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Abstract

COMBINATORIAL AND UMBRAL METHODS

FOR ORTHOGONAL POLYNOMIALS

A dissertation presented to the Faculty of the
Graduate School of Arts and Sciences of Brandeis

University, Waltham, Massachusetts

by Pallavi Jayawant

This thesis gives generating functions for various classical orthogonal polynomials.
The particular generating functions obtained are: a generating function for Hs,(u)
where H,,(u) is the Hermite polynomial, a multilinear generating function for the Her-
mite polynomials of two variables, and a bilinear and multilinear generating function
for Charlier polynomials. These generating functions are obtained using combina-
torial and umbral methods which are different from the analytical methods used

previously for the study of these polynomials.

For the combinatorial method, the polynomials are shown to represent certain
combinatorial objects which are usually certain graphs. The main idea of the com-
binatorial proofs is to show that both sides of an identity enumerate the same set of

graphs.
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Introduction

The classical orthogonal polynomials such as Hermite, Laguerre, Jacobi, etc. have
been extensively studied for many years and one of the treatises on the subject is
Szegd’s book [17]. There are several identities involving these polynomials and ana-
lytical methods involving the integral representations of these polynomials have been
used to prove the identities. However, these polynomials can be shown to repre-
sent certain combinatorial objects and thus we can come up with new identities and
generating functions, the validity of which can be proved using the combinatorial in-
terpretation. The combinatorial objects are usually certain graphs and the main idea
of the combinatorial proofs is to show that both sides of an identity enumerate the
same set of graphs. These proofs give an interpretation to the identities and also help
to count certain objects which are otherwise diffficult to count. For these reasons,
combinatorial methods have been effectively used in the past two decades to study

these polynomials.

In Chapter 1, we take a look at the computational models used in the combina-
torial methods and then discuss some of the early combinatorial proofs of identities
for Hermite polynomials. Then we go on to prove a new identity for Hermite polyno-
mials in Chapter 2 using the combinatorial interpretation developed in the previous
chapter. In the same chapter we also introduce another method of proof called the

umbral calculus and give a second proof of the same identity.

We discuss Hermite polynomials of two variables in Chapter 3 and prove a multi-
linear extension of a bilinear generating function provided by Carlitz [3]. In Chapter
4, we turn to Charlier polynomials. We give a bilinear generating function for these

polynomials and also extend it to a multilinear generating function.






CHAPTER 1

Exponential generating function formulas and their uses

1.1. Exponential Generating Functions

In this section, we rely on Chapter 5 from Stanley’s book [16] for notation and
basic properties of exponential generating functions. The exponential generating
function Ef(z) of the function f: N — K, where K is a field of characteristic 0, is

the power series

x?’l/
Ey(z) = Zf(n)a :
n>0
The exponential generating function is usually used when the function f counts “la-

beled objects”. An example of a “labeled object” is a graph with numbered vertices.

There are some formulas which help us to find the exponential generating function
of a new function which is defined in terms of functions whose exponential generating

functions we know. We state two such formulas here which we will use later.

Product Formula. Fix k € P and let f1,..., fr: N — K be functions. Define
a new function h: N — K by

(1) h(n)= > AT fullTR])

(T1,...,T})
where the sum runs over all ordered partitions (T4, ... ,Ty) of [n] into k blocks. Then

Eata) = 11 Bn(a).

1.1.1. Combinatorial significance of the Product Formula. Suppose there
are k types of structures, a, ... ,a; which can be put on a finite set and w;(I") is the
weight assigned to a structure I' of type ;. A “combined” structure of type “U;a;”
can be put on a finite set by taking an ordered partition (77, ... ,T}) of the finite set

and placing a structure of type a; on T;. The weight assigned to such a combined

3



4 1. EXPONENTIAL GENERATING FUNCTION FORMULAS AND THEIR USES

structure is defined to be the product of the weights of each part. If f;(n) denotes
the sum of the weights of all structures of type «; on [n], then the equation (1) tells
us that h(n) is the sum of the weights of all structures of type U;a; on [n]. Thus
the Product Formula can be used to find the exponential generating function of h if
we know the exponential generating functions of the functions f;; i.e., it helps us to

count structures of type U;q; if we know how to count structures of type «;.

We will use this formula in the following context : Let G be a set of a certain
kind of weighted graphs. We assume that a graph is in G if and only if all its
connected components are in G. The weight of a graph is equal to the product of
the weights of its components, and isomorphic graphs have the same weight. Suppose
h(n) denotes the sum of the weights of the graphs in G on n vertices. Graphs are made
up of connected components. Suppose there are k£ types of connected components,
B1, ..., 0k in the graphs in G. Define a graph of type «; on [n] to be a graph in G
on n vertices whose connected components are only of type ;. Let fi(n) denote the
sum of the weights of all graphs of type «;. Since any graph in G on n vertices can
be obtained by taking an ordered partition (77,. .. ,Tx) of [n] and placing a graph of
type a; on T;, it is clear that h and f; satisfy equation (1). Then the Product Formula
tells us that the exponential generating function of the graphs in G is the product of
the exponential generating functions of the f;. So to find the exponential generating
function of G, it is enough to find for each i, the exponential generating function of

graphs with only 3; type connected components.

Exponential Formula. Given a function f: N — K, define a new function

h: N — K by

(2) o) = > FUBD-FUB) i n>0,
{B1,...,By} €T1(n)
where I1(n) is the set of all partitions of [n]. Then Ej(x) = exp (E¢(z)).

1.1.2. Combinatorial significance of the Exponential Formula. Many struc-

tures are made up of connected components. Such a structure can be put on a finite
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set by choosing a partition of the set and placing a connected structure on each block
of the partition. If f(n) denotes the sum of the weights of all connected structures on
[n], then the equation (2) tells us that h(n) is the sum of the weights of all structures
on [n]. Thus the Exponential Formula helps us to count structures if we know how
to count the connected components of the structures. Again we will use this formula
in the context of graphs. The formula tells us that to find the exponential generating
function of graphs in a set, it is enough to know the exponential generating function
of the connected graphs in that set. Here also we make the same assumptions for the

set of graphs as we did for the product formula.

1.2. Mehler formula

One of the earliest papers which used the combinatorial method for orthogonal
polynomials is [4] in which Foata gives a combinatorial proof of the Mehler formula
involving the Hermite polynomials, using the Exponential Formula we saw in the
previous section. The usual generating function for the Hermite polynomials H,, (u)
is

Zn UZ—2’2
(3) Z Hn(u)a = ¢’ )

n=0
which yields the following formula:

Hy(u)= Y W!_%)!(—Q)k@u)n_%

0<2k<n

1.2.1. Combinatorial interpretation. Let [n] denote the set {1,2,... ,n}.
Then the quotient in the above expression is the number of involutions of [n] with k
transpositions (cycles of length 2) and n — 2k fixed points. If we attach the weight
—2 to each transposition and the weight 2u to each fixed point, it is clear that H,(u)
is the generating function for the number of fixed points over the set of involutions
of [n]. If o is an involution of [n], then o(i) = j if and only if o(j) = 4. So ¢ can
be represented by a graph on n labeled vertices in which there is an edge joining
vertices ¢ and j if and only if o(:7) = j and there is a loop at i if ¢ is a fixed point of o.

Thus an involution of [n] can be represented by a graph with n labeled vertices (with
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loops allowed) such that the degree of every vertex is one, where a loop contributes
one to the degree of a vertex. Such a graph is called a matching as each vertex is
either matched with one other vertex or with itself. Then the Hermite polynomial
can be viewed as the generating function for the number of loops over the set of all

matchings on n vertices.

Foata used this combinatorial model to prove the bilinear generating function for

Hermite polynomials, known as the Mehler formula:

= 2 2\_1/2 duvz — 4(u? + v?)2?
nz% Hn(u)Hn(v)a = (1—42%) exp( i :

1.2.2. Foata’s proof. The idea was to construct the same graphs in two ways:
as superpositions of two matchings and as sets of their connected components and to
show that this gives the two sides of the formula. The left-hand side was shown to be
the exponential generating function for bicolored involutionary graphs. A bicolored
involutionary graph is a graph with labeled vertices in which the edges and loops are
colored with two colors, say blue and red, such that each vertex is incident to one blue
edge or loop and one red edge or loop. Thus a bicolored involutionary graph on n
vertices is simply the graphs of two involutions of [n] superimposed on the same set of
vertices. All the blue edges represent one involution and the red edges represent the
other involution. Since we have the product of two Hermite polynomials in the left-
hand side, it is clear that the left-hand side gives the exponential generating function

for bicolored involutionary graphs.

