the mapping ® is a bijection between

* sequences (Mo, My, ..., My), where My is a map of genus g with n rooted tight
boundaries of lengths £;,1 <i <n and for 1 <i <n, M; is a trumpet with
mouthpiece length {; and whose other external face has length L; and

*  maps M of genus g with n rooted boundaries Fy, ..., F, of lengths L1, ..., Ly,
and such that for 1 <i < n, the minimal length of a closed path homotopic to F;
is equal to £;.

This result is illustrated in Figure 2. As already mentioned above, this is a gen-
eralization of [5, Proposition 6.5]. The main difficulty comes from constructing the
reverse mapping ®~!(M), where M is a map of genus g with n boundary-faces
Fi, ..., F,. This consists in considering, for i € {1,2,...,n}, the set ‘C’gizl(M) of
closed paths in M that are homotopic to F;, and that have minimal possible length,
and to define an order <) that makes ‘Crgizl (M) alattice. In words, we have ¢ <@ ¢’ if
¢ is closer to F; than ¢’, although this description requires some interpretation, which
is done in [5] by working in the universal cover of M. Since Egil(M ) is clearly a
finite set, this implies that there is a smallest element ¢’ in ‘(frff& (M), that we call
the outermost minimal closed path homotopic to F;. Cutting along these outermost
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closed paths, forevery i € {1,...,n}, produces n trumpets My, ..., M, and a remain-
ing map M, with n tight boundaries flo, el fno, whose lengths match with those of
the corresponding mouthpieces.

We will not repeat the detailed argument here and refer the interested reader to [5,
Section 6.1].

2.2. Enumerative consequences

Theorem 2.2 admits the following immediate corollary in terms of generating func-
tions (recall that we attach a weight ¢ to each vertex which is not a boundary, and a
weight #; to each inner face of degree i,i = 1,2,3,...).

Corollary 2.3. For g > 0and L+, ..., L, positive integers (n > 1), let us denote by
F IE‘? ) Ln the generating function of maps of genus g with n rooted boundary-faces

.....

boundaries are tight’. Then, for (g,n) # (0, 1) or equivalently y =2 —2g —n <0,
we have

(&) _ 7(g)
FL],...,Ln - Z ALl’zl H.AL”’K” Tel,...,en’ (4)
Lyyedn>1

where Ar g is the generating function of trumpets with rooted boundary of length

L and mouthpiece of length £, where the vertices incident to the mouthpiece do not
receive a weight t.

Note that, by their very definition, F L(é; ) 1, and fL(f )

of Ly, ..., L,. The usefulness of the statement above comes from the fact that Az ¢

1, are symmetric functions

.....

admits an explicit expression.

Proposition 2.4 ([4, Section 9.3]). For any two positive integers L, £, we have

L
Apg = [Zﬁ](z LS+ g) . 5)

Note that the notation from [4] differs from that of the present paper: precisely,
Proposition 2.4 is implied by formula (9.18) in this reference, in the case d = 0,
d’ = £ and n = L. The right-hand side of (5) is then nothing but the three-step path
generating function Py(L; R©® g (0)), beware that the variable z used here does not
have the same meaning as in [4].

By convention, we use a hat symbol to indicate that the boundaries are rooted. Later on,
)

we will consider the hatless generating function TL(’I)
see (11).

1. » Where the boundaries are unrooted,
n
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Let us now introduce the “grand” generating function

A
(g) - Lol
W,8 (x1,...,x,) := Z ITiFT Ll (6)
Li,..Lp>1"1 T Xn
which is a formal power series in x]!, ..., x, ! (n > 1). Then, following [12, Defini-

tion 3.3.1, p. 87], we define for (g,n) # (0, 1), (0,2)°, or equivalently y = 2 — 2g —
n < 0, the quantity

021, zn) 1= WE (x(21), .., X(20))X (1) - X (2n),

where
x(z) =Rz +zYH+S
is precisely the Zhukovsky transformation discussed in Section 1.1.

(g) (g)

Theorem 2.5 (Combinatorial interpretation of w,>’). The series @y’ (z1,...,2y) IS
a well-defined power series in Zl_l, A Zn_l of the form
:E(g)
(g) . L1yeedn
@, (2155 Zn) = Z 0 +1 ly+1" Q)
01yln>1 21 Tt Zn

Its coefficients are related to the generating functions of maps with rooted tight bound-

aries by
7 — 728 pli+-tln)/2 (8)

£1yerln £1beln
Proof. Observe that
_1 z71 771 Sz72
R1/2 4 §z—1 4 R1/2;—2 — RI1/2 R

can be seen as a formal power series in z~! without constant coefficient, so that for
any L, x'(z)/x(z)L+! is a series containing only powers of z~! larger than or equal
to L + 1. This shows that

!/ /
(®) _ (g) x'(z1) x'(zp)
0,821, 2n) = Z L Lit1 Lo+l ©)
Li,Ln>1 1 x(z)™ X (zn)"
is a well-defined power series in 21_1, ey Zy 1 of the form (7): the only terms of (9)

~(g)

contributing to the coefficient 7, Thl gt

¢ of z, ez are those with 1 < L; </¥;,

.....

forall:.

3Some conventional terms have to be added in these cases.
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Now, we claim that, for any formal Laurent series F(x) in x~!, we have the
identity [x '] F(x) = [z7']F(x(2))x'(2). Indeed, by linearity it suffices to check this
identity for F(x) = x*, k € Z: both sides are equal to 1 for k = —1, and vanish for
k # —1 (since x(2)*x/(z) = j—z% and a derivative contains no monomial in
z~1). Applying the identity for each variable of the multivariate formal Laurent series

lel .. .xé’" Wn(g)(XI, ey Xn), we obtain
_ —17.L
FE o, = bt e WO (e x)
= [zl_1 ~-~zn_1]x(21)L‘ ---x(zn)L”a),gg)(Zl, ceevZn)
L L Ln Ly\2>

= Z (71x(z)" ") -+ ([zp]x (zn) )ngi)...,en
£1,lpn>1

= D ALy AL ROTTHWOPED
£1,lpn>1

where Ar ¢ is as in (5). Comparing with (4), and noting that the matrix (Az ¢)r ¢>1
is unitriangular, hence invertible, we get equality (8), as desired. |

Remark 2.6. As we have x(z) = x(z7!) and x'(z) = —x/(z71)/z2, we may alter-

natively view w,(,g) (z1,...,zn) as a formal power series in z1, .. ., z, with expansion

(21, oz = (D)"Y TE RG2St ()

]:~--a€n
l1,eln>1

As we will see below, a),gg)(zl, ..., Zy) is actually a rational function of zy, ..., z,,
and (7) and (10) are two different expansions of it (at infinity and at zero, respectively).

2.3. Allowing boundary-vertices

Theorem 2.2 deals with the case where all boundaries of the maps at hand are faces.
There is a more general statement that also deals with both boundary-faces and bound-
ary-vertices. Let M, be a map of genus g with n = m + s distinguished tight bound-
aries, the first m of which are rooted faces flo, e mO, the remaining s being vertices,
for some m, s > 0. Let M;,1 <i < m be a brassband with respective boundary-faces
fi» F;, where f; denotes the mouthpiece. We assume that the lengths of f; and of f;°
are equal for 1 <i <m. We let M = &(My, M4, ..., M,,) be the map obtained as
above by identifying the boundaries of f; and f;° for 1 <i < m. Then, the map M
has m rooted boundary-faces and s boundary-vertices, inherited from M.

Theorem 2.7. Let g, m, s be nonnegative integers such that n = m + s > 1 and
x=2—-2g—n<0. Let L1,41,..., Ly, Ly be fixed positive integers. Then, the
mapping ® is a bijection between

o sequences (Mo, M1, ..., My,), where My is a map of genus g with n distinguished
tight boundaries, the first m of which are rooted boundary-faces of lengths {;,



J. Bouttier, E. Guitter, and G. Miermont 786

1 <i < m, the remaining s being boundary-vertices, and for 1 <i < m, M; is
a trumpet with mouthpiece length {; and whose other external face has length L;
and

* maps M of genus g with n distinguished boundaries, the first m of which are
rooted boundary-faces Fy, ..., F,, of lengths L1, ..., L,,, the remaining s being
boundary-vertices, and such that for 1 <i < m, the minimal length of a closed
path homotopic to F; is equal to {;.

The justification for this statement is exactly the same as for Theorem 2.2. The
inverse bijection consists in cutting the map M along the outermost minimal closed
paths that are homotopic to the boundary-faces, considering both boundary-faces
and boundary-vertices as punctures. In particular, the boundary-vertices are never
included in the trumpets M1, ..., My, that are cut away.

We now consider the enumerative consequences of Theorem 2.7. In order to put
boundary-faces and boundary-vertices on a same footing, we denote by Tz(lg, ) ¢, the
generating function of maps of genus g with n unrooted tight boundaries of lengths

£1,...,4,. As the generating function fe(f ) 0 considered above, it is symmetric in
£1,..., 4, and these two quantities are related by
7(g) _ (€9
Toyity = b1ty 4, (11)

as there are £; - -- £, ways to root the boundaries, up to the symmetry factor corre-
sponding to the inverse of the automorphism group order. In particular, there are
zero ways if one £; vanishes: as said in Section 1.2, a boundary-vertex cannot be
rooted. Thus, Te(lg, ) 0 contains a priori more information than Tz(lg, )
for given integers m, s > 0 not both equal to 0, and positive integers {1, ..., ¢, the
generating function of maps with m rooted tight boundary-faces of lengths £1, ...,

, with 5 zero indices.

0" In particular,

and with s boundary-vertices is given by ({1 - - m)T(g ) 0,0
With this remark at hand, we can now state the generatmg function counterpart to
Theorem 2.7 as follows.

Corollary 2.8. Let g, m, s be nonnegative integers such thatn = m + s > 1 and
x=2—2g—n=<0.Let Ly,..., Ly, be fixed positive integers. Then, we have

(g)
asFLl, wLm . (g)
s Yo Ar At G )T e (12)
51,--.,€m21

therefore can have nontr1V1al automorphism groups. This is why we have to weigh them by the
inverse of the automorphism group order, as discussed in the introduction.
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where there are s indices equal to O in the last term, and where we reuse the notations
from Corollary 2.3. For m = 0, the relation reads

PF@® B T(g)
95 10,00

with s indices equal to 0, and where F @) is the generating function of maps of genus
g without boundaries.

For g, m, s as above, we introduce the following generalization of the grand gen-
erating function (6):
93 F(g )

1
(2) L Z Li,...Ln .
Wanss (X1 Xm) 1= 91s Li+1 L+l

L1y.sLm X1 Xm

S
= er’Sg)(XI, o e ,xm),

and, assuming further that y < 0, the quantity
(g) (Zlv ey Zm) = Wn(’fé?(x(zl)’ ey X(Zm))x/(zl) o 'x/(Zm)-

For m = 0, we have a)(g) WO(‘S;) 35 F(®) /915 Corollary 2.8 admits the following
consequence, analogous to Theorem 2.5, whose proof is adapted from the latter in a
straightforward way.

Theorem 2.9. For integers {1, ...,L,, define

(&) (&) —(++Ln)/2

Uyt Tty B (13)
with Tz(i?“, 0 the generating function of maps with unrooted tight boundaries defined
above. Then, we have the expansion

()

o) (2 ) = Z o bt 0.0

Lyeeesim) = £1+1 Cin+1 ’
Oedm=1 21 ' ZIm

where there are s trailing zeros in the indices of T®). For m = 0, we have a)(g) =

() (g)
ro"g,O—Tg

Theorems 2.5 and 2.9 provide combinatorial interpretations for the coefficients of

(g) (g)

and wy, s in terms of generating series of maps with tight boundaries. However,

they do not prov1de any information about the structural properties of r(g ) . This
is the goal of the upcoming Section 4, where we will see that, for 2 — 25; ; n <0,
these are quasi-polynomials in the variables {1, ..., ¢,, and that ‘E(g 0,0 (with s
zero indices) indeed corresponds to the evaluatlon of this quasi- polynomial function

of n = m + s variables when the last s ones are set to 0.
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Remark 2.10. The case (g,n) = (0, 2) is special, since we have for £; > 0

o) _ 851,52

T = 4

© _ R8¢ (14)
L1y 2y ’

7(0) L
Tgl,éz = KIR 1841,527

which are not quasi-polynomials in £;, £,. Indeed, it is clear that these quantities
vanish for £; # £,, and we get

0 _ pt
ElT(Ml = R"!

by taking d = 0,n = d’ = £, in [4, equation (9.19)].

2.4. A formula for the series of planar bipartite maps with tight boundaries

In this section, we give an explicit expression for the generating function TK(IO’)M 0 of
planar maps with n unrooted tight boundaries of lengths ¢4, ..., £,, in the bipartite
case where the £; are even and where the weights 71, t3, ts, . . . for inner faces of odd
degrees are set to zero. To emphasize this latter restriction we will use the notation
lbip in the following equations. Recall that the basic generating function R is here
determined by (3).

Our input is the Collet—Fusy formula [10, Theorem 1.1] for the generating func-
tion of planar bipartite maps with n rooted, not necessarily tight, boundaries of pre-
scribed lengths. In our present notations, it reads

n n—2
(0) __Li-La 2L\ @ Lyi4++Ly
F2L1 ..... 2Ly Ibip — Li+-+L, 1_[1( L; atn—zR (15)
1=
for any n > 1 and positive integers L1, ..., L,. Note that the formula makes sense
for n = 1, upon understanding that aat;_ll means integrating over t. Forn = 2, itis a

simple exercise to check that the formula is consistent with Corollary 2.3 and (14).
We concentrate on the case n > 3 from now on.
We will deduce from the Collet-Fusy formula an expression for TZ(Z? 20 |bip»

using Corollary 2.8. Interestingly, our expression involves a certain family of poly-
nomials that we encountered previously in [6]. Namely, for any integers £ > 0 and

n > 1, let us consider the multivariate polynomial in the variables £, ..., ¢,
P ba, b)) = Y e )k, (82) gk, (B), (16)
ki1,k2,....kn>0

ki1+ka+-+kn=k



Enumeration of maps with tight boundaries and the Zhukovsky transformation 789

where, on the right-hand side, all factors except the first one are gi;’s, and where the
univariate polynomials py and gy are defined by

=1\ [L+Ek
(/c')Z,lj1 - ( k )( k )
1 T . IN(L+k—1

w(l):= (k!>z££“2—’2>=(k)( )

with the convention py(£) = go(£) = 1, and with (z) =x(x—1)---(x—k+1)/k!
viewed as a polynomial in x. Clearly, px (€1, %5, ...,£,) is a polynomial in the vari-

pi(l) =

A7)

ables £3, ..., 2. Moreover, as discussed in [6, Proposition 2.1], it is a symmetric
polynomial and it satisfies the consistency relation

pk(el,gz,...,zn,0)== pk(ﬁl,ﬁz,...,Zn). (18)

Fork = 1,2,3, we have

pl(ﬁl,..-,ﬁn)=(2£?)—1,
ity = 5(2) + D5 - 3(308) 1
i=1

i<j
p3lly, ... ty) = %(Z 6,.6) (Z 5452) Z e
| = i#j i<j<h
(Z e“) - —(Z 6262) (sz)—l. (19)
i<j i=1

We will also need the so-called partial exponential Bell polynomials, defined for
any nonnegative integers n > k > 1 by

Bn,k(rlvr2""7rn—k+1)

3 n! (rl)j‘(rz)jz
L5 T AN VAR

J15J25 5 Jn—k+1=0
Fn—k41 In—k+1
(n—k+1)! '

J1t+i2t+tin—k+1=k
Combinatorially, By, x(r1,2,...) is the generating series of partitions of an n-element

J1+2j2++m—k+1)j—k4+1=n

set into k blocks, where we attach a weight r; to each block of size i. Table 1 lists the
first few Bell polynomials. They appear in the following classical formula.
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k 1 2 3 4
n
1 ri
2 ) r?
3 r3 3rirs ri
4 ra 4ryrs + 3r3 6r2ry ry

Table 1. The first few partial exponential Bell polynomials B;, x (r1,72,...).

Proposition 2.11 (Faa di Bruno’s formula). Let f, g be sufficiently smooth functions
of one variable, and let n be a positive integer. Then, we have

dn

(o)) = Y fP ) Bui(g'0.8"0).....g" D).

k=1

See, for instance, the discussion in [14, Example II1.24]. We may now state the
main result of this section.

