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Combinatoire analytique des diagrammes de cordes

Résumé : Cet article est dédié au dénombrement de diagrammes de cordes reliant 2n
points sur un cercle par paires disjointes. On y établit les lois limites de trois parametres:
nombre de composantes connexes, taille de la plus grande composante, et nombre de croise-
ments. Des formules exactes pour les moments du nombre de composantes et du nombre de
croisements sont aussi données.

Mots-clé : Combinatoire analytique, diagramme de cordes, dénombrement asymptotique,
loi limite.
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Abstract
In this paper we study the enumeration of diagrams of n chords joining 2n points on a
circle in disjoint pairs. We establish limit laws for the following three parameters: number
of components, size of the largest component, and number of crossings. We also find exact
formulas for the moments of the distribution of number of components and number of
crossings.

Introduction

Take 2n points on a circle labeled 1, 2,...,2n and join them in disjoint pairs by n chords. The
resulting configuration is called a chord diagram (see Fig. 1). Besides its intrinsic combinatorial
interest, the enumeration of chord diagrams is relevant to other fields, like the analysis of data
structures in computer science [4, 5], or the study of invariants in knot theory [18].

A classical result is that the number of diagrams were the chords do not cross is a Catalan
number. In a series of papers Touchard studied the problem of counting diagrams according to
the number of crossings of the chords and found the corresponding generating function in the
form of a continued fraction [19]. A remarkable exact formula in terms of the ballot numbers
was implicit in the work of Touchard and made explicit later by Riordan [14]. This formula
was revisited in [13, 10, 12].

Figure 1: A chord diagram with 4 components.

Touchard also considered connected diagrams, that is, diagrams where no set of chords can
be separated from the remaining chords by a line. A recurrence relation for the number of



connected diagrams was found by Stein [16]. At the same time Stein and Everett [17] found an
asymptotic expression for this number. If we define a component in a diagram as a maximal
connected subdiagram, a natural extension is to study the enumeration of diagrams according
to the number of components, a problem for which we have not found explicit references.

In this paper we reexamine these problems and we analyze chord diagrams according to
several basic parameters: the number of components, the size of the largest component, and the
number of crossings, deriving limit laws for the corresponding distributions. For the first two
parameters we show in Section 1 that the limit laws are given by a modification of a Poisson
distribution of parameter 1. We also find exact formulas for the mean and the variance of
the number of components. In the case of the number of crossings, we show in Section 2 that
the distribution is asymptotically Gaussian. The main tool in establishing this result is an
integral representation of the corresponding generating function. This integral representation
also allows the computation of the moments of any fixed order.

Our analysis is based on general methods of analytic combinatorics [9, 15]. First we find
specifications of combinatorial structures that translate into symbolic generating functions
(GF). Then we apply analytic methods to obtain asymptotic estimates and derive limit laws.
This work can be considered as a counterpart to a previous paper of the authors [6], where
we analyzed non-crossing configurations on the vertices of a convex polygon. Whereas in the
non-crossing case the GFs involved were algebraic, the present situation is quite different as
we are dealing with divergent series.

Throughout the paper the size of a diagram will be the number of chords. By slightly
perturbing the points if necessary, we can assume that no three chords in a diagram intersect
in a point.

1 Components

If we let I,, be the number of all diagrams of size n, then it is well known that

(2n)!
2nn!’

I,=1:3-5---(2n—1) =

Let

I(z) = Z I,z"

n>0

be the corresponding ordinary generating function. Note that we operate here with ordinary
GF's having radius of convergence 0.

Let C,, be the number of connected diagrams of size n and let C(z) = > C,2" be the
corresponding OGF. The basic relation is

I(z) =1+ C(21(2)?), (1)

and it is proved as follows. In a diagram, the particular connected component determined
by containing vertex 1 is called the root component. In the intervals defined by the edges,
arbitrary diagrams may be inserted. If the root has j chords, then it defines 25 spacings. Thus,
I(2) = 1+ Y. Cnz"I(2)® = 1+ C(21(2)?), where the term 1 represents the empty diagram.
This gives a recursive determination of C(z),

C(2) = 2+ 2% + 42° 4+ 272" + 2482° 4 28302° + 3823227 + 59385925 + - - -

Let now I,, ;, be the number of diagrams of size n and exactly £ components, and let

I(z,w) = Z I, p 2wk



be the corresponding bivariate GF. As with equation (1) we have
I(z,w) = 14+ wC(zI(z,w)?), (2)

where the factor w marks the component containing vertex 1. From the known expansion of
C(z) we get

I(zy,w) = 14wz + (w + 2w?) 2% + (4w + 6w? + 5w®)2® + (27w + 36w? + 28w® + 14w*)2* 4 - -

In order to express our first result we define the numbers h,, by means of

1 n
m:H(z):Zhnz . (3)

Theorem 1 Let X,, be the number of components in a random diagram of size n.
(i) For k > 1, one has

Pr{X, =k} =e". (14 0(1)) n — 0o.