The connected components of these graphs were shown to be of the following
types:
1. Cycles of even length in which alternate edges are colored red and blue.

2. Paths with alternate edges colored red and blue and a red loop at one end and a

blue loop at the other end. These paths are of even length.

3. Paths with alternate edges colored red and blue and a red loop at each end. These

paths are of odd length.
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4. Paths with alternate edges colored red and blue and a blue loop at each end. These
paths are of odd length.

The following picture shows a representative of each type of connected component

(the solid line represents the red color and the dotted line represents the blue color):

The right-hand side of the formula can be written as
1 4 4 2,2 4 2.2
exp(§1og(1 42 uvz u?z viz )

1—422  1—422 1— 422
which can be further rewritten as

exp <Z (22)%" . iqu 22)2+1 4 Z )(22)* 2 + Z )(22) 2"+2>

n=1

Each sum in the above expression was shown to be the exponential generating function
for one type of connected bicolored involutionary graphs. Let us see how this was
done for the cycle components. For a cycle, the number of vertices is even and each
edge has a weight of —2 since it is a transposition in the corresponding involution.
The number of such cycles on 2n vertices is (2n — 1)!. So the weighted exponential
generating function for the cycles is

S (@0 — 1i(—2)> (;:)! -y (22271 -

n=1

The exponential generating function for each of the other type of connected compo-
nents was found on similar lines. Then the Exponential Formula (stated in section

1.1) was used to get the generating function for bicolored involutionary graphs.

1.3. Other formulas involving Hermite polynomials

Multilinear extensions of the Mehler formula were found by Kibble [9], Slepian

[14] and Louck [10] and these were proved using various analytic methods. In [6],
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Foata and Garsia gave a combinatorial proof of the following formula of Slepian:

II =™
(@) (;]) 1<zii[<k o H,, (uy)--- Hy, (ug)

1<i<j<k
—1
= (detX)~1/? exp(7 Z (zi; " = 0i)us uj)7
1<i,j<k

where the first sum runs over all k£ x k symmetric matrices (n;;) with non-negative
k

integral entries and with diagonal entries zero, and n; = Y n;; for 1 <i < k. X =
J=1

(z5) is a k X k real symmetric matrix with all diagonal elements 1 and X ' = (z;;71)

is the inverse of X and ¢ij is the Kronecker symbol.

They used the same idea developed by Foata for the Mehler formula. But in
this case, they had to count more elaborate graphs which they called n-involutionary
graphs. The left-hand side was shown to be the exponential generating function of
these graphs and the right-hand side was shown to be the exponential of the generating
function for connected n-involutionary graphs. We use a similar method in Chapter
3 to get the multilinear extension of the bilinear generating function for Hermite

polynomials of two variables.

In [5], Foata showed that the above mentioned multilinear extensions are equiv-
alent. He also gave a combinatorial proof of the classical Doetsch identity which

can be stated as:

iH(u) > = (1 +42%)732(1 + 2uz + 42%) exp At
o " n/2)! 14422 )

Clearly this is the sum of the following two identities:

4u?2?
1/2
(5) E . = (1+42%)" exp(1+422>.

=0

2n+1

(6) Z H2n+1

Both of these identities are consequences of the Mehler formula and so Foata used

4 2.2
= (14 42%)7%22uz exp <1 i ZZQ>

the combinatorial proof of the Mehler formula to prove the Doetsch identity.
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If we replace 2% by z in formula (5) we see that the Doetsch identity gives a
generating function for Hy,(u). In the next chapter we obtain a generating function

for Hsp(u).






CHAPTER 2

Hermite polynomials

2.1. Generating function for Hj,(u)

We normalize the generating function for Hermite polynomials given in (3) differ-

ently to get rid of the minus sign and obtain the following generating function:

& P
2
E hn(u)—' =" 2/2,
n:
n=0

" U
). Using this normalization, and replacing z? by z,

—1
—H,| —
202 ( V2

formula (5) can be written as

o n 2
2t 10 u*z
(7) ;hzn(u)a = (1-22)"/exp (1 - 22)

We go one step further and prove the following formula for hs,(u) by two methods

where h,(u) =

— umbral and combinatorial:

> 2" exp (w3z — Iw*z42) & (6n)! 22
(8) ; N o > 7 (30)1(1 — 6ws)™ (2n)!”

where w = (1 — /1 —12uz)/6z = uC(3uz) and C(z) = (1 — /1 —4x)/(2x) is the

Catalan generating function. Note that the formula can be written in terms of hy-

n=0

pergeometric series as follows:

> 2 exp (wiz — Jwtz?/2) 15 5422
Zhsn(u)—,z 2Fp PO NS
— n! V1 — 6wz 6'6 ' (1—6wz)

where o Fy(a, b, —; 2) = Z(a)n (b)nz—‘, is the usual hypergeometric series and
n!
n>0
(@), =ala+1)---(a+n—1) is the rising factorial.

In terms of the usual Hermite polynomials, the formula (8) can be written as:

> 2 exp(8v3z + 1440%22) —1)™(6n)! 22n
n=0 ’

(1+48uz)/* 2= (3n)!(1 + 48uz)*"/2 (2n)!”

where v = uC(—12uz). However, we will use (8) in our proofs.

11



12 2. HERMITE POLYNOMIALS

For the umbral proof, we define an umbra and study its properties that are useful
in the calculations which lead to the formula. In the combinatorial proof we show
that both sides of the formula enumerate the same set of graphs. We begin with an

explanation of umbral calculus and then proceed to the proofs.

2.2. The Umbral calculus

The computations involving a sequence of numbers (a,) are in some cases simpli-
fied if the subscripts are written as powers. Mathematicians like Blissard and Riordan
had used this method in some proofs, but without much explanation as to why and
how it works. Rota was the first one to point out explicitly in [13] that the shift from
powers to subscripts can be explained through the introduction of a linear functional
on the vector space of polynomials in the variable or ‘umbra’ a. However, just a
linear functional was not enough to justify all the calculations done with the umbral
method. So years later, Rota and Taylor in [11] laid a rigorous foundation for this
method, which has come to be called the umbral calculus. They considered the vector
space of polynomials in several variables or ‘umbrae’ and defined the linear functional
eval on it. A sequence (a,) is represented by an umbra A if eval(A") = a, for all n.
In practice, the word eval is usually dropped and we simply write A™ = a,, with the
understanding that a functional has been applied. To justify various steps in umbral
calculations, Rota and Taylor defined equivalence relations on umbral polynomials
and demonstrated the umbral method with examples in the same paper and also in
[12].

We do not need all the machinery developed by Rota and Taylor. The main point
we wish to emphasize is that when we write f(A) = g(A) for certain formal power
series, we mean eval(f(A)) = eval(g(A)). We consider formal power series f(t) with

coefficients in a ring of formal power series R = Q|[x,y, z,...]].

Definition 2.2.1. A formal power series f(t) = >  f,t" is admissible if for
n=0
every monomial z'y72* - - - in R, the coefficient of 2'y’2* - .- in f, is nonzero for only

finitely many values of n.
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So for example, f(t) = e™ is an admissible formal power series, while f(¢) = €’ is not.

2.3. The Umbra and its properties

We define the umbra M by eM? = ¢#/2 so that

|
<2k)', if n =2k
(9) M = { 2FK!
0, if n is odd.

The following two formulas hold for M.

Lemma 2.3.1. (i) For any admissible formal power series f,
Mz (M) = 2 f(M + 2).
1
V1—2z

Proof. (i) It is sufficient to prove that the formula holds for f(y) = e¥*. If the

(i) M’ =

formula is true for f(y) = ¥, then comparing coefficients of 2™ /n! on both sides we
get that the formula holds for f(y) = y™. But this implies that the formula is true
for all admissible formal power series f, since the formula is linear in f. So we prove
the formula for f(y) = e¥*. Then we have

eMzeMm

2 2 2 2
_ eM(z—l—x) — ¢F [2+zx+a?/2 P /26zz€Mm — ¢F /26(M+z):p'

(ii)) We have

M2 = o2 e (2n)! 27 1
‘ nz% n! Z 2rpl n! /1 =22

n=0

Corollary 2.3.2. For any admissible formal power series f,

MEf(M) = NGl 1_ sz(\/lj\f 22)'

Proof. As in the lemma, it is sufficient to prove the formula for f(y) = e¥*. Then

eM*2 f(M) = eM*#M=_If we apply Lemma 2.3.1 (i) at this stage with f(M) = eM’?,

we cannot do anything with the linear term in M to get the desired result. So we

. . ) 2 2 _
introduce a new variable ¢ and rewrite M # Mz ag MtM 2+M(z—1) Yo choose the
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value of ¢ later. Now applying Lemma 2.3.1 (i) we get