Theorem 2.12. Forn > 3 and {1, ..., L, nonnegative integers, the generating func-
tion of bipartite planar maps with n unrooted tight boundaries of lengths 24, . . .,24,
is equal to
n—3
0
Totr, .ty = RO DD )bz e
k=0
(=D)"(n - 3)!
+ tn—_2851+...+4n,0 (20)

with R given by (3), and where we introduce the shorthand notation

k R/ R//
bui =R ¥ B, (R.R"...) = Bps| = . ... 1)
R R
with R', R”, ... the successive derivatives of R with respect to the vertex weight t.
(0) — _
For n = 3, we recover T, 0 o lbip = ROFEAGIR =16, o) tes.0 cON-

sistently with [5, Theorem 1.1], while for n = 4, we find

R/2 R//
(0) _ plitlr+i3+L 2 2 2 2
Tzel,zez,ze3,ze4’bip = R 4((51 + 06+ G+ 0 - l)ﬁ + 7)

80y 44040

+ (22)
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Longer expressions for n = 5, 6 may be written straightforwardly from (19) and
Table 1.

Remark 2.13. When setting the weights f5, t4, ... for inner faces to zero, we have
R=1¢ R =1and RY) =0 for j > 2. Thus, in this case, we have b, = t_kSn,k,
hence, Tz(gi,...,zen reduces to (n — 3)! py—3(€y, ..., Zn)tfl ot —n+2 if gt least one ¢;
is non-zero, and vanishes otherwise since p,_3(0, . ..,0) = (—1)"73 so the rightmost
term in (20) cancels the result. This is consistent with [6, Theorem 2.3] since the tight
maps considered in this reference are nothing but maps with tight boundaries and
without inner faces. Note that the exponent of 7 is consistent with Euler’s relation.

Proof of Theorem 2.12. Let us first consider the case where all £; are zero: then To(?.).,o
is simply the generating function of bipartite planar maps with n > 3 marked vertices.
For n = 3, it is equal to % In(R/1), see, e.g., [5, Appendix A], and for larger n, we
simply have to take more derivatives with respect to ¢, namely,

a2 2 (— 1)” (n — 3)'

(O
) olop = 5z MR/ = S IR +

Now, by applying Faa di Bruno’s formula, we get

n—2
_ _ (=D"(n —3)!
T(O) 0|blp Z(_l)k l(k _ 1)|R an—Z,k(R/9 RN, N ) + [n—_z
k=1
(=D"(n —3)!
= Z( D*klby—z 41 + BT
k=0
This gives the wanted formula for £; = --- = £,, = 0 since, by (17) and (18), we have

Pe(0,....0) = p(0) = (=D)¥.

Let us now assume that at least one £; is non-zero, and let m > 1 be the number of
non-zero £;, and s = n — m the number of zero ¢;. Without loss of generality, we can
assume that £y, ...,¢, > 0and ¢; = 0 fori > m. We note that, in the bipartite case,
the trumpet generating function of Proposition 2.4 vanishes whenever its indices are
of different parities (since S = 0), and reads for even indices

2L L—t
Azp 20 = Lo R, (23)
Thus, Corollary 2.8 reduces to
> L (0)
$F2L1,...,2Lm |bip = Z (261)A2L1,2€1 T (ZKm)Asz,zém T2€1,-.-,2ﬁm,0w-s0 i

L1y >1
(24)
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(where we append s zeros after 2£,,). On the other hand, by the Collet-Fusy formula
and by Faa di Bruno’s formula, we have

o

ats FZL] yees2Lim |b1p
_ Lol 2Ly (2L \ 8 o,
Lit ot Lo\ L Lo )32

n—2
2L 2L
=S LieL(Ly o L= D () (5 ) R b, g
L, L, ’

(25)

where (L) := L(L —1)---(L —k 4 1) denotes the falling factorial. We will rewrite
this expression in the same form as the right-hand side of (24), so as to identify
Tz(gl) o2l 0. 0|bip. To this end, we proceed as in [6, Section 3.1] and use the Chu—

Vandermonde identity to write

(Li+Ly+ -4+ Ly — 1)k

Ly—1\(L> L,

ey (B (B)e (M)

k1.k2,eekm=0 ki ka km
ky+ko4-+km=k—1

Plugging into (25), we obtain

> o

s 2L4,....2L;,

bip
n—2
=Y (k= )IREFTFEmp, o
k=1
Li—1 214 L, 2L, L, 2L,
L L L .
> 1( ky )(Ll) z(kz)(Lz) ’”(km)(Lm)

kisecskimn>0
ki+-+km=k—1

(26)

Now, by [6, Lemma 3.1] and by (23)5, we have for L > 0

L—1 2L L 2L L )
(50 ;(25)@ Lo = @022 RO

L L
L(i) (2;) - Z(ZE)(szg)‘Ik(ﬁ) = Z(zz)AzL,zeRe_qu(ﬁ). 27
t=1 (=1

SBeware that the notation Ay m used in [6] differs from that of the present paper.
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Therefore, by the definition (16) of pg, we may rewrite (26) as

S
;?F;gﬁ,__,,um o= D Q) Az 26 lw) Ao, 20,
Liyedim>1
n—2
X ROF o N (e = D)pg 1 (b1, m)bp2 i, (28)
k=1

and by (18), we may replace pr—1(£1,....£m) by pr—1(£1,....£m.0,...,0) in order
to have n variables. Comparing this expression with (24), using the invertibility of the

unitriangular matrix (A, 2¢)r ¢>1 and doing a change of variable k — 1 — k finally

give the wanted formula (20), since the term % is absent for m > 1. ]

A variant of the Collet-Fusy formula (15) holds in the quasi-bipartite case where

exactly two of the boundaries have odd lengths, i.e., when exactly two of the L;, say,
Ly and L,, are half-integers. In this case, the factors (ZLLll)(ZLL;) appearing on the
right-hand side should be replaced by 4( 2114_11—/12) ( sz_zl_/lz) Correspondingly, we have
the following analogue of Theorem 2.12.

Proposition 2.14. Forn > 3, {1, {, positive half-integers and {3, . . ., £, nonnegative
integers, the generating function of quasi-bipartite planar maps with n unrooted tight
boundaries of lengths 24, . ..,2¢, is equal to
n—3
T au ko = RO K pels, bai b, )by 2 ger1, (29)
k=0

where, following [6, Section 2.1.3], we define

Pelly bails, ... L) = > Piey (€1) Prey (€2)qic5, (£3) - - i, (€n)

k1,k2,....kn=>0
k1+ky++kp=k

with gy as in (17) and with

k 2 1 1
1 1 =\ (l+k—3
pr(f) = ——= e —i-= = 2 2.
Pt (k!)zil]l( ( 2)) ( K )( k )
Proof. Starting with the quasi-bipartite variant of the Collet-Fusy formula, we pro-
ceed as in the proof of Theorem 2.12. Using Faa di Bruno’s formula, we obtain the
expression (25) with the binomial factors (ZLLI‘)(ZLLZZ) modified as discussed above.

Now, we expand the falling factorial as follows:
(Ly+-+ Lm— Dg—1
Li—I\(L.—I\(L L
— (k _ 1)' Z 1 2 2 2 3 . m ,
k] kz k3 km

ki,.okiy=>0
ki1+-+km=k—1
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which leads to a variant of (26) in which the factors (L 1) (ZLLII) (L 2) (ZLZ) are replaced

k1 k>
by 4(*' 22X ) (Pl (2521))- By [6, (3.9)1, we have for L a positive half-
integer
Lop)(2L-1
2L Z (20) Pre(@) = Z (20)Azp 20 RE e (0),
L : L- e

where the sum runs over the positive half-integers £ between % and L. Using again
the second line of (27) to expand the remaining binomial factors, we arrive at a variant

of (28) with pg_; replaced by pg_1, giving the wanted result. ]

Let us consider the case of four boundaries. We have p; (€1, £2;43,44) = ﬁ% +
-+ Eﬁ — % and po(€1, £2;43,£4) = 1; hence, from Proposition 2.14, we see that,
in the quasi- bipartite case, the term —1 appearing in the expression (22) should be
replaced by —3. In contrast, we found after a lengthy computation (which we omit
here) that (22) holds as is when all £; are half-integers, i.e., when all four boundaries
have odd lengths. This is consistent with the discussion of the lattice count polynomial
No.4 at the end of [17, Section 1], since 70 K 205203204 reduces to No 4(2¢1, 24>,
2¢3,244) when we set the weights for inner faces to zero.

3. Recursion relations for series of maps with tight boundaries

In this section, we give a number of recursion relations for the generating function
U1ty 3S obtained by adding an extra tight boundary to a map with pre-existing
boundaries. We will need the following proposition, proved bijectively in Appendix A.

Proposition 3.1. Let £y, {5, and {3 be nonnegative integers, and let T(O)K It denote

the generating function of planar maps with three labeled distinct tight unrooted
boundaries of lengths €1, £,, L3, the third being strictly tight, where we attach a weight
t per vertex different from a boundary-vertex and not incident to the third boundary
(and for all k > 1, a weight ty per inner face of degree k). Then, for €1 + {5 > £3, we
have
7© _ R(£1+42_£3)/2_1%—§ if 1 + £y — {3 is even,
o8l | RUHE=GmD205 gy 4y — 4y s odd.

3.1. Adding an extra boundary-vertex

Marking a vertex in a trumpet. Take L, £ positive integers. Recall that Ay, ¢ is the
generating function for trumpets with rooted boundary of length L and mouthpiece of
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L L
m Y, m m L

_ O

Figure 3. An illustration of the decomposition of a trumpet with mouthpiece of length ¢

endowed with an extra marked vertex, viewed as a boundary vertex. It results in two pieces: a

T(O)

trumpet with mouthpiece of length m > £ and a map with three boundaries counted by m 7, ole-

length £. The quantity 3‘%&” is, therefore, the generating function for such trumpets

with a marked vertex which is not incident to the mouthpiece (recall that vertices of
the mouthpiece do not receive the weight ¢). It has the following expression.

Proposition 3.2. We have

dAL ¢ ©)
—a[ = Z ALamme,Oli
m>{
L L
m—L—1 8S u—l 8R
= Z AL,mmR 2 E + Z AL,mmR 2 E
m={+1 m={+2
m={+1 mod 2 m={+2 mod 2

(30)

Combinatorial proof. Considering the marked vertex as a boundary-vertex, we obtain
a planar map with three boundaries which me may decompose as follows: consider
the outermost minimal closed path homotopic to the boundary of length L. Cutting
along this path produces a trumpet whose mouthpiece has length m > £, see Figure 3.
The remaining map with three tight boundaries is precisely a map enumerated by

TrSLO)0| ¢» endowed canonically with one of its m rootings (inherited from the rooting of
the boundary face of length L). ]

It is interesting to note that the expression in the second line in equation (30) may
be obtained in a purely computational way as follows.

Computational proof. From the explicit expression (5) of Ay, ¢, we have

Mre [ 4 R\ %

R\E1/3S 10R
_ 1L N o oo
_[Z]L(Z+S+z) (8t+28t)

0S oR
=LA; 1y— +LA;_ —.
L—14 o7 + L—1,4+1 o
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To obtain the second line of (30), it is enough to prove the equality

LA ye=) (E+2p+ DRPAL 1241,
p=0

which itself follows from iterating the identity
LAp—10=0U+ DAL 41+ RLAL 142 (€2

p times until p reaches a value such that £ + 2p > L — 1. As for this last identity (31),
upon moving its last term to the left-hand side, it is simply obtained by extracting the
z* coefficient of the straightforward identity

R\ 9 R\LY 9 R\t
(1 )8S(Z+S+ ) —g(z—i-S-l-;). n

Marking a vertex in a map with tight boundaries. We start with equation (12) with
m = n and s = 0, which we differentiate with respect to . We get

I .
#: Z ALI’ZI"‘ALnaen(gl"'gn)$
el,---,énzl
n
0AL; ¢,
+ Z Z A, e, "'T"'ALn,En(Zl “'E”)Té(lg,?..,en
i=1£1,....0n>1

From (30), the general term in the final sum over i may be written as

Z ALl,el < Z ALz mzm’ m; 0|Z>

£y,eln>1 mi>{;

e Ap, g, (0l )T(g) 0
= Z Apyay A g Apy 0, (G- L Ly)

Liyln>1
0) (g)
(Z Mi Ty oim: Ty oy, Kn)’

m;<4;

where, to go from the left-hand side to the right-hand side, we exchanged the dummy

summation variables £; and m;, as well as the order of summation. Comparing with

aF(g)
the expression for % coming from (12) with m = n and s = 1, namely,

FE
—18}’ = Z ALlaﬁl“'ALnafn(gl”'En)Tg(igj“’gn,O’
Lyyen>1
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and using the invertibility of the unitriangular matrix (A ¢)r, ¢>1, we obtain the fol-
lowing identity

aTe(g) ‘
) Totosty © 7@
L +Z D 1 Ty s Teb it

i=1m;<{;

This identity has the following nice combinatorial interpretation: consider a map
counted by T(g )
We claim that there exists at most one i = =1,...,n such that there exists a closed path

and let v be the boundary-vertex corresponding to the last 0.

of length m; < {; separating v and the ith boundary from the others. Indeed, if two
such i; and i, existed, we could construct a closed path contradicting the tightness
of the i;th or the i>th boundary (see Figure 4). If no such i exists, v can be changed

into a regular vertex without affecting the tightness of the other boundaries, and we

T(g)

get a map counted by 5 0" Otherwise, if exactly one such i exists, we can con-

sider the “extremal” shortest closed path separating v and the i th boundary from the
TZ(Oz)Im,
(it is a pair of pants with one tight boundary of length £;, one boundary-vertex and

others. By cutting along this path, we get on the one hand a map counted by

one strictly tight boundary of length m;) and on the other hand a map counted by
()
T

Lyyesmjydp
Note that the above reasoning also works when £; is allowed to take the value

0, in which case the sum over m; vanishes. Putting things together, we arrive at the

. There are m; ways to glue these maps back together.

following proposition.

Proposition 3.3. Let g, n be nonnegative integers. We have, for y =2 —-2g —n <0

and {1, ..., L, nonnegative integers,
P e(g) '
(&) _ 1, tn (0) (g)
Ty otn0 = + Z DI Y S
i=1m;<t;
8 (g) Zi_l —m;—1 aS
_ Zl, n . Lizmi—1 ’ (g)
= +Z >, miR 7 Lt
i=1 m;=1

m;=4{;—1 mod 2

= timi R (g
+ > mR 7 Lereamistn |

m;=1
m;=4{;—2 mod 2

Note that, for n = 0, the relation reads
T8 = o1 Jor = 0F @ /or,

T(g)

where F(®) is the generating function of maps of genus g without boundaries.
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Figure 4. A sketch of why m;, < {;, and m;, < {;, are mutually exclusive: indeed, it would
imply £;, < {;, or £;, < {;,, in contradiction with the fact that the boundary-faces of length

£1 and £5 are both tight.

iz

3.2. Adding an extra boundary-face

Marking an extra boundary-face in a trumpet. Take L, £, M positive integers.
The quantity M aglt;g is the generating function for trumpets with rooted boundary of
length L, mouthpiece of length £ and with an extra marked rooted boundary-face of

length M.

Proposition 3.4. We have

AL ¢
M azZ =33 ALmAmim o T - (33)

m>{ Lo>1

The proof is in all points similar to that of Proposition 3.2 and amounts to per-
forming a trumpet decomposition of the map with three boundaries of length L, M,
and £.