(k- 1)!

In other words, —1 + X,, is distributed like a Poisson law of parameter 1.
(i) The mean and the variance of the distribution of X,, are

Inyi+ byt

n - - 27

K I,

02 _ In+2 — 2In+1 + (4n + 1)hn+1 - 2n(2n — ].)hn _ lj,z ~1
n In n )

where the numbers h,, are defined in (8).

Proof. (i) A diagram is said to be “monolithic” if: (1) it consists solely of the connected
component that contains 1 (called the root component) and of isolated edges; (2) for any two
such isolated edges (a,b) and (c,d), one never has a < ¢ < d < bnor ¢ < a < b < d (for
instance, the diagram in Fig. 1 is a monolith).

The OGF of monoliths is clearly

since we can accommodate any sequence of isolated edges in each “leg” of the root component
as well as after the root component. Then clearly,

2n — 2 2n — 2n — 4

According to Stein and Everett [17] we have

n

I e~! +0(1),

and we deduce

1 1 1
—1
M, ~e <1+ﬁ+g+§"‘)"‘]n-

Thus, the probability that a random diagram is a monolith tends to 1, as n — oo, a result
already observed in [17]. Asymptotically, it suffices to analyze the number of components in a



monolith. The number of monoliths with k£ components is the same as the number of monoliths
in which the root component has size n — k + 1, since every other component is an isolated
edge. But this is

2n — k 1

. 717
C"’““(k—1> In-e (k—1)

(ii) In order to compute E{X,} and E{X2} we need to evaluate Z-1(z,w) and aa—;f(z, w)
at w =1 (see [15]). According to Stein [16] the numbers C,, satisfy the recurrence relation

n—1
Co=(n-1)) C;iCpj, Ci=1,
j=1

(see [11] for a simpler proof of this result) and this in turn implies that the GF satisfies the
following formal differential equation:

dC(z)
dz
Differentiating (2) with respect to w, using (4) and eliminating C(z) we get
1
z

(16)+ 775 - 2)

(I(z) —1)*(I(2) + (1 = 32)I(2)* — 2)
221(z) '

22C(z) =C(2)*+C(2) — 2. (4)

0
a—wl(z,w)

w=1
Similarly, one obtains
92

ow?

I(z,w)

w=1

Expanding the last two series we get the formulas stated for p,, and o2.

The asymptotic values of u, and o2 are to be expected in view of part (i), but they cannot
be guaranteed just from pointwise convergence to the Poisson distribution. However, they can
can be found as follows (see [2, p. 294, ex. 16] for a similar problem). If we let g, = h, /L,

then from (3) we have
n—1 -1
n\ [ 2n
n = 1-— § )

and from this it follows easily that g, = 1 + O(n~!). The values g; = 1 and g, = 2/3 give a
more precise estimate

1 3
n=l-—+ -5 +0n"
g n+4n2+0(n )

which is enough for our purposes. Indeed, we have
In+1 + hn+1 2n + 1

-1
J T i +0(n ")

and similarly for the variance. O

Note. It is a curiosity that the same shifted Poisson law appears in many “subcritical” set
constructions [9, Ch. 9]; for instance it is asymptotically the distribution of the root degree of
a random Cayley tree.

More can be said about the number of components. Let I1(z) = [w*]I(z,w) be the GF of
diagrams with & components. Then, applying the Lagrange inversion theorem to equation (2),

we get .
Ii(2) = 2O +w))*.



(Set T = 1+ J to recover a classical case of application of Lagrange inversion.) Now, apply
Taylor’s formula to C. This gives

“laﬂc

C(z(1+u)?) = Oz + zu(2 + u)) 7

2 (2 + ).
7=0

Thus, when raising this expression to the k-th power and upon extracting coefficients of u*~1,
one finds that: Each It(2) is a polynomial in C(z) and its derivatives. For instance, we have

(2
Ii(z) = C(2)
Ir(2) = 22C(2)C'(2))
I3(z) = 2C(z ) C'(z) + 2220(z)20”(z) + 4220(2)0'(2)2

In other words, for each I}, there is a polynomial Py(yo,y1,y2,--.) (a sort of Bell polynomial)
such that
Ik.(Z) = Pk.(C, 90, 920, . .),

where 6 = z%.