Mt  ,M?z+M(x—t) _ €t2/2€(M+t)2z+(M+t)(zft) _

eMte M2 24+ M (x—(1-22)t)+ 2t 4ot —t2 /2

e

Now we choose the value of ¢ to eliminate the term in M on the right; i.e., we set
x—(1-2z)t = 0 and get t = x/(1—2z). Putting this value of ¢ in the above expression

and simplifying, we obtain that eM’*tMe — ¢M?*2p7*/2(1-22) By Lemma 2.3.1 (ii), we

M2z+Mz _ 1 6x2/2(1—2z)

v1—2z

the desired result. O

get e . Finally using the definition of the umbra we get

Applying the corollary to f(M) = eM °z gives the following result:

< ng >

exp | ———==

(10) €M2z+M3x — (]‘ - 22>3/2 )
Vv1—2z

2.4. The umbral proof

To prove formula (8), we first obtain an umbral expression for h,(u) in terms of

the umbra M. We have

o0 Zn
Z ha(u)— = euet?/2 — (utM)z
0 n:

Comparing the coefficients of z"/n! on both sides, we get h,(u) = (u + M)™. Using

this, we get
[e.e]

oo
Z h3n<u>z_r: = Z(U + M)gnz—r: = e(u+M)3Z — e(u3+3Mu2+3M2u+M3)z
n: n!
n=0 n=0

We follow the same procedure as in the proof of the Corollary 2.3.2. We introduce a

Mt ud2+M (3u?z—t)+3M32uz+M?32

new variable ¢ and rewrite the last expression as e"'e . Now

applying Lemma 2.3.1 (i) we get
6Mt6u3z+M(3u2z—t)+3M2uz+M3z _ €t2/2€u3z+(M+t)(3u2z—t)+3(M+t)2uz+(M+t)3z

(1 1) — 6zt3—|—3uzt2 —12 /24-3u? zt+u 2+ M (32t +(6uz—1)t+3u?2)+ M2 (32t+3uz)+ M3z

In order to apply formula (10), we need to eliminate the term in M. So we choose
a value of ¢ that makes the coefficient of M equal to zero. Setting the coefficient of
M equal to zero, we get t = (1 — /1 —12uz)/6z — u. We know that the Catalan
generating function C(z) is given by (1 — /1 —4z)/2x. In terms of this generating

function t = uC(3uz) — v = w — u where w = uC(3uz). Using this value of ¢ to
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simplify expression (11), we get that

g hgn(u)z—' = exp(w’z — (w — u)?*/2 + 3M*wz + M?z).
n!
n=0

C(x) satisfies the equation C'(z) = 1+ z(C(z))?. Substituting z = 3uz and using the

fact that C'(3uz) = w/u, we obtain w = u + 3w?z; i.e., w — u = 3w?z. This gives us

0 n
z 3, Qyd.2 2 3
E hgn(U)— — W'z 9w Z/2€3M wz+M z
n!
n=0

Finally using Corollary 2.3.2 with f(M) = M3z, we get that
2

n  exXp (w3

00 z — uwt= 3
b A 2) M?z
an (1) n! V1—6 P (1 —6wz)3/2)"
— ! — bwz

Then writing the second exponential function as a series and using (9), we obtain the

following formula:
2

z
% e )Zn exp (wiz — 9w45) 0 (6n)! on

E n(u) = = E :
— RS V1 — 6wz = 2(3n)!(1 — 6wz)*" (2n)!

We will give a combinatorial interpretation to this formula. To do so, first we take

a look at the structures counted by w.

2.5. w-trees

We know that the Catalan generating function C'(z) is the generating function
for unlabeled rooted binary trees with internal vertices weighted by z. By a rooted
binary tree, we mean a rooted tree in which every vertex has zero or two children.
A vertex with zero children is called a leaf while a vertex with two children is called
an internal vertex. Thus every internal vertex (except the root) has degree three
whereas a leaf has degree one. We will think of an edge as being made up of two
‘half-edges’, each half-edge incident with one of the end-vertices. For our purpose
(which will become clear in the next section) we attach one extra half-edge to the

root. Now every internal vertex has degree three. The picture below shows such a
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tree.

Note that in an unlabeled rooted binary tree, the order of the chidren at any internal

vertex matters; i.e.,

o0

So if C(z) = > ¢,2", then ¢, is the number of rooted binary trees (as shown in the
n=0

picture) with n internal vertices.

Definition 2.5.1. A w-tree is a rooted binary tree with labeled internal vertices
in which the three half-edges incident with every internal vertex are marked 1, 2 or

3. Moreover, all the marks at each internal vertex are distinct.

The picture below shows a w-tree.

A special case of a w-tree is the one with no internal vertices and no marks. It is

simply a leaf with a half-edge attached to it. This is shown in the following picture.
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Note that in a w-tree, the order of the children does not make a difference; i.e.,

2.5.1. Generating function for w-trees. We will find the exponential gener-
ating function in z for w-trees with each internal vertex weighted with z and each
leaf weighted with u. To count w-trees with n internal vertices, we will construct
such a w-tree starting with a rooted binary tree with n internal vertices. Then there
are n! ways to label the internal vertices. Now we need to put in the marks on the
half-edges at the internal vertices. In order to avoid counting a w-tree twice, we
will take the canonical representation of a w-tree to be the representation in which
the two half-edges at an internal vertex connected to the two children are marked
in an increasing order from left to right. Then in the above picture, the canonical
representation is the one on the left. Thus while marking the half-edges, there are 3
choices to mark the half-edge at an internal vertex going to the parent (in case of the
root, it is the extra half-edge) and then the other marks get decided automatically.
Hence the number of w-trees with n internal vertices is n!¢,3". Since a w-tree with
n internal vertices has n + 1 leaves, the exponential generating function for w-trees

with the appropriate weights is
o Zn
E n! cn3”u"+1—' = uC'(3uz) = w.
n!
n=0

Thus w = uC'(3uz) is the exponential generating function for weighted w-trees.

2.6. The combinatorial proof

To prove formula (8) combinatorially, we show that both sides of the formula count
the same weighted structures. We have discussed the combinatorial interpretation of

the Hermite polynomials in section 1.2. With the different normalization in this
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chapter, the interpretation stays the same; i.e., h,(u) is the generating polynomial
for the number of fixed points over the set of involutions of [n]. The only difference
is that now the weight associated with a transposition is 1 and the weight of a fixed
point is u. Also in this section, we will not draw a loop at a fixed point in the
matching associated to an involution. So a matching will be a graph with degree of

every vertex at most one. The following picture shows a matching on 6 vertices.

Hence h,,(u) can be considered as the generating polynomial for the number of vertices
of degree zero over the set of all matchings on n vertices, where each vertex of degree

zero is assigned the weight w.

2.6.1. Graphs counted by the left-hand side. The left-hand side of the for-
mula (8) is an exponential generating function for hg,(u). From the interpretation
of hy,(u) given above, it is clear that this function counts certain graphs. Let us see
how we can describe them. For a particular value of n, we start with n labels say

1,2,... ,n. For each label 7, we construct a graph like this:

So the trivalent vertex gets the label ¢ and each of the other three vertices is marked
1, 2 or 3. The marks have to be distinct. Then we have a graph with 3n marked
vertices on which we construct the matching. Thus we get a graph in which every
vertex has degree one (monovalent vertex), degree two (bivalent vertex), or degree
three (trivalent vertex). A monovalent vertex (which is a fixed point of the matching)
is always joined to a trivalent vertex and has weight u. A bivalent vertex is joined

to a trivalent vertex and to another bivalent vertex. A trivalent vertex is joined to
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monovalent or bivalent vertices. The monovalent and bivalent vertices constitute a

matching. Figure 1 shows such a graph.

Now we know the graphs that are counted by the left-hand side of the formula.
Let G be the set of these graphs. We will use the Product Formula of section 1.1
to complete the proof. For this we need to figure out the various types of connected
components of the graphs in G. Then for each type we will find the exponential

generating functions for graphs that contain only that type of connected component.

2.6.2. Connected components of graphs in G. To start with, we eliminate
all bivalent vertices from the graphs in G. A bivalent vertex is connected to one
trivalent vertex and to another bivalent vertex. We transfer the mark on the bivalent
vertex to the half-edge at the trivalent vertex to which it is connected. We also
transfer the mark on a monovalent vertex to the half-edge at the trivalent vertex to
which it is connected. Figure 2 shows the graph in Figure 1 with all bivalent vertices

eliminated and all the marks transferred to the half-edges.