Marking extra boundary-faces via boundary insertion operators. We now wish
to find a recurrence relation relating T,ﬁf;),m,mn,mn 4 o T,ff’:),_“,mn for m, 41 a positive
integer.
For m a positive integer, let us define the tight boundary insertion operator Dy,
by
M 9

Dpi= Y (A mm—7—, (34)
M1 m 0ty

where A~! is the inverse of the unitriangular matrix A = (4 M.m)M,m>1- 1t satisfies

a M
M— = AprmDm. 35
T mz=1m M, (35)
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We start with the identity

(&)
Lyt ks _ p®
oL, LisesLysLyyi
= Y ALMI...ALM,@M@]...en+1)Tg) P!
Zl,...,Zn_Hzl
Alternatively, we may write
(&)
aFLf,...,L,,
n+1 ath_H
aTz(g) ‘
= D At Apy g, G ) Ly — 2=
Clotn>1 Lnta
n
Y e (L bt Yy, o TS,
1,41 ntl Lyt (t1°
i=14),ln>1 Lnta
(37)

From (33), the general term in the final sum over i may be written as

. (0)
Z ALl,él"'(Z Z ALi,'niALn+1s@n+1ml£n+1Tm,»,e,1+l|e,»)"'ALn,Zn

Lyyeens ln>1 m;>{; £n+121
X (61 . )T(g)

= Z AL],(] "'AL,,+1,€,1+1(€1"'En-i-l)

Li,elpyr1>1
(0) (€9)
X ( Z mi Te Ant1lm; Tﬁlau.,mi,.-.,fn)’

m; <£i

where, to go from the left-hand side to the right-hand side, we exchanged the dummy
summation variables ¢; and m;, as well as the order of summation. As for the first
term on the right-hand side of (37), using (35), it may be rewritten as

(&)
E : ALyt "'ALn+1an+1(€1"'Z'H‘I)DfnJrlTél, At
ela~--,£n+121

Gathering all the terms in (37), comparing with (36), and noting that we may incor-
porate Proposition 3.3 upon defining

we arrive at the following identification.
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Proposition 3.5. Let g, n be nonnegative integers. We have, for y =2 —2g —n <0
and £y, ..., ,+1 nonnegative integers,

n
(&) _ (&) . 7(0) (&)
Ty tntnsr = Plan Ty, gy T+ Z Z mi Ty g imi Loy omitn 38)
i=1m;<¥;
If £, 41 is even, this reads

(&) _ (&)
Tey bt = P Ty e,

n £i—1
d titelyp1—mi—1 98 (2)

i=1 m;=1

m;=~£;—1 mod 2
£;i—2
titloyi=mi _ OR _(
. f_ - g)
+ Z mi R 8[ Tzla-"smi""aen ’
m;=1

m;={;—2 mod 2

while if £,,+1 is odd, it reads instead

(&) — (g)
Tzl,,..,en,enH = Dy, 4, Tel,..,,e,,
n £i—1 ¢
itlnt1—m; _1 oR (2)
R 2 1
i=1 m;=1
m;=4{;—1 mod 2
;-2
Litlpy1=mi=1 9§
. - 2 g)
+ Z mi R ot Tzl,...,m,‘,...,en :
m;=1

m;=4{;—2 mod 2

For n = 0, these formulas read Te(lg) = Dy, Tég) = Dy, F@®,

Again, the identity (38) has a clear combinatorial interpretation. Consider a map
counted by Te(]g’ ) ot Then, there exists at most one i € {1,...,n} such that there
exists a closed path of length m; < £; separating the ith and the (n + 1)th boundaries
from the others, for a reason similar to that illustrated in Figure 4. If exactly one such

i exists, we can consider the extremal shortest separating closed path and cut along it.
(0)

) ) Tfi,€n+1. ;>

tight boundaries of lengths ¢; and £, 1, and one strictly tight boundary of length m;,

and, on the other hand, a map counted by Te(lg ) —_—

back these maps together. If no such i exists, the (n + 1)th boundary can be changed

We get, on the one hand, a map counted by i.e., a pair of pants with two

" There are m; ways to glue
into an inner face without affecting the tightness of the other boundaries. We deduce

that such maps are counted by Dy
of the operator D,,.

(g) . . .
1 Tg1 S which explains, in retrospect, the name
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Remark 3.6. For g = 0 and n = 2, notice that Proposition 3.5 relates the generating
function of tight cylinders Tﬁ(lo)ez’ given by (14) for £1,£, > 0, and To(f)()) = 1In(R/1),
with that of tight pairs of pants given by Theorem A.1.

3.3. Consistency with the expression for the planar bipartite case

We take n > 3 and check that the explicit expression (20) for Tz(z
planar bipartite case is consistent with the above relations (32) and (38) describing

.....

the addition of an extra boundary-vertex and an extra boundary-face, respectively.

Adding an extra boundary-vertex. The relation (32) of Proposition 3.3 reduces in
the planar bipartite case to

7 = L) |
201,.26.,0lbip — 37 261,....2€5 Ibip

n
Li—m;—1 p/ 0)

—i—E E (2m;)R" ™ RTy00 omy.. 2£n|bip (39

i=10<m;<{;

with R given by (3). Let us see how this relation is indeed satisfied by the expres-
: (0) ,
sion (20) for Tzel 2l Ibip-
By (20), we have indeed

n—2
TZ(E?,...,ZEn,O}bip = RO*rH Z klpi(ly, ... . €n)bn—1k+1
k=0
(=D (n —2)!
+ [,,—_15£1+~--+4n,o,
while
B ©) n—3
0 _ plitty—1
37 L2ty 20 lip = R"! D klpi(lr.. .. L)
k=0
x ((z1 T N e R(j+1)br[lj_]2’k+l>
Jj=1
(=D"* ' (n —2)!
+ 0 +4£,,05

tn—l

where R denotes the i th derivative of R with respect to t while b,Ej }c is the derivative
of Bell polynomial B, ; with respect to its jth variable, evaluated at (R'/R, R"/R,
...). By the recursion relation
i+1
RY*D

R/
bp—1k+1 = Ebn—Z,k + Z R bn_2,k+1,
Jj=1




J. Bouttier, E. Guitter, and G. Miermont 802

which is easily derived from the combinatorial interpretation of the Bell polynomials
in terms of partitions (with the convention that b, x = 0if k > n), we deduce that

7 o — 9,0 |
201 ,...y 24;,,0 Ibip ot 241,..., 24y, Ibip

— R(] +etly—1 R’

n—2
X Zk!Pk(ﬁl» vl bpa ke — W + -+ Ly —k = Dby_p 41).  (40)
k=0
On the other hand, we have

n

Li—m;—1 prp(0)
Z Z (2m;)R* " RTy0 . om0, bip

i=10<m;<{;

— R@] +etly—1 R’

n—2 n

XYY Cmk ey, omis )by et (41)

k=0i=10<m;<{;

Comparing (40) and (41), we see that relation (39) is then a direct consequence of the
following recursion relation for pg (41, ...,4,).

Proposition 3.7 (String equation). For nonnegative integers {1, . .., {,, we have

(k+ Dpea1@s..p) = U1+ + by —k — Dpr(lr,.... 4

+Z Z Cmi)pr(y,....mi, ... Ly). (42)

i=10<m;<{;
This latter recursion is proved in [6, Proposition 2.2].

Adding an extra boundary-face of even length. We now wish to check the con-
sistency of the expression (20) for Tz(gf 2l lbip With the recursion relation (38) of
Proposition 3.5 which, in the planar bipartite case, reduces to

)
TZZ] ..... 26,,,2@,,+1 \bip

B ©
= Doty Topy 20,

bip
n
Li—mi+Ly11—1 (0)
+Z Z (2m;)R™ ™ i R,T2Z1,.‘.,2m,‘,...,2€n|bip' (43)

i=10<m;<{;

As a prerequisite to prove (43) from (20), we note that D,,, satisfies the Leibniz
product rule, namely, D5, (XY) = (D2, X)Y + X(D2,,Y ), and moreover that the
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action of D3, on derivatives of R is given by

J
i 0
——

k=0
J+1 times
Here, we may justify the first equality by noting that, in the bipartite case, R/ ) can be
seen as the generating function of maps with one unrooted boundary-face of length
2 and j + 1 boundary-vertices. Since D,,, creates an extra tight boundary-face of
length 2m, and since the other boundaries (which have lengths 2 and O only) are
automatically tight, we indeed obtain the maps counted by Tz(?n),z,(), .0 |bip-

J+1 times
As for the second equality, it is a particular instance of (20), simplified via the

identity pg(m,1,0,...,0) = px(m, 1) = pr(m) + px—1(m) = qx(m).
By (20), we now have

(0)
T2Z],...,2£n,2£n+1 |bip
n—2
— RlU+Hlntlnt Z k!pr(Ly,... »£n7€n+l)bn—1,k+1
k=0
L4ty +L
= ROFHH b NN (K + k) prr (G- )G (Ent)bnt k41
k’>0k">0

45)

(throughout this computation, we will leave the summation ranges as implicit as pos-
sible, since they are naturally enforced by the vanishing of the summands). On the
other hand, using (44), we have

(0) _ plit+lp—1
Dag, Tzel,...,zen |bip = R Zk!pk(ﬁl, ceosdn)
k>0

X (61 4+ by =k = DDty gy Rbua i

+ Z(D2€n+1 R(j))b}EJEZ,k-'rl)

j=1
_ R€l+"‘+(”+£n+l Zk'pk(el’ . Zn)
k>0
R/
x ((El Tt by —k = 1)7bn_2’k+1

+ Z Z k/!6]k’(ﬁn+1)bj+1,k'+1b,[ljjz,k+1)- (46)

Jz1k'>0
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To compare the last two displays (45) and (46), we may write

k’ + k" n—2
( K )bn—l,k'+k”+1 = Z( j )bj+1,k'+1bn—2—j,k”

Jj=0
R ]
= E(Sk’,obn—%k” + ij+1’k/+1bn]—2,k”+l
Jjz1
upon interpreting the lhs as a sum over partitions of {1,...,n — 1} into kX’ + k" 4+ 1

blocks, k" 4+ 1 of which are marked, the element n — 1 being always in a marked
block: the first equality is obtained by summing over the number j of elements other
than n — 1 that are in a marked block, and the second equality is obtained by noting
that (";2)19,,_2_ k= b}E’_]z’ k741 for j = 1. We deduce that the sum appearing at the
end of (46), with k replaced by k”, can be rewritten as

3 k’qu,(£n+1)bj+1,k/+1b,[1j_]z,k//+1

Jj=1k’>0
k/ _|_ k// R/
= ( k' k/!CIk/(5n+1)bn—1,k/+k"+1 - Ebn—z,k”a
k’>0
and hence,
(0) (0)
Tzel,...,ze,,,2£n+1 ‘bip — D2y, Tzel,...,zln |bip

— R£1+"'+£n +y41—-1 R’

x>kl pe @i ) (Bumase — U1 + -+ Ly —k = Dby_g jes1)-
k>0

By comparing with (40), we see that

(0) 0)
Tzel ..... 265,20, 41 |bip — D2y, 1, Tzel ..... 20, |bip
R () 9o
= R™ (Tzzl,...,zen,o bip gy Tzél,‘..,zzn |bip J

and we immediately deduce that (43) is again a direct consequence of the string equa-
tion (42).

Remark 3.8. We may similarly check the explicit expression (29) for Tz(gl),...,z . |bip
in the planar quasi-bipartite case is also consistent with the relations (32) and (38)
for the addition of an extra boundary. This property is now a direct consequence of
the string equation relating py+1(£1,42;¢3,...,4,) to pr(1,42;¢3,...,4,), see [6,
Proposition 2.10].
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4. The quasi-polynomiality phenomenon

We have seen in Section 2.4 that the generating function of planar bipartite maps with
(at least three) tight boundaries is an even polynomial in the boundary lengths times
a power of the basic generating function R. As mentioned in the introduction, this is
a particular case of a more general quasi-polynomiality phenomenon.

Precisely, given a positive integer n, let us call parity-dependent quasi-polynomial
in n variables a function f of n integer variables such that there exists a (necessarily
unique) family of polynomials ( f7); indexed by subsets I of {1,...,n} such that
fimy,...,my) = fr(my,...,my) whenever the m; with i € I are odd integers, and
the m; with i ¢ I are even integers. By coefficients of f we mean the collection of
coefficients of the polynomials f;, which may belong to an arbitrary ring; by fotal
degree of f we mean the maximum of the total degrees of the f;. It is convenient to
allow the value n = 0, in which case it is understood that f is just a constant element
of the ring at hand. A parity-dependent quasi-polynomial is said symmetric if it is
invariant under any permutation of its variables.

In order to state the main result of this section, we also introduce the quantity

(=11 (n —3)! ifg=0,
X(Mg,n) = { )
(—)r 1Bl (1 —2g) if g > 0,

which, for 2 —2g —n < 0, is the Euler characteristic of the moduli space Mg , [16].

Theorem 4.1. Let g > 0, n > 1 be integers such that 2 —2g — n < 0. Then, there
exists a symmetric parity-dependent quasi-polynomial 'i:,%’) in n variables, of total

degree 3g — 3 + n, such that, for any nonnegative integers {1, . .., £,, we have
1+ +Lln he
7® , =R TOW2, . 2) — (Mg )22 0. (A7)

The coefficients of 'i‘(g ) are rational functions with rational coefficients of the quanti-
k

ties % nd ‘y k=1,...,3g — 2+ n, where R® S&® denote the kth derivatives

of the series R, S with respect to the vertex weight t.

Recall from Remark 2.10 that there is no quasi-polynomiality phenomenon for
(g,n) = (0, 2). The quasi-polynomiality phenomenon was first observed in the lan-
guage of topological recursion by Norbury and Scott [18], who showed that the coef-

~(g)

ficients 7, ¢, appearing in the series expansion (7) of a)(g)(zl, ..., Zy) are quasi-

polynomlal"s“,ln £y, ..., €, which are odd in each variable. We review their result
in Section 4.1: combining it with the trumpet decomposition yields (47) in the case
where n and all ¢; are non-zero.

However, the quasi-polynomiality of T, (g ) ¢, does not imply a priori of 7 (g ) e

as there may be pathologies when some Variables are set to 0. To c1rcumvent “this
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problem, and show that ((g ) . indeed coincides with an even quasi-polynomial
except when all variables are set to 0, we will make use in Section 4.2 of the tight
boundary insertion relations established in Section 3. The proof is by induction on
the number of boundaries n, and we still use results from topological recursion to
initialize the induction.

Remark 4.2. In fact, Theorem 4.1 also makes sense for n = 0, and states that for any
g > 2, the generating function T(g ) = F® of maps of genus g without boundaries
is equal to

F@© — %(g) — x(Mgo )12 28

) g
with %) a rational function with rational coefficients of £~ R S andk =1

3g — 2. As we will see below, this result is obtained by combining the property
known from topological recursion that F&) can be expressed in terms of the so-
called moments, with an expression of the moments in terms of the derivatives of R
and S. In the case g = 1, we no longer have rational functions but rather logarithms,
see Theorem C.1.

Remark 4.3. When setting the weights 71, f5, . . . for inner faces to zero, i.e., when we
consider fight maps for which every face is a tight boundary, then =& (€2, ... (2
reduces to /27?8 ~" times Norbury’s lattice count (quasi-)polynomial Ng , ({1, ..., €,)
[17]. It is shown in this reference that Ng ,(0,...,0) = x(Mg »). This is consistent,
in view of (47), with the fact that To(f.).,o vanishes when we set the weights for inner
faces to zero (there are no tight maps having only boundary-vertices and no faces).

4.1. Maps without boundary-vertices

In this section, we establish the quasi-polynomiality property (47) in the case where n
and all ¢; are non-zero. We will do so by combining Theorem 2.5 with known results
coming from the theory of topological recursion. One reason behind the fact that this
theory is formulated in terms of w,(,g ) instead of Wn(g ) is that the former are rational
functions of their n variables with a simple pole structure; see, for instance, [12, Sec-
tion 3.3.1]. It was recognized by Norbury and Scott that this simple pole structure
amounts to the following proposition.

Proposition 4.4. For g > 0, n > 1, and 2 —2g —n < 0, the coefficients T,

..... Ln
appearing in the expansion (7) of a)(g ) are of the form
7 =l LT @GB) (48)

with ?,Eg ) a parity-dependent quasi-polynomial in n variables of total degree 3g —
34 n.
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The above proposition is a reformulation of [18, Theorem 1]°, in which the quan-
tity %,Sg)(ﬁ, ..., £2) is denoted by NF (£1,...,4L,). Note that we do not characterize
the structure of the coefficients of ’E,Eg ) at this stage. The relation (48) implies that (47)
holds when n and all £; are non-zero, by (8) and (11).

For completeness, let us sketch a proof of Proposition 4.4 based on the results
available in [12]. We start with a technical lemma.

Lemma 4.5. Let P(n) be a polynomial of degree at most 2d + 1, which is equivalent

to the series F(z) := )., ZPH(—Q being a rational function of the form N(z)/(z —

1)24+2 with N a polynomial of degree at most 2d + 1. Then, the following properties
are equivalent:
(i) Pisodd,
(ii) F issuchthat F(z) = z72F(z7 1),
(ili) N satisfies N(z) = z2¢ N(z™Y), i.e., it is a self-reciprocal (palindromic)
polynomial.

Proof. By [21, Proposition 4.2.3]7, the rational function F(z) admits around O the

expansion F(z) = — ), P(—n)z"~', hence, we have
_ _ P(—n)
2 1y _
I ACEES Z Zn+l "
n>1

This implies the equivalence between (i), (ii): indeed, if P is odd, then z2F(z!) =
Y us12 "1 P(n) = F(z), since P(0) = 0, and conversely, if F(z) =z ?F(z7')
then_by comparing the expansions, we obtain P(0) = 0 and —P(—n) = P(n) for
every n > 1, implying that P is odd. The equivalence between (ii) and (iii) is straight-

forward. =
6Precisely, this theorem considers the expansion of w,(,g )(21 ,...,zp) around z; = 0. Here,
our ’fg )... ¢,, are rather defined in terms of the expansion around z; = co. But the two expan-

sions can be related through antisymmetry properties of a),(zg ) see (51).

