ANALYTIC COMBINATORICS OF CHORD AND HYPERCHORD
DIAGRAMS WITH k CROSSINGS

VINCENT PILAUD AND JUANJO RUE

ABSTRACT. Using methods from Analytic Combinatorics, we study the families of perfect
matchings, partitions, chord diagrams, and hyperchord diagrams on a disk with a prescribed
number of crossings. For each family, we express the generating function of the configurations
with exactly k crossings as a rational function of the generating function of crossing-free config-
urations. Using these expressions, we study the singular behavior of these generating functions
and derive asymptotic results on the counting sequences of the configurations with precisely k&
crossings. Limiting distributions and random generators are also studied.
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1. INTRODUCTION

1.1. Nearly-planar chord diagrams. Let V' be a set of n labeled points on the unit circle. A
chord diagram on V is a set of chords between points of V. We say that two chords cross when
their relative interior intersect. The crossing graph of a chord diagram is the graph with a vertex
for each chord and an edge between any two crossing chords.

The enumeration properties of crossing-free (or planar) chord diagrams have been largely stud-
ied in the literature, see in particular [FN99]. A more recent trend studies chord diagrams with
some but restricted crossings. The several ways to restrict their crossings lead to various inter-
esting notions of nearly-planar chord diagrams. Among others, it is interesting to study chord
diagrams

(1) with at most k crossings, or

(2) with no (k + 2)-crossing (meaning k + 2 pairwise crossing edges), or

(3) where each chord crosses at most k other chords, or

(4) which become crossing-free when removing at most k well-chosen chords.

Note that these conditions are natural restrictions on the crossing graphs of the chord dia-
grams. Namely, the corresponding crossing graphs have respectively (1) at most &k edges, (2)
no (k + 2)-clique, (3) vertex degree at most k, and (4) a vertex cover of size k. For k = 0, all these
conditions coincide and lead to crossing-free chord diagrams. Other natural restrictions on their
crossing graphs can lead to other interesting notions of nearly-planar chord diagrams.

Families of (k + 2)-crossing-free chord diagrams have been studied in recent literature. On the
one hand, (k4 2)-crossing-free matchings (as well as their (k + 2)-nesting-free counterparts) were
enumerated in [CDDT07]. On the other hand, maximal (k + 2)-crossing-free chord diagrams, also
called (k+1)-triangulations, were introduced in [CP92], studied in [Nak00, PS09], and enumerated
in [Jon03, SS12], among others. As far as we know, Conditions (1), (3) and (4), as well as other
natural notions of nearly-planar chord diagrams, still remain to be studied in details. We focus in
this paper on the Analytic Combinatorics of chord configurations under Condition (1).

1.2. Rationality of generating functions. In this paper, we study enumeration and asymptotic
properties for different families of configurations: chord diagrams, hyperchord diagrams, hyper-
chord diagrams with restricted hyperchord sizes, perfect matchings, partitions, and partitions
with restricted block sizes. Let C denote one of these families of configurations. For enumeration
purposes, we consider the configurations of C combinatorially: in each configuration we insert
a root between two consecutive vertices, and we consider two rooted configurations C' and C’
of C as equivalent if there is a continuous bijective automorphism of the circle which sends the
root, the vertices, and the (hyper)chords of C' to that of C’. We focus on three parameters of
the configurations of C: their number n of vertices, their number m of (hyper)chords, and their
number k of crossings. Note that for hyperchord diagrams and partitions, we count all crossings
involving two chords contained in two distinct hyperchords. Moreover, we can assume that no
three chords cross at the same point, so that there is no ambiguity on whether or not we count
crossings with multiplicity. We denote by C(n,m, k) the set of configurations in C with n vertices,
m (hyper)chords and k crossings, and we let

Clz,y,2) = > |C(n,m,k)[a"y™2"
n,m,keN
denote the generating function of C, and
Ci(z,y) = Y [C(n,m,k)|a"y™ =[] C(x,y, 2)
n,meN
denote the generating function of the configurations in C with precisely & crossings. Our first

result concerns the rationality of the latter generating function.

Theorem 1.1. The generating function Cg(x,y) of configurations in C with exactly k crossings
is a rational function of the generating function Co(x,y) of planar configurations in C and of the
variables x and y.
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The idea behind this result is to confine crossings of the configurations of C to finite subcon-
figurations. Namely, we define the core configuration C* of a configuration C' € C to be the
subconfiguration formed by all (hyper)chords of C containing at least one crossing. The key
observation is that

(i) there are only finitely many core configurations with k crossings, and
(ii) all configurations of C with k crossings can be constructed from their core configuration
inserting crossing-free subconfigurations in the remaining regions.

This translates in the language of generating functions to a rational expression of Cg(x,y)
in terms of Cy(z,y) and its successive derivatives with respect to x, which in turn are rational
in Cy(z,y) and the variables x and y. For certain families mentioned above, the dependence in y
can even be eliminated, obtaining rational functions in Cy(z,y) and z . Similar decomposition
ideas were used for example by E. Wright in his study of graphs with fixed excess [Wri77, Wri78,
Wri80, Wri83], or more recently by G. Chapuy, M. Marcus, G. Schaeffer in their enumeration of
unicellular maps on surfaces [CMS09]. See also [BR12].

Note that Theorem 1.1 extends a specific result of M. Béna [Bén99] who proved that the
generating function of the partitions with k crossings is a rational function of the generating
function of the Catalan numbers. We note that his method was slightly different. The advantage
of our decomposition scheme is to be sufficiently elementary and general to apply to different
families of configurations such as matchings, partitions (even with restricted block sizes), chord
diagrams, and hyperchord diagrams (even with restricted hyperchord sizes). However, to illustrate
the limits of our method and to point out directions for further research, we mention in our last
section other possible extensions such as the case of trees (acyclic connected chord diagrams) and
of diagrams on surfaces of higher genus.

1.3. Asymptotic analysis and random generation. From the rational expression of the gen-
erating function Cg(z,y) in terms of Cy(z,y), we can extract the asymptotic behavior of configu-
rations in C with k crossings. Our asymptotic results are summarized in the following statement.

Theorem 1.2. For k > 1, the number of configurations in C with k crossings and n vertices is
["] Cr(z,1) = An®%p™"(1+40(1)),

n—oo

for certain constants A, a, p € R depending on the family C and on the parameter k.

The values of A, « and p for different families of configurations are given in Table 1.

family constant A exponent « | singularity p~! | Proposition
2 (2k — 3)!
matchings' v2( 3) T k — 3 2 2.15
41 R T (k- 1) 2
e (2k — 3)!! 3
partitions R I‘(k - %) k— 5 4 2.26
3k
—2+43v2)  /—140 4+ 99v2 (2k — 3)!!
chord diagrams ( + \F) + \[( 1 ) k — § 6+ 42 3.11
23KH1 (3 — 4v/2)F 1K T(k — 1) 2
1.0343% 0. 2k — 3)!!
hyperchord diagrams? ~ 034" 0.003655 ( 13) k — 3 ~ 64.97 3.21
0.03078*~1 k! T'(k — 3) 2

TABLE 1. The values of A, a and p in the asymptoptic estimate of Theorem 1.2
for different families of chord diagrams.

IThe asymptotic estimate for the number of matchings with n vertices is obviously only valid when n is even.
2The expression of p~! and A for hyperchord diagrams is obtained from approximations of roots of polynomials,
and approximate evaluations of analytic functions. Details can be found in Propositions 3.15 and 3.21.
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For partitions with restricted block sizes and for hyperchord diagrams with restricted hyper-
chord sizes, the values of A, a and p are more involved. We refer to Propositions 2.32 and 3.27
for precise statements.

Theorem 1.2 and Table 1 already raise the following remarks:

(i) The position of the singularity of the generating function Cyg(z,y) always arises from that of
the corresponding planar family Cq(x,y). The values of these singularities are very easy to
compute for matchings and partitions, but more involved for chord and hyperchord diagrams
and for partitions or diagrams with restricted block sizes.

(ii) Although the exponent « seems to always equal k —% as in Table 1, this is not true in general.
This exponent is dictated by the number of core configurations in C maximizing a certain
functional (see Sections 2.6, 2.10, 3.5, and 3.8). Families of configurations with restricted
block sizes can have different exponents, see Sections 2.10 and 3.8.

(iii) Although Theorem 1.2 seems generic, the different families of configurations studied in this
paper require different techniques for their asymptotic analysis. Certain methods used for
the analysis are elementary, but some other are more complicated machinery borrowed from
Analytic Combinatorics [FS09).

As another relevant application of the rational expression of the generating function Cg(x,y)
from Theorem 1.1, we obtain random generation schemes for the configurations in C with precisely
k crossings, using the methods developed in [DFLS04].

1.4. Overview. The paper is organized as follows (see also the table of contents on page 1).
In Section 2, we study in full details the case of perfect matchings with k£ crossings, since we
believe that their analysis already illustrates the method and its ramifications, while remaining
technically elementary. In particular, we define and study core matchings in Sections 2.1 to 2.3,
obtain an expression of the generating function of matchings with & crossings in Section 2.4, study
its asymptotic behavior in Sections 2.5 and 2.6, and discuss random generation of matchings with
k crossings in Section 2.7. We extend these results to partitions and to partitions with restricted
block sizes in Sections 2.9 and 2.10 respectively.

In Section 3, we apply the same method to deal with chord diagrams, hyperchord diagrams and
hyperchord diagrams with restricted hyperchord sizes. Although we apply a similar decomposition,
the results and analysis are slightly more technical, in particular since the generating functions of
crossing-free chord and hyperchord diagrams are not as simple as for matchings and partitions.

Finally, we discuss in Section 4 the situations of trees with k crossings and of chord configura-
tions on orientable surfaces with boundaries, for which the method presented in this paper reaches
its limits.

Throughout this paper, we use language and basic results of Analytic Combinatorics. We refer
to the book of P. Flajolet and R. Sedgewick [FS09] for a detailed presentation of this area. For
the convenience of the reader, we recall in Appendix A the main tools used in this paper.

2. PERFECT MATCHINGS AND PARTITIONS

In this section, we consider the family M of perfect matchings with endpoints on the unit
circle. Each perfect matching M of M is rooted: we mark (with the symbol A) an arc of the circle
between two endpoints of M, or equivalently, we label the vertices of M counterclockwise starting
just after the mark A. Although it is equivalent to considering matchings of [n], the representation
on the disk suits better for the presentation of our results.

Let M(n, k) denote the set of matchings in M with n vertices and k crossings. We denote by

M(z, z) = Z IM(n, k)| 2™ 2"
n,keN

the generating function of M where x encodes the number of vertices and z the number of crossings.
Observe that we do not encode here the number of chords since it is just half of the number of
vertices. We want to study the generating function

M (@) =[] M(z, 2)

of perfect matchings with exactly k crossings.
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Example 2.1. The generating function of crossing-free perfect matchings satisfies the functional
equation

My(z) = 1+ 22 My(z)?,

leading to the expression

1—+v1—422 1 2
My (@) = 22 () = 3 cnan

222 m+1
meN meN

where C,, := —— (*™) denotes the m™ Catalan number. The asymptotic behavior of the number
m+1 \m

of crossing-free perfect matchings is thus given by
1

1 3 3
2m _ _ —2 an e L
I Mole) = Con =y 47 (o) = 7 (o),
The goal of this paper is to go beyond crossing-free objects. We thus assume from now on
that £ > 1.

2.1. Core matchings. Let M be a perfect matching with some crossings. Our goal is to separate
the contribution of the chords of M involved in crossings from that of the chords of M with no
crossings.

Definition 2.2. A core matching is a perfect matching where each chord is involved in a crossing.
It is a k-core matching if it has exactly k crossings. The core M* of a perfect matching M is the
submatching of M formed by all its chords involved in at least one crossing. See Figure 1.

FIGURE 1. A perfect matching M with 7 crossings (left) and its 7-core M* (right).
The core matching M* has n(M*) = 24 vertices and k(M™*) = 7 crossings. More-
over, n(M*) = (17,2,1) since it has 17 regions with one boundary arc, 2 with two
boundary arcs, and 1 with three boundary arcs.

Let K be a core matching. We let n(K) denote its number of vertices and k(K) denote
its number of crossings. We call regions of K the connected components of the complement
of K in the unit disk. A region has i boundary arcs if its intersection with the unit circle has i
connected arcs. We let n;(K) denote the number of regions of K with ¢ boundary arcs, and we
set n(K) := (n;(K));er)- Note that n(K) = >, in;(K). See again Figure 1 for an illustration.

Since a crossing only involves 2 chords, a k-core matching can have at most 2k chords. This
immediately implies the following crucial observation.

Lemma 2.3. There are only finitely many k-core matchings.

The k-core matchings will play a central role in the analysis of the generating function My/(x).
Hence, we encapsulate the enumerative information of these objects into a formal polynomial in
several variables.
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FIGURE 2. The 1-, 2-, and 3-core matchings (unrooted).
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Definition 2.4. We encode the finite list of all possible k-core matchings K and their parame-
ters n(K) and n(K):= (n;(K));e) in the k-core matching polynomial

n(K) 1
X
KM =KM = = - ;i)
() =KMo = Y e S
K k-core K E-core i€[k]
matching matching
Example 2.5. The 7-core of Figure 1 (right) contributes to KMz (x) as the monomial 57 1" z2%zs.

Example 2.6. Figure 2 represents all 1-, 2-, and 3-core matchings, forgetting the position of
their roots. From this exhaustive enumeration, we can compute the 1-, 2-, and 3-core matching
polynomials:

1
KMl(X) = — 1714,

4
P
KM, (x) = 37 + 51 T2
1 3 3 1
KMg(X) = — 3916 + = 11718 + 31‘18 To + = $18$22 + = 1‘19 x3.
6 2 2 3
For later use, we also denote by
n(K) ,k(K)
— o EF k
KM(x,z) := Z WK ZKMk(X)z
K core keN
matching

the generating function of all core matchings. Note that each core is weighted by the inverse of
its number of vertices, both in KMy (x) and KM(x, z).
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2.2. Connected matchings. In this section, we study the class of connected matchings (see the
definition below) and provide an algorithmic technique to enumerate them.

Definition 2.7. Call connected components of a perfect matching the connected components of
its crossing graph. A matching is connected if it has a unique connected component. Let CM(x, 2)
denote the generating function of connected matchings.

Lemma 2.8. If a perfect matching M with k crossings is connected, then it coincides with its core
M = M*, and ni(M) = n(M) < 2(k + 1) while n;(M) =0 for all i > 1.

Proof. Since the matching has only one connected component, M = M* and n;(M) = 0 for
alli > 1 (aregion with at least two boundary arcs would disconnect M). Therefore n(M) = nq(M).
Finally, from any chord of M, we can reconstruct M chord by chord, keeping a connected sub-
matching. Each step adds two vertices and at least one crossing, thus leading to the inequal-
ity n(M) <2(k+1). O

All perfect matchings are obtained by means of compositions of connected perfect matchings,
thus leading to the following equation of generating functions:
(1) M(z,z) =14+ CM(zM(z, 2),2) .

If we temporarily forget the parameter z codifying crossings, we know that

2m,)!
Mo 1) = 3

2mm/!
m>0

from which we can derive
CM(z,1) = 2* +2* + 42 + 27 2% 4+ 248 210 + 2830 2! 4- 38232 2'* 4- 593859 ¢ + 1040171228 . ..

by inversion of Equation (1) when z = 1. This sequence is indexed as A000699 in the Sloane’s
On-Line Encyclopedia of Integer Sequences [OEIL0]. Note that M. Klazar already studied the
generating function CM(z, 1) in [Kla03] and proved that it is not D-finite (i.e. the solution of a
differential equation with polynomial coefficients).

Since we have no expression for M(z, z) in general, we cannot compute CM(z, z) by the previous
inversion technique. However, the first terms of this generating function can be computed by an
exhaustive enumeration algorithm explained below.

Consider a rooted connected matching C'. We cut the circle at the position of the root of C,
see Figure 3. We consider C' as a matching on a line, and therefore we speak of the arcs of C.
The level of an arc a of C is the graph distance, in the crossing graph of C, between a and the
leftmost arc of C'. We order the arcs of C' first according to their level and then according to their
leftmost endpoint (lexicographic order). See Figure 3.