We see from the figure that this elimination may create some loops at some of the
vertices. We think of a loop as contributing two to the degree of a vertex since a loop
is an edge made up of two half-edges and each half-edge contributes one to the degree
of the vertex. So every vertex in the new graph is monovalent or trivalent. FEach of
the three edges coming out of a trivalent vertex is incident to another trivalent vertex
or to the same vertex or to a monovalent vertex. Each half-edge at a trivalent vertex
has a mark and hence an edge joining two trivalent vertices or a loop has two marks
on its two half-edges. We can easily recover the original graph by adding a vertex at
each half-edge of such an edge or loop. Thus the graphs in G are reduced to graphs
(with loops) which have only trivalent or monovalent vertices. Each trivalent vertex
is weighted z and has marked half-edges incident to it while each monovalent vertex

is weighted wu.
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FIGURE 1
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FIGURE 2

The connected components of a graph in G are of two types: the ones which do
not contain any cycles (acyclic) and the ones which contain at least one cycle. Note

that a loop is considered to be a cycle.
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2.6.3. Graphs with acyclic components. An acyclic connected component is

a tree. The figure below shows such a tree.

We wish to count such unrooted trees. If we choose any trivalent vertex as a root,
then the three half-edges at this vertex are joined to w-trees. So the exponential
generating function for such rooted trees is w®z. We can edge-root a tree by choosing
one special edge. If we root the tree at an edge joining two trivalent vertices, then
with the help of the figure below we see that the exponential generating function for

such edge-rooted trees is 9w*2%/2.

An unrooted tree with n trivalent vertices gets counted n times in the generating
function for rooted trees as there are n choices for the root. Since there are n — 1
choices to choose an edge-root, it gets counted n — 1 times in the generating function
for edge-rooted trees. In order to get the generating function for unrooted trees,

we subtract one function from the other so that each tree is counted once. Hence
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the exponential generating function for unrooted trees is w3z — 9w*2%/2. Then the
exponential generating function for graphs whose connected components are only
trees is exp(w’z — Juw*z%/2).

Now let us look at the connected components with at least one cycle. The two
components besides the tree in the graph in Figure 2 are such components. First we
reduce these components by shrinking all the w-trees present in them. The picture

below illustrates this process.

As we see in the picture, the process of shrinking w-trees leaves behind vertices
weighted with z which are now bivalent. We further reduce the components by
eliminating these newly created bivalent vertices. Figure 3 shows what we get after
this further reduction. Thus we get either circles with no vertices or components
(with multiple edges and loops) in which each vertex is trivalent. We will consider

the two cases separately.

2.6.4. Components with one cycle. If the reduction of a component results
in a circle, this means the original component has exactly one cycle and each trivalent

vertex on the cycle has a w-tree attached at its third half-edge; i.e, there is a cycle of
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FIGURE 3

w-trees. We can see this if we trace the circle component in Figure 3 back to its original

component in Figure 2. The exponential generating function for directed cycles with

at least three vertices is > 2"/n and hence for undirected cycles is (1/2) >  z"/n.
n=3 n=3

However, in this case we have a cycle of vertices with a w-tree attached to each
vertex which indicates that we need to replace z with wz in the generating function.
Moreover, the half-edges at each vertex have distinct marks and this marking can be
done in 3! = 6 ways. So in fact, we need to replace z with 6wz. Thus the exponential

o0

generating function for undirected cycles of w-trees is (1/2) Y (6wz)"/n. Note that
n=3

the sum begins with n = 3 because three vertices are needed to form a cycle when no

loops and multiple edges are allowed. But the graphs we are counting do have loops

and multiple edges. So there can be a cycle with one or two vertices.

A cycle with only one vertex will look as follows:

The exponential generating function for such cycles is 3wz as there are 3 ways to
mark the half-edge which goes to the w-tree and the choice of marks for the other

two half-edges does not matter since they are connected to each other.
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The picture for a cycle with two vertices is shown below:

The marks for each of the half-edges going to the w-trees can be chosen in 3 ways and
then there are two ways to form the cycle. Hence the exponential generating function

for these cycles is 18w?22/2!. Thus the exponential generating function for cycles of

w-trees 1is
1 o= (6wz)" 222 1= (6wz)" _1/2
3 ngzg - + 3wz + 18w ST 321 = log (1 — 6wz)” ",

Then the exponential generating function for graphs whose connected components

are only cycles of w-trees is exp (log (1 — 6wz) %) = (1 — 6wz) /2.

2.6.5. Components with more than one cycle. The components that reduce
to components with only trivalent vertices are the ones with more than one cycle.
Let H be the set of graphs in G all of whose components have more than one cycle.
Starting with any graph in H, we get a reduced graph by shrinking all the w-trees
and eliminating all the newly created bivalent vertices. As we have seen through our
example, all the components of a reduced graph have only trivalent vertices. Consider
a reduced graph with m vertices. For the purposes of counting, we add a new vertex

at each half-edge of a trivalent vertex. Then the graph looks as follows:
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It has 3m additional vertices and we can think of it as a complete matching on 3m
vertices. A complete matching is a graph with labeled vertices in which every vertex
has degree one; i.e, every vertex is matched with exactly one other vertex. Then it is
clear that in a complete matching the number of vertices is even. For 3m to be even,
m has to be even. So m = 2n for some n. Then the number of complete matchings on

6n vertices is (6n)!/(2%"(3n)!) and so the exponential generating function for reduced

graphs is
i (6n)! 2™
3n :
= 25"(3n)! (2n)!

Note that a connected reduced graph does have at least two cycles. This follows
from the fact that in a connected graph with m vertices and e edges, any spanning
tree has m — 1 edges and for each of the e — m + 1 edges not in a spanning tree
there is a cycle containing this edge and some edges from the tree. So there are at
least e —m + 1 different cycles. A connected reduced graph on m = 2n vertices has
e = 3n edges as it can be thought of as a complete matching on 6n vertices and for
the purposes of counting we count the edges that constitute the matching. So the
number of cycles is 3n —2n 4+ 1 = n + 1 > 2. Thus every reduced graph is in H
and any graph in H can be obtained from a reduced graph by introducing an ordered
sequence of vertices at each edge. The vertices which are introduced are trivalent
vertices with marked half-edges and with a w-tree attached to one of the half-edges.
We can see this for the component with trivalent vertices in Figure 3 by tracing it
back to its original component in Figure 2. So in the exponential generating function

we get a term > (6wz)* = 1/(1 — 6wz) for each of the edges in a reduced graph. We
k=0
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have seen in subsection 2.6.4 how we get 6wz when we have a trivalent vertex with
a w-tree attached to it. Hence the exponential generating function for graphs in H;

i.e., for graphs all of whose components have more than one cycle is

i (6n)! Z2n
= 25(3n)!(1 — 6wz)*" (2n)!

We know that a connected component of any graph in G is either acyclic or
contains exactly one cycle or has more than one cycle. In each case, we have found
the exponential generating function for graphs whose connected components are only

of that type. Then by the Product Formula in section 1.1, the exponential generating

function for the graphs in G is the product of these generating functions which is

1 > (6n)! 22"
3 4 _2
exp(w”z — Yw"27/2) (1 — 6wz)L/2 ; 237(3n)!(1 — 6wz)?" (2n)!’

and this is the right-hand side of formula (8).







CHAPTER 3

Hermite polynomials of two variables

3.1. Definition and Generating Functions

The Hermite polynomials of two variables are defined as follows:

min(m,n)
m n —k n—
Hypn(z,y) = ) (k)(k>k'wm Fynh,

k=0

Carlitz proved in [3] that the bilinear generating function for the Hermite polynomials

of two variables is given by

am /671

m!n!

(12) Z Hypn (1, 91) Hin (22, 2)

m, n=0

=(1—-ap)™ exp(xma + Y1yl + (2 + 95292)@5) .

1—ap

We obtain the following multilinear extension of this formula, similar to the multilin-

ear expansion of the Mehler formula found by Slepian:

H aPzg ﬁq”

1<i<y<r
E E = ml nl(xl’yl) Hmmﬂr(xﬂyr)
(pij) (qij) H p” q”

1<i<j<r

= (det(! — aﬁ))*% exp(Z %[mzxj((l —af)a)y

1,j=1

+ vy (B — Oéﬁ)_l)z‘j] + iy (B — aﬁ)_l)ij) .