Largest connected component. The second parameter we analyze in this section is the
size of the largest component in a random diagram. The answer comes again by considering
monoliths.

Theorem 2 Let L,, be the size of largest connected component in a random diagram of size n.
Then,
E{L,} =n—1+o0(1), Var{L,} =1+ o(1),

and for any fized k > 1, one has

Pr{n—L,=k}=¢""' 1+ 0(1)) n — 0o.

k'(

In other words, n — L,, is distributed like a Poisson law of parameter 1.

Proof. Asymptotically, it suffices to analyse the largest component in a monolith. In fact, it
suffices to analyse the size of the root component.

The same analysis as in the proof of Theorem 1 shows that the number of monoliths of
size n with root component of size n — k is given by

om k1 1
Mn,k :Cn—k< k >N.[n6 E

This proves that n minus the size of the root component of a random monolith is asymptoti-
cally Poisson(1). As monoliths asymptotically exhaust all cases, this establishes the analogous
properties for random diagrams. This root component is obviously the largest component with
probability 1 — o(1), so that we are done. O

Note. All this gives a precise probabilistic picture of a random diagram: It consists of the root
component (the component of 1) that is almost surely the largest component and a few isolated
edges, with additionally no two isolated edges entering a dominance relation. (In other words,
the associated tree in the tree decomposition is of height equal to 2 with high probability.)
Consideration of

M*(2) = C(=(1+ 2)?),

the OGF of monoliths where no leg has more than one isolated edge, shows that almost surely,
there are O(1) isolated edges, all found in different legs of the root component.



2 Crossings

Let x denote the number of chord crossings in a chord diagram, and let Z,, be the set of all
diagrams of size n. For a diagram in Z,,, the parameter x lies between 0 and n(n —1)/2. A
remarkable exact formula was discovered by Touchard and Riordan, namely

bula) = 3 ) = ot S (g ), Q

wWELy k=—n

(From the combinatorial origin of the problem, we know that ¢, (g) is a polynomial in ¢ with
degree n(n — 1)/2. The formula (5) involves heavy cancellations so that it is far from obvious
given only the analytic form of ¢, that it must be a polynomial, nor even that ¢,(1) =
1-3---(2n — 1). The moments of the distribution are given by the values of the derivatives
#(")(1). Again, though they are “contained” in the Touchard-Riordan formula, it is not a
priori clear whether they admit a simple form.

We prove here:

Theorem 3 Let X,, be the random variable equal to the value of k taken over the set of chord
diagrams I,, of size n endowed with the uniform probability distribution.
(1) The mean and the variance of the distribution of X, are

(n—1)

. ::E{Xn}:n — (n—1)(n+3)

9 n
= V Xn == ]
o ar{X,} 25

(i3) The distribution of X, is Gaussian in the asymptotic limit: for all real z, one has

Xn_l/fn 1 r 2
lim Pr{i—— <z} = — eV /2 dy.
o \/271'/—00

n—oo n

Proof. (i) The exact values of the mean and the variance are mentioned by Riordan [14] who
says that he “does not take place to prove the results”. A proof was subsequently given by
Flajolet, Puech and Vuillemin [7] using orthogonality properties of ¢g-Hermite polynomials.
A direct proof of Riordan’s mean value result can be based on the decomposition of the
number of crossings as
X, = Z Y (a,b,c,d),
1<a<b<c<d<2n

where Y (a,b,c,d) is a random variable whose value is 1 if the number of edges attached to
a,b,c,d is exactly 2 and these edges cross, the value of Y being 0 otherwise. By symmetry,
the mean of each Y conditioned upon the fact that a,b,c,d define two edges exactly is 1/3;
the mean value E{X,} = %@ results from there. The extension of this approach to a
determination of the variance is practicable but the combinatorics for higher moments soon
becomes intractable.

(ii) A different approach to moment determinations is proposed here that also leads to
the determination of the limit distribution. The heart of the matter is the following integral
representation of certain g-series that Flajolet and Salvy [8] have used in the enumeration of
connected graphs by excess of number of edges over number of nodes.