7Short rederivation: we consider the vector space & of formal Laurent series of the form
Y nez anz. We cannot multiply two elements of this space in general, but we can multiply
an element of &£ by a polynomial in z, and this operation is linear. Let us consider in par-

Pn) )2d+2

ticular the series ), < Zart € &£, and the polynomial (z — 1 . Their product vanishes

since P is a polynomial of degree at most 2d + 1; hence, it is annihilated by the (2d + 2)th
power of the forward difference operator. We deduce that (z — 1)24 12 2 n=0 % =—(z—
1)2d+2 Don<—1 g,(fl) . The left-hand side may be interpreted as a product in the ring C((z~1))
and is thus equal to N(z) € C|[z]. Therefore, the right-hand side is also equal to N(z), and we
obtain an identity valid in C[[z]]. Multiplying by the inverse of (z — 1)2¢+2 in C[[z]] (which
differs from that in C((z—1))!) and changing n in —n, we obtain the wanted series identity.
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Proof of Proposition 4.4. According to [12, Lemma 3.3.3, p. 89, Theorem 3.5.1,

p. 121, and the last equation on p. 140]°, a),(lg ) has a partial fraction decomposition

of the form

&) _ Ced
w2 (21,...,2p) = E E ,
g (z1 — 51)d1+2 co(zp — Sn)d"+2

ee{+1,—1}" deN”
di+++dp,<6g—6+2n

(49)
where the ¢, 4 are some coefficients depending on the spectral curve. By the negative
binomial formula, we have

1 _ Y] Ei—d—l
(2—8)d+2 _Z(d—l—l) Z+1

{>1

Viewing ( dil) as a polynomial in ¢, this implies that, in the expansion (7) of w ¥,
the T coefficients are of the form

N L

&0 L= > 0E (e e (50)

se{+1,—1}"

where Q€9 is a polynomial of degree at most 6g — 6 + 3n. It remains to check that
these polynomials are indeed odd in each variable, so that we may write, for some
polynomials P €-®) of degree at most 3g — 3 + n,

Q(g,s)(gl’ oy =44y, P(g’s)(ﬁf, .. .,K,%).

Thanks to the symmetry in £1, . .., £,, it suffices to check that Q(g ) is odd in £;. For
this, we use the antisymmetry property of [12, Lemma 3.3.2, p. 88], which entails that

a),(lg)(zl,zz, e Zp) = Zl_zw,(,g)(zl_l,zz, e Zn). (51)

In the expansion (49), each term of the sum over € must be separately invariant under
the antisymmetry mapping f(z1) — z7 2 f(z]!), since it corresponds to the contri-
bution to a),(,g ) having poles at z; = €1, ..., z; = &,. Such term corresponds to the
term Q@ (L, ..., Z,,)efl -'-822 in (50) and we claim that Q(¢®) is odd in £,. By
the transformation z; > ¢; z;, it suffices to consider the contribution of ¢ = (1,...,1)

(g)

to wy,>’, namely,

Feo= Y sl

R (Zl — 1)d1+2...(2n _ l)dn+2’
di++d,<6g—6+2n

8There seems to be a discrepancy between Theorem 3.5.1 and the equation on page 140:
> d; is at most 6g — 6 + 2n in the former, and 6g — 4 + 2n in the latter. We assume that the
former is correct since it holds for pairs of pants (g = 0,n = 3) and lids (g = 1,n = 1).
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satisfying
F(z1) = z{2F(z7Y).

By Lemma 4.5, it expands as ) _ 6>1 % with P an odd polynomial in £, which
- Zz

implicitly depends on the variables z5, ..., z,. Further expanding in these extra vari-

ables, the coefficient of €2++ which is nothing but Q@ (LD (¢; . ¢,),
AN

-Zﬁ" +1°
must be odd in £; as wanted, hence the oddness property is established. As m; = ﬁiz
has the same parity as £;, we conclude that (48) holds with

q*\;gg)(ml’---Jﬂn)= Z P(g’g)(ml,...,mﬂs'l"l---8;’!1",
ee{+1,-1}"

which is indeed a parity-dependent quasi-polynomial in n variables of total degree
3g—3+n. [

4.2. Maps with boundary-vertices

The purpose of this section is to complete the proof of Theorem 4.1, by including
the case where some of the boundary lengths ¢4, ..., £, vanish, and by showing the
structure properties of the coefficients of the quasi-polynomial ‘1”,$g ). We proceed by
induction on n, by using the recursion relations of Section 3 for the induction step. As
a warmup, let us first consider the easier case of maps with even face degrees. Recall
the relation (13) between the 7”’s and the z’s, and the notation |, from Section 2.4
which indicates that we set the weights #;, 73, ... for inner faces of odd degrees to
Zero.

Proposition 4.6. Let g, n be nonnegative integers such that 2 —2g —n < 0. There

exist Q,(zg)(xl, ey X3g—24n5 UL, ..., Mn) € Q(Xl, ceey X3g_2+n)[141, ceey un] and a
constant c(g,n) € Q such that, for any integers €1, ..., L,, we have
/ (3g—2+n)
() _ R .p2 2 2-2g—
T2ty 2 lbip = Q;(zg)(;wa’%--w@n) — (gm0 et 0
(52)

Proof. As mentioned above, we proceed by induction on n for a fixed value of g. The
induction step relies on the recursion relations of Propositions 3.3 and 3.5 which, for

t1 =tz =--- = 0(sothat S = 0), reduce to
&) _ &)
Tzel,...,zen,zszr] |bip = D2y, Tzel,...,zen |bip

n
Li—mj+Ly -1 (&)
-I-Z Z (2my)RE M T R/TZZI,...,Zmi,...,ZZ,,|bip‘

i=10<m;<{;

(53)
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Here, Dy, is the tight boundary insertion operator defined at (34), reading for § = 0
12 i (L+i—1 i 9 .
D2€ — Zi:l(_l)e—H( —El_l )Re lrﬁ if £ > O,
3 it ¢ =0.

In the second line of (53), it is understood that, if £; = 0, then the corresponding sum
over 0 < m; < {; vanishes. In terms of the t’s, this relation is rewritten as

(g) }
21{1, 52&1,26/1-1-1 bip
(&)
_ D2€n+1f261,...,2e,, {bip
o Rén+1
R < e (€]
g g
+ EZ(& 241, 2€n}bip + Z Qm"ﬁzh,-.-,Zmi,-.-,zfn}bip)' 54
i=1 0<m;<{;

Here, we have used the Leibniz product rule for the differential operator Dy, , ,, and
the relation D¢ R = R R’ which is the case Jj = 0of (44), recalling the definition (21)
of bn k-

Let us now sketch the rough idea of the induction, ignoring the pathological term
of (52) for now.

* From the recursion relation (54), it is relatively straightforward that if tz(ifl) 2l
is polynomial in £2, . . ., 6,2,, then rﬁ? 221 is also polynomial in £2, . .. ,5,2,:

it is clear for the first term since the linear operator Dy, , does not act on these
variables, while the second term involves a summation which turns out to preserve
the wanted polynomiality property.

* Regarding the new variable £, 1, we use the assumption that the coefficients of

)
TZEI,...,

differential operator Dy, , and using the chain rule, it follows from (44) that

20, are rational in the derivatives of R: acting on this quantity with the

R~+1Dy, & .24, 18 polynomial in £2 ., also with rational coefficients in

n+1 24,
the derivatives of R.

n+1-

Let us now make this argument precise. Assuming that the expression (52) holds at
rank n, we plug it into the right-hand side of (54), and analyze the two terms sepa-
rately. The second term is easier to deal with, since it does not depend on £,,4; nor
receives a contribution from the pathological term of (52). It equals

Z( GOW (B )+ Y @m)OE (. m? L)),

i=1 0<m; <{;

where, for readability, we only display the u; variable of Q ,(,g ), Now, it is an exercise
(solved in Lemma B.1 below) that for every univariate polynomial g, the quantity
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£q(€?) + Y g<mer(2m)q(m?) is again a polynomial in £2. Therefore, the second
term of (54) is of the wanted form. To deal with the first term, we apply the chain rule

to obtain
(¢9] 3g—2+ )
D2ty 1Ta4)....20, loip _ gz " Dot (B) 00 )
Rén+1 . Rén+1 axj
j=1
Doy, (2-28+n
—c(g.n) ROwtt 8¢y 4otl,0-

Here, the first term is clearly polynomial in £2, ..., £2. Moreover, it is also a polyno-
mial in Z% 41 by (44), which also entails that the coefficients are rational in R® /R for

1 <k <3g—2+ (n+ 1). Finally, the second term in the last display is zero unless
£1,..., 4,41 all vanish, in which case it is equal to

0 5 nyl oe_
—e(g,m)z 17T = —c(g,m + PO,

where c(g,n + 1) = (2 —2g + n)c(g, n). This completes the proof of the induction
step: if the statement of Proposition 4.6 is true for (g, n), then it is true for (g,n + 1).

It remains to initialize the induction. For g = 0, we initialize the induction at
n = 3 by using the explicit formula of [5, Theorem 1.1], which is the bipartite ver-
sion of Theorem A.l in Appendix A. For g > 1, we rely on the consequences of the
topological recursion that are described in [8]. Assume first that g > 2, in which case
we initialize the induction at n = 0: in view of Remark 4.2, we only have to check
that the generating function F(€) |bip = rr(zg ) |bip Of essentially bipartite maps of genus
g without boundary is a rational function of R(k)/R, 1 <k <3g—2. Byl8, 3]
and (32)], there exists a polynomial ﬁg with rational coefficients in 3g — 3 variables
such that for # = 1 we have

= 1\*72~ (M Msq_
F@®| [t=l]=Pg(0,...,O)—(T) pg(;,m,&),
1p MO Mo M()

where M » are the so-called moments, defined at [8, (30)]. Using Euler’s relation, we
can restore the dependence on ¢ by the formula

F(g)\bip = tz_ng(g)|bip[l = 1](tp. 114, t%16, .. .).

Consequently, letting M 150) = t]\71p (t2,1t4,1%ts, .. .), in accordance with [8, (43)], we
have

< 1\®72 (MO MY,
F®| =42728p (0,... 0)—(—) P L_ =2 (55)
b g v (© E\ @
i MO MO MO
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Finally, [8, Lemma 9] shows that M © =R /R’, while we have

— (0 R’ R(P+1D
A o €

w® " (R/R

for some homogeneous polynomial T, of degree 2p. This entails that F (& )|bip is of

the wanted form (52): the second term in (55) is of the form Q(()g)(&/, e @)

with Q(()g ) e Q(x1,...,x3g—2) (there are no variables u; for n = 0), and the first term
is of the form 12728 ¢(g, 0) with c(g,0) = —ﬁg ©,...,0).

In the case g = 1, we rely on [8, (31)], stating, in our notation, that FO =
In(tR’/R)/12. This entails, again by the boundary insertion formula and by (44), that

Dy F®O  Dy(%) 5 R R'\,
], = 22 D) - (G -ty
ip Rt 12%1{4 121 R 121

which is of the wanted form (52), with ¢(1, 1) = —1/12. This concludes the proof of
Proposition 4.6. ]

Let us record in passing the following interesting consequence of (56), which calls
for a bijective interpretation.

Proposition 4.7. The generating function of essentially bipartite maps of genus 1
with one tight boundary of length 24 is given by

R R 1)
7D o)~ g ) 20 57
|b1p (( ) + R/) + 12¢ ) ( )

We now state the non bipartite analogue of Proposition 4.6.

Proposition 4.8. Let g, n be nonnegative integers such that 2 —2g —n < 0. There
exist a parity-dependent quasi-polynomial %ég) in n variables, whose coefficients are
rational functions with rational coefficients of the quantities # and % for k =

.,3g — 2+ n, and a constant c(g,n) € Q such that, for any integers £y, ..., 4,,
we have

& = OB ) — (gm0

.....

The proof, by induction, is in the same spirit as that of Proposition 4.6, but involves
extra difficulties. For this reason, we offload it to the appendices: Appendix B is
devoted to the induction step and Appendix C to the initialization.

End of the proof of Theorem 4.1. In view of Proposition 4.8 and of the relation (13)
between the 7"’s and the t’s, the only tasks left to show are that ¢(g,n) = (Mg ») and
that “z,ﬁg ) has total degree 3g — 3 + n for every n > 1. As discussed in Remark 4.3,
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the first assertion is a consequence of [17, Theorem 2], which states that the lattice
count polynomial Ng , evaluates to (Mg ) when all its variables are set to zero.
The second assertion follows from Proposition 4.4. We believe that it should also be
possible to keep track of the degree of ‘%:,ﬁg ) in our inductive proof, at the price of a
refinement of Proposition 4.8, by looking at the joint homogeneity properties of ’%,Eg )
in the variables Ziz as well as the derivatives of R and S, similarly to what is stated in
Theorem C.2 forn = 0. ]

5. Conclusion and discussion

In this paper, we have seen that, within the theory of topological recursion applied to

the enumeration of maps, the expansion of the fundamental quantity w,gg) (z1,...52n)

has a simple relation with the generating functions Té(i ) ¢, of maps of genus g with n

tight boundaries of lengths {1, ..., £,. This coincidence is combinatorially explained

by the trumpet decomposition. We have found recursion relations, also of combi-

natorial nature, expressing 7. in terms of 7% , . Finally, we have seen
Clvekngt e

that, when at least one ¢; is non-zero, T[(ﬁ ) 0 is equal to a parity-dependent quasi-

polynomial in the variables £2, . . ., £2 times a simple power of R.
At this stage, a tantalizing question is whether one can derive bijectively an expres-

(g

sion for Ty 4, S0 far, only the situation (g, n) = (0, 3) has been treated in [5] for

the essentiaill')'/’ bipartite case, and in Appendix A for the general case. In particular,
the remarkably simple formulas (22) for (g, n) = (0,4) and (57) for (g,n) = (1, 1),
in the case of maps with faces of even degree only, are still waiting for a bijective
proof. One may also attempt to find a combinatorial interpretation of (20), given that
its constituents pg (£1,...,4¢,) and b,_, x+1 have themselves interpretations in terms

of tight maps [6] and set partitions, respectively.

A. Bijective enumeration of tight pairs of pants

The purpose of this appendix is to establish the following theorem.

Theorem A.1. Leta, b, and ¢ be nonnegative integers or half-integers. Then, the gen-
(0)

T
2a,2b,2¢

of lengths 2a, 2b, 2c, counted with a weight t per vertex different from a boundary-

erating function of planar maps with three labeled distinct tight boundaries

vertex and, for all k > 1, a weight t per inner face of degree k, is given by

RV _ =1 jfa=b=c=0,
Ty spne = § REFPTEIR a4 bt c € Ty, (58)
Ra+b+6_%%_§ ifa+b+c€Zso—1,

where R and S are the formal power series int,ty,1,1t3, ... defined in Section 1.2.
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This theorem is an extension of [5, Theorem 1.1] to non bipartite maps. Note
that, in this reference (which the reader is invited to consult for any definition not
found in the current paper), we used the notation 7, 5 . instead of the present notation

Tz(g?z bac The (essentially) bipartite case is recovered upon taking ¢ty = t3 = t5 =
--- = 0 which, as noted above, implies that R satisfies (3) and that S vanishes. In that
case, Tz(g)z b2 18 non-zero if and only if @ + b + c is an integer, as wanted.

To prove Theorem A.1, we will use the well-known fact that any map M can be
transformed into a bipartite map by doing a subdivision of every edge, that is adding
anew vertex at the midpoint of every edge, which is thus split into two. We denote by
¢ (M) the resulting subdivided map. The vertices of ¢ (M) consist of regular vertices
(those originally in M) and midpoint vertices (those added by the subdivision, which
have degree 2). The faces of ¢(M) are those of M, only their degree is doubled.

We then proceed by “conjugating” the bijective decomposition of [5] by ¢. Indeed,
let M be a planar map with three tight boundaries of lengths 2a, 2b, 2¢: clearly, ¢ (M)
is a bipartite planar map with three tight boundaries. We may then apply one of two
possible decompositions described in [ibid., Sections 5.6 and 5.7], namely,

* the decomposition of type lifa <b+candb <c+aandc <a + b,
* the decomposition of type llifa > b +corb >c+aorc >a+b.