In the above formula, a = (;;) and 5 = (8;;) are matrices of indeterminates such
that a;; = aji, B;; = Bji, and ait = 0 = Big, I is the r x r identity matrix, the
29
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matrices (p;;) and (g;;) run over the set of all symmetric » x r matrices with non-

negative integral entries and diagonal entries zero, and for 1 < i <7, m; = > pi;
1<5<r
and n; = Y. @ij; 1.e., m; and n; are the ith row sums of (p;;) and (g;;) respectively.
1<5<r

Recently Zeilberger (in [18]) defined the ‘straight Hermite polynomials’ by the
following formula:
min(m,n)
~ m\ [n
Hppp(x) = kb

He obtained the following bilinear generating function for these polynomials:

o - pm gn » t+ s+ xts + yts
(14) > Hypn@) Hoo(y)—— = (1 — ayts) eXp( 1 — xyts ) '

m,n=0

m!n!

These polynomials are related to the Hermite polynomials of two variables as follows:
Hpon(z,y) = 2™ y"H,, ,(1/xy) and so formula (14) can be obtained from formula (12).
However, Zeilberger proved formula (14) using combinatorial methods which was not
the case in the proof of formula (12). We will use the combinatorial interpretation of

Zeilberger in our proof of formula (21).

3.2. Combinatorial Interpretation

Definition 3.2.1. An (m,n)-graph is a graph together with a partition (Vi, V%)
of the vertex set with |Vi| = m and |V,| = n, such that there is a non-loop edge

between two vertices only if one vertex belongs to V; and the other to V5.

So an (m, n)-graph can have loops at vertices in V; or V5. In this chapter, we consider
that a loop contributes one to the degree of a vertex. Then the straight Hermite
polynomial can be viewed as the generating function for the number of non-loop
edges over the set of (m,n)-graphs with every vertex of degree one, where each non-
loop edge is assigned the weight z. Figure 1 shows a (5,4)-graph with every vertex
of degree one. This graph is similar to a matching (defined in Chapter 1) except that
the vertex set is partitioned into two subsets and vertices from one subset can be
matched either with themselves or with vertices from the other subset. We will call

an (m,n)-graph with every vertex of degree one, an (m, n)-matching.
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FIGURE 1

Zeilberger used this interpretation of the straight Hermite polynomial for his proof
of formula (14). The computational model he used was the Bipartite Exponential
Formula, which is simply the adaptation of the Exponential Formula of section 1.1
to the case of two variables. For more details see [18]. We will use the Bipartite
Exponential Formula in the same way as we used the Exponential Formula. We will
find the bivariate exponential generating function of graphs in a set by computing
the bivariate exponential generating function of the connected graphs in that set and

then taking the exponential of this function.

We modify Zeilberger’s combinatorial interpretation slightly to get an interpreta-
tion of the Hermite polynomial of two variables. In an (m,n)-matching, instead of
attaching a weight x to an edge, we attach weights x, y to the loops at vertices in V;
and V5 respectively. For an (m,n)-matching G, let [,,(G) denote the number of loops
in V; and let [,,(G) denote the number of loops in V5. Then

(15) Hp(,y) = > atm(Oyn(@)

where the sum extends over all (m,n)-matchings. Thus the Hermite polynomial of
two variables is the generating function for the number of loops over the set of all

(m, n)-matchings.
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3.2.1. Generating function for Hermite polynomials of two variables.
The connected components of an (m,n)-matching are loops in Vi, loops in V5, and
non-loop edges. Then the exponential generating function for connected components
is ra+yB+af. So by the Bipartite Exponential Formula, the exponential generating
function for Hermite polynomials of two variables is

Z Z mn 33' Z/ el — erotyftaf
m!n! '

m=0 n=0

In our proof of formula (21), we shall show that both sides enumerate certain

kinds of (m,n)-graphs.

3.3. Graphs counted by the left-hand side.

The left-hand side of (21) can be rewritten as follows

DTS
m,n= Om n: H pZ] H qz] 1<i<j<r

1<i<y<r 1<i<y<r

p”ﬁq”Hmlnu (371’ yl) e Hmr,nr<xr‘7 yr) .

where the inner sum runs over all the matrices (p;;) and (g;;) with ) p;; = m and

1<J
Z Qij =nN.

1<J

] Let (P;)1<i<j<r and (Qij)1<i<j<r be ordered partitions of [m] and [n] respectively
such that |P;| = p;; and |Q;;| = ¢ij. For j > 4, let P;; = P,; and Qj; = Q. Let
M; = U;4;P;j and N; = U;£,Q;;. Then from the definition, it follows that for i # j,
M; N M; = P;j and N; N N; = Q;;. Then |M;| = m; and |N;| = n;, where m; and n;

are defined as in formula (21).
Let G,,.n be the set of all ordered tuples ((Pi)i<j, (Qij)i<j, G, - - . , G,) such that

(1) (Pyj)i<i<j<r and (Qij)1<i<j<r are ordered partitions of [m] and [n] respectively
with the above properties.
(2) Each G; is an (m;,n;)-matching with vertex bipartition (M;, N;), where

M;, N; are as given above.

Each point of [m] and [n] is in exactly two of the matchings. This follows from the fact
that each point of [m] is in exactly one P;; and M; N M; = P;; and each point of [n] is
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in exactly one @;; and N; N N; = Q;;. To each tuple ((P;))i<j, (Qij)i<j» G1,- .. ,Gr),
we associate an (m,n)-graph with the vertex set partitioned into (V;,V5) such that
Vi = [m] and V4, = [n]; this graph is obtained by superimposing all the G; on the vertex
set (V1, Vo). Then G,,,, is the set of all such (m,n)-graphs. For r = 3, Figure 2 shows
a graph G in Geg. G = ((Pyj)i<j, (Qij)i<j, G1,G2,G3) where Py, = {1, 2, 3, 6},
Pi3 =@, Py3={4, 5}.

and Q12 = {2, 3}, Q13 = {5}, Q23 = {1, 4, 6}. The solid lines represent Gy, the

dashed lines represent (G5, and the dotted lines represent GG3. Here (G is a

FIGURE 2

(4, 3)-matching, G5 is a (6, 5)-matching, and G5 is a (2, 4)-matching. These matchings
are shown in Figure 3.

Since m!/[];_; pi;! counts the number of ordered partitions of [m] into (F;)i<;,

and n!/[];_; ¢;;! counts the number of ordered partitions of [n] into (Qy;)i<;, the
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FIGURE 3

left-hand side of (21) can be further rewritten as

> d s TL ety I 4

m,n=0 1<i<j<r l§i§7‘
where the second sum extends over all the graphs in G, ,. Let each point of P;;

be weighted by «;; and each point of Q);; be weighted by 3;;. We define the weight of
a graph G (( z])2<]7 (ng)z<]7 Gla s 7G7") il’l Gm,n by

Pij qm lm; (Gi)  In;(Gy)
= L ey T .

1<i<y<r 1<i<r

Then the left-hand side of (21) is

(16) S S wi).

m>0n>0  GEGmn
If we replace each «a;; with to;; and each §;; with sf3;; in (21), then the above expres-

sion will be

I I DRTCE

m>0n>0 GEGm,n
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and we can see that this is the bivariate exponential generating function for G, .
However, the variables t and s do not play any role in the proof. To avoid keeping track
of these extra variales, we will think of (16) as the bivariate exponential generating
function for G, , keeping in mind that we can introduce the extra variables to see

this.

3.4. Connected Graphs in G, ,

Now we try to enumerate the graphs in G, , using their connected components.

There are two kinds of connected graphs in G, ,: cycles and paths.

3.4.1. Cycles. For a cycle in G, ,, m = n and the number of edges is 2m, where
m > 1, and there are no loops. Since a cycle has at least two edges, we have m > 1.

A loop is not considered a cycle. Figure 4 shows a cycle.

FIGURE 4
Then we get
=11 1
ot Y w@=Y s ),
m,n=1 G a cycle in Gm,n m>1

where w(G) = H oy 37 (since G has no loops.) The weight of the cycle in
Figure 4 is a12a23511§ﬁ<2;.§r8uppose we fix the vertex 1 on the left as a root of the cycle
and direct the cycle by tracing it starting with the root and then going to vertex 2 on
the right and so on. Then starting with the root we can write the sequence of weights

corresponding to this rooted directed cycle as as230032021. In general, the sequence
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of weights corresponding to a rooted directed cycle (where the root is in V}) is given
DY ko Bkoks sk * * * Blamky» f0T some 1 < Ky ko, ... Koy, < 7. Since the labels on the
vertices in a cycle in G, , can be permuted in m!m! ways,

r

mlm! Z Z ks ko Bhaks Uheghea *** Do

i=1 ky=i,k,... kam
counts all rooted directed cycles, each of which corresponds to a cycle in G,,,. In
fact, each cycle in G,,, occurs 2m times in the above expression since there are m

choices for the root and 2 ways to direct a rooted cycle. Hence
T

Z w(G) = ngn?'z Z ity Bhoks Vheghs "+ * Bhami

G acycle in Gmn i=1 ko,... ,kam

r

= TS oyt = T gy gy,

2m — 2m

where Tr(af3)™ denotes the trace of the matrix (a/3)™.