The algorithm generates all possible connected matchings, starting from a single arc and adding
arcs one by one as follows. At each step, if the last constructed arc was at level £, then

(1) either we add a new arc in the current level ¢. This arc should start after the leftmost
endpoints of all the arcs at level £, should cross at least one arc at level £ — 1, and should
not cross any arc at level < ¢ — 1.

(2) or we start a new level £+ 1. The new arc should start after the leftmost arc, should cross
at least one arc at level ¢, and should not cross any arc at level < £.

Sh D

A abigbiheddcd3122f23

FI1GURE 3. A connected matching. The level of each arc appears below its right
endpoint, and the order of the arcs is given by the letters below their left endpoint.
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The different possibilities for placing the new arc while respecting these conditions lead to different
branches in the algorithm. The computation continues until we reach matchings with k crossings.

Using this algorithm, we have computed the number of connected matchings with & crossings
and m chords for the first values of £k and m. See Table 2. The sum of all entries in each line is
the number of connected matchings with m chords, given by the coefficient [z>™] CM(z, 1) above.

m K 12 3 4 5 6 7 8 9 10 e Total
2 1 e 1
3 3 1 e 4
4 12 10 4 1 e 27
5 55 77 60 35 15 ) 1 e 248
6 273 546 624 546 391 240 .. 2830
7 1428 3740 5600 6405 6125 . 38232
8 7752 25194 46512 65076 ... 593859
9 43263 168245 368676 ... 10401712
10 246675 1118260 ... 202601898
11 1430715 ... 4342263000
Total 1 3 13 65 354 2035 12151 74618 468233 2989093

TABLE 2. The numbers of connected matchings with & crossings and m chords.

2.3. Computing core matching polynomials. From the algorithmic enumeration of connected
matchings presented in Section 2.2, we can now derive the first terms of the generating func-
tion KM(x, z) for core matchings, and thus the k-core matching polynomials KMy (x) for small
values of k. To obtain all core matchings, we decompose them into connected matchings using the
following family of trees.

Consider the family 7 of rooted unlabeled embedded trees, where the set of leaves incident to
each internal vertex u has cardinality even and at least 4, and contains the leftmost and rightmost
children of u. Figure 4 shows two trees of 7.

FIGURE 4. Two trees T} and T» of the family 7. We have n(T3) = (12,0,1,0,...)
and p(T1) = (1,2,0,...), while n(7) = (5,1,0,...) and p(T2) = (2,0,...).

Consider a tree T of T. For i > 1, we denote by n;(T) the number of consecutive leaves
of an internal vertex of T separated by ¢ — 1 children of this vertex. For j > 2, we denote
by p;(T) the number of internal vertices of T incident to 2j leaves. We set n(T') := (n;(T));>1 and
p(T):=(p;j(T));j>2. Observe that

14306 - Dm(@) = 3 py(T)
i>1 §>2
is the number of internal vertices of T, while
1+ ing(T) =2 jp;(T)
i>1 §>2

is the number of leaves of T. These relations ensure that if p(7) eventually vanishes, then so
does n(T). See again Figure 4.
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We consider the generating function

T(x,t) := Z x2(M)¢p(T) — Z I_len1 H t;Pi.

TeT TeT i>1 §>2

Note that this generating function depends on two infinite sets of variables x:=(x;);>1 and
t:=(t;)j>2. By means of the Symbolic Method [FS09] applied on 7, this function satisfies the
following implicit equation:

(2) T(x,t) = th<zxiT(x,t)“>2jl.

§>2 i>1

Using Equation (2), we can recursively compute the first terms of the generating function T(x, t).
More precisely, let T, (x,t) :=[t5P] T(x,t) denote the polynomial formed by all monomials
am p X"tP of T(x,t) such that >°,(j — 1)p; < p. Note that Tgp(x,t) is indeed a polynomial:
the inequality forces p, and therefore also n, to eventually vanish. We can compute inductively
T<,(x,t) using Equation (2) as follows:

p+1 ,p+2—j ) 2j—1
Tl t) = [(5+] 3 ( S Tﬁ,(x,ty—l) ‘.
j=2 N i=1
This enables us to compute the expressions of the first polynomials:

T<i(x,t) = 21° 12,
TLo(x,t) = [t ((331 + 1% 2o t2)3t2 + z° t3> = 2%ty +321° 20 to® + 17 t3,

3 5
T.\<3(X, t) = [t$4] ((xl + X2 'T.\<2(X7 t) + x3 ’:[‘.\<2(X7 t)2) to + (371 + Zo T<2(X, t)) ts + .’1?17 t4)

= 1’13 t2 + 33315 ) t22 + 1’15 t3 + 12 1’1711722t23 + 3$18 I3 t23 + 81‘171’2 t2 t3 + ’1217t4.

We now relate these trees with both core matchings and connected matchings. We can associate
to a core matching K an ordered sequence of trees of T as illustrated in Figure 5. Namely, we
cut the circle according to the root of K and obtain a sequence of sets of nested connected
matchings. We then replace each such nested component N by a tree T of 7 whose structure
corresponds to the nested structure of N. More precisely, the vertices of T' correspond to the
connected components of IV, the leaves of T' correspond to the vertices of NV, and the internal arcs
in T correspond to the cover relations in the nested relation of the connected components of N.
Therefore, the generating function KM(x, z) can be obtained from the generating functions T(x, t)
and CM% (z) := [#%] CM(z, 2) by

s=1

1 , ; ; i

KM(x,z) = / - Zwi s'T(z; ¢ z;87,t; «+ CM> (z))" ds.
s=0 9§ i>1

Note that we integrate a bound variable s in order to quotient each monomial x™(5)z*(K) 1y

its weight n(K) = ), in;(K) which we need in the definition of KM(x, z). From this equal-

ity, we finally derive an expression of the k-core matching polynomial KMy (x) in terms of the

A

FIGURE 5. The core matching of Figure 1 (right) corresponds to the trees of Figure 4.
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polynomials Ty (x,t) and CM?% (z)

s=1
1 . ; ; i
KM (x) = [zk]/ - le s"Tp(zj « 2587, t; + CM*(2)) ds.
s=0 537

One can check the expressions of the 1-, 2-, and 3-core matching polynomials in Example 2.6.

2.4. Generating function of matchings with k crossings. In this section, we express the
generating function My (z) of matchings with k crossings as a rational function of the generating
function Mg(x) of crossing-free matchings, using the k-core matching polynomial KM (x) whose
computation has been discussed in the previous sections.

We study perfect matchings with k crossings focussing on their k-cores. For this, we consider
the following weaker notion of rooting of perfect matchings. We say that a perfect matching with &
crossings is weakly rooted if we have marked an arc between two consecutive vertices of its k-core.
Note that a rooted perfect matching is automatically weakly rooted (the weak root marks the
arc of the k-core containing the root of the matching), while a weakly rooted perfect matching
corresponds to several rooted perfect matchings. To overtake this technical problem, we use the
following rerooting argument.

Lemma 2.9. Let K be a k-core with n(K) vertices. The number My (n) of rooted perfect match-
ings on n vertices with core K and the number My (n) of weakly rooted matchings on n vertices
with core K are related by

n(K)Mg(n) = nMg(n).

Proof. By double counting, erasing the roots in each family. O

Observe now that we can construct any perfect matching with k crossings by inserting crossing-
free submatchings in the regions left by its k-core. From the k-core matching polynomial KMy, (x),
we can therefore derive the following expression of the generating function My (x) of the perfect
matchings with k crossings.

Proposition 2.10. For any k > 1, the generating function My(z) of the perfect matchings with
k crossings is given by

d (i — 1)l dzi—1

In particular, My (x) is a rational function of Mo(x) and x.

Mk(x)zxiKMk<mi<— v 4 (xi—lMo(x)))

Proof. Consider a rooted crossing-free perfect matching M. We say that M is i-marked if we
have placed i — 1 additional marks between consecutive vertices of M. Note that we can place
more than one mark between two consecutive vertices. Since we have ("‘Z"_z;l) possible ways to
place these (i — 1) additional marks, the generating function of the i-marked crossing-free perfect
matchings is given by
1 a! i~
(i — 1)l dai1 (x o(z))-

Consider now a weakly rooted perfect matching M with & > 1 crossings. We decompose this
matching into several submatchings as follows. On the one hand, the core M™* contains all crossings
of M. This core is rooted by the root of M. On the other hand, each region R of M™* contains a
(possibly empty) crossing-free submatching Mg. We root this submatching Mg as follows:

(i) if the root of M points out of the region R, then My is just rooted by the root of M;
(ii) otherwise, Mg is rooted on the first boundary arc of M* before the root of M in clockwise
direction.

Moreover, we place additional marks on the remaining boundary arcs of the complement of R in the
unit disk. We thus obtain a rooted i-marked crossing-free submatching Mg in each region R of M*
with ¢ boundary arcs. See Figure 6. Reciprocally, we can reconstruct the weakly rooted perfect
matching M from its rooted core M™* and its rooted ¢-marked crossing-free submatchings Mp.
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A

FIGURE 6. The decomposition of the matching of Figure 1 (left) by its core into
rooted marked submatchings. The root is represented by A and the other marks
are represented by *. Only non-empty submatchings are represented.

By this bijection, we thus obtain the generating function of weakly rooted perfect matchings
with k crossings. From this generating function, and by application of Lemma 2.9, we derive the
generating function My (z) of rooted perfect matchings with k crossings:

My (z) = Y

i—l

e T ()

K k-core

matching
d 1 ¢ di—1 ) n;(K)

(3) =xr— ( - — ("7 M () )
dx Kkz_;om n(K)zl;[1 (i —1)! da? 1 )
matching
d xt it
=z—KM; | M .
Tix k( < (i—l)!dx“l( 0(3:)))

Since Mo (x) is given by
1—v1—422

Mo(z) = 2x2

and satisfies the functional equation
My (z) = 1 4 22 Mo(sc)2 ,

its derivative is rational in Mg(z) and z. By induction, all its successive derivatives, and therefore
Mg /(x), are also rational in My(z) and x. O

Example 2.11. Using the expressions for the k-core polynomials given in Example 2.6, we can
derive explicit generating functions for perfect matchings with k& crossings for any k£ < 3.

1—+/1—4z22

My(z) = 53 =142 +22" +52° +142% 4+ 42210 + 13222 + 4292 +14302'¢ ..,
X
a4 Mo (z)! (1-v1- 4:1:2)4
M, (z) = = =2t 4+ 62° +282% + 120210 4 495 212 4 2002 214
1(@) 1 — 222 Mg(z) 16241 — 422
Mo (z) 25 Mo(2)® (3 — 822 My (z) + 524 Mo(z)?) (1-v1- 43:2)5(1 + 5v1 — 4a?)
2(T) = —
(1 —222Mpy(x))3 64 24 /1 — 41‘23
=325 4+282% + 180 2% + 990 z'? + 5005 z** + 24024 216 + 111384 28 + 503880 2%° . . .,
My (s) —(1 = VI —422)°((1 - 22)VT — 422 4 Ta® — 262)
3\T) =

64261 — 422
=284+ 2028 +1952'° + 1430 2'2 + 9009 ' + 51688 216 + 278460 '8 + 1434120220 . . .
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We skipped the expression of Ms(z) as a rational function of Mg(x) since it is too long and
quite meaningless. The coefficient sequences of My(x), Mj(z) and My (z) are indexed as Se-
quences A000108, A002694 and A074922 in the Sloane’s On-Line Encyclopedia of Integer Se-
quences [OEIL0].

2.5. Maximal core matchings. Before establishing asymptotic formulas of the number of per-
fect matchings with k crossings in Section 2.6, we need to introduce and characterize here certain
k-core matchings that we call mazimal.

Example 2.12. Figure 7 illustrates the first few examples of a family of k-core matchings with
ng(K) = 1. Note that, except the first one, these k-core matchings can be rooted in four different
(meaning non-equivalent) positions.

g PG

FIGURE 7. Maximal core matchings (unrooted).

Lemma 2.13. The following assertions are equivalent for an (unrooted) k-core matching K :

(i) K is one of the k-core matchings presented in Figure 7.

(i) n1(K) =3k, ng(K) =1 and n,(K) =0 for all other values of i (here, k > 2).
(i1i) K mazimizes nq1(K) among all possible k-core matchings (here, k > 3).
(iv) K mazimizes the potential function

B(K) =Y (2 —3)n(K)

i>1
among all possible k-core matchings.

We call maximal a k-core matching satisfying these conditions.

Proof. Assume that k > 2. The implication (i) = (ii) is immediate. For the reverse implication,
observe that if a region R of K has k boundary arcs, then K has at least, and thus precisely, one
crossing between any two consecutive boundary arcs of R. This implies that K is one of the k-core
matchings presented in Figure 7.

We now prove that (ii) <= (iii) when k& > 3. Observe on Figure 2 that ny(K) =4 =3k(K)+1
for the unique 1-core matching K, and that ni(K) = 6 = 3k(K) for any 2-core matching K.
Given any core matching K with k > 3 crossings, we now prove by induction on the number
of connected components of K that ni(K) < 3k, with equality if and only if K satisfies the
conditions of (ii). If K is connected, we have ni(K) < 2(k + 1) < 3k according to Lemma 2.8.
Otherwise, we split the unit disk along a region of K with r > 2 boundary arcs, and we obtain r

core matchings Kj,..., K,. See Figure 8 for an example with r = 2. Observe that
k(K)=> k(K;) and nE)=> nK;),
JElr] j€lr]

where the second equality can be refined to
nm(K) =Y (nm(K;)-1), n(K)=1+Y n.(K), and ni(K)= > ni(K) forig¢{l,r}.
JElr] J€lr] JElr]

Let s denote the number of core matchings K; with k(K,;) > 1. For these cores K;, we have
n1(K;) < 3k(K;) by induction hypothesis (and by our previous observation on the special case
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= +

FI1GURE 8. Splitting a core matching K into two core matchings K7, K5. Observe
that k(K) = k(K1) + k(K2) and n(K) = n(K1) + n(Ka).

of 2-core matchings). For the other cores K;, with k(K;) = 1, we have ni(K;) =4 = 3k(K;) +1
as observed earlier. Therefore, we obtain

n(K) =Y (m(K; (Z 3k(K ) —s=3k(K) — s < 3k(K),

j€lr] J€lr]

with equality if and only if s = 0. The latter condition is clearly equivalent to (ii).

Using a similar method, we finally prove that (ii) <= (iv) when k > 2. Namely, given a core
matching K with k£ > 2 crossings, we prove by induction on the number of connected components
of K that ¢(K) < 2k — 3, with equality if and only if K satisfies the conditions of (ii). If K is
connected, then n;(K) =0 for all i > 1, and ¢(K) = 0 < 2k — 3. Otherwise, we split the unit disk

along a region of K with r > 2 boundary arcs, and we obtain r core matchings Ki,..., K,. Let s
denote the number of core matchings K; with k(K;) > 1. Up to relabeling, we can assume that
Ki,K,,..., K, are the cores K; with more than 1 crossing. By induction hypothesis, we have for
all j € [s],
> (20 = 3)mi(K;) < 2h(K;) -3,
i>1
and therefore
DN (2i-3)ni(K;) <2 k(K;) - 3s.
j€E[s] i>1 J€E[s]

For the core matching K, we therefore obtain

G(K) = (2 —3)ni(K) = (2r —3 +ZZQZ—3TLZ 2)

i>1 ]i>1

(2r —3 +22k¢ —33:2(7‘—5+Z/<:(Kj)>—3—5
JEls] J€Els]
=2k(K)—3—-5<2k(K) -3,

with equality if and only if s = 0, 4.e. if and only if K satisfies the conditions of (ii) O

2.6. Asymptotic analysis. We now describe the asymptotic behavior of the number of perfect
matchings with £ > 1 crossings. We start with the asymptotics of perfect matchings with k£ < 3
crossings, which can be worked out from the explicit expressions obtained in Example 2.11.