In both cases, we obtain a quintuple consisting of five pieces: two so-called bigeodesic
triangles, and three bigeodesic diangles. The vertices of these pieces are those of
¢ (M), and we see that a midpoint vertex of ¢ (M) remains of degree 2 in each piece
to which it belongs: indeed, the decomposition is made by cutting along bigeodesics,
and distinct bigeodesics may only merge at vertices of degree at least 3, which are
necessarily regular. As a consequence of this remark, each piece admits a (unique)
preimage by ¢, and so, our decomposition amounts to cutting M itself into five pieces,
denoted by (D1, D,, D3, Ty, T») in Figure 5.

While this approach seems very natural, the main difficulty is to characterize pre-
cisely which sorts of pieces we may obtain in the decomposition. Recall from [ibid.,
Sections 2.3 and 2.4] that bigeodesic diangles and triangles are planar maps with one
boundary-face having several (four and six, respectively) distinguished incident cor-
ners, half of them being the so-called attachment points. Let us here call tips the other
distinguished corners: by the above remark, we see that the tips of the pieces obtained
in the decomposition of ¢ (M) are always incident to regular vertices. However, the
attachment points may be incident to either regular or midpoint vertices. We are thus
led to introduce the following definitions.

In a map M, a midpoint corner is a corner of the subdivided map ¢ (M) which
is incident to a midpoint vertex. A regular corner is a corner in the usual sense, it
corresponds to a corner of ¢ (M) incident to a regular vertex. We define the dis-
tance dps(c, ¢’) between two (regular or midpoint) corners ¢, ¢’ of M as half the
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graph distance between their incident vertices in ¢(M ). The distance between two
regular corners, or between two midpoint corners, is thus an integer, while the dis-
tance between a regular corner and a midpoint corner is a half-integer. The notion
of geodesic boundary interval of [ibid., Section 2.1] extends naturally to midpoint
corners.

A generalized bigeodesic diangle D is defined as in [ibid., Section 2.3] except
that we no longer require D to be bipartite, and that we allow that zero, one or two
among the attachment points c;5, ¢21 are midpoint corners. We still require that the
tips ¢y, ¢, are regular corners of D. See the left of Figure 6 for an illustration. The
exceedance of D is defined as

e(D) :=dp(ci2,c1) —dp(ca1,c1) = dp(ca1,c2) —dp(ciz, ¢2).

This quantity is half the exceedance of ¢ (D), which is clearly a bigeodesic diangle in
the original sense. When e (D) is an integer, the two attachment points are of the same
kind (regular or midpoint), and they are of different kinds when e(D) is a half-integer.

A generalized bigeodesic triangle T is defined as in [ibid., Section 2.4] except that
we no longer require 7 to be bipartite, and that we allow the attachment points ¢,
€23, €31 to be midpoint corners. We still require that the tips ¢, c3, c3 are regular cor-
ners of T'. Recall that the definition of a bigeodesic triangle implies that d7(c12,¢1) =
dr(c31, 1) (and circular permutations thereof), and hence all the attachment points
must be of the same kind. The triangle is said odd if c¢12, c23, c31 are midpoint cor-
ners, and even if they are regular corners. See the right of Figure 6 for an illustration.
Clearly, ¢(T) is a bigeodesic triangle in the usual sense.

With these new definitions at hand, by applying [ibid., Theorem 3.1] to ¢ (M), we
arrive at the following proposition.

Proposition A.2. Let M be a planar map with three tight boundaries of lengths 2a,
2b, 2c¢.

Ifa<b+c,b<c+a,andc <a+ b, then by the type I decomposition of [5, Sec-
tion 5.6], M is in one-to-one correspondence with a quintuple (D1, D2, D3, Ty, T3),
where D1, D,, D3 are generalized bigeodesic triangles of respective exceedances
e(Di)=a+c—b,e(D)=a+b—c,e(D3)=b+c—a,and Ty, T, are gener-
alized bigeodesic triangles, with the constraints that the attachment points which are
identified together in Figure 5 must be of the same (regular or midpoint) kind, and
that not all elements of this quintuple are reduced to the vertex-map.

If b > a + c, say, then the type Il decomposition of [ibid., Section 5.7] produces a
quintuple (D1, D,, D3, T1, To) with the same properties, except that the exceedances
arenowe(D1) =b —a —c, e(D3) = 2a, e(D3) = 2c.

For both type I and type II, we have the relation

e(D1)+e(Dy)+e(D3)=a+b+c. (59)
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Figure 5. A summary representation of the bijection of [5] between maps with three tight bound-
aries and quintuples (D1, D3, D3, Ty, T>) made of three bigeodesic diangles Dy, D>, D3, and
two bigeodesic triangles T, 7. The solid lines indicate the identification between attachment
points for type I. For type II, the two outer identification lines have to be replaced by the dotted
lines.

The above proposition encompasses a number of different cases. Whena + b + ¢
is an integer, all the exceedances are integers, and therefore, all twelve attachment
points are of the same kind. If they are all regular (resp., midpoint) corners, then 7}
and T, are both even (resp., odd) triangles. When a + b + c is a half-integer, e(D1)
is a half-integer and hence 7 and 7, have different “parities”. The other exceedances
e(D») and e(D3) are half-integers for type I, and integers for type II.

Let us now discuss the enumerative consequences of Proposition A.2. To this end,
it is necessary to introduce the generating functions of the various objects that may
arise in the situations described above. Generally speaking, we assign a weight 3 per
inner face of degree k (before subdivision), and a weight ¢ per vertex (of the map,
i.e., per regular vertex of the subdivided map). Following the conventions of [ibid.],
vertices that lie on strictly geodesic boundaries (displayed in red in the figures), and
that are not incident to attachment points, do not receive the weight . We denote by
Y (resp., Y) the generating function of generalized bigeodesic triangles that are even
(resp., odd). We then treat the case of diangles in the following proposition.

Proposition A.3. Let X denote the generating function of generalized bigeodesic
diangles with exceedance 0, whose attachment points are both regular corners. Then,
the following holds.
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C1
Y

regular

or

midpoint

€2 regular or midpoint

Figure 6. Schematic representation of a generalized bigeodesic diangle (left) and triangle
(right). The tips ¢y, c2, c3 are regular corners, incident to vertices (shown as solid disks). The
attachment points c12, ... are either regular corners or midpoint corners, incident to midpoint
vertices of the subdivided map (shown as small squares). We use the same red/blue coloring
convention as [5, Figures 2.2 and 2.5].

The generating function of generalized bigeodesic diangles with exceedance e €
Z >0, whose attachment points are both regular corners, is equal to R X .

The generating function of generalized bigeodesic diangles with exceedance e €
Zso + % where the first attachment point is a regular corner and the second a mid-
point corner, is equal to Re+%X/t.

The generating function of generalized bigeodesic diangles with exceedance e €
Z >0, whose attachment points are both midpoint corners, is equal to Retly / 2.

Proof. The first statement is obtained by a straightforward adaptation of the proof
of [ibid., Proposition 2.2], noting that the arguments do not require that the maps be
bipartite, and that R can still be interpreted as the generating function for elementary
slices.

The second statement follows from the first one, by observing that there is a bijec-
tion between the generalized bigeodesic diangles whose exceedance is e € Z>o + %
and whose second attachment point is a midpoint corner, and diangles whose excee-
dance is e + % and whose both attachment points are regular corners. Indeed, looking
at Figure 6, we simply have to move the second attachment point c; to the nearest
(red) regular vertex in the direction of c¢;, and we need to divide by ¢ to unweigh this
regular vertex.
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Finally, the third statement follows from a similar observation: we now move the
two attachment points c1, and ¢5; to their nearest regular vertices in the direction of
¢ and ¢y, respectively, resulting in a diangle of exceedance e + 1, and the weight
1/t? is needed to unweigh these regular vertices. |

Proof of Theorem A.1. We apply Proposition A.2, discussing separately the different
cases that appear there. Let us first consider the case a + b + ¢ € Z~¢: we may write

1
Tioanae = 5 (REPVN(RPIX)(RPOX)y?

Re(D])—HX Re(D2)+1X Re(D3)+1X <5
12 12 12 d
X3(Y2 +R3f2)

_ Ra+b+c
= 6

(60)

Here, the term in Y2 (resp., Y 2) corresponds to the situation where both T} and T,
are even (resp., odd) triangles, and the division by ¢ in the first term arises from
the identification between the vertices incident to the attachment points. Note that the
second equality holds both for type I and type II, thanks to (59).

The formula (60) remains valid in the case a = b = ¢ = 0, except that we have to
remove a spurious term ¢! corresponding to the contribution of the quintuple whose
all elements are reduced to the vertex map.

Let us now consider the case a + b 4+ ¢ € Z>o + %: then the discussion differs
slightly between type I and type II. For type I, we may write

(0) 1 RE@D+3 x Re(D)+} x ReD)+1 x
T =

2a,2b2¢c — 13 t (ZYY)

t
— Ra+b+c—% 2R2X3Y?_
16

Here, the factor 2Y Y enumerates the pairs (T4, T>) of different parities. Note that in
this situation, all diangles have exactly one regular attachment point, and the factor
1/t3 arises from the identification between the vertices at these attachment points.
For type II, assuming without loss of generality that b > a + ¢ as in Proposition A.2,
we may write

1 Re(D1)+%X Re(D3)+1X ~
0
Z(a?zb,zc = l_3 t ((Re(DZ)X) 12 Yy
ReD2)+1y ~
t (R"’(D3)X)YY)
— Ratbte—3 2R? XYY

t6
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Here, the first (resp., second) term corresponds to the case where 7} is even (resp.,
odd), so that D, has two (resp., zero) regular attachment points, D3 has zero (resp.,
two) regular attachment points. In all cases, D has exactly one regular attachment
point.

Gathering all these cases together, we arrive at the unified formula

3(y2 3y2 .
Ra+b+c—lw ifa+b+c€Zso,

T(O) +t_15 = _
2a.2b.2 a+b+c=0 1 op2y3 .
a,2b,2¢ Ratb+c 22135(—6” 1fa+b+ceZZo+%.

We conclude by noting that

OR RX3(Y2 + R3Y?
=79 = (¥ + ) and

S o _ 2R?X3YY
E = 11,1,0 /6 E = Tl,o,o = t—g’

since R (resp., S) counts planar maps with two distinguished boundaries both of
length 1 (resp., one of length 1 and the other of length 0): differentiating with respect
to ¢ has the effect of adding a third boundary of length 0, and boundaries of lengths 0
or 1 are tautologically tight. ]

We now state a variant of Theorem A.1 allowing to count tight pairs of pants with
some boundaries strictly tight, under certain assumptions.

Proposition A.4. Let a, b, and c be nonnegative integers or half-integers, and let

2(2?2})'2 . (resp., Tz(g?z bo2e ) denote the generating function of planar maps with three
labeled distinct tight boundaries of lengths 2a, 2b, 2c¢, the third (resp., the second
and the third) being strictly tight, where we attach a weight t per vertex different from
a boundary-vertex and not incident to the third boundary (resp., to the second nor to
the third boundary) and, for all k > 1, a weight t. per inner face of degree k.

Then, fora + b > ¢, we have

©  _ R“+b—c—1l%—’f ifa+b+c€lso,
20.202¢ ) Ratb=c=385  jrq 4 b 4ceZag— 4,

while, fora > b + ¢, we have

7© —

Ra7b=e=13R irg 4 b + ¢ € Zso,
2al2b,2¢

R"_b_c_%% ifa+b+cel-o— %

Observe that, in these two expressions, the assumptionsa + b > c anda > b + ¢
are, respectively, crucial to avoid having terms involving negative powers of f. It
. . . (0) (0) ;
would be interesting to obtain formulas for 7, a.2b)2c and T, al2b.2c without these
assumptions, but this is beyond the scope of this paper. Note that, whenever a > b + ¢,

the boundaries of lengths b, ¢ cannot touch each other.
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Proof of Proposition A.4. In view of Theorem A.1, it suffices to establish that

2¢7(0) :
© R CTza’zbm ifa+b>c,
T2a2b.2e = 2b+2¢ 7(0) .
R T2a|2b526 ifa>b+c.
Let us first assume a + b > ¢ and establish the formula for T2(2)2 bl2c: If ¢ = O then

there is nothing to prove, as a boundary-vertex is always considered strictly tight.
Assuming ¢ > 0, let M be a planar map with three labeled distinct tight boundaries
of lengths 2a, 2b, 2c. The third boundary is a face, which we denote by F3. We
then cut M along the innermost minimal closed path C homotopic to F3. This path
can be precisely defined as the maximal element of the lattice ‘C’rsi'r)l, discussed in [5,
Section 6.1]. We will justify in Lemma A.5 below that C is simple, hence by cutting
we obtain two pieces: a planar map with three tight boundaries of lengths 2a, 2b,
2c, the third being strictly tight, and a planar map with two tight boundaries both
of length 2c¢. Moreover, the boundary resulting from this cutting operation can be
canonically rooted: indeed, since planar maps with three boundaries have a trivial
automorphism group, we may canonically select a distinguished corner incident to C.
This decomposition is clearly bijective. Turning to generating functions, we decide to
assign the weight ¢ for vertices on C to the second map. It is known [4, Section 9.3]
that planar maps with two tight boundaries both of length 2¢, one of which is rooted,
have generating function R%¢. We conclude that
Tz(g?zb,zc = R* T2(2?2b|2c

as wanted.

For a > b + ¢, we may perform a similar decomposition with the boundary of
length 25, giving the relation

(0) _ p2bp(0)
Ty yapie = R Thh0p 5, u

Let us now justify that the closed path C used in the above proof is simple.

Lemma A.5. Let M be a planar map with three labeled distinct tight boundaries of
lengths L4, £3, £3. If €1 + €5 > €3 > O then every closed path on M of length £3 which
is homotopic to the third boundary is simple.

Proof. Let C be a closed path on M of length £ > 0. We may decompose C into a
(finite) sequence of simple closed paths C = (Cq1, Cs, ..., Cy,) with positive lengths,
for instance, by doing a “loop-erasure” (in this construction, a closed path reduced to
a single edge followed once in both ways is regarded as simple).

To be explicit, choose an arbitrary vertex vg on C and an orientation, and let us
denote by vy, e1, v1, €3, V2, ..., €7, Vg = Vg the successive vertices and edges of M
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visited by C. We then apply the following iterative procedure. Initialize y as the path
reduced to vy, and C as an empty sequence. Then, for every step i from 1 to £, append
the edge e; and v; to y:

» if y is simple, proceed to the next step,

e if y is not simple, then it necessarily consists of a simple path y’ from vg to v;
(possibly of length zero if v; = vg) and of a simple closed path C’ with positive
length: set y = y’, append C” to the sequence C,and proceed to the next step.

At the last step, the path y is reduced to vy = vy, and C is the sequence we are
looking for. There is an interesting combinatorial structure of heap underlying this
decomposition, see, e.g., [23, Proposition 6.3], but for our purposes, we need only
remark that the sum of the lengths of the C;’s is £.

Now, let us assume that C is homotopic to the third boundary. We claim that at
least one of the following assertions is true:

(i)  there exists i such that C; is homotopic to the third boundary,

(ii)  there exists i, j such that C; and C; are homotopic to the first and second
boundaries, respectively.

Indeed, each C; is either contractible or homotopic to one of the boundaries, as we
justify in Lemma A.7 below. It is not possible that all C; are contractible or homotopic
to the first boundary, as otherwise C would be homotopic to a multiple of the latter.
Similarly for the second boundary. Hence, either (i) or (ii) must hold.

Let us now assume £ = £3. As the boundaries are assumed tight, in case (i) we
find that C consists of a single element (n = 1) so that C = Cj is simple. In case
(i) C would have length at least £; + {5, but this is excluded by the assumption
£+ €y > U3, ]

Remark A.6. In the case where £, say, vanishes, Lemma A.5 and the above proof
still hold, upon using the convention discussed in Section 1.2 and [5, Figure 2] of
replacing the boundary-vertex by a small circle made of edges of length zero. Observe
that the boundary-vertex cannot be incident to the boundary-face of length £3, as
otherwise following the contour of that face but circumventing the boundary-vertex in
the other direction would yield a path of length €3 that is homotopic to the boundary-
face of length £,, contradicting the tightness assumption.

The following fact, used in the proof of Lemma A.5, seems well known in some
communities, but we rederive it for convenience.