Then

S 1 Y w@=Y Tr(af)™ _ %Tr(log(l —apf)h).

= (m!)2 2m

But Tr(log(I — af)™!) = log(det(I — af3))~! (see [8]). Hence the exponential gener-

G acycle in Gmn m>1

ating function for cycles is

Sy w@)= ? log(det(I — af3)) ™" = los(det(1 — af)) L.

2
= (m!)

Remember that every graph in G,,, has a vertex bipartition (V;,V2). So a path

G acycle in Gmn

in G,, 5 is one of the following three types:

(1) Both the endpoints are in V. Let P; be the set of all such paths.
(2) Both the endpoints are in V5. Let P, be the set of all such paths.
(3) One endpoint is in V; and the other is in V5. Let P; be the set of all such

paths.

We will enumerate each of these types separately.

3.4.2. Paths in P;. For a path in P, m = n + 1 and the number of loops is 2
and the number of edges is 2n, where n > 0. For n = 0, we get a path with just two

loops at a vertex in Vj. Figure 5 shows a path in P;.
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FIGURE 5
Then we get
=11 1
S A= ey S
I nl | |
woymint = ! (n+1)!
where w(G) = zx; H ozp” q” for some k and [ (zj and x; are the weights of

1<i<y<r
the two loops). The weight of the path in Figure 5 is zm003,012. If we direct the

path starting at one of the loops, say the loop at 1, then we can write the sequence of
weights corresponding to this directed path as x1aq2021 1272, In general, the sequence
of weights corresponding to a directed path is given by ;cir, Broks Cskes =+ * Brionj kT
for some 1 < 4,5, k, ko, ..., ko, < r. Since the labels on the vertices in a path in P;

can be permuted in n! (n + 1)! ways,
T

n!(n+1)! Z Z TiQiky Bkaks  * * Phanj Uik Tk
i,j k=1 ka,... kan
counts all directed paths, each of which corresponds to a path in P;. Each path in

P, can be directed in two ways and so we get

T

Z 'UJ(G) n + 1 Z Z 'T’LalkgﬁkaS Bkznjajkxk

GePy 1,7,k=1 ka,... ,kop,

nl(n+1) &
= % Z zizk(af) g -
i,5,k=1
Hence the exponential generating function for the paths in P; is
T

20 m; w(G) = %Z Z zivk(af)iase = % Z v (L — aﬁ)i—jlajk

n>0 4,5,k=1 i,j,k=1
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T

= % I’Zl'k((l — aﬁ)_la)ikn

ik=1
where (a/3)}; denotes the (i, j) entry in the matrix (a3)" and (I — aﬂ) denotes the
(i,7) entry in the matrix (I —af)~!

3.4.3. Paths in P,. For a path in P», n = m + 1, the number of loops is 2 and

the number of edges is 2m, where m > 0. Figure 6 shows such a path. This case is

FIGURE 6

analogous to the previous case. So proceeding on similar lines as before, we get

T

m! (m +1)!
(18) Z w(G) = 9 Z Z YilBij Qs Broks Cksks ** * Bhamk Yk
GeP, 1,5,k=1 ka,... ,kam

m! (m+ 1) <
= f Z ylyk‘ﬂl] Qﬁ)
i,j,k=1
Hence the exponential generating function for the paths in P2 is

1
Z m Z w( Z Z yzykﬁlj O‘ﬁ Z ylykﬂz] 5>Jk
m>0 T GePy

m>01jk 1 ,]k 1

=2 " vn(B — 0B) M

ik=1

3.4.4. Paths in P;. For a path in P;, n = m, the number of loops is 2 and the

number of edges is 2m — 1, where m > 1. A path of this type is shown in Figure 7.

Then we get

1
PP o > w G):szw@?

m>1 n>1 GePs m>1
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FIGURE 7

where w(G) = zy, H ap g q“ for some k and [. The weight of the path in Figure
1<i<j<r
7 is $2y306120423ﬁ13623 which can be rewritten as x2a236320421ﬂ13y3. In general, the se-

quence of weights corresponding to such a path is given by ; ik, Broks Qksks * * * BromiVi
for some 1 < 4,4, ko, ..., ko < 7. Note that in this case, each sequence gives a unique
undirected, unlabeled path. Since the labels on the vertices can be permuted in m!m!

ways, we get

Dw(@=mm > Y mici, Bk Bronity = miml > wiy(aB)] .

GePs 4,J=1 ka,... ,kom 4,j=1

Hence the exponential generating function for the paths in Pj is

1
Z (ml)Q Z Z Z LilYj Ozﬂ ij Z TiYj Z aﬁ O‘ﬁ

m>1 GePs m>11,5=1 i,j=1 n>0
r
= Z ziy;(aB(I —aB)™)y .
ij=1

Thus the exponential generating function for the connected graphs in G, ,, is
log(det(I — Ozﬁ))’%

+ Z zix; (I = af) " )iy + vy (B — aB) ™)y ] + ziy; (BT — af) ™)
1= 1
Hence by the Bipartite Exponential formula, the exponential generating function for

G is

exp (log(det([ - aﬁ))’%

+ Z [z (T — aB) " a)i; + vy (BT — aB)™Y)y] + xiy;(aB(I — 045)1)@)

731
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= (det(I — af)) 2

-eXP(Z %[%%‘((I —af) " a)i+yiy; (B — aB) )] +aiy; (B — Oéﬁ)_l)z‘j) ;

i,j=1

which gives the right-hand side of (21).

For r = 2, formula (21) reduces to the bilinear generating function (12).



CHAPTER 4

Charlier polynomials

4.1. Definition and Generating Functions

The Charlier polynomials are usually defined by the following formula:
Cn(aa T) = ZFO(_n7 —a; —; _7,,—1).

For the purpose of combinatorial interpretation, we will normalize them as follows:
" /n
Chla,r) =71"co(—a,r) = 1" 2 Fy(—n,a; —; —r") = a)er™ k.
(a,7) (—a,r) 2Fo( ) ;:0 (k)( )k

We will prove the following bilinear formula using combinatorial methods:

(19) Z Ch(a,r)Cy(b, s)i_T s Z (@)n(b)n x

_ n+a _ n+b _l ’
= e (1 = sz)rte (1 —ra)nton!

n

Formula (2.47) in Askey’s book [1] is equivalent to the case of (19) in which a and
b are negative integers and the general case is easily derived from this. Note that a
and b are switched in the right-hand side of the formula in the book. The book does

not give a combinatorial proof of the formula.

This generalizes to the following multilinear formula:

I i
1<i<j<k
(200 Y ETC(ar, ) Oy (an, )

(nij) H n”
1<i<j<k
H xijnij
o )nH—ai

)
1<i<j<k (ni;) 1<z<k Zﬁfl 7% | | 15!
1<i<j<k

where each sum runs over all k£ x k symmetric matrices (n;;) with non-negative integral

entries and with diagonal entries zero, and n; = Y n;; for 1 <i < k.
j=1

41
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To prove these identities combinatorially, first we show that the Charlier polyno-
mial is the generating polynomial for some structure on a set of n elements. To do

so, we need the lemmas and the theory in the following two sections.

4.2. Some Lemmas

Let o be a permutation of [n]. Define the weight of & to be wy («, 5; 0) = a¥°(?) 3",
where cyc(o ) is the number of cycles of o, i.e., each cycle of o is assigned a weight

Al and each point is assigned a weight .

Lemma 4.2.1. («), 8" is the generating polynomial for all the permutations of
[n], with the weight w .
Proof. Y wi(a, B;0) = > a¥@) g = 3 (3" a*4"), where the inner sum is

ogESy oESy k=1

over all permutations of [n] with exactly & cycles. Let ¢(n,k) be the number of

such permutations. Then > wi(a,B;0) = Y c(n, k)o* " = g"(X c(n, k)a*). In
0ESh k=1 k=1
Stanley’s book [15] on page 19, it is shown that Y c(n,k)a* = (a),. So we get
=1
> wi(a, B;0) = B () 0
oE€Sh
Lemma 4.2.2. (1 — fz)™® is the ezponential generating function for all permu-

tations, with the weight wy.