Example 2.14. Setting X, :=+/1 —2z and X_:=+/1+ 22, we rewrite the expression of the
generating function M, (z) obtained in Example 2.11 as

(1-Xx3 X )

Mi(@) = Ty, x

Direct expansions around the singularities x = i% of X, and X_ give
1

1
Ml(l') wfl EX+71+O(1) and Ml(l’) IN:_l %X_71+O(1)
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Applying the Transfer Theorem for singularity analysis (see Theorem A.1 in Appendix A), we

obtain:
1

n VAT(3)

Writing this expression for n = 2m, we get the final estimate
1
[2°"] M () :

= ——m 24M(1 1)).
mSeT(ay ™ A (o)

A similar analysis leads to the expressions for the asymptotics of the number of matchings

with 2 and 3 crossings:

1
2m _
[$ ]M2<x)m:>oo 4F(%)

[2"] M (z) n"E (2" 4 (=2)")(1 + o(1)),

_ 1
)77L:>oo SF(g)

Njw

m? 4™ (140(1))  and  [2*"] Ms(x m? 4™ (140(1)).

The analysis is more involved for general values of k. The method consists in studying the
asymptotic behavior of Mg(x) and of all its derivatives around their minimal singularities, and
to exploit the rational expression of My (z) in terms of My(z) and x given in Proposition 2.10.
Along the way, we naturally study which k-cores have the main asymptotic contributions. In fact,
the potential function studied in Section 2.5 will naturally show up in the analysis, and the main
contribution to the number of perfect matchings with k crossings and n vertices will asymptotically
arise from the maximal k-core matchings (observe that in the special case k = 1, the unique 1-core
is maximal). We obtain the following asymptotic estimates.

Proposition 2.15. For any k > 1, the number of perfect matchings with k crossings and n = 2m

vertices 18
(2k — 3)!!

m=o0 2E-TEIT(k — 1)
where (2k —3)!1:=(2k —3) - (2k—5)---3- 1.

[2%™] Mg(x) mk=3 4m (14 o0(1)).

Proof. The result follows from Example 2.14 when k£ = 1. Note that the result also matches that
of Example 2.14 when k = 2 or 3 since
nn 1 )N 1
1()3: 3 and 2()5: =
2121T(3)  4T(3) 223IT(2)  8T(2)

In the remaining of the proof, we assume that k > 2.

We first study the asymptotic behavior of Mg(z) and of all its derivatives around their minimal
singularities. The generating function My (z) defines an analytic function around the origin. Its
dominant singularities are located at x = :I:%. Denoting by X4 :=+/1—2z and X_:=+/1+4 2z,

the Puiseux’s expansions of My(z) around z = § and z = —3 are
My(z) = 2-2v2X, +0(X}?) and  My(z) = 2-2vV2X_ +0(X ?),
valid in a domain dented at z = 1/2 and = —1/2, respectively. Consequently,
d d
T-Mo(z) = 2v2X, 7' +0(1)  and TMo(r) = —2v2X_ "1 4+ 0(1),

|

2

and for i > 1, the i*® derivative of Mg (z) has singular expansion around x = i%

d’ ‘ ‘
S Mo(r) = 2V2(2i - HNXLH 40 (X2,
T~ 5
d’ _ 4 _
iMo(@) = (—1)f2v2(2i — 3N X 1% 40 (X %),
T~v—5
where (2¢ — 3)!!:=(2i —3) - (2¢ — 5)---3 - 1. These expansions are also valid in a dented domain
at * = 1 and x = —1, respectively.

We now exploit the expression of the generating function My (z) given by Equation (3) in the
proof of Proposition 2.10. The dominant singularities of My (x) are located at z = :I:%. We provide
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the full analysis around x = %, the computation for x = f% being similar. For conciseness in the
following expressions, we set by convention (—1)!! = 1. We therefore obtain:
d 1 o di-t ni (K)
M — r— i Z—lM
W) =ags D n(K) H ((z’ “1)ldai? (= O(x)))
K k-core i>1
matching
1d 1 1 difl n; (K)
i 2 o 1 (g™ )
matching -
1d 1 V2(2i =5 4 o\
= —— - X '+0 (X t
et 2dz 2 n(K)H< =T —1) +O (X
K k-core i>1
matching
1d 1 V2 (2i — 5\ "mE _
- -2 _yvela 7o) X, ) (X ¢<K>+1)
a~l 2dx Kgc:ore n(K) et ( 41 (3 —1)! * O (X

matching

2(2i — 5)IN\ ™)
11 <_ M) X, 0002 4 o (001

1 —¢(K)
2 2 n(K) S\ 41— 1)

matching

where ¢(K) =}, (2i — 3) n;(K) denotes the potential function studied in the previous section.
Observe that in order to obtain the third equality, we used the fact that k£ > 1, and thus, that
there exists k-cores K such that n;(K) # 0 when ¢ > 1. Combining Lemma 2.13 and the Transfer
Theorem for singularity analysis (see Theorem A.1 in Appendix A), we conclude that the main
contribution in the asymptotic of the previous sum arises from maximal k-cores, as they maximize
the value 2+ ¢(K). There are exactly 4 maximal k-cores with ny (K) = 3k, ni(K) = 1, n(K) = 4k,
and ¢(K) = 2k — 3. Hence,

- i — )\
[2"] My (x) [2"] 1 Z ¢(K) H (_ M) X+_¢(K)_2 +0 (X+—¢(K)—1)

m:% 2 K k-core n(K) i>1 4t (Z B 1)'
matching
2v/2 (2k — 3)! 1-2k
= fikikl) "] V1—2z = +0((1-22)"F)

2v2(2k —3)!! , s
= T T R on (14 0(1
e PRI (o),

where the last equality is obtained by an application of the Transfer Theorem for singularity
analysis (see Theorem A.1 in Appendix A).

Finally, we obtain the stated result by adding together the expression obtained when studying
Mg (x) around z = % and z = f%. In fact, one can check that the asymptotic estimate of
["] Mk(z) around « = —1 is the same but with an additional multiplicative constant (—1).
Consequently, the contribution is equal to 0 when n is odd and the estimate in the statement

when n = 2m is even. This is a particular example of the situation of Theorem A.2. O

2.7. Random generation. The composition scheme presented in Proposition 2.10 can also be
exploited in order to provide Boltzmann samplers for random generation of perfect matchings
with k crossings. Throughout this section we consider a positive real number 6 < %7 which acts
as a “control-parameter” for the random sampler (see [DFLS04] for further details).

The Boltzmann sampler works in three steps:

(i) We first decide which is the core of our random object.
(ii) Once this core is chosen, we complete the matching by means of non-crossing (and possibly
marked) matchings.
(iii) Finally, we place the root of the resulting perfect matching with & crossings.
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FIGURE 9. Probabilities of appearance of the different 3-core matchings.

We start with the choice of the k-core. For each k-core K, let Mk (z) denote the generating
function of matchings with k crossings and whose k-core is K, where  marks as usual the number
of vertices. Note that this generating function is computed as in Proposition 2.10, using only the
contribution of the k-core K. Therefore, we have

My(z) = > Mg(z).

K k-core
matching

This sum defines a probability distribution in the following way: once fixed the parameter 6, let

P = MK(G)
My, (6)
This set of values defines a Bernoulli distribution {px} x k-ﬁore, which can be easily simulated.
matching

Remark 2.16. Asit has been pointed out in Section 2.6, the main contribution to the enumeration
of perfect matchings with & crossings, when the number of vertices is large enough, arises from
the ones whose k-core is maximal. Consequently, when 6 is close enough to %7 the first step in the
random sampling would provide a maximal core with high probability. To illustrate this fact, we
have represented in Figure 9 the probability of each possible 3-core for a random perfect matching
with 3 crossings.

Once we have fixed the core of the random matching, we continue in the second step filling in
its regions with crossing-free perfect matchings. For this purpose it is necessary to start having
a procedure to generate crossing-free perfect matchings, namely I'M (). As M (0) satisfies the
recurrence relation Mg (#) = 1 + §2Mg(6)?, a Boltzmann sampler I'Mg(6) can be defined in the

following way. Let p = ﬁo@)' Then, using the language of [DFLS04],

I'My(0) :=Bern(p) — @ | ([M((0) , « — e, I'M(0)),
where o — e means that the Boltzmann sampler is generating a single chord (or equivalently, two
vertices in the border of the circle). This Boltzmann sampler is defined when 6 < %, in which

case the defined branching process is subcritical. In such situation the algorithm stops in finite
expected time, see [DFLS04].
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Once this random sampler is performed, we can deal with a term of the form d‘i:l 1M (0).
Indeed, once a random crossing-free perfect matching I'M(6) of size n(T'M(0)) is generated,

there exist
n(TMgy(0)) +i—1
()

i-marked crossing-free perfect matching arising from I'M (). Hence, with uniform probability
we can choose one of these i-marked crossing-free perfect matchings. As this argument follows
for each choice of i, and KM (x) is a polynomial, we can combine the generator of i-marked
crossing-free diagrams with the Boltzmann sampler for the cartesian product of combinatorial
classes (recall that we need to provide the substitution x; < ﬁdib%l (7'M (2))).

Finally, we need to apply the root operator, which can be done by means of similar arguments
as in the case of i-marked crossing-free diagrams.

Concerning the statistics of the random variable N corresponding to the size of the element
generated by means of the previous random sampler, as it is shown in [DFLS04], the expected
value E[N] and the variance Var[N] of the random variable N satisfy

™M 2 LY 4 M —OM 2 ™M
LDt yar) = OO M) —OMGO7) +0ML0)

M.(0) M (6)

Hence, when 6 tends to %, the expected value of the generated element tends to infinity, and

the variance for the expected size also diverges. Consequently, the random variable N is not
concentrated around its expected value.

E[N] = ¢

Example 2.17. For perfect matchings with 3 crossings, the expectation E[N] and the vari-
ance Var[N] are given by
0 0.40 045 0465 0475 0.48 0.4999
E[N] 17.31 30.66 41.78 56.42 69.14 12508.22
Var[N] | 7.69 44.44 109.44 249.83 427.32 0.7406 - 108

2.8. Connection to other results. From the works of J. Touchard [Tou52] and J. Riordan [Rio75],
we know a remarkable explicit formula for the distribution of crossings among all perfect matchings
on m chords (and thus with 2m vertices):

m

M2™ (z) ::[me]M(x,z):ﬁ 3 (-1)*@( 2m )Z(S),

it m-+k

Extracting the coefficient of z* in this formula and summing over all integers m, we obtain again
the generating function My/(z) for the perfect matchings with k crossings:

My, (z) = [2*] M(z, 2) = Z ([QO] [2F] M(z, 2)) 2™ = Z ([zk] [2%™) M(z, z)) z?m

meN meN

D F <1_Z f: (m+k> (’5)) Z2m,

meN

Applying Proposition 2.10, we therefore obtain for any fixed k& € N the identity

x%KMk (m - (ifil)!d‘i:l (xi—lMo(x))> =3 < -k Z (m+k> (’5)) 22,

meN

Here, one could expect to be able to extract the coefficients of the polynomlal KMy (x) by identi-
fication of the coefficients in the first few terms of the series of this identity. However, it turns out
that the resulting system of equations is underdetermined. The algorithm presented in Section 2.2
and 2.3 is therefore needed to compute the k-core matching polynomial KMj(x).

Our results also complements the ones obtained in [FNOO] by P. Flajolet and M. Noy. In
this work the authors studied, among other parameters, the limit distribution of the number of
crossings when the number of chords is large enough, obtaining normal limiting distributions. The
main tool used by the authors is exploiting by analytic means Touchard-Riordan formulas.
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2.9. Extension to partitions. To finish this section, we extend our results from perfect match-
ings to partitions. (See also Section 2.10 for further extension to partitions with restricted block
sizes.) We now consider the family P of partitions of point sets on the unit circle. As before, the
partitions are rooted by a mark on an arc between two vertices. A crossing between two blocks U, V/
of a partition P is a pair of crossing chords ujus and vivs where uy,us € U and vy,v5 € V. We
count crossings with multiplicity: two blocks U, V' cross as many times as the number of such pairs
of crossing chords among U and V. Note that perfect matchings are particular partitions where
all blocks have size 2.

Let P(n,m,k) denote the set of partitions in P with n vertices, m blocks, and k crossings
(counted with multiplicity). We define the generating functions

P(z,y,z) = Z |P(n,m, k)| z"y™ 2" and Pi(z,y) =" P(z,y, 2),
n,m,keN

of partitions, and partitions with k crossings respectively. We study partitions with crossings
focussing on their cores.

Definition 2.18. A core partition is a partition where each block is involved in a crossing. It is
a k-core partition if it has exactly k crossings. The core P* of a partition P is the subpartition
of P formed by all its blocks involved in at least one crossing. See Figure 10.

FIGURE 10. A partition P with 9 crossings (left) and its 9-core P* (right). Blocks
are represented by shaded regions, and blocks of size 1 are represented by shaded
vertices. The core partition P* has n(P*) = 20 vertices, m(P*) = 8 blocks, and
kE(P*) =9 crossings. Moreover, n(P*) = (15,1, 1) since it has 15 regions with one
boundary arc, 1 with two boundary arcs, and 1 with three boundary arcs.

Let K be a core partition. We let n(K') denote its number of vertices, m(K) denote its number
of blocks, and k(K') denote its number of crossings. We call regions of K the connected components
of the complement of K in the unit disk. A region has i boundary arcs if its intersection with the
unit circle has ¢ connected arcs. We let n;(K) denote the number of regions of K with ¢ boundary
arcs, and we set n(K) = (n;(K));er. Note that n(K) =}, in;(K). See again Figure 10 for an
illustration.

Since a crossing only involves 2 blocks, a k-core partition can have at most 2k blocks. Moreover,
since we count crossings with multiplicities, the size of each block of a k-core partition is at
most k + 1. This immediately implies the following crucial lemma.

Lemma 2.19. There are only finitely many k-core partitions.

Note that this lemma would be wrong if we would not count crossings between blocks of the
partition with multiplicities.
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FIGURE 11. The 2- and 3-core partitions (unrooted) which are not 2- or 3-core matchings.

Definition 2.20. We encode the finite list of all possible k-core partitions K and their parame-
ters n(K), m(K), and n(K) = (n;(K));cx) in the k-core partition polynomial

K k-core K k-core i€ k]
partition partition

Example 2.21. Besides the k-core matchings from Figure 2, there are height (unrooted) k-core
partitions, represented in Figure 11. From this exhaustive enumeration, we can compute the 1-,
2-, and 3-core partition polynomials:

1
KP,(x,y) = 1 z1t 2,

1 1
KP,(x,y) = 5 1% y® + 3 1% 2oyt + 1% 7,

1 3 3 1
KP;3(x,y) = 6x16y3 + §x18y4 +3z.8209° + §x18x22y6 + §x19x3y6 +4x17x2y4 + 2,892 +2x17y3.

Remark 2.22. The algorithm presented in Section 2.2 to generate connected matchings can be
extended and adapted to generate connected partitions (where we count crossings with multi-
plicities). Similarly, we can still decompose a core partition into an arborescence of connected
partitions, as we did for core matchings in Section 2.3. The only difference here is that we have to
consider the family R of rooted embedded unlabeled trees where each internal vertex has at least
four leaves, including its first and last children. (Compared to the case of matchings, we just drop
the condition that the internal vertices have even degree, since connected partitions can have an
odd number of vertices.) Using similar notations as in Section 2.3, we obtain that

R(xt) = Zty<2x R(x,t)"" )jl

j>4 i>1
s=11 ) ) ) ;
and KP(x,y,2) = / - le is(m]— — ;8 ,t; « CP’ (y,z)) ds.
s=0 %031
As for matchings, this provides an effective method to compute k-core partition polynomials.

Applying the same method as in Section 2.4, we obtain an expression of the generating func-
tion Py (z,y) of partitions with k crossings in terms of the k-core partition polynomial KPy(x, ).
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Proposition 2.23. For any k > 1, the generating function Py (x,y) of partitions with k crossings
is given by

d xi difl -
Pi(z,y) = I%KPk <$z < mﬁ(zl PO(Iay))ay> .

In particular, Py(x,y) is a rational function of Po(z,y) and z.