Lemma A.7. Let M be a planar map with three boundaries. Then, every simple
closed path on M is either contractible or homotopic to one of the boundaries.
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Proof. We may draw M in the plane, with the puncture of one of the boundaries sent
to infinity. Let C be a simple closed path on M. By the Jordan—Schoenflies theorem,
C delimits a bounded domain D homeomorphic to a disk, which may contain zero,
one or two punctures. If D contains zero puncture, then C is contractible. If D con-
tains one puncture, then C is homotopic to the corresponding boundary. Finally, if D
contains two punctures, then C is homotopic to the boundary corresponding to the
puncture at infinity. ]

B. Quasi-polynomiality in the general case: Induction step

This appendix and the next one are devoted to the proof of Proposition 4.8 by induc-
tion on n. Here, we check that if the statement of the proposition is true for » bound-
aries, then it is also true for n + 1 boundaries. We proceed in three steps.

B.1. A discrete integration lemma for polynomials

We first record an elementary discrete integration lemma. It is certainly well known,
but the derivation is a nice variation on the Bernoulli—-Faulhaber formulas so we give
a full proof.

Lemma B.1. Fix an integer k > 0. Then, the sums

€2k+1
§ : m2k+1 + 5 , § : m2k+1
0<m<{ 0o<m<{
me27 me2Z+1

are even polynomials in the even integer variable £, and the sums

£2k+1
Z m2k+1’ Z m2k+1 4 5
0<m<{ 0<m</{
me27Z me2Z+1

are even polynomials in the odd integer variable {.

Proof. First, suppose that £ = 2n is even. By the Bernoulli-Faulhaber formula, we
have

k £2k+1 x n X X n2k+l
ijzﬂ+ > _ p2k+1 Zq2+1—n2+1+ 5
o<m</t g=1

me27Z
2k+1
_ ! 3 2% +2 Binzkﬂ_i_nzzm |
2k +2 i 2

i=0
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Since By = 1/2 and all other Bernoulli numbers with odd indices vanish, we obtain
that this is a polynomial in n? = (£/2)2. Similarly, a simple consequence of the
Bernoulli-Faulhaber formula, subtracting the terms with even indices, is that

22k+2 2k+1 2k 2 . )
Y mt = ) 12\ g, p2k+2-i @ 1)
k+1 ¢ i
O<m<{ i=0
me2Z+1
and we see that the term involving B; vanishes. Using again the vanishing properties
of Bernoulli numbers of odd indices, this is a polynomial in n? = (£/2)2.
We now study the case where £ = 2n — 1 is odd. Note that

Z m2k+1 — p2k+1 Z g2+,

O<m<{ 0<g<n
me27Z

which, by another formula of Faulhaber, is a polynomial in the variable n(n — 1) =
(£? — 1)/4, hence an even polynomial in £. Finally, simply note that, since £ is odd,

ezk—i—l g2k+1
Z m2k+1+ — Z m2k+1_
2 2
o<m</{ o<m</{
me2Z+1 me2Z+1
1
=§ Z m2k+l+ Z m2k+1 ,
O<m</{ o<m<{
me2Z+1 me2Z+1

since the last term is the average of the first two equal terms. By a final use of the
Bernoulli—Faulhaber formula, this quantity if of the form (P(n) + P(n + 1)), where
P is a polynomial and 2n — 1 = £ — 2, so it can be put in the form P(({ — 1)/2) +
P((€ 4+ 1)/2), which is an even polynomial in £ by Newton’s formula. ]

Corollary B.2. Let P € Q[x] be a polynomial. Then,
14
E mP(m?) + = P(£?), Z mP(m?),
2
O<m<{ Oo<m<{
me27Z me2Z+1
are even polynomials of the even integer variable £, and
14
> mP(m?). > mPm?) + - P(?),
2
0O<m<{ O<m<{

me27 me27Z+1

are even polynomials of the odd integer variable {.
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B.2. Quasi-polynomiality for tight boundary insertions
Next, we prove the following result on the boundary insertion operator Dy.
Proposition B.3. For everyi > 0, the quantities

ﬁDzR(i)

,D(Sa)
R 2
R

N R2
VR

are parity-dependent quasi-polynomials in the variable (> whose coefficients are
polynomial functions of R /R, SV //R,1 < j <i + 1.

Proof. We prove this statement by induction on i, using the fact that for every £ > 0,

@ — 70 @) — 7

DyR™ = TZIIO’ DyS* £10,+1
where we use the simplifying notation 0; =0, . . ., 0 for a string of i consecutive zeros.
We initialize the induction at i = 0 by noting that, by our formula (58) for tight pairs
of pants,

R’ . . S’ . .

£ if £ iseven, -_  if fiseven,

DR=R:*' x{ K " DS = RS x | VR )
g iftisodd, R if£is odd.

Suppose that the statement holds up to some given value of i, namely, we may find
polynomials Pj2, Pj3, Qj1, Qj2 in Q[x1, ..., Xj41, Y1...., Yj+1, ] (the second
index will refer to the number of boundary-faces of odd degree in the expressions
below) such that, for 0 < j < i, and letting & be 0 if £ is even and 1 if £ is odd, we

have (sj+1) g(=i+D
. ¢ R(&=J S=s
D¢RY) = RzF1p, ( : ,62),
J,2+¢ R VQQ
. 041 RE+D) g(=j+D
DSY) =R 7 Q; ( : ,62).
QL1+5 R ng

Here, we use the shorthand notation R(S/+1D §(/+1 for the variables (R®), 1 <
k<j+1and(S® 1 <k<j+1).
Now, to prove the statement at rank i + 1, we write

(i+1) _ 7(0) 7 ©) - (0)
D¢R" =Ty 1,041 at Tyia0, T Z MLy oim Tm,1,1,0;> (62)
o<m</{
@ _ 70  _ 9,0 ©) 7(0)
DS =100 =5 oo + Yo omT Tty (63)

O<m<{
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where the second equality on each line is a consequence of Proposition 3.3. Let us
first analyze the right-hand side of (62). Its first term is equal to

9 i (R REi+1) g(=i+1)
R CRR) L TR e s

i+1 k ’ . .
4+ R3H1 Z(R( )) 0P 2 1¢ (R(S’ﬂ)’ S(sz+1)’£2)
=1 R 0xXk R ﬁ

N R%“ iil:(s(k))/af’i,zﬂ (R(5i+1) S(=i+1) 62).
Z\VR) o \ R VR

Note that (R®) /R) = (R*+VD/R) — (R®) /R)(R'/R) and (S®) //R) = (§*+1/
VR)—(1/2)(S® //R)(R'/R) and therefore the last two sums are quasi-polynomial
in £2 with coefficients in Q[R=+2) /R, §(=i+2) /\/R]. In order to study the last sum
in (62), it is easier to split cases.

Assume that £ is even (¢ = 0). The last sum in (62) then equals

(0) 0)
Z MmTy oim Tm,1,1,0;

o<m</{
m R m REiI+D  g(=i+1)
— mRZT_RT‘HPiz , ,m? (65)
R ’ R VR
o<m<{
me27
tem S m R(si+D  g(si+1)
+ mRz—Rz+1P-,3( : ,mz). (66)
D L S
me27Z+1

By Corollary B.2, the term (66), and the sum of the term (65) and (64) (for ¢ = 0)
is of the wanted form of R2*! times an even polynomial in the variable ¢2, with
coefficients in Q[REI+D /R, S(+1 //R]. Putting things together, we see that (62)
indeed yields an even polynomial expression in the even variable £.

Assume that £ is odd (¢ = 1). This time, we have

(0) (0)
Z MTy oim Tm,1,10;

0<m<{
e=m S m R+ g(si+D)
= mR 2 —R21p, ( , ,mz) (67)
0<2m:<€ VR " R VR
me2Z
—m R’ _m R(si+D)  g(si+1)
* ’"RZZERZHP’“( R ' JR ’mz) 68)

o<m<{
me27Z+1
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We then apply Corollary B.2 to the term (67) on the one hand, and to the sum of the
term (68) and (64) (for ¢ = 1) on the other hand. These are of the wanted form of
R2*1 times an even polynomial in £2, with coefficients in Q[R(S+D /R, §(=i+1/
V/R]. Putting things together, we see that (62) indeed yields an even polynomial
expression in the odd variable £. This completes the induction step for Dy RUFD,
We now analyze the right-hand side of (63) in a similar way. Its first term is

equal to
U0 C+1 1 R REHD g(=it)
&TC,I,O,’_H - —2 R 2 EQi,l—}-s R , ﬁ A (69)
n R% % R&) 8Q, 14e [ REFD gsitD) P
k=1 R dxc R =~ VR’
R% %(S(k)),aQi,l—}-s(R(Si—i_l) S(§i+1) Kz)
k=1 vR Yk R ~ JR )

Again, the last two sums are quasi-polynomial in the variable £2 with coefficients in
Q[RE*2) /R, §(=i+2) /\/R]. To analyze the last sum in (63) we again split cases.
Assume that £ is even (¢ = 0). Then, we have

© (0
> T g T,

O<m<{
t=m R’ m+1 R(si+D)  g(si+1)
Z mR 2 —R2Qi’1( , ,mz) (70)
0<m<t R R VR
me27

REi+D  g(=i+1)
I

O<m<{
me2Z+1

,mz). (71)

We apply Corollary B.2 to the term (71), and to the sum of the term (70) and (69) (for
& = 0), showing that they are of the wanted form of R times an even polynomial
in the variable £2, with coefficients in Q[R* TV /R, S+ //R]. Finally, assume
that £ is odd (¢ = 1). This time, we have

© (0
Y Mg Do

O<m<{
mit Ri+)  g(=sit1)
Z mR7" R Qi,l( : ,m2) (72)
O<m<{ f R ‘/ﬁ
me27
tm R’ m+1 Rt g(si+D)
R - . .m? ). 73
+ Z m Qz,z( R 7R m) (73)

O<m<{
me27Z+1
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We then apply Corollary B.2 to the term (72) on the one hand, and to the sum of
the term (73) and (69) (for € = 1) on the other hand. These are of the wanted form of
R3+! times an even polynomial in the variable £2, with coefficients in Q[RSi TV /R,
§(=i+n) / ﬁ]. Putting things together, we see that (63) indeed yields an even polyno-
mial expression in the odd variable £. This completes the induction step for DS ¢+,
and the proof of Proposition B.3. |

From the fact that D, is a differential operator, note that

R® D¢R®  RY D,R §® DeS®  18S® DR
()= 5 () -

R R R R VR JR 2JR R (74)

are of the form of R*/2 times a parity-dependent quasi-polynomial in £2, and with
coefficients in Q[R(=T1D /R, §E+D / [/R].

B.3. End of the proof of the induction step

Let us now assume that the statement of Proposition 4.8 is true for (g, n), we will
show that it is then true for (g, n + 1). Let us introduce the shorthand notation

dgn:=3g—2+n.
By the induction hypothesis, for every subset I of {1,...,n}, there exists

Pn(‘f}) € Q(xl,...,xdg'n,yl,...,ydg_n)[ul,...,u,,]

such that, whenever the ¢; with i € I are odd integers, and the ¢; with i ¢ [ are even
integers, we have

R(Sdg,n) S(fdg,n) o
)= P (B S ) e e
(75
The Prfgl) correspond to the family of polynomials associated with the parity-depend-

ent quasi-polynomial ‘?,Sg ), but the extra variables x1, ..., Xg, > Y1, -+, Vd,, are
useful to keep track of the dependency in the derivatives of R and S. In what follows,
to lighten notation, we omit the mention of these extra variables, except when we
differentiate with respect to them.

Recall that Propositions 3.3 and 3.5 assert that

n
(g) _ (g) 7 (0) (8)
T[],...,£n+1 - Den+1 T[] ..... ln + Z Z m’Té,-,Zn_,_llm,- Tel,...,m,-,...,ln (76)

i=10<m;<{;
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with Dy = % and D, as in (34) for m > 0. We plug (75) into the above relation. Since
Dy, is a differential operator that annihilates the variable ¢ except when £,41 = 0,
the first term on the right-hand side of (76) is equal to

£1++Ln
2

Dy, (R PO, ... L2) — (g, n)z2—2g—"551+...+¢n,0)

_ El + "'+€n .Rel+'£+€n Den-‘rlR
2 R

dg,n (g)
£+t RMN P,
R 8 Z(DK,,.H (T) a;r (62’...765)

PE@.... 0

r=1
()
ST P
+ Dy, (—) LT ,e};))
VR) dyr
—c(gon+ D)2 HDg, 1,0 (77)
where we set c¢(g,n + 1) = (2 —2g — n)c(g, n). By Proposition B.3 and its conse-
£1 4+t
quence discussed around (74), the third line of (77) is of the wanted form R e
times a quasi-polynomial in ¢2, ..., 5,21 41+ We then split the last term of (76) into

pieces.
Assume first that £,11 is even, in which case, the quantity Dy, ,, R/ R appearing
in the second line of (77) equals Rin+1/2 R /R. The last term of (76) is then

n Li+euyp1—m; R ey4-tm;+-+en
E E m; R 2 —R 2
R

i=1 0<m;<{;
Li€2Z m;e27

(&) (p2 2 2
X Pl Um0 (78)
titlapr=mi S' litetmitetln
2

+ > ) minﬁR

i=1 0<m;<{;
Li€2Z m; 2741

X Py (@m0 (19)

" CGtbapi—mi S’ Gedmitettn
+ > miR~ 2 =R 2
v R

i=1 0<m;<{(;
62T a7,

x PO (G m?, . 2) (80)

Zn Z Litlyy1—mi R’ 1+-4mjt-tin
"'I_ mi R 2 ;R 2

i=1 0<m;<{;
4i€2Z+1 m;e27+1

x PEG.....m2,... 0. 8D
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By the discrete integration of Corollary B.2, we see that (79) and (80) are polynomial
expressions in their, respectively, even and odd variables Eiz, while we should com-
bine (78) and (81) with the corresponding first terms of (77) (which is made possible
by the fact that Dy, , , has a factor R’/R) to get similar polynomial expressions.

If, on the other hand, £,,+1 is odd, then Dy, R /R equals R£"+1/ZS’/«/§. The
last term of (76) is then

Xn: Z R4i+/@n+1—mi S’ R€1+-~+m,-+~--+en
m; 2 —r— 2
v R

i=1 0<m;<{;
tie2Z m; €27
(&) (p2 2 2
x PN om}.. . 02 (82)

n Liteup1—mi R ey+-tmi+otin
=+ E E m; R 2 ER 2

i=1 0<m;<¥;
Li€2Z m;e27+1

x PE (@G mE 12 (83)

Zn Z Litlyy1—mi R’ 1+-4mi+-+en
+ mi R 2 ;R 2

i=1 0<m;<{;
GE2L+] 1y 27

x PE\ (@ m? L 2) (84

" titlugr—mi S’ Lytedmietln
+ Y mr TR
v R

i=1  O0<m;<{;
Li€2Z+1 m;e27+1

POt ) 6

By the discrete integration Corollary B.2, we see that (83) and (84) are polynomial
expressions in their, respectively, even and odd variables Eiz, while we should com-
bine (82) and (85) with the corresponding first terms of (77) to get similar polynomial
expressions.

From this discussion, we conclude that the statement of Proposition 4.8 holds for
(g,n + 1), which concludes the proof of the induction step.

C. Quasi-polynomiality in the general case: Initialization

We now initialize the induction for proving Proposition 4.8: for g = 0, g = 1, and
g > 2 we should, respectively, show that the statement holds for n = 3, n = 1, and
n =0.

The fact that the statement holds in the planar case (g,n) = (0, 3) is a direct con-
sequence of Theorem A.l and of the relation (13) between the T’s and the t’s. To
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treat the case of higher genera, we will need some results from the theory of topo-
logical recursion presented in [12], and more precisely, we will need the expression
of the generating function of maps in genus g > 1 based on the so-called method of
moments [1]. Our approach can be seen as an extension of the analysis of Budd [8,
Section 3.4] to the non bipartite case (but only considering the non-irreducible case).
Recall that F&®) = F ég) = Tég ) = rég ) denote the generating series of maps of genus
g without boundaries.

C.1. Genus one
Let us first deal with the case g = 1. Our main input will be the following.

Theorem C.1. The generating function for maps of genus one without boundary is

w_ L ((RY _(5 2) In(r)
o (5 -(G5)) %

From this, we can easily deduce Proposition 4.8 in the case (g,n) = (1, 1). Indeed,

given by

note that, by Propositions 3.3 and 3.5, we have Tz(l) =DyF (1), which equals

R R S’ S’
S0 _ TR = D R) 8e0
‘ 25?2 - G 1

and by Proposition B.3—see also (74)—this is of the wanted form of R*/? times a
quasipolynomial in £ with quasiperiod 2, whose coefficients are rational functions of
RWD/R SD//R,i € {1,2}, minus a pathological term for £ = 0.