Lemma 4 Let up be a number sequence with ordinary generating function U(z) = >, upz®
that is assumed to be a Laurent polynomial. Then the q-sum

S(q) = Z qkz/zuk
k

6



admits the integral representation

+oo 5
S(et) = \/% /_ =227 (e2VE) d. (6)

Proof. Start from the Gaussian integral
+o0 R
/ e % dx = /2r,
— 0o

then set x — x — a to get

“+ o0
a?/2 _ 1 —z2/2 az g
€ = —F— € € Z.
V2T J_so

The lemma is obtained upon setting a — kv/t and summing. O
The formula (6) “linearizes” the exponent in a quantity like qa2/ 2. which constitutes the
real strength of the method (various other conditions may of course be imposed on U(z)). For

the generating function of crossings, we have u; = (_l)k(n2—:lk)q_k/ 2 the generating function
is

U(z) = (=1)"¢ "> (V= = Va/2)™",

and application of the lemma yields

t 1 oo —z%/2_2n n
bule) = o= [ H by (7)

where
2sinh?(z\/7/2 — t/4)
H(z,t) = 22 exp(t/2) sinh(t/2) N

This formula is enough to derive the number of diagrams (!) by taking the limit as ¢t — 0,

(2n)!
2npl’

1 2
_ t\ —z%/2,_2n —
dn(1) = }Lm0¢n(e ) = Nr /_ooe " dx

Differentiation with respect to t followed by passage to the limit ¢ — 0 gives access mechanically
to moments of any fixed order. The process is well within the capabilities of a computer algebra
system like Maple, and one finds in this way:

E{X3} = 1

B{X;} = §n(n—1) )
E{X2} = qsn(n—1)(6n*—n+12)

E{X}} = =25n(n—1)(35n* + 14n3 + 235n% — 188n + 24)

Notice that the formulas for the mean and the variance follow directly from the above expres-
sions.

The limit distribution is next obtained by showing that the Laplace transform of a stan-
dardized version of X,, converges pointwise to the Laplace transform of a normal variable. By
the continuity theorem for Laplace transforms [1], this entails convergence in law to a normal
variable. We thus set
Xn = fin

On

X = o Y(w) = Bfertny,



so that bl y )
Cupn o On(e*m) u/on

When u is a fixed real number, v(u) as provided by (7), (8), (10), can be evaluated through
Laplace’s method [3]. The case of ¢(0) is a textbook example of the method. The maximum
of the integrand is attained at = +(, where ( = v/2n, and the contribution of the integral
outside an 1nterval of length 2logn around the points 4 is exponentially small, being of the
form e—clog’n , for some ¢ > 0. It then suffices to establish the corresponding property when
u # 0. We do this for v > 0 and examine the positive part of the real line, the other cases
being similar.

In the range x > 2(, the quantity e~ /222" [" decreases (its derivative is negative for large
enough n), while being already exponentially small at 2¢. By the fast decrease of e’/ 2, the
contribution of the integrand for x > 2( is therefore exponentially small. Thus, for dominant
asymptotics, we may well restrict a priori the integration interval to [—2(,2(]. But, in this
domain, the quantity H(z,t) is readily evaluated by Taylor expansions at 0 since t = O(n=3/2)
and z = O(y/n).

Setting = ¢ + y with the additional restriction |y| < logn, we find

nlog H(v2n +y, — —uﬂ+\/7 y——u +0(n™'7).

Tl

(10)

It then suffices to integrate H™ against e /222" for |y| < logn (by Equations (7), (8)),
complete the tails, and multiply by the normalization factor exp(—up,/oy) from (10). This
purely mechanical process (intermediate computations omitted) yields

_uﬂn/gn u/‘rn _ ,—n,2n oo a2 § _u_2 —1/5
e ¢(e" ") =e""n exp | —y° + 5%~ g dy - (14+0(n="/?)).

The contribution arising from the peak of the integrand at —( is similar, and one finds
b(w) =1+ 0(m™/%)).

Thus, the Laplace transform of the distribution converges pointwise to that of a standard
normal variable, and the limit law is established. [l

Note. The evaluations of (9) hide nontrivial and somewhat mysterious identities starting with
the Touchard-Riordan identity

n . k(k2—1) om
1-3:5:--(2n—-1) = -1 .
@n=1)= 3 (- )2
More generally, there is a computable polynomial P.(n) such that

s re- 3 () ()

k=—n
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