Proof. The proof of the formula is identical to that of Proposition 2.10, replacing matchings by
partitions. The only slight difference concerns the proof of the rationality of Py (x,y) as a function
of Po(x,y) and x. Splitting a crossing-free partition according to its block containing its first
vertex, we obtain that

ryPo(z,y)
P =14+ ——"7
O(xvy) + 1—$P0(Z‘,y)7
and therefore
(4) 2 Po(x,y)” + (zy —x — 1) Po(x,y) + 1 =0,

Note that we recover the Catalan functional equation when we set y = 1. Derivating (with respect
to ) the functional Equation (4), we obtain

d yPo(z,y
da 1—a2Po(z,y)” —ay
Therefore, all the derivatives (with respect to z) of Py(z,y), and thus also the generating func-

tion Py (z,y) of partitions with k crossings, are rational in Pg(z,y) and the variables x and y.
This concludes the proof since we can finally eliminate y from Equation (4). O

Remark 2.24. The rationality of Py (z,y) as a function of Py(z,y) and = was already proved by
M. Béna [B6n99] using a different method. We believe that our method simplifies the proof and
can be applied (as we will observe in the rest of this paper) to many other similar problems.

Example 2.25. Since KP1(x,y) = 1 21?y?, we have

Pi(z,y) = %xQ Po(x)2 (Po(z) — 1)2(1 —zPo(z))(1 — 22 Py(x))
= aty?
+52° y3
+2° (69 +15y")
+ 27 (79> + 429" + 359°)
+ 28 (83 + 84y +168y° + 70y5)
+ 2% (9y° 4 144 y* + 504 9° + 504 9% + 126 37)

+ 20 (1093 + 225 y* + 12009° 4 210045 + 1260y + 2104°)
+ 2t (113 + 330 y* + 24755° + 6600 y° + 6930 y” + 27724% +33047) ...

If we forget the parameter y codifying the number of blocks, we obtain that

e =x ()

This nice expression of the number of partitions of [n] with 1 crossing was already observed
in [B6n99].

We omit the exact expressions of the generating functions of partitions with 2 or 3 crossings
since they are too long for the linewidth of this paper. We can however give the first few terms of

Pl(I, 1) =
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their developments:
Py(z,y) = 52"y

+332%¢°
+27 (3543 +1269%)
+ 28 (40 9% + 308 y* + 364 ¢°)
+ 2% (459% + 567 y* + 15129° 4 882¢9)
+ 210 (503 + 930 y* + 4050 ° + 5460 y° + 1890 y7)
+ ' (5593 + 1408 y* + 8965 y° 4 19965y + 16170 " + 3696 °) . ..

Py(z,y) = 2°(6¢%+¢°)

z” (5693 + Ty*)

483 + 300 y* + 28°)

54y% + 603 y* +1188¢y° 4 84y%)

+ 2% (603 + 960 y* 4 4065 y° + 384045 + 210y7)

+ M (66> + 1485 y* +9042¢° + 1947045 + 10692" + 462¢°) ...

_|_
+x8(
+ a7 (

From the expression of the generating function Py(z,y) given in Proposition 2.23, we can
now extract asymptotic estimates for the number of partitions with & crossings. The proof of the
following statement is similar to that of Proposition 2.15: the main contribution to the asymptotic
of partitions with k crossings still arises from maximal k-core matchings. We leave the details to
the reader.

Proposition 2.26. For any k > 1, the number of partitions with k crossings and n vertices is
(2k — 3)!! &

2" Pr(@,1) = 2RI T (k — 1) n 24" (1+o(1)).

o

We can also study the limiting distribution of the number of blocks for a partition with k
crossings and n vertices, chosen uniformly at random. With this purpose, we study the behavior
of the singularity of Py(z,y) when varying y around 1. From Equation (4) we deduce that

z+1—ay—/(zy —x—1)2 —4x

Consequently, the singularity curve safisfies the implicit equation

(yp(y) = ply) —1)* — 4p(y) = 0.

In particular p(1) = i. Direct computations give the following parameters:

1y 1 1) m\® 1
AON and (1) p()+<p()>_

p(1) 2 () p() T\ p(D)

These parameters are useful in the following statement.

=3
Proposition 2.27. The number of blocks in a partition with k crossings and n vertices, chosen
uniformly at random, follows a normal distribution with expectation u, and variance o,, where
1 1
= in(l—i—o(l)) and  op = gn(l—i—o(l)).
Proof. By Proposition 2.23 we have

puen 2,00 (1-585) o ((1-585) ).

uniformly in a neighbourhood of y = 1, where C(z,y) is analytic around (z,y) = (p(1),1).
Consequently, we can apply the Quasi-Powers Theorem A.5 with the values obtained above. [
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2.10. Extension to partitions with restricted block sizes. For a non-empty subset S of
N*:=N « {0}, we denote by P° the family of partitions of point sets on the unit circle, where
the cardinality of each block belongs to the set S. For example, matchings are partitions where
all blocks have size 2, i.e. M = P{2}. Observe that depending on S and F, it is possible that no
partition of P° has exactly k crossings. For example, since two triangles can have either 0, 4, or 6
crossings, there is no 3-uniform partition (i.e. with S = {3}) with an odd number of crossings.
Applying once more the same method as in Section 2.4, we obtain an expression of the generating
function Pf (x,y) of partitions of P with k crossings in terms of the corresponding k-core partition
polynomial
x 2K gym(K)
KP? (x,y) = Z B
K k-core
partition of P9

We say that S C N* is ultimately periodic if it can be written as
S=AgU U {b+ ups | u €N}
beEBg
for two finite subsets Ag, Bs C N* and a period ps € N*.
Proposition 2.28. For any k > 1, the generating function Pf(m, y) of partitions with k crossings
and where the size of each block belongs to S is given by
N

d .
PE(e) = o KPE (o e (P ).

If S is finite or ultimately periodic, then Py (x,y) is a rational function of P§(z,y) and z.

Proof. The proof is again similar to that of Proposition 2.10, replacing matchings by partitions
of P°. Again, the difference lies in proving that the successive derivatives of Pg(x,y) and the
variable y are all rational functions of P§(z,y) and z. Splitting a crossing-free partition of P°
with respect to its block containing its first vertex, we obtain the functional equation

Pi(z,y) =14y Y 2°P§(z,y)°.
ses

If S is finite or ultimately periodic, we write S = As U Uyep, {0+ ups | u € N} for finite sub-
sets Ag, Bs C N* and a period pg € N*, and we can write

s Bs(t)
Zt :AS(t)+1_tps’
seS

where Ag(t):= Y e, t* and Bg(t):= Y, 5 t*. We thus obtain that
(PG (z,y) — 1 —y As(z P§ (2,9)))(1 — a?* P§(z,)"*) — y Bs(z P (z,y)) = 0
(P§ (z,y) — 1)(1 — 25 P (x,)" )
Y= .
As(xP§(z,y))(1 — 2vs P§(2,y)" ) + Bs(2 P§ (z,7))
Derivating the former functional equation ensures that the successive derivatives of Pg (z,y) are

all rational functions of P (x,y) and the variables x and y. The latter equation ensures that y
itself is rational in P35 (x,y) and z, thus concluding the proof. O

and

From the expression of Pf (z,y) given in Proposition 2.28, we can extract asymptotic estimates
for the number of partitions with k crossings and where the size of each block belongs to S. The
difficulty here lies in two distinct aspects:

(i) estimate the minimal singularity ps and describe the singular behavior around pg of the
generating function P (z,1) of crossing-free partitions of P, and
(ii) characterize which k-core partitions of P have the main contribution to the asymptotic.
The first point is discussed in details below in Proposition 2.31. In contrast, we are able to handle
the second point only for particular cases, which we illustrate in Examples 2.33 and 2.35. The
following constants will be needed in Propositions 2.31 and 2.32.
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Definition 2.29. Given a non-empty subset S of N* different from the singleton {1}, we define 75
to be the unique positive real number such that

> (s— st =1.

ses
We furthermore define the constants ps, as and Bg to be

3
Ts s 2 (ZSES STSS)
PSS == as:=1+ TS s and ﬂS = S
ZSGS sT5® S;g ZSGS S(S - 1)7—56

Remark 2.30. Observe that 7g is indeed well-defined, unique and belongs to ]0,1]. Indeed the
function 7 =} (s —1)7° is strictly increasing, evaluates to 0 when 7 = 0, and is either a power
series with radius of convergence 1 (if S is infinite), or a polynomial which evaluates at least to 1
when 7 =1 (if S is finite). Observe also that
Ts
1+ ZSGS 7s® Ps

and that these two constants are both positive.

ps =

These constants naturally appear in the proof of the following statement, which describes the
singular behavior of P§(z,1) and the asymptotic of its coefficients.

Proposition 2.31. For any non-empty subset S of N* different from the singleton {1}, the gen-
erating function Pg(z,1) satisfies

z T
Pos(xal)wfpsas—ﬁsw/l—pfs +O(1_PS>’

in a domain dented at v = pg, for the constants ps, as and Bs described in Definition 2.29.
Therefore, its coefficients satisfy

@Rl = BT g (o)
ged(S)|n

for n multiple of ged(S), while [z P§ (x,1) = 0 if n is not a multiple of ged(S).

Proof. We apply the theorem of A. Meir and J. Moon [MM89] on the singular behavior of gen-
erating functions defined by a smooth implicit-function schema. These notions are recalled in
Definition A.3 and Theorem A.4 from Appendix A. As already observed, the generating func-
tion P§(z,1) satisfies the functional equation

Pi(x,1) =1+ 2°P§(z,1)".
sES

If we set
W(z) =P(z,1)-1 and Gz,w)=» z*(w+1),

then we obtain a smooth implicit-function schema
W(x) = G(z, W(x)).
Conditions (i) and (ii) of Theorem A.4 are clearly satisfied. To check Condition (iii), fix

78
U=pg = —— and v::as—lz——l— 75°,
ZsES 5Ts® gg
and observe that
Zu (v+1)° Zps (TS> ZTSS:U and
seS seS seS
s—1
Zsu (v+1)° Zspg <S> pSZSTS =
seS seS SES

The statement is therefore a direct application of Theorem A .4. O
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From the singular behavior of Pg (z,1), and using the composition scheme of Proposition 2.28,
we can now extract asymptotic estimates for the number of partitions of P° with k crossings.

Proposition 2.32. Let k > 1, let S be a non-empty subset of N* different from the singleton {1},
let 75, ps, as and Bg be the constants described in Definition 2.29, and let ®(k,S) denote the
mazimum value of the potential function

G(K) =Y (2i — 3)ny(K)
i>1
over all k-core partitions of PS. There is a constant Ag such that the number of partitions with k
crossings, n vertices, and where the size of each block belongs to S is

o(k,S) n
2" PY(z,1) = Asn™ 7 pg " (1+0(1)),

ged(S)|n

for n multiple of ged(S), while [z P% (z,1) = 0 if n is not a multiple of ged(S). More precisely,
the constant Ag can be expressed as

~ ged(S) ®(k, S) Tgm(K) M ni(K)
; n(K) H( ) ’

_211(@(275) _,’_1) 2i—1 (i— 1)'

S :
i>1
where we sum over the k-core partitions K of P° which mazimize the potential function ¢(K).

Proof. We exploit the composition scheme obtained in Proposition 2.28 and the description of
the singular behavior of P35 (x, 1) obtained in Proposition 2.31. In the same lines as the proof of
Proposition 2.15, we obtain

Py (r,1) = 1 > o) s ()H<ps 53(2%5)”) X*¢<K>*2+0(X*¢<K>*1),

a~ps 2 K k-core n(K> i>1 2t (Z - 1)'
partition of P*
where X :=,/1 — p%' This expansion is valid in a domain dented at X = pg. The asymptotic
behavior of this sum is therefore guided by the k-core partitions K of P° which maximize the
potential ¢(K). Finally, the asymptotic of [2"] P{(z,1) is obtained combining the contributions
of all the singularities {ps € | £ e C, geedls) = 1} of the function Py (z,1). O

Given an arbitrary subset S of N*, it is in general difficult to describe the k-core partitions of P*
which maximize the corresponding potential ¢. We close this section with two relevant examples
that we partially used as prototypes of our results, and for which we can explicitly describe the
maximal partitions.

Example 2.33. Let ¢ > 2. Consider g-uniform partitions, for which S = {q}. We have

T. = 71 ’ P = g L ! (67 = L and 6 = i
{a} g—1) " {a} q g—1) 7 {a} g—1’ {a} (q—1)3

Therefore, the asymptotic behavior of the number of g-uniform non-crossing partitions with gm
vertices is given by

P 1) = L g} (qq>m (1+0(1))
O meo | 21(q - 1) (q— 1)t '
Assume now that we are interested in g-uniform partitions with k crossings, where k = k'(q — 1)
is a multiple of (¢ — 1)2. The maximal g-uniform k-core partitions are formed by k' pairs of
crossing blocks as illustrated in Figure 12 for ¢ = 3 and k = 8. When ¢ = 2, there are only 4
maximal k-core matchings corresponding to the 4 possible positions for the root, as discussed in
Proposition 2.15. In contrast, when ¢ > 3, we have (2(])’“/“‘1 maximal g-uniform k-core partitions
corresponding on the one hand to the 2¢ possible positions for the root, and on the other hand to
the relative positions of the two blocks in each of the &’ pairs (see Figure 12 for some examples).
All these maximal g-uniform k-core partitions have the same parameters: n;(K) = k'(2¢ — 1),
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-

FIGURE 12. Some maximal 3-uniform 8-core partitions (unrooted).

ne (K) =1, and n;(K) = 0 for all ¢ ¢ {1, %'}, and thus n(K) = 2¢k’. It follows that the maximal
potential is ®(k, {q}) = 2k’ — 3. Therefore, for any g > 3, the asymptotic behavior of the number
of g-uniform partitions with k = k’(q — 1)? crossings and gm vertices is given by

e plah, 1y VZEE =3NGE @ \" .,
L L(k' —3) (g — 1N+ <(q—1)q‘1> (et

We obtain the estimate of Proposition 2.15 if we plug-in ¢ = 2 and k' = k in this equation and
divide it by 4% (since there are only 4 maximal k-core matchings).

Remark 2.34. Contrarily to what happens for other combinatorial classes, the exponent w

of the polynomial growth in [2"] P¢ (,1) is not a constant of the class. For g-uniform partitions
and for k = k’(q¢ — 1)2, we have obtained ®(k,S) = 2k’ — 3. In fact, for 3-uniform partitions, we
even have ®(4k', {3}) = ®(4k' + 2, {3}) = 2k’ — 3, illustrating that the function ®(k, S), and thus
the exponent of the polynomial growth can have unexpected behaviors.

Example 2.35. Let ¢ > 1. Consider g-multiple partitions, for which S = gN*. Since

] a Dl — 1
Z(qn—l)mq"=zqan”—zw"”=( gz’ @ :1+(q+ )x

1—29)2 1—a9 (1—=29)2 ~’
n>1 n>1 n>1
we obtain
1 \3 q 1 \4 g+1 0 s 2(q+1)
Tonx = | —— v =—| — Qgn+ = ——,  an = —.
gN q+1 ) PgN q+1 q+1 y gN q ’ gN q2

Therefore, the asymptotic behavior of the number of g-uniform non-crossing partitions with gm
vertices is given by

. I s nart\™
[z PN (1) = 27—;3 m”2 (W_qq)) (1+o0(1)).
Assume now that ¢ > 3 and that we are interested in g-multiple partitions with &k crossings,
where k = k(¢ — 1)? is a multiple of (¢ — 1)2. The maximal g-multiple k-core partitions are
precisely the maximal g-uniform k-core partitions, illustrated in Figure 12 for ¢ = 3 and k& = 8.
Since ¢ > 3, there are (2q)k/+1 such k-core partitions, and they all have the same parameters:
n(K) = k'(2¢ — 1), niy(K) = 1, and n;(K) = 0 for all ¢ ¢ {1,k'}, and thus n(K) = 2¢k’. It
follows that the maximal potential is ®(k, {q}) = 2k’ — 3. Therefore, for any ¢ > 3, the asymptotic
behavior of the number of g-multiple partitions with k = k’(¢ — 1) crossings and gm vertices is
given by

. I\ 3k’ =3 ;s q+1

= r_ 1 m
m—00 /] I‘(k’ — %) (q+1)3F =2 q1
To obtain the estimate for even partitions with k& crossings and 2m vertices, we plug-in q = 2
and k' = k in this equation and divide it by 4 (since there are only 4 maximal k-core matchings).