Proof of Theorem C.1. Let us recall Eynard’s notation’ from [12]. We set (p. 58 and
Theorem 3.1.2, p. 62) x(z) = S + vVR(z + 1/2) (S = a, R = y?), and (pp. 59-60,
Definition 3.1.1, p. 63 and Theorem 3.1.2, p. 62)

ye) = WO ez - XD

1 -
=73 Zuk(zk -z k),

k>1

9Eynard puts a bound on the degrees, and excludes faces of degrees 1 and 2, but this restric-
tion is in fact inessential, as it results from Eynard’s choice of considering the map generating
functions as formal power series in the vertex weight ¢ whose coefficients are polynomials in
the face weights. Working instead with a weight per edge lifts this restriction since the set of
maps with a given number of edges is finite, and we believe that the reasonings of [12] extend
to this setting.
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where

Up = S5k,0 + \/ﬁgk,]
|_(i+k—1)/2j( i—1

Rj—k/Zsi—l-f—k—Zj' 86
j,j—k,i—1+k—2j) (86)

i>k+1 j=k

Note that the latter is related to the generating function Vj_; for (k — 1)-slices intro-
duced in [4]: for k > 2, we have

Vi1 = —Rk/zuk.

On the other hand, we have o = 0 and u; = t/+/R, as seen by applying the multi-
nomial formulas in (2). We define the Oth order moments by

—y'(1)
My = ,
+,0 JR
/
—y'(—1
M_o= 2D
VR
Now, [12, Theorem 3.4.6] expresses the generating function of toric maps in terms of
My o as
1 2y"(1)y" (=1 1 R*My oM_
FO— _ 2 (7 y'()y'(=1) - In +o0M-01) (87)
24 12 24 12
On the other hand, [12, Theorem 3.3.4] gives
(0) _ 1 1
@37 (71 22,23) = 2RM+ 0 (z1 — D*(z2 — D)*(z3 — 1)?
1 1

" 2RM_ (z1 + D2(z2 + 1)2(z3 + )2’

which we now know to count pairs of pants. Namely, this is

> ( (. (_1)€1+£2+€3) litals
G+ L1 _G3+1°
0T \2ZRM o T 2RM_ )t LG

Comparing with our formula for tight pairs of pants (58), we obtain

L A
= — 1 .
© 2RM,o ' 2RM_, R P
Yoty = 1 1 ’

S
- = if {1 + {2 + {3 € 27 + 1,
2RM1o 2RM_g R ey + 4L + 43 +
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where £1, {5, £3 > 0. This shows that

I 1 R + S’ I 1 RS (88)
RM 0 yy'() R VR RM_p D ROVR
Plugging this into (87) yields Theorem C.1. |

C.2. Higher moments, higher genera

The generating functions for maps in higher genera are given by higher-order mo-
ments, which are given [12, p. 64], for &z > 1, by

_ -1 k+h+1 k +h
’ >h+

We define the renormalized version

_ k+h
M:l:,h — R(h+1)/2M:l:,hM:l:,0 —_ _ Z (il)k+h+luk(2h . 1) (89)
k>h+1

One should note that [12, Corollary 3.5.1] introduces the quantities RM/ 2Mi,h that
are called “dimensionless”, we will see that these are indeed natural quantities to
consider, due to the following result'.

Theorem C.2 ([12, Corollary 3.5.1]). There exists Pg € Qx4+, x—, Y+p,Y—p.1 <
h <3g — 3)] that is homogeneous of degree 2g — 2 in the first two variables, and such
that Pg (x4, x_, (uh, w1 < h <3g—3))isofdegree 3g — 3 in y, and c(g,0) € Q,
such that

1 1
F(g)::P( , J(R"2My 5, R"2M_ 1 <h <3 —3)
S\ RM, o RM_, ( * . g§=3)
—c(g,0) 2728,

We would like to show that, for 4 > 1, the “dimensionless” moments Rh/ 2th,h
are rational functions of R® /R, S®)/ VRforl <k <h+1.Our goal will be to get
rid of the variables #; appearing implicitly in the u; in the previous expression, and

10There seems to be an inaccuracy in the statement of [12, Corollary 3.5.1]. Indeed, the latter
is stated without the boundary term involving 12728 only, which is, however, present in other
similar statements such as [ibid., Theorems 3.4.3 and 3.4.9]. In these statements, the coefficient
% is indeed equal to (Mg o) as wanted. It seems that this boundary term got omitted
at some stage.
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express this purely in terms of R, S and their derivatives. Our approach is inspired by
that of [8, Section 3.4].
First, for & > 1, we rewrite, using (89) and (86),

_ k+h
Mep= ), GO Ztt(zh + 1)
k>h+1 i=1
i—1 . . .
% ‘Rj_k/ZSl_1+k_2]
Z(j,j—k,i—l—l—k—Zj)

=&)D" Y 6 Z(:I:l

i>h+2
k+nh i—1
X Xk:(zh i 1)(i—1—£—k—l’ i—l—k—l’l)’ (90

2

where the second expression comes by changing the variable j intol/ =i — 1+ k —
2j and permuting the sums. To alleviate notations, we do not specify some summation
ranges as they are naturally enforced by the vanishing of the binomial and multinomial
coefficients and by the requirement that their arguments are nonnegative integers. In
particular, in the second expression, k + 1 has the same parity as i — [, which allows
to reorganize the term (41)¥T#+1 as displayed.

C.2.1. A binomial identity. Following [8, Lemma 7], it is convenient to simplify the
sum over k appearing in (90). Let us first rewrite

Z(k+h)( i—1 )_(i—l)z(kJrh)(i—l—l)
i—14+k—l i—1-k-I - i—l—-1+k
—\2h +1 | 1) \2h+ 1)\ =5

where we recall that the sum is over nonnegative integers k with the same parity as

i —1—1. Writing j =i — [, we treat the sum over k on the right-hand side by the
following lemma.

Lemma C.3. For any nonnegative integer h, there exist two polynomials Q,[IO] and
QE] of degree h + 1 such that, denoting by ¢ = €(j) € {0, 1} the parity of j, we have

k+h\(Jj—1 1\
Yo i) () = (U)ol (557) oy
k

where we sum over nonnegative k such that k + ¢ is odd.

Thanks to this lemma, the sum over k in (90) is expressed as

Z(k+h)( i—1 )_( i—1 )Q[S]( l—s)
i—14k—=l i—1—k—I =\ izl—e i-lte— -5 )
—\2h + 1 Lkl kel g iloe ilde2 2
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which leads to the expression

Mep = (D" Y DY 6 )y

£€{0,1} i>2  [=i+emod 2

i—1 [ —¢
(i_z_g i lte ,)Q[S](T) (92)
2 2 ’

that we will further study in the next subsection. In passing, we note that

X R

01y =0 foreveryh > 1, (93)

as seen by taking j = 2 in (91): on the left-hand side, the sum is over all positive odd
k, and each term vanishes.

Proof of Lemma C.3. Assume first that j is even, that is, &€ = 0, so that the summation
isover odd k = 2k’ + 1. Then, writing 2" = j, equation (91) is rewritten as

2k/+h+1)(2j/—1) (2]'/—1) [0], ./
> ) =", " )0yU". (94)
k/zo( 2h +1 Jj+k j’

where
oM = 04(0.")

is the polynomial of degree & + 1 of [8, Lemma 7] specialized at b = 0. Alternatively,
we may recover the expression of QELO] by the following independent argument. First,
note that, in the notation of [6], we have

X+h h!?
(2h + 1) = Rh ) ©3)
so that, using the notation
2k (24 1
Aé’k_ﬁ(E—}—k)’ Z,kEEZ 96)

from [6, (3.2)], we can rewrite the left-hand side of (94) in the form

, . 2" =1/
ZZ(k +1/2)pr (k" + 1/2))( 1/2)

(2h+1)' —1/2+K +

12

h! ,
= ()’ —UWZA “1/240+1/72P0 2K+ 1/2)).

Taking m = k' + 1/2, the polynomial p,(2m) is of degree h in m?2, so it can be
expressed in the basis of the polynomials p,(m),0 <r < h defined in [6, (2.18)], in the
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form p,(2m) = Z?:o oy, r pr(m), which, based on [6, (3.9)], yields the expression

o (2h+1)'zz hrAj—1/2.k0+1/25r (K" +1/2)

k’ r=0
2

(2h + 1)! ¢
2L 1\ (2 —2

=@ Dy 2 ””( r )(j'—l)

C(2j=1\ K ~1

_( J’ )(%H)”Z ’”( r )

which, since j’ = j/2, is indeed of the wanted form ( ) [o] (j/2) for some poly-

=Qj - ) Zah r ZA _1/2,0+1/2Pr (K" +1/2)

nomial QLO] of degree 1 + 1.

For j odd, i.e., ¢ = 1, we argue in a similar (and slightly simpler) way. The sum-
mation is now over even k = 2k’, and we write 2’ = j — 1, so that the left-hand side
of (91) reads

2k" + h 2j’
—2j A iK'
;(2h+1)(j’+k’) J(2h+1)v2 & P2,

where we use (95) and (96) to pass to the right-hand side. This time, we take m = k’
and we express the polynomial pj(2m) in the basis of the polynomials p,(m), 0 <
r < h, in the form p(2m) = Zf:o ap,r pr(m), which yields, now using [6, (3.7)],
the expression

(2h Y Zzahr ik Pr (k)

k' r=0

h12
=2j — r Air g pr (K
](2h+1)!;ah,;1,kp()
2 & =1\ (2 —1
¥ (i a— ,
’(zh+1)'z’“( r )( J! )
2j’ h!? -1
( )<2h+1>'fZ ’”( r )

which is again of the wanted form ((] D /Z)Q[l](( j — 1)/2) for some polynomial
Q[l] of degree h + 1. [
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C.2.2. Relating the moments with the recursions determining R, S. The expres-
sion (92) for the moments can be compared to the equations (2) defining R and S,
which we may write in the more compact and symmetric form

Z(U(1) =t,

where t = (tg,11),t0 =t, U= (R, S) and Z = (Zy, Z1) is the pair of bivariate series
defined by

| — 1 iz
Zo(r,5) =V—Zli Z (i_l li_ | l)r21sl 97)

i>2 [=i mod 2

and

i—1 i—l—1
ZCCEEED SURED DI (WU o

i>2  [=i+1 mod 2 2 2
Combining this with (92), we obtain that, for every i > 1,

ED ey =~ Y EDRT QICIZe(rS)lrmrs=s.  (98)
e€{0,1}

where we note that the term r in (97) is annihilated by the differential operator
QLO] (rd,) thanks to (93). By Leibniz’s formula, this means that the renormalized
moments are linear combinations of the expressions

k+s—1 8kZ8
RFT 2 ——=(R.S), 1=<k=h+1 e€{01}. (99)

We now discuss the structure of these expressions.

C.2.3. Structure of derivatives of Z. To this end, we need to better understand the
partial derivatives of R, S with respect to fo, #;. We recall that R®) and §® corre-
spond to the derivatives with respect to ¢t = fy.

Proposition C.4. There exists a family of polynomials P@P (x;, yx,1 <k <a + b)
such that, for any integers a,b > 0, we have

9atb R R&)  gk)
A =Rg+1P(“’b)(—,— 1<k <a+b) (100)
g ot R VR’
and, if moreover (a,b) # (0,0),
a+b k) ¢k
a_i = R}Hz_lP(“‘H’b_l)(R S 1<k<a+ b) (101)
drgdort R JR’
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It is defined by induction as follows: we have P9 = x, for every a > 0, with the
convention that xo = 1, P@+1.-1 = Vg for every a > 1, and, for every a,b > 0,

+b /k—1
(@b+1) _ K k
P = +1 1 +Z Z XiYk+1— zaxk

+ (xk+1 — ylzy")ayk)) P@b  (102)

Moreover, the polynomial P("’b)()?]];, )7,’;, 1 <k <a + b) in the variables X, yy is

homogeneous of degree a + b.

Proof. We first make the trivial observation that for » = 0, (100) holds with P@0) —
xg for a > 0, and (101) holds with P@+L.=D =y, for a > 1. Moreover, by the
combinatorial definition of R and S given in Section 1.2, the derivatives in (100)
and (101) are of the form T( o in both cases, with a terms equal to 0 and b+2
terms equal to 1 in the first case and with a + 1 terms equal to 0 and b + 1 terms
equal to 1 in the second case. This shows that, for @ > 0 and b > 1, (101) is nothing
but (100) applied to @ + 1 and b — 1 instead of a, b. Furthermore, we deduce from
this discussion and Theorem A.1 the identities

oR , 0S8 ,

E_RS’ 8_t1_R’ (103)
which are consistent with the particular values PV = y; and P(1L0 = x;.

In view of these preliminary remarks, it now suffices to establish (100) for general

b, which we will do by induction. Assume that it holds at rank » > 0, and let us
establish it at rank b + 1. To this end, we write

b k k
PTPTIR _ i(R’zﬂp(a,b)(ﬂ,ﬂ l<k<a +b))
degardtt  on R VR’

and we expand the right-hand side using the Leibniz and chain rules. The first term in
the expansion, obtained by differentiating R?/2+1 is equal to

b baR b bi1 S’
Z 41 —p@h 241 12 plab) 104
(2+ ) o (2+ ) VR (109

The term obtained by differentiating with respect to the variable x; = R®) /R in

P @b) 5 equal to
R®
R3+1y, pad L J
8t1 ’
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where we may write

9% (RS")

(k)
o (R M= IRR® S gp®
am\ R ) R R2 R R
\/_kﬁ k\ R® gk+1-i)
=R ) [
X(i) %

by (103) and Leibniz’s formula. Finally, the term obtained by differentiating with
respect to the variable y;, = S®)/ VR in P@b) js equal to

b 3 (S®
Rj‘l‘la P(a,b)_ ,
Yk 31‘1 «/ﬁ

where we may write

5 /M agt(lk’ g%s(k) RE+D 1 g/ g®
_ _ - . (105)

i\ Ve) = VR aer =M TR TR R

Putting (104)—(105) together, we obtain that (100) is valid for (a, b + 1), where
P @b+ i5 given by (102), as wanted. The statement about the degree and homogene-
ity of P(@b) ()'c’,g, )7,’(‘, 1 <k < a + b) is readily derived by induction, using (102). =

At this point, we use the formula (107) for derivatives of inverses discussed in
Appendix D, applied to f = U and g = Z (for n = 2 in the notation therein):

*Z, 1 P @y,
U(t) = di0); L (t), (106
e =3 [lawil, T[] O T T (109

€T (k) VET vetky(r)>0

where 7.2 (k) is the family of planted Pélya trees t with k leaves, and where the bot-
tom and top half-edges of the edge e, below the vertex v € t are labeled by elements
iy, jv € {0, 1}, in such a way that iz = ¢, and i, = O for every leaf v € 1.

Let us look more closely at the contribution of a given tree T € 7.°(k) to the
preceding sum. Note that, by (61), we have

R IR

Ju = [P0 ) _ R RS’

o \es s ) T \s R
dto 0ty

We use the comatrix formula to compute
DG, Jj)

(dtU_l)i,j = R_l_%-'—% R S
(52 - ()2
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where D(i, j) is R’/R if i + j is even, and —S’/+/R otherwise. Hence, the contri-
bution of edges of t—the first product in (106)—is

l—IR—1—i7U+f7U c‘@(iv,].v)
R'y2 2’
VET (?) ( )

while the contribution of internal vertices — the second product — is, by Proposi-
tion C.4,

Zku(‘[) R
R
I PO Uiy o SR fur )
vet:iky(r)>0 kv(‘t)!
RO g
( Kl S I <k (r))

The exponents in R have many cancellations and result in a global exponent of

—k—ig/2+ Y ju/2=—k—¢/2.

vetT:ky(r)=0

since T € 7.°(k). The rest of the contribution of 7 is a homogeneous polynomial of
degree 2#t — 1 (in the sense of Proposition C.4, that is, where the variables of index
I are considered to have degree /) times ((R’/R)? — (S’/~/R)?)~**. Note that #7 is
maximal and equal to 2k — 1 when t is a binary tree. Hence, we reduce the sum on
the right-hand side of (106) to a common denominator by multiplying and dividing
the contribution of = by ((R'/R)? — (S’ /~/R)?)*~17#7_which is thus of the form

) )
G Sf 1<1<k)

(B2 = (%)?