Proof. From lemma 4.2.1, we get that the exponential generating function for all

permutations is Z(a)n ﬁ”x—‘. Using the definition of («),, and the binomial theorem,
n!
n>0
we get that this is equal to (1 — fx)~*. O

4.3. Charlier Configurations

Definition 4.3.1. A Charlier configuration on [n] is defined to be a pair & =
((A,0), B), where (A, B) is an ordered partition of [n] and o is a permutation of A.

The configuration ® can be represented by a digraph (that is, a directed graph)

with vertex set [n] and with an edge going from i to j if and only if o(i) = j. The
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following figure shows a Charlier configuration on [10].

Here A ={1,3,4,5,6,7,9,10}, B = {2,8}, and 0 = (7) (4 9 6) (1 5 10 3) where the

permutation is written as a product of disjoint cycles.

4.3.1. Combinatorial interpretation of Charlier polynomials. We assign
a weight to a Charlier configuration ® by assigning a weight a to each cycle of ¢ and
a weight 7 to each point of B. Then ® is weighted by wy(a,r; ®) = wy(a,1;0) rlBl =
a®°@)rlBl Let C, denote the set of Charlier configurations on [n]. Then letting

n n 4

a=a,l=1in Lemma 4.2.1, we get wa(a,r; P) = | (a);7""" which is the
5 weget 3 walori ) =3 (1) @0

generating polynomial for all Charlier configurations on [n| with the weight ws. But

Cola,r) = znj (Z) (@)™ "

k=0
Thus Cy(a,r) is the generating polynomial for all Charlier configurations on [n].

4.3.2. Generating function for Charlier polynomials. Let ® = ((A4,0), B) €
C,. Then the connected components of the digraph of ® are cycles of o and vertices
which are not in ¢. Each vertex, which is not in o, is in B and so is weighted by r.
Hence the exponential generating function for digraphs with only this type of con-
nected components is e"*. Each cycle of ¢ is weighted by a. Then it follows from
Lemma 4.2.2 that the exponential generating function for digraphs with only this
type of connected components is (1 —x)~*. Now it follows from the Product Formula

of section 1.1 that ZC’n(a,r)x— <

n>0

n!  (1—x)*
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4.4. Proof of Bilinear Formula

4.4.1. Structures counted by the left-hand side. Since C,(a, ) is the gen-
erating polynomial for all Charlier configurations on [n], it is clear that the left-hand
side of (19) counts ordered pairs of Charlier configurations, (®, V) with ® weighted
by wo(a, r; ®) and ¥ weighted by ws (b, s; ¥). We can represent an ordered pair (®, ¥)
by a digraph obtained by superimposing the digraphs of ® and ¥ on the same set of
labeled vertices. Let G be the set of these digraphs. Figure 1 shows a digraph in G rep-
resenting the pair (®, V) in which ® = ((A, o), B) where A = {1,4,7,9,11,13, 14,16},
B =1{2,3,5,6,8,10,12,15,17,18}, 0 = (7) (4 9 14) (1 13 11 16), and
U = ((C, ), D) where C = {3,5,6,7,10,11,12, 15,16, 17,18}, D = {1,2,4,8,9, 13, 14},
m = (3) (7 10) (11 18 16) (5 15 6 12 17). The permutation o is shown by the solid

lines while 7 is represented by the dashed lines.

FIGURE 1

Then the left-hand side of (19) is the generating function for the digraphs in G. We
will show that the right-hand side also counts the same graphs by using the Product

Formula. For this we need to find the connected components of the digraphs in G.
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4.4.2. Connected components of digraphs in G. A digraph in G is obtained
by superimposing the two Charlier configurations ® = ((A,0), B) and ¥ = ((C,7), D)
on a set of n labeled vertices. Each vertex of the graph is in both of the configurations.

The connected components of the digraph are of the following types :

1. Vertices which are neither in 7 nor in o. Vertices 2 and 8 in Figure 1 are such
vertices. These vertices belong to B N D. So each vertex is weighted by r and s.
Hence the exponential generating function for digraphs whose connected components

are only of this type is e™*.

2. Cycles of ¢ in which no vertex is in m. The vertices of these cycles belong to
AND. The cycle (4 9 14) in Figure 1 is of this type. Each cycle is weighted by a and
each vertex is weighted by s. The digraphs whose connected components are only of
this type can be considered as permutations weighted by w;. So from Lemma 4.2.2,

it follows that the exponential generating function for such digraphs is (1 — sx)~“.

3. Cycles of 7w in which no vertex is in . The vertices of these cycles belong
to BN C. The cycles (3) and (5 15 6 12 17) in Figure 1 are of this type. As in the
previous case, we get that the exponential generating function for digraphs whose

connected components are only of this type is (1 — raz)~°.

4. Connected digraphs consisting of cycles of o and 7, such that a cycle of ¢ has
at least one vertex of m and vice-versa. These vertices are in either both 7 and o
or only in 7 or only in ¢. The connected digraphs of this type from Figure 1 are
shown in Figure 2. Consider digraphs whose connected components are only of this
type. Let us say that such a digraph is reduced if every vertex is in both 7 and o.
Figure 3 shows a reduced digraph. Each cycle of 7 is weighted by b and each cycle

of o is weighted by a. So the exponential generating function for reduced digraphs is

(@),

n>0

Any digraph of this type can be obtained from a reduced digraph as follows:
Each vertex in a reduced digraph has two outgoing edges, one belonging to ¢ and

the other belonging to m. Suppose (i,7) and (i, k) are the two outgoing edges at
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FIGURE 2

FIGURE 3

a vertex . Suppose (i,7) is in 0. Replace (i,j) by a sequence of directed edges
(,01), (i1,92)s - -« s (Gmy—1, %m; )s (imy, J), such that each new vertex is in o, but not in
7. So each new vertex is weighted by s. Similarly replace (i, k) by a sequence of
l; + 1 edges, such that each new vertex is in 7, but not in o. So each new vertex
is weighted by r. We can do this at each vertex i. Then the weight of such a
digraph is a®°(?) peve(m) gmitmotetmn phtlottn where each m; > 0 and each I; >
0. Thus starting with a reduced digraph, we obtain a digraph by replacing each
outgoing edge at every vertex by a sequence of ordered edges whose vertices are
either only in ¢ or only in 7. This can be seen by comparing the reduced digraph in
Figure 3 to the connected components in Figure 2. So in the exponential generating

function for reduced digraphs, we get additional terms > s™ = 1/(1 — sz) and

m=0
[e.e]
Sorlt = 1/(1 — rx) for each vertex. Hence the exponential generating function for
=0

(@)n(b)n "
(1—sx)*(1—rax)*n!

such digraphs is Z

n>0
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Now it follows from the Product Formula that the exponential generating function
of the digraphs in G is the product of the above four generating functions. This

product is equal to
1 1 (@)n(b)n "
(1—sx)*(1—rz)b = (1—sx)*(1—ra)*n!’

ST

(&

which is the same as

n b n "
ersT Z (a) ( ) - .
(1 —sz)rte (1 —rx)nton!
>0

n

This is the right hand side of (19).

4.5. Multilinear Formula

One way to prove the multilinear formula is to think of it as a multivariate ex-
ponential generating function. In this case we have to keep track of different sets of
labels. In order to use only one set of labels, we rewrite the formula by replacing
x;; with zz;;. Now we can think of the formula as an exponential generating fuction

in only one variable, namely z. The formula now looks as follows :

H Y
ij
1<i<j<k N
(21) Z <i<j< Cn,(a1,m1) - an(ak,’f’k)zz i =

(nij) H n”

1<i<j<k

H eTiTiTis H - 1 _ Z H ( — (ai)nz - 1<i<y<k S5 Mg

1<i<j<k 1<i<k (1-2 stﬁi rjis) (ny;) 1<i<k o stﬁi ritis)
1<i<j<k
We will prove this formula, which is equivalent to (20).

4.5.1. Structures counted by the left-hand side. We can rewrite the left-
hand side of (20) as follows:

Z Z . H xl] nl alvrl) an (akark) .

n>0 ! (ny ” 1<i<j<k
5 n”] —n 1<z<j<k;

i<j
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Let (Nij)1<i<j<r be an ordered partition of [n]| such that |N;;| = n;;. For j > i, let
Nji = Nj;. Let N; = Ujx;N;;. Then from the definition, it follows that NV;NN; = N;;.
Since n; = 3, nij, [Ni| = n;. Let H be the set of all ordered tuples ((Ni;), 1, ... , )
such that

1) (N;;) is an ordered partition of |n| with the above properties.
( j
(2) each ®; is a Charlier configuration on V;, i.e., ®; € C,,,.

Each point of [n] is in exactly two configurations. This follows from the fact that

each point is in exactly one IV;; and N; N N; = N;;. Let each ®; be weighted by

wo(a;, mi; @;) and each point of N;; be weighted by z;;. If we first fix the n;;, then
n!