)m (1+0(1)).
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3. CHORD AND HYPERCHORD DIAGRAMS

In this section, we consider the family D of all chord diagrams on the unit circle. Remember
that a chord diagram is given by a set of vertices on the unit circle, and a set of chords between
them. In particular, we allow isolated vertices, as well as several chord incident to the same vertex,
but not multiple chords with the same two endpoints. We let D(n, m, k) denote the set of chord
diagrams in D with n vertices, m chords, and k crossings. We define the generating functions

D@,y,2) = 3 [Dmmk)a"y™ and  Di(z,y) =[z*]|D(z,y,2),
n,m,keN

of chord diagrams, and chord diagrams with k crossings, respectively.

Remark 3.1. We insist on the fact that we allow here for isolated vertices in chord diagrams.
However, it is essentially equivalent to enumerate chord diagrams or chord configurations (meaning
chord diagrams with no isolated vertices). Indeed, their generating functions are related by

C(xay7z) ! D( - ay72> a‘nd Ck(ﬂj,y) = ! Dk<x ) .

T 14z 142 142 1+m’y

3.1. Warming up: crossing-free chord diagrams. The generating function Dg(z,y) of crossing-
free chord diagrams was studied in [FN99]. We repeat here their analysis for the convenience of the
reader and since we will use similar decomposition schemes later for our extension to hyperchord
diagrams.

Proposition 3.2 ([FN99, Equation (22)]). The generating function Do(x,y) of crossing-free chord
diagrams satisfies the functional equation

(5) yDO(:my)2 + (sc2(1 +y) — z(1+2y) — 2y) Do(z,y) + (1 + 2y) +y = 0.

Proof. Consider first a connected crossing-free chord diagram C'. By connected we mean here that
C' is connected as a graph. Call principal the chords of C incident to its first vertex (the first after
its root). These principal chords split C' into smaller crossing-free chord diagrams:

(i) the first (before the first principal chord) and last (after the last principal chord) subdiagrams
are both connected chord diagrams,

(ii) each subdiagram inbetween two principal chords consists either in a connected diagram (but
not a single vertex), or in two connected diagrams.

This decomposition scheme is illustrated on Figure 13. This leads to the following functional

FI1GURE 13. Decomposition scheme of connected crossing-free chord diagrams.
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equation on the generating function CDg(z,y) of connected crossing-free chord diagrams:

y CDg(z,9)°

(6) CDg(z,y) =z [ 1+ 5
~y(CDo(e,y) — = + CDy(x.9)*)

)

which can be rewritten as
(7) y CDg(z,y)* +y CDy(z,y)* — (1 + 2y) CDg(z,y) + 22(1 +y) = 0.

Finally, since a crossing-free chord diagram can be decomposed into connected crossing-free chord
diagrams, we have

(8) Do(x,y) = 1+CD0(xD0(Iay)ay)
Using this equation to eliminate CDg(z,y) in Equation (7) leads to the desired formula after
straightforward simplifications. O

In the following statement, we exploit the implicit expression of Equation (5) to obtain the
dependence of -£; ~Dy(z,y) with respect to Do(z,y).

Proposition 3.3. All derivatives dxl Do(x y) are rational functions in Do(x,y) and x.

Proof. Derivating (with respect to x) the functional Equation (5) of Proposition 3.2, we obtain
that
A b y) = ((1+2y) —2(1 + y)z) Do(w,y) —1 -2y
o 2yDo(z,y) + (1 +y)a? — (14 2y)z — 2y

dx

Eliminating y from Equation (5), we obtain

by ony) — 22 = DDo(@9)® — (3%~ — 1) Dofar ) + (= 1) Do(ary) + 1
dz OV T (22 — 2) Do(z,y) + (23 — 322 + 42) Do(z,y) —x(22 + 2z +1)
which is rational in Dg(z,y) and z. The result thus follows by successive derivations. O

As we are also interested in asymptotic estimates, we proceed to study the singular behavior
of Do(z,y). As it is proved in [FN99], the generating function Dg(z,y) has a unique square-root
singularity when y varies around y = 1:

z~p(y)
uniformly with respect to y for y in a small neighborhood of 1, and with dy(y), d1(y) and p(y)
analytic at y = 1. In fact, when y = 1 we obtain the singular expansion

Do(z,1) — f1+3—f7\/ 140+99f\/ (lp(xl)>,

with p(1):=p = 2 — /2 ~ 0.08578. This is valid in a domain dented at * = p. In particular,
Equation (9) shows that the singular behavior of - ~Dy(z,y) in a neighborhood of z = p(y) is of

the form
. . 1, 1—14
d’ d 2i — 3)!! 2
Do(z,y) = R (1 ; > o <1x) ;
dz' vl p(y)i2 p(y) p(y)
z~p(y)
where we use again the convention that (—1)!! = 1 in order to simplify formulas when ¢ = 1. This

singular expansion will be exploited later in order to get both asymptotic estimates and the limit
law for the number of vertices when fixing the number of crossings. Finally, we also need the
following values, which appear in [FN99, Table 5],

p(1) V2 P P (PN 1 V2

1
= d — _
o) 2 o

(10) - PO

_|_
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3.2. Core diagrams. We now consider chord diagrams with k crossings. As in the previous
section, we study them focussing on their cores.

Definition 3.4. A core diagram is a chord diagram where each chord is involved in a crossing.
It is a k-core diagram if it has exactly k crossings. The core D* of a chord diagram D is the
subdiagram of D formed by all its chords involved in at least one crossing. See Figure 14.

FI1GURE 14. A chord diagram D with 10 crossings (left) and its 10-core D* (right).
The core diagram D* has n(D*) = 21 vertices, m(D*) = 14 chords, and k(D*) =
10 crossings. The shaded region of D* had 2 boundary arcs and 1 peak.

Let K be a core diagram. We let n(K') denote its number of vertices, m(K) denote its number of
chords, and k(K) denote its number of crossings. We call regions of K the connected components
of the complement of K in the unit disk. A region has i boundary arcs and j peaks if its intersection
with the unit circle has ¢ connected arcs and j isolated points. We let n; ;(K) denote the number
of regions of K with i boundary arcs and j peaks, and we set n(K):= (n;;(K)); jer. Note
that n(K) = >, ;in; ;j(K). See again Figure 14 for an illustration.

Since a crossing only involves two chords, a k-core diagram can have at most 2k chords. This
immediately implies the following crucial lemma.

Lemma 3.5. There are only finitely many k-core diagrams.

Definition 3.6. We encode the finite list of all possible k-core diagrams K and their parame-
ters n(K), m(K), and n(K) = (n; j(K)); je) in the k-core diagram polynomial

KD KDy = Y X s LT a0 )
k(X, y) = k($1,j,y) = ’I’L(K) = n(K) Lij Y :
Ig_k—core Id(_k—core 4,7>0
iagram iagram

Example 3.7. Figure 15 represents all 2-core diagrams, forgetting the position of their roots.
From this exhaustive enumeration, we can compute the 2-core diagram polynomial:

1 1
r1,1 yt 4 B 0,2 2171,06 yt+ 3 961,06 Y2+ Zo,1 901,05 ye.

T

FIGURE 15. The 2-core diagrams (unrooted).

1
KDy (x,y) = 3 210% 2o0y* + 21,08
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3.3. Computing core diagram polynomials. The algorithm presented in Section 2.2 to gen-
erate all small connected core matchings can be adapted to core diagrams. Call a chord diagram
crossing connected if its crossing graph is connected, and call crossing connected components of
a chord diagram its maximal crossing connected subdiagrams. As in Section 2.2, we generate all
crossing connected diagrams, starting from a single arc and adding arcs one by one in the order
given first by their level, and second by their left endpoint. The essential difference here is that we
allow the new constructed arc to start at an existing endpoint p, as soon as it stays nested in all
the arcs with left endpoint p. Details are left to the reader. Using this algorithm, we have com-
puted the number of crossing connected diagrams with k crossings, n vertices, and m chords for
the first values of k, n, and m. Tables 3 and 4 give 2-dimensional projections of these 3-parameter
sequences of values.

K 1 2 3 4 ) 6
n

4 1
5 5 5 1
6 3 31 54 o1 39
7 35 231 532 784
8 12 346 1942 5253
9 225 3366 17631
10 55 3062 33300
11 1430 37312
12 273 24804
13 9100
14 1428

Total |1 8 83 911 10657 129651

TABLE 3. The numbers of crossing connected diagrams with k crossings and n vertices.

F 1 2 3 4 5 6 7
m
2 1
3 8§ 1
4 82 43 11 1
5 868 920 590 243
6 9726 15524 15904
7 113536 243040
8 1366570
Total 1 8 83 911 10657 129651 1625757

TABLE 4. The numbers of crossing connected diagrams with k crossings and m chords.

Once we have the tables of crossing connected diagrams, we can compute the k-core diagram
polynomials using a similar method as in Section 2.3. We consider the family R of rooted embedded
trees where each internal vertex has at least four leaves, including its first and last children.
(Compared to the case of matchings, we just drop the condition that the internal vertices have
even degree, since diagrams can have an odd number of vertices.) From a given forest of trees
in R, we can construct a core diagram K by

(i) replacing each vertex of the forest by a crossing connected diagram, and

(ii) merging an arbitrary subset of pairs of consecutive vertices of the resulting core diagram
which belong to two distinct crossing connected components.

Reciprocally, given a core diagram K, we reconstruct the corresponding forest by

(i) splitting the vertices which belong to different crossing connected components of K, and
(ii) replacing each crossing connected component of K by a vertex, and joining these vertices
into trees according to the nested structure of K.
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Using similar notations as in Section 2.3, this decomposition leads to the following formulas

o\t
t) = Z t] ( Z ZT; :R,(X7 t)271 ) and
j>4 i>1

D(x,y, 2 /81122()%“5 JRer<>qusp b, CDP(y,2) | ds.

i>1 j<qi q<p
As for matchings, this provides an effective method to compute k-core diagrams.

3.4. Generating function of chord diagrams with k crossings. In this section, we express
the generating function Dy (x,y) of chord diagrams with k crossings as a rational function of
the generating function Dg(x,y) of crossing-free diagrams, using the k-core diagram polyno-
mial KDy (x,y) defined in the previous section.

First, we say that a chord diagram D is weakly rooted if we have marked an arc between two
consecutive vertices of its core K*. Again, we have the following rerooting lemma.

Lemma 3.8. For any core diagram K, the number Dy (n,m) of rooted chord diagrams with n
vertices, m chords, and core K and the number Dy (n,m) of weakly rooted chord diagrams with n
vertices, m chords, and core K are related by

n(K)Dg(n,m) = nDg(n,m).

As for matchings, we can now construct any chord diagram with k crossings by inserting
crossing-free subdiagrams in the regions left by its k-core. We can therefore derive the following
expression for the generating function Dy (x,y) of diagrams with k crossings, in terms of the gen-
erating function Dg(x,y) of crossing-free diagrams, of the k-core diagram polynomial KDy (z,y),
and of the polynomials

Dj (y) :=[z"] Do(z,y) and D(fp (z,y) E Dy (y = E |D(n,m,0)| z"y™
n<p "§>p
m>0

Proposition 3.9. For any k > 1, the generating function Dy(x,y) of chord diagrams with k
crossings is given by

dxr

d D} (y) 2’ d7! Do(a,y) — Dy (z,y)
Dk(xay) =z—KDy (5'3071' — Y Ti,j (Z — 1)! dri-1 riti+l Y-

In particular, D (z,y) is a rational function of Do(z,y) and x.

Proof. Consider a rooted crossing-free chord diagram D, whose vertices are labeled from 1 to n
clockwise starting from the root. Let j:= (j1,...,J;) be a list of ¢ positive integers whose sum is j.
We say that D is j-marked if we have marked i vertices of D, including the first vertex labeled 1,
in such a way that there is at least jj + 1 vertices between the k*® and (k + 1) marked vertices,
for any k € [i]. More precisely, if we mark the vertices labeled by 1 = a3 < -+ < «; and set by
convention «;11 = n + 1, then we require that ax1; — ap > jp + 1 for any k € [i]. Note that
if D has less than 2i + j vertices, then it cannot be j-marked. Otherwise, if D has at least 2i + j
vertices, we have (nff:{ 71) ways to place these ¢ marks. Therefore, the generating function of the
rooted j-marked crossing-free chord diagrams is given by
a?*i di~! Dy(z,y) - D5 (a, 3/)
(i — 1) da?—1 33’+J+1
Consider now a weakly rooted chord diagram D with k crossings. We decompose this diagram
into several subdiagrams as follows. On the one hand, the core D* contains all crossings of D. This
core is rooted by the root of D. On the other hand, each region R of D* contains a crossing-free
subdiagram Dpg. We root this subdiagram Dp as follows:
(i) if the root of D points out of R, then D is just rooted by the root of D;

(ii) otherwise, Dy is rooted on the first boundary arc of D* before the root of D in clockwise
direction.
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FIGURE 16. The decomposition of the diagram of Figure 14 (left) by its core
into rooted marked subdiagrams. The root is represented by A and the marked
vertices are represented by e. Only non-empty subdiagrams are represented.

Moreover, we mark the first vertex of each boundary arc of R. Note that we do not mark the
peaks. Thus, if the region R has i boundary arcs, and if the k" and (k+ 1)th boundary arcs
of R are separated by ji peaks, then we obtain in this region R of D* a rooted (j1, ..., j;)-marked
crossing-free subdiagram Dpg. See Figure 16. Observe that their is a difference of behavior between

(i) the regions R with no boundary arcs and only j peaks, which are filled in by a crossing-free
chord diagram Dpg on precisely j vertices, and

(ii) the regions R with at least one boundary arc, whose corresponding chord diagram Dg can
have arbitrarily many additional vertices.

Reciprocally we can reconstruct the chord diagram D from its rooted core D* and its rooted
and marked crossing-free subdiagrams Dg. We thus obtain that the generating function Dg/(x,y)
from the k-core diagram polynomial KDg(x,y) by replacing a region with ¢ # 0 boundary arcs
and j peaks by

z'  di7! Do(z,y) — D5 (a,y)
(i — 1)! dzi—1 zi+i+l ’

and a region with no boundary arcs but j peaks by D%(y) /2. This is precisely the formula stated
in the proposition. ‘ .

The rationality of this function thus follows from Proposition 3.3, since D? (z,y) and D37 (z, y)
are both polynomials in z and y, and y can be eliminated as in the proof of Proposition 3.3. [

Example 3.10. Using the 2-core diagram polynomial KDy(x,y) computed in Example 3.7 (see
also Figure 15), we can compute the generating function of chord diagrams with two crossings.
Although we do not include here the long and meaningless expression of this function, we provide
the first few terms in its development:

Do(z,y) = 2° (59> + 259y +509° + 5095 + 255" +5¢°)

3393 + 231 y* +696y° + 1173y° +1200y" + 753 y® + 276 )

126 4% + 1176 y* 4+ 4900 y° + 11984 ¢/° + 19012 y” + 20384 3/ + 14896 3/°)

364 y° + 4368 y* + 23856 35 + 78384 4% + 172476 y” + 2675529° 4 299712 y%)

882¢°% + 13230 y* + 91260 3> + 383940%° + 11010607 4 2277414 4® + 3503790 ¢°)

+ 20 (1890 4> + 34650 y* + 293700 4° + 1530375 y® + 5493675 y" + 14419900 4 4 28648730 ")

+ 2 (3696 4> + 81312 y* + 8290924 + 5220666 y° + 2279761077 + 73432238 4° + 181038264 1/°) ...

x
+x
+x
+x
+x

°(
"
*(
’(

For example, there are 23856 chord diagrams with 8 vertices, 5 edges, and 2 crossings, among
which 48, 624, 948, 3996, and 18240 use the first, second, third, fourth and fifth core in Figure 15
respectively. Can you describe them?
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3.5. Asymptotic analysis. Similarly to our asymptotic analysis in Section 2.6, we can obtain
asymptotic results for the number of chord diagrams with & crossings.

Proposition 3.11. For any k > 1, the number of chord diagrams with k crossings and n vertices is

" B do(1)3% dy (1) (2k — 3)!! R
[x]Dk(x,l)n:m 0(2p)k*1k!1—‘(/€—%) n*=2 p" (14 0(1)),

2 1
L=6+4v2,  do(1) = -1 +3%, and  di(1) = §\/—140+99\@.