—k—¢/
R o2 )Zk 1

where IT% , is a homogeneous polynomial of degree 4k — 3. After multiplying by
RK, summing over all possible r € 7.°(k), and applying (98) and the remark leading
to (99), we finally obtain that

_ i,h(R(k) ‘i}k—) 1<k<h+1)
Myy=R'?
* (B2 — (Soy2)hH
R VR

where Il j, are homogeneous polynomials of degree 4h + 1. Coming back to the
“dimensionless” quantities Rh/zMi,h = Mi,h/(\/ﬁMi,o), those are, recalling (88),

’

(k) (k)
R’ S’)Hi,h(RT,SﬁJSkEh‘i‘l)

RM2My , = (— +
> ’ ’ h
(52— ()™

R = UR
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T T T2 ... T
— I]Q I_l jg
€ € k>2
1J 1@ () itk T
We(7) (al_ )GQYjQ (a1_ )eg (ak)jlgjm’k l—[ wj,; (1)
=1

Figure 7. An illustration of the tree structure of derivatives of inverses.

Combining this with Theorem C.2, this concludes the proof that Proposition 4.8 holds
forg >2andn = 0.

D. Higher-order differentials of inverse functions of several variables

Here, we provide a general discussion revisiting Lagrange inversion that is used in
Section C.2.3. The results are probably known in some other form, the paper by War-
ren Johnson cited in [8] pointing as far as Sylvester.

Fixn > landletx = (x1,...,%,),y = (y1,..., ¥n) be formal variables. We let
fx) =(f1(x),..., fr(x)) and g(y) = (g1(y),. . ., gn(y)) be two families of n elements
in K[[x]] and K[[y]], respectively, where K is some given field. We assume that f
and g are compositional inverses, that is, g(f(x)) = x and f(g(y)) = y. By classical
consideration, given f, the compositional inverse g exists if and only if £f(0) = 0 and
the differential of f at 0 is invertible, which we assume.

Let us write the expansion

f(x) =a;x—ax(x,x) —az(x,x,x) —---,

where a1, —a,, —as, ... are, up to a multiplicative coefficient, the successive differ-
entials of f at 0, which are, respectively, k-linear symmetric. Using tensor notations,
we explicitly have

dfi

@) = 0. (@) =
J

1 kL
k! 8)6]'1 ---8Xjk

0), k>2.

This yields, after substituting g(y) to x,

g(y) = ay'y + ay'ax(g(y). () + aj 'as(g(y). g(y). g(y) + -+ .
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This former expression has a natural tree interpretation, illustrated in Figure 7. We use
the Ulam—Harris notation, where a tree t is a subset of the set of integer words, rooted
at the empty word &. Every vertex v € t has an arity (number of children) denoted
by ky(7), and these children are the words vl, v2, ..., vk, (7). The trees considered
are planted Pdlya trees (with an extra edge pointing to the root vertex &), in which
the arity k, (7) of every vertex v € t is an element of {0, 2,3,4,...}. We let T be the
family of such trees in which the bottom and top half-edges of the parent edge of v is
decorated with two elements iy, j, € {1,...,n}. Foragivene € {1,...,n}, we also
let 7 be the set of those trees for which i = €. Then,

gs(y) = Z l_l(al—l)l]:)) (akv(-[))}l:)l ,lv2,-..,lukv(r)’

TeT, VET

with the convention that (ao)? = y;, that is, the contributions of the variable y come
from the leaves of the trees. The partial derivatives of order k of g, come from the
finite family 7 (k) of elements of 7, with k leaves. More precisely, for a given com-

position ¢ = (cy, ..., cy) of k with n parts, one has
akge 0) = —1\Jv vl 5iv2seslvky (1)
ax?! ...axcn( ) = Z n(al )iv l_[ (akv(r))jv ’
1 n TeTS VET vet:iky(1)>0

where 7,¢ is the set of trees T € (k) with ¢; leaves v labeled by j, =i, for1 <i <n.
By applying this reasoning to the series f(x + x’) — f(x) and to g(y +y') — g(y)
instead, we obtain

akgs _ 1\ Jv —1 akv(r)fju
a0 =3 [Tad™Di 1 (x).

| s e .
€Ty (k) veT vetiky(r)>0 ko (0)! 8xlv1 ax’vkv(r)

(107)

Acknowledgments. Many thanks are due to the anonymous referee for suggesting
valuable improvements to this paper. JB acknowledges the hospitality of the Labora-
toire de Physique of ENS de Lyon during the initial stages of this work. This work was
completed while GM was holding a visiting professor position at the Research Insti-
tute for Mathematical Sciences, an International Joint Usage/Research Center located
in Kyoto University.

Funding. This work was supported by the Agence Nationale de la Recherche via
the Grant nos. ANR-18-CE40-0033 “Dimers”, ANR-19-CE48-0011 “Combiné”, and
ANR-23-CE48-0018 “CartesEtPlus”.



J. Bouttier, E. Guitter, and G. Miermont 842

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(91

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

J. Ambjgrn, L. Chekhov, C. F. Kristjansen, and Y. Makeenko, Matrix model calculations
beyond the spherical limit. Nuclear Phys. B 404 (1993), no. 1-2, 127-172

Zbl 1043.81636 MR 1232337

J. Ambjgrn, B. Durhuus, and T. Jonsson, Quantum geometry. A statistical field theory
approach. Cambridge Monogr. Math. Phys., Cambridge University Press, Cambridge,
1997 Zbl 0993.82500 MR 1465433

J. Bouttier, P. Di Francesco, and E. Guitter, Census of planar maps: From the one-matrix
model solution to a combinatorial proof. Nuclear Phys. B 645 (2002), no. 3, 477-499

Zbl 0999.05052 MR 1938319

J. Bouttier and E. Guitter, On irreducible maps and slices. Combin. Probab. Comput. 23
(2014), no. 6, 914-972 Zbl 1303.05086 MR 3265834

J. Bouttier, E. Guitter, and G. Miermont, Bijective enumeration of planar bipartite maps
with three tight boundaries, or how to slice pairs of pants. Ann. H. Lebesgue 5 (2022),
1035-1110 Zbl 1516.05043 MR 4526246

J. Bouttier, E. Guitter, and G. Miermont, On quasi-polynomials counting planar tight
maps. Comb. Theory 4 (2024), no. 1, article no. 12 Zbl 1547.05021 MR 4770591

E. Brézin, C. Itzykson, G. Parisi, and J. B. Zuber, Planar diagrams. Comm. Math. Phys. 59
(1978), no. 1, 35-51 Zbl 0997.81548 MR 0471676

T. Budd, Irreducible metric maps and Weil-Petersson volumes. Comm. Math. Phys. 394
(2022), no. 2, 887-917 Zbl 1495.05061 MR 4469409

T. Budd and B. Zonneveld, Topological recursion of the Weil-Petersson volumes of hyper-
bolic surfaces with tight boundaries. J. Math. Phys. 65 (2024), no. 9, article no. 092302
Zbl 1548.57054 MR 4796626

G. Collet and E. Fusy, A simple formula for the series of bipartite and quasi-bipartite maps
with boundaries. In 24th International Conference on Formal Power Series and Algebraic
Combinatorics (FPSAC 2012), pp. 607-618, Discrete Math. Theor. Comput. Sci. Proc.,
Association for Discrete Mathematics and Theoretical Computer Science, Nancy, 2012
Zbl 1412.05014 MR 2958033

P. Di Francesco, P. Ginsparg, and J. Zinn-Justin, 2D gravity and random matrices. Phys.
Rep. 254 (1995), no. 1-2, 1-133 MR 1320471

B. Eynard, Counting surfaces. Prog. Math. Phys. 70, Birkhduser/Springer, Cham, 2016
Zbl 1338.81005 MR 3468847

B. Eynard and N. Orantin, Invariants of algebraic curves and topological expansion. Com-
mun. Number Theory Phys. 1 (2007), no. 2, 347-452 Zbl 1161.14026 MR 2346575

P. Flajolet and R. Sedgewick, Analytic combinatorics. Cambridge University Press, Cam-
bridge, 2009 Zbl 1165.05001 MR 2483235

1. P. Goulden and D. M. Jackson, Combinatorial enumeration. Dover, Mineola, NY, 2004
Zbl 1099.05005 MR 2079788

J. Harer and D. Zagier, The Euler characteristic of the moduli space of curves. Invent.
Math. 85 (1986), no. 3, 457-485 Zbl 0616.14017 MR 0848681

P. Norbury, Counting lattice points in the moduli space of curves. Math. Res. Lett. 17
(2010), no. 3, 467-481 Zbl 1225.32023 MR 2653682


https://doi.org/10.1016/0550-3213(93)90476-6
https://doi.org/10.1016/0550-3213(93)90476-6
https://zbmath.org/?q=an:1043.81636
https://mathscinet.ams.org/mathscinet-getitem?mr=1232337
https://doi.org/10.1017/CBO9780511524417
https://doi.org/10.1017/CBO9780511524417
https://zbmath.org/?q=an:0993.82500
https://mathscinet.ams.org/mathscinet-getitem?mr=1465433
https://doi.org/10.1016/S0550-3213(02)00813-1
https://doi.org/10.1016/S0550-3213(02)00813-1
https://zbmath.org/?q=an:0999.05052
https://mathscinet.ams.org/mathscinet-getitem?mr=1938319
https://doi.org/10.1017/S0963548314000340
https://zbmath.org/?q=an:1303.05086
https://mathscinet.ams.org/mathscinet-getitem?mr=3265834
https://doi.org/10.5802/ahl.143
https://doi.org/10.5802/ahl.143
https://zbmath.org/?q=an:1516.05043
https://mathscinet.ams.org/mathscinet-getitem?mr=4526246
https://doi.org/10.5070/C64163849
https://doi.org/10.5070/C64163849
https://zbmath.org/?q=an:1547.05021
https://mathscinet.ams.org/mathscinet-getitem?mr=4770591
https://doi.org/10.1007/BF01614153
https://zbmath.org/?q=an:0997.81548
https://mathscinet.ams.org/mathscinet-getitem?mr=0471676
https://doi.org/10.1007/s00220-022-04418-6
https://zbmath.org/?q=an:1495.05061
https://mathscinet.ams.org/mathscinet-getitem?mr=4469409
https://doi.org/10.1063/5.0192711
https://doi.org/10.1063/5.0192711
https://zbmath.org/?q=an:1548.57054
https://mathscinet.ams.org/mathscinet-getitem?mr=4796626
https://doi.org/10.46298/dmtcs.3067
https://doi.org/10.46298/dmtcs.3067
https://zbmath.org/?q=an:1412.05014
https://mathscinet.ams.org/mathscinet-getitem?mr=2958033
https://doi.org/10.1016/0370-1573(94)00084-G
https://mathscinet.ams.org/mathscinet-getitem?mr=1320471
https://doi.org/10.1007/978-3-7643-8797-6
https://zbmath.org/?q=an:1338.81005
https://mathscinet.ams.org/mathscinet-getitem?mr=3468847
https://doi.org/10.4310/CNTP.2007.v1.n2.a4
https://zbmath.org/?q=an:1161.14026
https://mathscinet.ams.org/mathscinet-getitem?mr=2346575
https://doi.org/10.1017/CBO9780511801655
https://zbmath.org/?q=an:1165.05001
https://mathscinet.ams.org/mathscinet-getitem?mr=2483235
https://zbmath.org/?q=an:1099.05005
https://mathscinet.ams.org/mathscinet-getitem?mr=2079788
https://doi.org/10.1007/BF01390325
https://zbmath.org/?q=an:0616.14017
https://mathscinet.ams.org/mathscinet-getitem?mr=0848681
https://doi.org/10.4310/MRL.2010.v17.n3.a7
https://zbmath.org/?q=an:1225.32023
https://mathscinet.ams.org/mathscinet-getitem?mr=2653682

(18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

Enumeration of maps with tight boundaries and the Zhukovsky transformation 843

P. Norbury and N. Scott, Polynomials representing Eynard—Orantin invariants. Q. J. Math.
64 (2013), no. 2, 515-546 Zbl 1269.30047 MR 3063520

P. Saad, S. H. Shenker, and D. Stanford, JT gravity as a matrix integral. 2019,
arXiv:1903.11115v1

G. Schaeffer, Planar maps. In Handbook of enumerative combinatorics, pp. 335-395, Dis-
crete Math. Appl. (Boca Raton), CRC Press, Boca Raton, FL, 2015 Zbl 1326.05036

MR 3409346

R. P. Stanley, Enumerative combinatorics. Volume 1. 2nd edn., Cambridge Stud. Adv.
Math. 49, Cambridge University Press, Cambridge, 2012 Zbl 1247.05003 MR 2868112
W. T. Tutte, A census of planar maps. Canadian J. Math. 15 (1963), 249-271

Zbl 0115.17305 MR 0146823

G. X. Viennot, Heaps of pieces. I. Basic definitions and combinatorial lemmas. In Com-
binatoire énumérative (Montreal, Que., 1985/Quebec, Que., 1985), pp. 321-350, Lecture
Notes in Math. 1234, Springer, Berlin, 1986 Zbl 0618.05008 MR 0927773

E. Witten, Two-dimensional gravity and intersection theory on moduli space. In Surveys
in differential geometry (Cambridge, MA, 1990), pp. 243-310, Lehigh University, Bethle-
hem, PA, 1991 Zbl 0757.53049 MR 1144529

N. Zhukovskii, Uber die Konturen der Tragflichen der Drachenflieger. Zeitschrift fiir

Flugtechnik und Motorluftschiffahrt 1 (1910), 281-284

Communicated by Gaétan Borot

Received 5 July 2024; revised 24 September 2025.

Jérémie Bouttier

Sorbonne Université and Université Paris Cité, CNRS, IMJ-PRG, 75005 Paris; Université
Paris-Saclay, CNRS, CEA, Institut de Physique Théorique, 91191 Gif-sur-Yvette, France;
jeremie.bouttier @imj-prg.fr

Emmanuel Guitter
Université Paris-Saclay, CNRS, CEA, Institut de Physique Théorique, 91191 Gif-sur-Yvette,
France; emmanuel.guitter @ipht.fr

Grégory Miermont

Ecole Normale Supérieure de Lyon, UMPA, CNRS UMR 5669, 46 allée d’Italie, 69364 Lyon
Cedex 07; Institut Universitaire de France, 103 boulevard Saint-Michel, 75005 Paris, France;
gregory.miermont @ens-lyon.fr


https://doi.org/10.1093/qmath/has004
https://zbmath.org/?q=an:1269.30047
https://mathscinet.ams.org/mathscinet-getitem?mr=3063520
https://arxiv.org/abs/1903.11115v1
https://zbmath.org/?q=an:1326.05036
https://mathscinet.ams.org/mathscinet-getitem?mr=3409346
https://doi.org/10.1017/CBO9781139058520
https://zbmath.org/?q=an:1247.05003
https://mathscinet.ams.org/mathscinet-getitem?mr=2868112
https://doi.org/10.4153/CJM-1963-029-x
https://zbmath.org/?q=an:0115.17305
https://mathscinet.ams.org/mathscinet-getitem?mr=0146823
https://doi.org/10.1007/BFb0072524
https://zbmath.org/?q=an:0618.05008
https://mathscinet.ams.org/mathscinet-getitem?mr=0927773
https://doi.org/10.4310/SDG.1990.v1.n1.a5
https://zbmath.org/?q=an:0757.53049
https://mathscinet.ams.org/mathscinet-getitem?mr=1144529
mailto:jeremie.bouttier@imj-prg.fr
mailto:emmanuel.guitter@ipht.fr
mailto:gregory.miermont@ens-lyon.fr

	1. Introduction
	1.1. Context and motivations
	1.2. Basic definitions
	1.3. Outline

	2. The trumpet decomposition
	2.1. The decomposition theorem
	2.2. Enumerative consequences
	2.3. Allowing boundary-vertices
	2.4. A formula for the series of planar bipartite maps with tight boundaries

	3. Recursion relations for series of maps with tight boundaries
	3.1. Adding an extra boundary-vertex
	3.2. Adding an extra boundary-face
	3.3. Consistency with the expression for the planar bipartite case

	4. The quasi-polynomiality phenomenon
	4.1. Maps without boundary-vertices
	4.2. Maps with boundary-vertices

	5. Conclusion and discussion
	A. Bijective enumeration of tight pairs of pants
	B. Quasi-polynomiality in the general case: Induction step
	B.1. A discrete integration lemma for polynomials
	B.2. Quasi-polynomiality for tight boundary insertions
	B.3. End of the proof of the induction step

	C. Quasi-polynomiality in the general case: Initialization
	C.1. Genus one
	C.2. Higher moments, higher genera
	C.2.1 A binomial identity
	C.2.2 Relating the moments with the recursions determining R, S
	C.2.3 Structure of derivatives of Z


	D. Higher-order differentials of inverse functions of several variables
	References