H 5!

1<i<j<k
the generating polynomial of all Charlier configurations on [n;], we see that the left

counts the number of ordered partitions of [n] into (N;;) and Cy, (a;, 1) is

hand side is the exponential generating function for H with these weights.

We associate a digraph to a tuple ((Ny;),®1,...,®P;) in H by superimposing
the digraphs of these k£ Charlier configurations on a set of n labeled vertices, such
that each ®; is on n; of these vertices. Figure 4 shows such a digraph for k£ = 3.
The configurations &, ®,, 3 are respectively represented by solid lines, dashed lines
and dotted lines. Each vertex is in exactly two configurations and this is indicated
by the two different circles around each vertex. The tuple and the configurations

corresponding to the figure are:

Nis = {5,8,9,11,14,16,17}, Ni5 = {1,2,6,12,15} and Ny = {3,4,7, 10, 13, 18}.
&, = ((Ay,01), By) where Ay = {1,8,9,11,12,15,16}, By = {2,5,6,14,17} and

o1 = (916 15) (1 12 11 8).

®y = ((Ag, 02), By) where Ay = {3,4,5,7,8,10,11,17,18}, By = {9,13,14,16} and
oo =(517811) (310 7 4 18).

Oy = ((As, 03), By) where A3 = {1,4,6,7,10,13,18}, By = {2,3,12,15} and

o3 = (6 13) (110 7 18 4).
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FIGURE 4

Now we can think of H as the set of these digraphs and then the left-hand side
is the exponential generating function for these digraphs. As we did for the bilinear
formula, we will find the connected components of the digraphs in H and then use
the Product Formula to show that the right-hand side is also a generating function

for the same digraphs.

4.5.2. Connected components of digraphs in H. Let ((V;;), ®1,... , D) be
a tuple in H, where &, = ((A;,0;),B;) € Cp,, for 1 < i < k. The connected
components of the digraph representing this tuple are of the following types:

1. For @ < j, vertices which are in ®; and ®; but are not in o; and ;. Vertices

2 and 14 in Figure 4 are of this type. These vertices belong to B; N B;. Each vertex

is weighted by r;,r; and w;;. The digraphs, whose connected components are only
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of this type, are simply points with the appropriate weights. Hence the exponential

generating function for such digraphs is e""%ii?,

2. For each i, cycles of o; in which no vertex is in any other ¢;. In Figure 4,
the cycles of this type are (6 13) and (9 16 15). Each cycle is weighted by a;. Each
vertex is in some B; and so is weighted by r; and x;; . The digraphs in which every
connected component is of this type can be considered as permutations in which every
cycle is weighted by a; and every vertex is weighted by some r; and z;;. By a slight
modification of Lemma 4.2.2 it follows that the exponential generating function for
such digraphs is (1 — 2z > rjz;;) "%,

3. Connected digragis in which for each i, cycles of o; have at least one vertex in

o; for some j # i. The connected component of this type from Figure 4 are shown

in Figure 5. Consider digraphs whose connected components are only of this type.

FIGURE 5

Let us say that such a digraph is reduced if every vertex is in two permutations.
Thus, a reduced digraph on n vertices represents an ordered tuple ((N;;), @q,... , Py)
where each ®; = ((4;,0;),9); i.e., each ®; is simply a permutation o; on n; vertices.

Figure 6 shows a reduced digraph. A cycle of o; is weighted by a;. So the exponential
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FIGURE 6

generating function for reduced digraphs is

S5 e M I1 w0

n>0  (ng) 1<Z< <k " 1<i<k 1<i<j<k
z nijj=n J=

i<j
Each vertex in a reduced digraph has two outgoing edges belonging to two different

permutations.

As in the proof of the bilinear formula, we see that any digraph of this type can
be obtained from a reduced digraph by replacing each outgoing edge at every vertex
by a sequence of ordered edges. An outgoing edge in o; is replaced by a sequence of
edges, such that each new vertex is in o;, but not in any other o;. So each new vertex
is weighted by some r; and x;; . Hence the exponential generating function for such

digraphs is

z n! (@i)n,
ZF Z [T niy! H (1—2> rja,)m H ziy"

n>0 " (ng) L1 U 1<i<k 1<i<j<k
s n’jj o 1<i<G<k JF£i

i<j

Again it follows from the Product formula of section 1.1 that the exponential

generating function for digraphs in H is the product of all the above generating
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functions which is

H eI 1
(1 =23 rjwi)®

1<i<j<k -
SrSI= J#i
DD T —
ij
n! T na! (1 —2> rjzy))
n>0 (n:) I 1< <k I 1<z< <k
5 nljy . 1<z<]<k j#i J=
1<j
This is the same as
H i
H erir‘jxijz H Z H a/rL n; 1<i<j<k ZZ ngj
—_ 7
1<i<j<k zizs (1 sz#l riti)" = giee L= 2 i gritg)™ I may!

which is the right-hand side of (21).

For k = 2, the multilinear formula reduces to the bilinear formula.

4.6. Related Formulas

Our approach is similar to the one taken by Gessel in [7] in which he gave a
generating function for 3xn Latin rectangles. A kxn Latin rectangle is a kxn array
of numbers such that each row is a permutation of [n] and each column has distinct
numbers. Gessel identified a 3 x n Latin rectangle with a pair of permutations (7, o)
of [n] such that 7, o and 7o~ ! are derangements. A derangement is a permutation
with no fixed points. In his proof, he obtained the generating function for 3 x n Latin
rectangles as a specialization of a generating function for pairs of derangements.
He also obtained the following specialization of the generating function for pairs of

derangementS'

n

(22) z D S (@) (B). z

n' = (1+ Ba)*t (1 + azx)**F n!

where D, (a) = > a®*™ and the sum is over all derangements 7 of [n]. Gessel
mentioned that this formula is a special case of the bilinear generating function for
Charlier polynomials and we will show how it can be obtained from the bilinear

formula (19).
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4.6.1. Special case of the bilinear formula. We have seen that the Charlier
polynomial C,,(a, ) is the generating polynomial for all Charlier configurations on [n].
A Charlier configuration ® = ((4,0), B) on [n| can be identified with a permutation
7 of [n] such that 7 = ¢ on the set A and the points of B are fixed points of 7. So

the cycles of o of length one and the points of B are all the fixed points of . Then
Cn<a,7") = Z aCyC>1(7")<a 4 ,r.)ﬁX(ﬂ')’

TESh
where S, is the set of all permutations of [n], cycs1(7) is the number of cycles of 7

with length greater than one and fix(7) is the number of fixed points of 7. Setting
r=>0b—a, we get

Cn(a, b— a) = Z a/CyC>1(7T)bﬁX(7r)'
TESy
Then putting b = 0 gives Cy(a, —a) = 3 a™*™) where the sum is over all derange-

ments 7 of [n]; i.e., Cy(a,—a) = D,(a). Hence setting a = o, r = —a, b = [ and

s = —( in the bilinear formula (19) yields formula (22).

4.6.2. Special case of the multilinear formula. In [2], Carlitz obtained some
formulas which later turned out to be special cases of Slepian’s multilinear extension
of the Mehler formula. On similar lines, we obtain a special case of the multilinear
formula. We look at the case k = 3. Furthermore, we set nis = 0, ni3 = m, ngz =
n, x1o = 0, r13 = z, x93 = y in formula (20). Then we have n; = m, ny = n and

ng = m + n. Hence we get the following formula:

m ,n

Y

m!n!

(23) Y Cula,r) Cp(b,5) Crn(d, t)

m,n=0

_ €(r$+sy)t i ((I)m (b)n (d)m-i-n " y"

e (L= t)mra (1 —ty)™t (1 — re — sy)™ttd mlinl
Note that a; has been replaced by a, r; has been replaced by r and so on. From our
proof of the multilinear formula, we know that each side of formula (23) counts tuples
consisting of three Charlier configurations. For particular values of m and n, njs =0

means that the first and second configurations have no points in common and each

point is in either the first and third or the second and third configurations.
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In the previous subsection, we saw that C,(a, —a) = D,(a). In particular, setting
a=1we get C,(1,-1) = D,(1) = D,, where D,, is the number of derangements of
the set [n]. So settinga =b=d=1and r =s =1t = —1 in formula (23) we obtain

the following formula for derangement numbers:

- ™ y" = (m +n)!
D, D, D = el@tv) myn
Z m Zn Ymtn "oror = € Z (1 + 2)m 1 (1 + y)n+t (1+x+y)m+n+1m Yy

m,n=0 m,n=0
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