Proof. We apply singularity analysis on the composition scheme given by Proposition 3.9. In our
analysis, it is more convenient to express the k-core diagram polynomial KDy (x, 1) as

KDy (x,1) = Z Hzo]nm(K I im0,

K k—core i>1
diagram j>0

where

The resulting expression for Dy (x, 1) is

l‘i Z 1 H Dé(l) no,; (K) H 7t di—1 Do(l‘, 1) _ D(?H—j (JC, 1) n; ;(K)
dx K k-core n(K) i>0 7 i>1 ('L - ].)' dxi—1 i+l :
diagram 7= 750

Analyzing this function around = = p boils down to analyzing the generating function

i no,; (K) - ni,; (K)
d 1 D%(l)) ’ 1 di—1 g
Par Z H( j H i+1 (5 z’—lDO(x71)) :
dx K Froore n(K) S0 I o pItL (i — 1) dx
diagram j>0

Observe that we forget the terms of the form Dg“’j (z,1) as they are polynomials in x, and thus
analytic functions around « = p. In order to simplify the expressions, we set

i T ) ()

>0 i>1
j=0

no,; (K)

Let X:=,/1— %. Developing Dg(z, 1) using its Puiseux’s expansion (9) around xz = p we obtain

Ji-1 ng,; (K)
Di(z,1) = p dm > UK H Do(z,1)>

K k- (d i1
dlmgf’grrr? jZO
di_l 9 ni,; (K)
Z (K H(dz 1(d0()+d1(1)X+O(X))>
Tk 3
: di(1) (20 = 5! 5 o, o\

w~ppdx > E) [Tdom ] (1(22_(1,;;1))(3 *+0(x? 21))

K k-core j>0 i>1

diagram >0

— ) UK)X T 10 (X—w(K)H)

K k-core

diagram
~ - —w(K)-2 —$(K)-1
w:ppK;are C(K) w(K) * + 0 (X ) ’

diagram
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where
B 1 Dj(l) no,; (K) o () dl(l) (22 o 5)” n;,;(K)
()= n(mj[l(,( 50) 11 rreaem)
- 720
and  Y(K)=» (2i—3)n;;(K).
720

Following the same lines as in Section 2.6, the main contribution to the asymptotic arise from the
k-core diagrams which maximizes ¢ (K). These k-core diagrams satisfy ny o(K) = 1, nq,0(K) = 3k
and n; ;(K) = 0 for all (¢, j) # (k,0),(1,0). Consequently ¢ (K) = 2k — 3. Therefore,

do(1)3* dq (1) (2k — 3)N
Dua) =, 0" (2=

and we conclude applying the Transfer Theorem for singularity analysis (see Theorem A.l in
Appendix A). O

X172k =+ O (X272k‘) ,

Finally, with the same techniques, we can also compute the limiting distribution of the number
of edges in a k-chord diagram with n vertices, chosen uniformly at random.

Theorem 3.12. The number of edges in a chord diagram with k crossings and n vertices, chosen
uniformly at random, follows a normal distribution with expectation u, and variance o,, where

o (L2 n(l+o(1) and  on= 1, v2 n(1+o(1)).
2 2 4 8

Proof. Direct application of the Quasi-Powers Theorem (see Theorem A.5 in Appendix A), by
means of the values computed in Equation (10). The main contribution on the analysis arises
from maximal k-core diagrams. Observe that the constants defining the expectation and the
variance are exactly the same as in the planar configurations. O

3.6. Random generation. In this section, we provide random generators for the combinatorial
family of chord diagrams with a given number of crossings, using the methodology of Bolzmann
samplers. We proceed in three steps, obtaining random generators for:

(i) connected crossing-free chord diagrams,

(i) all crossing-free chord diagrams,
(iii) chord diagrams with precisely k crossings.
Once we have a Boltzmann sampler for crossing-free chord diagrams, the design of a random gen-
erator for chord diagrams with precisely k crossings follows exactly the same lines as in Section 2.7.
In this section, we therefore only discuss Steps (i) and (ii) above.

We first describe a Bolzmann sampler for connected crossing-free chord diagrams. It is conve-

nient to write Equation (6) (with y = 1) in the form

CDy(z,1)* i <CD0(:¢7 1) — z + CDy(z, 1)2)’“> |

CDy(z,1) == (1 +
x

r=0
The smallest singularity of CDg(x,1) is located at pg ~ 0.09623. For r > 0, write

CDg(z) = ODo(z, 1) (

X

CDy(z,1) — z + CDy(x, 1)2>T
X

and fix 0 € (0,pp). Observe that the combinatorial class associated to CD{(z) can be defined
by means of cartesian products and unions of connected crossing-free chord diagrams, hence the
Boltzmann sampler I'CD{(#) is immediately defined from I'CDg(6). Let

CD}(9) 0

pr(g) = CDQ(G, 1) and p*l(a) = CD()(H, 1) .
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Then P(0) := {p,(0) }r>—_1 defines a discrete probability distribution. Now we can define the Boltz-
mann sampler I'CDg(6) by

I'CD,(0) == P(0) — T'CD}(6).

As it happened in the perfect matching situation, the branching process defined with this Boltz-
mann sampler is subcritical, hence the algorithm finishes in expected finite time.

We now describe a random sampler for general crossing-free chord diagrams. For this, we
analyze Equation (8), which describes the counting formula for general chord diagrams by means
of a composition scheme with the generating function associated to connected chord diagrams. The
Boltzmann sampler in this situation is reminiscent to the L-substitution that appears in [Fus09].
Fix ¢’ € (0,3 — V/2) (recall that the smallest singularity of Do (6) is located at p = 3 — v/2), and
define

_ 1
0.(0) =0"Do(0)" @] CDi@)  and  p-1(0) = pp.
Then Q(0) :={qs(0")}s>_1 defines a discrete probability distribution and we can apply the same
argument as in the case of connected objects. Once more, the choice of a parameter smaller than
the smallest singularity ensures that the algorithm finishes with an expected finite time. Observe
that in the second Boltzmann sampler, a choice of a connected chord diagram is needed. This is
performed using a rejection process over the Boltzmann sampler for connected chord diagrams.

To conclude this section, Figure 17 shows the probability of appearance of each of the five 2-core
diagrams. Although the picture only presents the probabilities of appearance of each core diagram
for small values of n and m, we hope that the reader can still observe that the maximal 2-core (in
blue) is the only one whose probability increases when the number of vertices or the number of
chords increases. As it happened in the perfect matching situation, the main contribution arises
from these maximal configurations when the number of vertices is large enough.

probabilities

number of vertices number of chords

FIGURE 17. Probabilities of appearance of the different 2-core diagrams.
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3.7. Extension to hyperchord diagrams. As from matchings to partitions, we can extend the
results of this section from chord diagrams to hyperchord diagrams. A hyperchord is the convex
hull of finitely many points of the unit circle. Given a point set V on the circle, a hyperchord
diagram on V is a set of hyperchords with vertices in V. Note that we allow isolated vertices
in hyperchord diagrams. As for partitions, a crossing between two hyperchords U,V is a pair of
crossing chords ujus and vive, with ui,us € U and vi,v9 € V. We consider the family H of
hyperchord diagrams, and we let H(n, m, k) be the set of hyperchord diagrams with n vertices,
m hyperchords, and k crossings, counted with multiplicities. We set

H(z,y,2) = 3 [Hnmk)a"y™sF  and  Hi(e,y) = [} H(z,y, 2).

n,m,k

As for chord diagrams, our first step is to study the generating function Hg(z,y) of crossing-
free hyperchord diagrams. We extend here the analysis of P. Flajolet and M. Noy for chord
diagrams [FN99] that we presented in Section 3.1. Note that two non-crossing hyperchords U, V'
can share at most two vertices. Moreover, if U and V share two vertices, then they lie on opposite
sides of the chord joining them, and we say that U,V are kissing hyperchords. An example of
crossing-free hyperchord diagram is given in Figure 18 (left).

Proposition 3.13. The generating function Ho(x,y) of crossing-free hyperchord diagrams satis-
fies the functional equation

(11) p3(@,y) Ho(z,y)” + pa(z, y) Ho(x,y)* + p1(z, y) Ho(z, ) + po(z, y) = 0,
where
po(w,y) = =22 —x+2zy° + 9> + 2%y = TPy —T2% Y’ — 27y’ — By,
pi(z,y) = — 223 —2333y4 —8x3y+2x—3y2 — 12x3y2 —8x3y3,

+6xy—a?yt +at+4a’y+4a®y? —4day,
—z—3zy+2zy° +32%y+ 347,
pa(z,y) = —y*.

Proof. The proof is similar to that of Proposition 3.2. We first consider connected crossing-free
hyperchord diagrams, with generating function CHg(z,y). We decompose them according to
their principal hyperchords (those incident to the first vertex, and with at least two vertices).
If a connected hyperchord diagram is neither an isolated vertex, nor a single hyperchord with a
single vertex, then it has at least one principal hyperchord. Its principal hyperchords can then be
grouped into clusters such that

(i) the principal hyperchords in a given cluster form a sequence of kissing hyperchords, and
(ii) principal hyperchords of distinct clusters share only the first vertex of the diagram.

Note that each cluster is either a single chord, or can be considered as a sequence of r kissing
principal hyperchords of size at least 3, whose r 4+ 1 principal boundary chords may or not be
principal hyperchords of the diagram. It remains to fill in the gaps left by the principal hyperchords
in the hyperchord diagram:

(i) the first (before the first cluster), and the last (after the last cluster) gaps contain connected
crossing-free hyperchord diagrams,

(ii) each gap between two consecutive clusters, as well as each gap between two consecutive ver-
tices of a principal hyperchord, contains either a connected crossing-free hyperchord diagram
with at least two vertices, or two disconnected crossing-free hyperchord diagrams.

We refer to the schematic decomposition presented in Figure 18. This decomposition directly
translates to the functional equation
2
9 CHy(z,y)
A+y)(1—fg)
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\ S

FIGURE 18. Decomposition scheme of connected crossing-free hyperchord dia-
grams. Hyperchords are represented by shaded regions, and hyperchords of size 1
are represented by shaded vertices.

where

_ CHy(z,y)” + CHy(z,y) — = (1 +y) 2?y(1+y)*f
I= 2% (1 +y)? l—z(l+y) f-azy(l+y?f
Finally, since a crossing-free hyperchord diagram can be decomposed into connected crossing-free
hyperchord diagrams, we have

(12) Hy(z,y) =1+ CHy(zHo(z,v),y) .

Eliminating CHg(z,y) from these equations leads to the desired formula after simplifications. O

and g=zy(l+y)+

Remark 3.14. If we forget the variable y which encodes the number of hyperchords, and if we
forbid isolated vertices in hyperchord diagrams, the resulting generating function

~ 1 T
H =——Hy|[ —,1
() 1+ 0(1+x’ )
satisfies the functional equation

(1+2)° Ho(z)® — (14 2)%(92% + 4z + 3) Ho(x)” + (232° — 7 4 52 + 3) Hy(z) + (1722 — 1) = 0.
It was already obtained by M. Klazar in [K1a00] with a slightly different decomposition scheme.

The next proposition studies the asymptotic behaviour of Hy(z,y) around y = 1. Observe that
we cannot apply Theorem A.4 since the coefficients in Equation (11) are not all positive. We
can use instead the fact that Ho(x,y) is an algebraic function. Another technique, by means of
more elaborated arguments, will be presented in the context of Subsection 3.8, which covers this
proposition.

Proposition 3.15. The smallest singularity of the generating function Ho(z,1) of crossing-free
hyperchord diagrams is located at the smallest real root p ~ 0.015391 of the polynomial

R(z):=2562% — 768 2> + 736 22 — 336 2 + 5,
Moreover, when y varies uniformly in a small neighborhood of 1, the singular expansion of Ho(x,y)
18

x x
Hy(z.y) = ho(y) — h 1——+0<1+—),
valid in a domain dented at p(y) (for each choice of y), where ho(y), hi(y) and p(y) are analytic

functions around y = 1, with

p(1) = p~0.015391,  ho(1) ~1.034518  and  hy(1) ~ 0.00365515.
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Proof. We use the methodology of [FS09, Section VIL.7]. We write Equation (11) in the form
P(z,y,Ho(z,y)) = 0, where P(z,y, z) is a polynomial with integer coefficients.

We first study the problem when y = 1. It is clear that Hy(z, 1) is analytic at x = 0. Con-
sequently, according to [FS09, Lemma VIIL.4], Hy(z,1) can be analytically continued along any
simple path emanating from the origin that does not cross any point of the set in which both
P(z,1,2) and %P(z, 1, z) vanish. This set is discrete and, by means of Elimination Theory for
algebraic functions (in this case, eliminating variable z), can be written as the set of roots of

R(z):=2562% — 768 2% + 736 22 — 336 2 + 5.

Hence, the smallest singularity of Hg(x, 1) is the smallest root p ~ 0.015391 of the polynomial R(x).
In particular Hqg(p, 1) satisfies the equation P(p,1,Hg(p,1)) = 0, and is approximately equal to
Ho(p, 1) = ho(1) ~ 1.034518.

We now proceed to study the nature of Hy(z,1) around z = p. As Hy(z, 1) is algebraic, we
can develop it around its smallest singularity using its Puiseux expansion, and exploiting the so-
called Newton Polygon Method. See [FS09, Page 498]. With this purpose, write U:=1 — %, and
Ho(z,1) = Ho(p,1) + cU* (1 + o(1)). By means of indeterminate coefficients we find the correct
value of oz developing the relation P(p (1 — U=),1,Ho(p,1) + cU®) = 0 we obtain that o = 1
Once we know this, by indeterminate coefficients on the expression P(p, 1, Hg(p,1)) = 0 we obtain
that hy(1) = 0.00365515.

Finally, we continue analyzing Hy(z,y) when y moves in a small neighbourhood around y = 1.
Using the same arguments, for a fixed value of y close to 1, the smallest singularity p(y) of Ho(z,y)
satisfies that R(p(y),y) = 0, with

R(z,y)= (1+4y+10y2+4¢°+ 4%

(—6 — 40y — 142y* — 304 9> — 390 y* — 296 y° — 1309° — 32¢y" — 448z
(13 + 100y + 360> + 748 4> + 922 ¢y* + 636 ¢° + 192¢° — 129" — 159°) 22
(—12 - 96y — 336> — 672> — 840y* — 6721 — 3365 — 96y" — 12¢%) 23
+ (44 32y + 11292 + 22493 + 280 y* +2249° + 11295 + 3297 + 44°) 2.

+
+
+

As the coefficients (which depend on y) of R(z,y) do not vanish at y = 1, we conclude that p(y)
is an analytic function in a neighbourhood of y = 1, and that the singularity type is invariably of
square root type. U

The analysis carried out in Proposition 3.15 can be exploited in order to obtain the limit
distribution for the number of hyperchords in a crossing-free hyperchord diagram of prescribed
size uniformly choosen at random. For each y in a neighbourhood of 1 the singular expansion
of Hy(z,y) is of square-root type, hence by the Quasi-Powers Theorem (see Theorem A.5 in
Appendix A), the limiting law is normally distributed. We can compute the expectation and the
variance from polynomial R(z,y) in Proposition 3.15: as R(p(y),y) = 0 by iterated derivations
with respect to y we obtain closed formulas of both p'(y) and p”(y) in terms of y, p(y) (and
P’ (y) in the case of p”(y)). Writing y = 1 we get approximate values: these computations give
P (1) = —0.031243 and p" (1) ~ 0.080456, hence the expectation and the variance for this limiting
distribution are un (1 + o(1)) and o?n (1 + o(1)), where

’ 17 ’ / 2
P 9020800  and o2 = LW AW (” (1)> ~ 0.923054.
p(1) p(1)  p(1) p(1)

Now that we have obtained the asymptotic behavior of crossing-free hyperchord diagrams, we
can proceed to the study of hyperchord diagrams with k crossings. As usual now, we focus on
their cores.

Definition 3.16. A core hyperchord diagram is a hyperchord diagram where each chord is involved
in a crossing. It is a k-core hyperchord diagram if it has exactly k crossings. The core H* of a
hyperchord diagram H is the subdiagram of H formed by all its hyperchords involved in at least
one crossing. See Figure 19.
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FIGURE 19. A hyperchord diagram H with 10 crossings (left) and its 10-core D*
(right). The core hyperchord diagram H* has n(D*) = 21 vertices, m(D*) = 14
chords, and k(D*) = 10 crossings. The shaded region of D* had 2 boundary arcs
and 1 peak.

Let K be a core hyperchord diagram. We let n(K) denote its number of vertices, m(K) denote
its number of hyperchords, and k(K) denote its number of crossings. We call regions of K the
connected components of the complement of K in the unit disk. A region has i boundary arcs
and j peaks if its intersection with the unit circle has ¢ connected arcs and j isolated points.
We let n; ;(K) denote the number of regions of K with ¢ boundary arcs and j peaks, and we
set n(K) = (ni;(K))i jeir). Note that n(K) =37, ;in; j(K). See again Figure 19 for an illustra-
tion.

Since a crossing only involves two hyperchords, a k-core hyperchord diagram can have at most
2k hyperchords. Moreover, since we count crossings with multiplicities, each hyperchord in a k-
core hyperchord diagram has at most k+ 3 vertices. This immediately implies the following crucial
lemma.

Lemma 3.17. There are only finitely many k-core hyperchord diagrams.

Definition 3.18. We encode the finite list of all possible k-core hyperchord diagrams K and
their parameters n(K), m(K), and n(K):=(n;;(K)); jex) in the k-core hyperchord diagram
polynomial

xR (H)yym(K) 1 i (K) . m(K)
KHy,(x,y) =KHy(z;;,y) = E K E w(K) || xi "y :
K k-core K k-core 7,70
hyperchord hyperchord
diagram diagram

Remark 3.19. The algorithm described in Section 3.3 to generate the k-core diagrams for small
values of k can again be adapted to enumerate k-core hyperchord diagrams. Details are left to the
reader.

Using a similar method as in Section 2.4, we obtain the following expression of the generating
function Hg(x,y) of hyperchord diagrams with k crossings, in terms of the k-core hyperchord
diagram polynomial KHy(x,y), and of the polynomials

Hy(y) ==[2"]Ho(z,y) and  Hi’(z,y):=> Hiy)a" =Y [H(n,m,0)|z"y™.
n<p n<p
m>0

Proposition 3.20. For any k > 1, the generating function Hy(z,y) of the hyperchord diagrams
with k crossings is given by

d Hj i -1 H _ HSi"rj
Hy(z,y) = 2——KH} (mo,j o Hol) oo, T of,y) — Hy (x’y), y) -
XL

d o T (= 1) datt xititl

In particular, Hy(x,y) is a rational function of the generating function Ho(x,y) and of the vari-
ables x and y.
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Note that, contrarily to the cases of matchings, partitions and diagrams, we cannot anymore
eliminate y in the expression of Proposition 3.13.

Finally, using the expression of the generating function Hy(z,y) given by Proposition 3.20, we
can derive the asymptotic behavior of the number of hyperchord diagrams with k crossings. The
analysis is identical to that of the proof of Proposition 3.11.

Proposition 3.21. For any k > 1, the number of hyperchord diagrams with k crossings and n

vertices 1s o
. R () @K
[Z‘ } Dk(x’ 1) n—oo (Qp)kfl k! F(k _ %) ntozp (1 + 0(1))7
where p ~ 0.015391 is the smallest real root of R(z):=256 2% — 768 3 + 736 2% — 336 x + 5, and
where hy(1) ~ 1.034518 and hq(1) ~ 0.00365515 (see also Proposition 3.15).

3.8. Extension to hyperchord diagrams with restricted block sizes. As for partition, we
conclude this section with hyperchord diagrams where we restrict the sizes of the hyperchords. For
a non-empty subset S of N* := N~ {0}, we denote by H° the family of hyperchord diagrams, where
the cardinality of each hyperchord belongs to S. For example, chord diagrams are hyperchord
diagrams where each hyperchord has size 2, i.e. D = H{2}. We consider here the generating
function Hf (z,y) of hyperchord diagrams of H* with k crossings.

Once again, our first step is to compute the generating function Hj (x,%) of crossing-free hy-
perchord diagrams of H°. Adapting the decomposition scheme described in the proof of Proposi-
tion 3.13, we obtain the following statement.

Proposition 3.22. The generating function CHg(x,y) of connected crossing-free hyperchord di-
agrams of H® satisfies the functional equation:

g CHS (z,y)*
(I+6y)(1—fg)

CH (2,y) = o (1+81y) + -

where
_ CH{(z,y)* + CHj(z,y) — 2 (L +1y)
N 22 (14 61y)?
z(l4+01y)(1+dy)h

1—-nh ’

and hi=y(1+dy) Z (x(1—|—(51 Y) f)s_27
seS~{1,2}

and where 61 = 0 if 1 ¢ S and 61 = 1 otherwise, and similarly 6o = 0 if 2 ¢ S and 6 = 1
otherwise In turn, the generating function H(x,y) of crossing-free hyperchord diagrams of H°
can be expressed from CHS (z,y) as

(13) H (z,y) = 1+ CH} (zH{ (2,y),y) -

f:

g=0xy(1+0d1y)+

Although we cannot find a nice closed formula for Hj (z,y) in general, the situation is simpler
for the following examples.

Example 3.23. Let ¢ > 3. Consider g-uniform hyperchord diagrams, for which S = {q}. The gen-
erating function of connected crossing-free g-uniform hyperchord diagrams satisfies the functional
equation

_ -1
(CH{(z,y) — 2)2"~! — y CH{ (2, ) (CH{"(z,9)” + CH{"(z,y) - 2)"" =0
and therefore we get
H{‘I} —1— H{q} qg—1 _ H{q} -1 H{q} — 1= q-1 -0
(Hy"(2,y) eHy"(2,y)) = y (Hg"(z,9) — 1) (Hy"(z,y) x)

Rephrasing the arguments of Proposition 3.15 we can conclude that CHéq}(m, 1) has a unique
smallest real singularity and its singular behaviour is of square-root type in a domain dented at
its singular point.
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Finally, we observe that the situation is even simpler when ¢ € {1,2}. Indeed, we clearly
have Hél}(x,y) = m when S = {1}, and we obtain Equation (5) when applying Proposi-
tion 3.22 for S = {2}.

Example 3.24. Let ¢ > 3. Consider g-multiple hyperchord diagrams, for which S = ¢gN*. The
generating function of connected crossing-free g-multiple hyperchord diagrams satisfies the func-
tional equation

*

(CHY(w,y) —2)2* — (CHY (2,9)" + CHY " (z,) —2)" " Fy(CHY (z,) ,,9) =0,
where P,(C,z,y) is the polynomial of degree 5 given by
P, (Cyz,y) = CO+ (=2 +2) C* + (zy — 4z +1) C* + 2(2x +y — 3) C* + 22 (—y +2) C + 2*(—2+ y).
The cases ¢ = 1 and ¢ = 2 are similar and left to the reader.

We now analyze the singular behavior of crossing-free hyperchord diagrams in H°. In this case,
the argument is somehow indirect.

Proposition 3.25. Let S be a non-empty subset of N* different from the singleton {1}. The
univariate generating function H3 (x,1) of crossing-free hyperchord diagrams of HS has a unique
smallest singularity ps, and a square-root type singular expansion

HS(2,1) = as—fs,/l— —+0(1--2
wps Ps Ps

in a domain dented at x = pg.

Proof. We start proving that CHZ (x,1) diverges at a finite value of 2 = gg. Consider an ele-
ment ¢ > 2 of S. Let gg4 be the (unique) smallest singularity of CH({)q}(x, 1). As discussed in
Example 3.23, the generating function CHéq}(x, 1) has a square-root type singularity at = = g4},
hence %CH({)q}(Q{q}, 1) diverges. Next, observe that

2" CH (w,1) > [+"] CH{(a, 1)

for all values of n, because all g-uniform hyperchord diagram are hyperchord diagrams of H°.
Consequently,

[") 7= CH{ (2, 1) > [¢"] -~ CH{"(z,1)
for all values of n. Finally, as both functions are analytic at x = 0, there exists a real value pg <

0{q} such that %CH&(QS, 1) diverges when z tends to gs as x grows from 0. In particular, gg

must be the dominant singularity of CH{ (x, 1) (observe that we do not assure that the singularity
is of square root-type, only that the derivative diverges at that point).

We continue analyzing the singular development of Hg (z,1) around its smallest singularity.
Observe that Equation (13) can be written in the form y(zHf (x,1)) = x, where

x(u)

(3
- 1+ CHS(u,1)

is the functional inverse of #Hj (x,1). Let ps be the dominant singularity of zH{ (x,1) (and hence
the dominant singularity of H§ (z,1)). Write 75 = psHj (ps,1). In particular, pg satisfies that
ps = x(7s). Developing the relation x’(rs) = 0, we obtain that

d
(14) 14 CH (7s,1) :TS%CHOS(TS,U.

As CHj (z,1) is analytic at # = 0 and diverges at = gg, Equation (14) has a solution 75 < gs.
We have then that y has a branch point at u = 75, and by the Inverse Function Theorem Hf (x, 1)
ceases to be analytic at © = pg. Finally, we conclude that zHg(x,1) has a square root type
singular behaviour around = = pg. O
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In this particular setting, pg is a computable constant that can be calculated (with a desired
precision) in the following way. Observe that both CHZ(z,1) and %CHE (z,1) are analytic
functions at x = 75. Hence we can obtain approximations for 7 by truncating conveniently the
Taylor expansions of CHj (z, 1) and %CH(? (z,1) in Equation (14). In fact, one needs to consider
a lot of Taylor coefficients in order to obtain a good estimate of 75, because experimentally the
position of the solution of Equation (14) is very close to the the singularity of CHj (x, 1).

Once an approximation of 75 is computed, we obtain a good approximation of both pg and ag
using the relation ps = x(7s) and 7s = psHo(ps, 1) = psas. Finally, an approximation for 8g
can be obtained using indeterminate coefficients on the the relation y(zHj (z,1)) = .

We have applied this method to approximate the constants 7g, ps, ps~ ', as, and Bg for
both g-uniform hyperchord diagrams (i.e. S = {q}, see Example 3.23) and g-multiple hyperchord
diagrams (i.e. S = ¢N*, see Example 3.24), for 3 < ¢ < 7. The results are shown in Table 5.

S TS ps ps* ag Bs
{3} 1 0.16648974 0.14078101 7.10323062 | 1.18261501 0.04374341
é {4} | 0.29124158 0.22185941 4.50735894 | 1.31273036 0.08298341
% {5} | 0.38048526 0.27126972 3.68636788 | 1.40260866 0.10797005
i {6} | 0.44765569 0.30473450 3.28154504 | 1.46900231 0.12399216
{7} 1 0.50026001 0.32902575 3.03927574 | 1.52042812 0.13445024
3N* | 0.16334708 0.13864031 7.21290960 | 1.17820771 0.03365135
é; 4N* | 0.28781764 0.22003286 4.54477579 | 1.30806666 0.05948498
ﬁg 5N* | 0.37742727 0.26987181 3.70546302 | 1.39854280 0.07361482
i 6N* | 0.44503426 0.30365836 3.29317462 | 1.46557553 0.08138694
TN* | 0.49802658 0.32817932 3.04711459 | 1.51754407 0.08564296

TABLE 5. Approximate values of the constants s, ps, ps ', as, and Bg for the
families of g-uniform and g-multiple hyperchord diagrams, for 3 < ¢ < 7.

Observe that the growth constant for g-uniform hyperchord diagrams is just slightly smaller
than the growth constants of the corresponding ¢-multiple hyperchord diagrams.

We have now obtained the complete asymptotic behavior of crossing-free hyperchord diagrams
in H° and we can therefore proceed to study hyperchord diagrams of H* with precisely k crossings.
Applying once more the same method as in Section 2.4, we obtain an expression of the generating
function Hf (x,y) of hyperchord diagrams of H® with k crossings in terms of the corresponding
k-core hyperchord diagram polynomial

Xn(K) ym(K)

KH} (x,y) = TSR

>

K k-core
hyperchord

diagram of H°

and of the polynomials

H " (y) = 2" Hf (2,y) Hy =P (a,y) = Y HY M (y)am.

n<p

and

Proposition 3.26. For any k > 1, the generating function Hf(x,y) of the hyperchord diagrams
with k crossings and where the size of each hyperchord belongs to S is given by

S| i i— S| <itj
Hy'(y) .« d7 H(y) - H "y
T T = Dl dai ! zititl Y-

d
Hf(m,y) = .Z‘%KHS (l‘od‘ — 7

In particular, H (z,y) is a rational function of the generating function H5 (z,y) and of the vari-
ables x and y.



42 VINCENT PILAUD AND JUANJO RUE

Using this composition scheme and the singular behavior of Hg (z,1) described in Proposi-
tion 3.25, computations similar to that of the proof of Proposition 3.11 lead to the following
asymptotic result.

Proposition 3.27. Letk > 1 and let S be a non-empty subset of N* different from the single-
ton {1}. Let ps be the smallest singularity and ag, Bs be the coefficients of the asymptotic expan-
sion of the generating function Hg(x,1) around pg, as defined in Proposition 3.25. Let W(k,S)
denote the mazimum value of the potential function

B(K) =) (2i — 3)n; j(K)
i>1
Jj=0
over all k-core hyperchord diagrams of HS. There is a constant Ag such that the number of
hyperchord diagrams with k crossings, n vertices, and where the size of each block belongs to S is
" H (=, 1) = Asn™F pgTn (14 0(1)),

—)OO

for m multiple of ged(S), while [x™] Hf(x, 1) =0 if n is not a multiple of ged(S). More precisely,
the constant Ag can be expressed as

j 10,5 K ni s
Agim ged(S) ps ¥(k, S) Z 1 H <D§IJ(1>> ( nl,(K) H< Bs (2i — 5)!! ) 1,5 (K)
F(<I>(k ,S) + 1) = n(K) %o Xy 5 21 pgiti (i — 1)! )
B 7>0

where we sum over the k-core hyperchord diagrams K of H° which maximize the potential func-

tion Y (K).

Remark 3.28. As for the partitions P, we observe that the exponent in the polynomial
growth of [z"] Hy (z,1) is not a constant of the class, but really depends on the value of both S
and k. The reader is invited to work out examples of g-uniform and ¢-multiple hyperchord diagrams
to get convinced that this exponent can have an unexpected behavior.

\I/(k S) .

4. LIMITS OF THE METHOD ON FURTHER FAMILIES OF CHORD DIAGRAMS

To conclude, we discuss further problems concerning chord configurations whose analysis is
slightly different. In Section 4.1, we consider chord configurations without cycles, and we observe
that the corresponding k-core generating function is not a polynomial. In Section 4.2, we discuss
the main difficulties arising when generalizing the problem to configurations on surfaces.

4.1. Trees with crossings. Let 7 be the family of chord diagrams on the unit circle, without
cycles and such that the corresponding graph is connected. We say that T' € T is a tree with k
crossings if the corresponding chord diagram has k crossings.

Crossing-free trees are easy to describe [FN99]. Call butterfly an ordered pair of trees with a
common root (the pair of trees looks like the two wings of a butterfly). A crossing-free tree T
whose first vertex has degree d can then be viewed as a sequence of d butterflies attached to the
first vertex. This decomposition scheme, illustrated in Figure 20, yields the following statement.

Proposition 4.1 ([FN99, Equation (3)]). The generating functions To(x) and B(z) of crossing-
free trees and butterflies are related by
x To(z)*

To(z) = T-B@ and  B(z) = .

In particular, To(z) satisfies the functional equation

To(z)* — 2 To(z) + 2° = 0.
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e

FI1GURE 20. Decomposition scheme of crossing-free trees.

By implicit differentiation in this functional equation for Tq(x), we get that
d To T) — 2
4 py(a) = Tole) ~ 20
dx 3Ty(z)” — x
By means of singularity analysis, one can prove that T((z) has a unique real positive smallest
singularity at p = %, and it has a square-root type singularity around this point. We write

X:=,/1-2. In a dented domain around p, the functions To(z) and %To(z) have singular
expansions
2 2V3 d 3V3
T = - -="X X? d —T = ——Xx! 1).
o(z) xz~p 9 9 +O( ) an dx o(z) z~p 4 +0(1)

Consider now the family of trees with £ > 1 crossings. The main issue for the analysis of these
trees is to properly define the core of a tree. Throughout this paper, cores codify the structure
of the crossings inside the configurations, in such a way that the configurations are obtained by
inserting crossing-free subconfigurations in the regions left by the cores. For trees, it is therefore
necessary to define the cores to be connected, in order to be sure that the final configuration
obtained after the insertion of crossing-free trees is also connected. This leads us to the following
definition of core trees.

Definition 4.2. A core tree is a tree where each chord incident to a leaf is involved in a crossing.
It is a k-core tree if it has exactly k crossings. The core T* of a tree T is the subtree of T formed
by all its chords involved in at least one crossing, together with the geodesic paths in T between
these chords. See Figure 21.

ke

FIGURE 21. A tree T with 8 crossings (left) and its 8-core T* (right).
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2 = G o i

FIGURE 22. The first elements of the family of 1-core trees (unrooted).

The main problem in this situation is that, for a given number of crossings, the family of k-core
trees is not finite (see e.g. Figure 22). In other words, the k-core tree generating function KT (x)
is not a polynomial anymore (z still encodes the number of vertices). We denote by Tx(z,y)
the generating function of trees with k crossings, where x encodes the number of vertices and y
encodes the size of the k-core (its number of vertices). Since a tree with k crossings is obtained
from its k-core tree inserting in each corner a crossing-free tree, we obtain

2
Ty(z,y) = xiKTk (yTo(x)> _
dx x

We first analyze the motivating situation when & = 1. In this simple situation the family of
1-core trees is suggested in Figure 22. Therefore, the 1-core tree generating function is

KTi(z) = Z " =

n>4

4

1—2

Therefore,

d re?) o (M) 4 e
yTo(z @ y* To(=
T —r—KT, | | =a—~— L —p— .
1(@,9) Tzt < x > rr 1 — yTo(@)? Tz o (z —yTo(x))?
The first terms of T4 (z,y) are
Ti(z,y) = 4az'y*
+a° (5y° +40y")
+ 25 (69° +607° + 3129%)
+ 27 (Ty" + 84y°® + 525" + 2240 y*)
+ 2% (8% + 11297 + 816 % + 4080 ¢° + 15504 y*)
+ 22 (9y” + 144 y® + 1197y + 6840 y°® + 29925 y° + 105336 ) ...

This expansion suggests that the distribution of the size of the core is constant when the
number of vertices tends to infinity. In order to make this observation precise, we study the limit
distribution for the size of the core. The strategy to get this result is to adapt [FS09, Proposition
IX.1] where the composition scheme A(yf(z)) is studied under certain technical conditions.

Proposition 4.3. (i) The number of trees with 1 crossing and n vertices is asymptotically
2048v3

equal to
27\"
p— — 1 1 .
novoo 385641 T(3) (4) (1+o(1))

(i) The size of the core in a tree with 1 crossing and n vertices, chosen uniformly at random,
follows a discrete limit law, whose limiting probability generating function is
5294 (9 —y
ply) = 20O 1)
8 (27 — 4y)

with expectation p = % o~ 4.222826 and variance o = 440283527 =~ 9.654300.

Nl

[z"] T1(z,1)
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Proof. The generating function T4 (z,y) can be written in the form

Ti(z,y) =y Ay f(z)) g(x),

where
3 4 -3z

1—2)%’ x

(
and  gx) = dx( ;)> 2T0()W;TO(I)2-

First, we examine the univariate counting problem (y = 1). Observe that f(p) = 5. As A(z)
is analytic at z = 5, the function Ty(z,1) = A(f(z))g(z) is singular at z = p, and analytic
in a dented domain around this point. Its smgular expansion at this point is then obtained by
combining the Taylor expansion of A(z) at z = == with the singular expansions of both f(z) and

27
g(x) at x = p. These expansions are given by

2048 37952 4 4\°
A = o) _ =
() =, 28547 100503 ( 27) * ((Z 27) )

4 83
— - — X +0(X
f(@) = o — 57 (X?),
f 1 2\/>
d = —X - —X 0]0.:¢
and  gla) = X7 -2+ X 1 O(X?)
Developing this composition we obtain that
2048 V3
A =" x! 1
(F(@)) 9(@) = Ser X7 4+ 0(),

and consequently, the first part of the statement is directly obtained by means of the Transfer
Theorem for singularity analysis (see Theorem A.1 in Appendix A).
Let us now analyze the bivariate situation. Let 0 < Y < 1. Observe that A(y f(z)) is singular

at © = p. The singular expansion of A(z) around z = 2—‘3 is

ae) = a(m) a3 (3 o))

By means of similar arguments to the asymptotic estimate calculus we can obtain the singular
expansion of yA(y f(x)) g(z) around = = p

yA(y f(z)) g(fc);pyA@?; % X +0(x )) <?X‘1 +0(1)>

2o(a(3) on () 5 rorm) (a0 vom).

Finally,
n 4
p(y) = lim [z"]y Alyg(z)) f(z) _ yA(z%) _529¢* (9 —y)
n=oe [z A(g(x)) f(x) A(L)  8(21—4y)?
This limit implies convergence to the discrete limit law with this probability generating function,
and the proposition is established. O

Observe that the first terms of p(y) are
0.816358 y* + 0.151177 5 + 0.026876 y° + 0.004645 y” + 0.000786 y* + 0.000131 y° + O (y'°)
which shows that the size of the core is, with high probability, around 4.

The analysis of k crossing trees for an arbitrary value of k, seems more involved. In particular,
the analysis of 1 crossing trees shows that the families of cores for general k is not finite. Fur-
thermore, the structure of chord crossings is not enough to characterize the cores, as we need to
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obtain a connected structure without cycles. The analysis of 1 crossing trees suggests that the
generating function associated to cores of k crossing trees must be a rational function, and that
the expected value of the size of the core is constant. We do not include here the detailed analysis,
which will be the source of future research.

4.2. Configurations on surfaces of higher genus. To finish, we discuss a natural extension
of the problems studied in this paper to surfaces of higher genus with boundaries. As discussed
in [RST13], defining the analogues of planar configurations in higher genus surfaces is already
involved. In the sphere, each combinatorial chord configuration has essentially a unique graphical
representation. This is not true in higher genus surfaces: a combinatorial configuration can be
designed in the surface (up to homotopy of the chords) in several ways. For this reason the
definition of crossings must be stated in a topological way, and not only by combinatorial means
as in the case of the sphere.

Given a surface S with boundaries, a configuration on S is a set of curves embedded in S whose
endpoints lie on the boundaries of S. Configurations are considered up to homotopy of S:

(i) we do not allow two homotopic curves in the same configuration,
(ii) the multiplicity of the crossing between two curves is the minimum number of crossings
between two curves homotopic to them,
(iii) two configurations are considered as equivalent if there is a boundary preserving homotopy
of S sending one configuration to the other.

An example of a core configuration on a surface with 2 boundaries and genus 3 is represented in
Figure 23 (all chords are involved in at least one crossing).

FIGURE 23. A core configuration with 6 crossings on a surface with 2 boundaries
and genus 3.

Observe that even with this definition, there is still infinitely many configurations with given
numbers of vertices and curves. Indeed, as soon as the surface is non-trivial, we can operate Dehn
twists on any handle or boundary component of the surface to create infinitely many non homotopic
configurations from a given configuration (see [Iva02] for precise definitions on geometric topology).
To fix this problem for the enumeration, a convenient method is to choose a generating set of the
homotopy group of G (i.e. a collection of simple closed curves on the surface meeting at a base
point whose complement in the surface is a collection of disks), and to enumerate configurations
according to their number of crossings with this set of curves.

In this situation, we can still decompose the configurations with k crossings according to their k-
cores. As illustrated in Figure 24, this decomposition results in many crossing-free configurations
on smaller surfaces, given by the connected components of the complement of the k-core in S.
Also the decomposition scheme is valid, we still encounter here an essential problem to derive
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FIGURE 24. Cutting along the chords of the core configuration of Figure 23 (left)
decomposes the surface on smaller pieces (right). Each piece should be filled in
with a crossing-free configuration.

enumerative formulas from this decomposition. Namely, we do not know how to count crossing-
free configurations on surfaces with high genius or more than one boundary. If the complement
of the crossing-free configuration is a collection of disks, and if the surface has only one boundary
component, then we can retract this component to a point and the configuration becomes a map
on S with a single vertex. By duality, this is equivalent to a unicellular map on S. These maps
have been enumerated in [Chall] (see also [BC11]). More precisely, [Chall, Theorem 2] asserts
that the numbers €4(n) of unicellular maps with n vertices on an orientable closed surface of genus
g satisfy the recurrence relation

292, (n) = (" 1 _32(9 - 1)>ggl(n) + (” 1 _52(9 - 2)>sgz(n) . (27;—:_11>50(n).

However, we cannot go beyond unicellular map yet. Due to these limitations, we believe that the
study of perfect matchings with k crossings on surfaces of higher genus would be the first step
towards the comprehension of these families of chord configurations.
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APPENDIX A. ASYMPTOTIC ANALYSIS AND LIMIT LAWS

Throughout this paper, we have used language and basic results of Analytic Combinatorics.
We refer to the book of P. Flajolet and R. Sedgewick [FS09] for a detailed presentation of this
area. For the convenience of the reader, we only recall in this appendix the main tools used in
this paper.

A.1. Transfer theorems for singularity analysis. Consider a combinatorial class (A, |-]), and
let a,, :==|{A € A| |A| = n} | denote the number of objects of A of size n, and A(x) =3 ., anz"
denote the associated generating function. We denote by [#"] A(x) = a, the coefficient of z™
in A(z). By means of analytic methods we can obtain asymptotic estimates for [z"] A(z) in
terms of the smallest singularities of A(z). Since A(z) has non-negative coefficients, its smallest
singularity (if it exists) is a positive real number by Pringsheim’s Theorem, see [FS09, Theorem
IV.6]. Let p be this singularity. We write A (z) = B(z) if lim,,, A(z) /B(z) = 1.
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With this language, we obtain the asymptotic expansion of [¢"] A(x) by transfering the be-
haviour of A(z) around its smallest singularity p from a simpler function B(z) for which we know
the asymptotic behaviour of the coefficients. The first result in this direction is the Transfer
Theorem. for singularity analysis [FO90, FS09].

Theorem A.1 (Transfer Theorem for a single singularity [FO90], simplified version). Assume
that the generating function A(x) is analytic in a dented domain A = A(¢p, R), defined as

A(p,R) = {x |z #1, [z| <R, |Arg(z — p)| > ¢},

for some R>1 and 0 < ¢ < /2. If

s (=5) o))

when x tends to p in the domain A, and o ¢ {0,—1,—2,...} then
[z"] A(z) = ntp" (1+o(1)),

where T'(z) == fooo t*~te~tdt denotes the classical Gamma function.

When the function A(z) has several singularities on its circle of convergence, the contributions
of all singularities add up together to the asymptotic of the coefficients of A(x). In this paper,
we essentially encounter the situation when the set of smallest singularities of A(z) is of the
form {£-p| & €C, &P =1} for some p € R and some p > 1. In order we deal with this situation,
we need a refined version of Theorem A.1 as it is stated in [FS09, Theorem VI.5]. We include
below a simplified version of this theorem.

Theorem A.2 (Transfer Theorem for multiple singularities [FO90], simplified version). Assume
that the generating function A(x) is analytic for |x| < p and have a finite number of singularities
on the circle |x| = p at points p; = pe'®i for j € [r]. Assume that there exists a dented domain Ag
such that A(x) is analytic in the indented disc

A= ﬂ (pj - Do),

JE[r]

where p; - Ao is the image of Ao by the mapping z — pjz. Assume that

Al) = <1 - Z) o <<1 - ;”J) ajH) .

when x tends to p; in the domain A, for some o; ¢ {0,—1,—2,...}. Then the contributions of
all singularities of A(x) add up to the asymptotic its coefficients:

n — a;j—1 —n
VAW = g (ol
Jj€lr]
In particular, if A(z) has r singularities of module p and ifA(xey) = A(x), then §; = 277” and
A(x) has the same type of singularity « = ay = -+ = - at all its singularities. Therefore,
n o
[z"] A(x) oo @
r|n

n®1p " (1+o(1)).

for n multiple of r, while [z™] A(x) = 0 for all other values of n.
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A.2. Functional specifications for generating functions. By means of analytic methods, it
is frequent to obtain functional equations on the function A(z) from which we want to extract
asymptotic estimates of the coefficients. Different inversion techniques can be useful for that
purpose, in particular Lagrangian inversion when we obtain a functional equation of the form

A(z) = 2P (A(x)),
for a smooth function ¥ around the origin with a non-zero derivative at the origin. In this paper,

we are sometimes not in a Lagrangian situation, and we need sharper tools to obtain asymptotic
estimates.

Definition A.3 (Smooth implicit-function schema [MM89]). Let A(x) = > .yanz™ be an an-
alytic function at 0 such that ag = 0 and a,, > 0 for alln > 1. This function A(z) belongs to a
smooth implicit-function schema if

A(z) = G(z,A(x)),
for a bivariate function G(z,y) satisfying the following properties:
(i) G(z,y) is analytic in a domain |z| < U and |y| <V,
(ii) The coefficients of G(z,y) = >, ,, Gn,m T"Y™ satisfy goo = 0, go1 # 1, and gnm > 0 for

all n,m € N, with at least one strict inequality for some n and some m > 2,
(i1i) There exists real numbers 0 < u < U and 0 < v <V which satisfy the characteristic system

G(u,v)=v and Gy(u,v) =1,
where Gy (u,v) denotes the derivative of G(z,y) with respect to y evaluated at (z,y) = (u,v).

Under these assumptions, the following theorem due to A. Meir and J. Moon [MM89] ensures
that the function A(z) presents a square-root singularity, from which we can extract asymptotic
estimates of the coefficients by the Transfer Theorem.

Theorem A.4 (Smooth implicit-function theorem [MM89]). If the function A(x) belongs to the
smooth implicit-function schema of Definition A.3, then A(x) converges at x ~ w and has a

square-root singularity:
2u G, (u,v) /1—£+O<1—§>,
Gyy(u,v) u u

where Gy (z,y) and Gy, (z,y) denote respectively the derivative of G(z,y) with respect to x, and
the second derivative of G(z,y) with respect to y, evaluated at (z,y) = (u,v).

A.3. Limiting distributions. The framework of Analytic Combinatorics is also powerful to han-
dle probabilities in a combinatorial class. Let x : A — N be a parameter on the combinatorial
class A. For n,m € N, let ap m:=|{A € A||A| =n, x(A) = m}| denote the number of objects
of A of size n and parameter m. Define the bivariate generating function

A(xay): Z an,mxnym»

n,meN

where y marks the parameter x. In particular A(z,1) = A(x), and )y @nm = an. For every
value of n, the parameter x defines a random variable X,, over the elements of A of size n with
discrete probability density function P (X,, = m) = @y, n/ayn. This discrete probability distribution
can be encapsulated into the discrete law
[z"] Az, y)
[z] Az, 1)

The Quasi-powers Theorem [Hwa98] provides a direct way to deduce normal limit laws from
singular expansions of generating functions. In other words, the Quasi-Powers Theorem gives
sufficient conditions to assure normal limit laws in the context of Analytic Combinatorics. It

can be applied when the behavior of the dominant singularity remains unchanged when y varies
around 1.

pn(y) =
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Theorem A.5 (Quasi-Powers Theorem [Hwa98]). Let F(z,y) be a bivariate analytic function on
a neighborhood of (0,0), with non-negative coefficients. Assume that the function F(x,y) admits,
mn a region

R={ly -1 <e} x{lz| <r}
for some r,e > 0, a representation of the form

F(z,y) = A(z,y) + B(z,y) C(z,y) ",
where A(z,y), B(z,y) and C(z,y) are analytic in R, and such that
C(z,y) =0 has a unique simple root p < r in |z| <r,
B(p,y) #0,
neither 0,C(p,y) nor 0,C(p,y) vanish, so there exists a non-constant function p(y) ana-
lytic at y = 1 such that p(1) = p and C(p(y),y) =0,
finally

p(1)  p(1)

o ') p’<1>+(p'<1>)2

1s different from 0.

Then the random variable with density probability function

_ "] F(z,y)
converge in distribution to a Normal distribution. The corresponding expectation p, and variance
o2 converge asymptotically to —% n and o’n, respectively.
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