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Abstract

This research endeavors to put a common combinatorial ground under several binomial-
like arrays, including the binomial coefficients, g-binomial coefficients, Stirling numbers,
g-Stirling numbers, cycle numbers, and Lah numbers, by employing symmetric polynomials
and related words with specialized alphabets as well as a balls-and-urns counting approach.
Using the method of statistical generating functions, ¢- and p, g-generalizations of the bi-
nomial coefficients, Stirling numbers, cycle numbers, and Lah numbers are all discussed as
well, unified under a single general triangular array that is herein referred to as the array
of Comtet-Lancaster numbers.
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Chapter 1

Comtet’s Theorem

1.0 Notation

The notational conventions herein are as follows:
e N denotes the set {0,1,2,...} of nonnegative integers.

e P denotes the set {1,2,3,...} of positive integers.

Q denotes the field of rational numbers.

R denotes the field of real numbers.

C denotes the field of complex numbers.

F, and Fy, for n € P, denote the finite field of ¢ elements, when ¢ = p?, for some
prime p, and the n-dimensional vector space thereupon, respectively, with Fg := {0}.

e For all n € P, [n] :={1,2,...,n}, with [0] := 0.
e Foralln e N, [n]* :={0,1,2,...,n}.
Other more specialized notations appear as well'. Some of those are as follows:

e For n € P, and = any indeterminate or complex number,
et i=z(z—1)(x—2)---(x —n+1),
with 22 := 1, denotes the falling factorial function of degree n.

e For n € P, and z as above,

2" =z(z+1)(x+2)---(z+n-—1),

with 20 := 1, denotes the rising factorial function of degree n.

!Some of these will have their formal definitions given later in the text, frequently in another (equivalent)
form altogether.



e For all n € P, and ¢ an indeterminate, complex number, or, particularly, a power of a

prime number,
q" —1

ngi=ltqtq+ g =,
qg—1
with 0, := 0, denotes a g-integer.

e For all n € P, and p and ¢ indeterminates or complex numbers, including powers of
prime numbers,

n _ N
Npg ="+ 0" g+ " P+ " T = %,

with 0,4 := 0, denotes a p, g-integer.
e For all n € P and ¢ as above,
nli=mng(n —1)g(n —2)g--- 241,

with 0(2 := 1 denotes the g-factorial function, with p, g-factorial defined analogously
by Op!q:: 1 and for all n € P,

nli=mnpq(n—1)pg - lpg
e Foralln € P, k € P, and q as above,
”% = ng(ng — 1g)(ng — 2¢) -+~ (ng — (k — 1)g)

denotes the k™ g¢-falling factorial, observing nk =0 for k > n, in particular 0k =0
for all k € P, and p, g-falling factorials are defined analogously.

1.1 Similarities Between Binomial Coefficients, Stirling Num-
bers, and Their ¢-Analogues

1.1.1 The Binomial Coefficients

Given n,k € N, let () :==[{A: A C[n] and |A| = k}|, with k € N. These are the binomial
coefficients. Immediately, it follows that

Theorem 1.1.1. For all n,k € N,

n n!
k)~ El(n—k)! L
( ) Fln — ) (L)

whenever 0 < k < n.

Proof. Since for any n,k € N with k£ < n it is well known (see, for instance, [20]) that

nkt = (nf!k)! counts the permutations of k elements from [n], (}}) counts the k-element
subsets of [n] by considering any permutation of k-elements of [n] and mapping it to the
(unordered) set of those k elements, which is a k!-to-one surjection. O



and

Theorem 1.1.2. For all n,k € N,

020

Proof. Straightforward by set complementation. O

Furthermore, two more results follow from the definition:
First,

Theorem 1.1.3. Given k € N, for all n € N,

(z+1)" = kZZ:O <Z> o*. (1.3)

Proof. It more than suffices to establish this polynomial identity? for all » € P. Then (1.3)

takes the form .
r+1)" =Y <Z> rk, (1.4)
k=0

Then both sides of (1.4) count the n-letter words in the alphabet [r]*. The left-hand side
does this by filling n slots with the r + 1 letters in [r|*. The right-hand side does this in
k + 1 disjoint, exhaustive classes: those with exactly n — k zeros, for 0 < k < n. The term
(Z) r* chooses k positions from among the n which will have elements of [r], and then the
remaining n — k positions are all filled in with 0’s.

O

By substitution of z — 1 in place of x, (1.3) can be rewritten in the form

a" = Zn: (Z) (z —1)*. (1.5)

k=0

Of course, (1.3) and (1.5) are special cases of the binomial theorem.

And second, a two-term recurrence,

Theorem 1.1.4. For alln,k € P,

(Z> B (Z: 1) - (n 5 1>’ (1.6)

subject to the boundary conditions (2) = 6o, for all k € N and (8) =1 for allmn € N.

2A polynomial identity involving a polynomial of degree n requires only n + 1 verified instantiations to
establish the result. This fact is sometimes called the “engineer’s dream theorem” and can be found and
proved in [20], for instance. Here, the infinite number of instances in which this polynomial identity holds
far exceeds the necessary n + 1.



Proof. The boundary conditions are obvious.
1

For n,k € P, among all k-element subsets of [n], (Z:l) counts those that contain the

element n, and (";1) counts those that do not. O

From the recurrence (1.6), we derive the following formulas:
First, a column generating function,

Theorem 1.1.5. For all k € N,

Proof. For every k € N, let

wlo)= 3 (1)

n>0

Then go(z) = (§)a™ = > 2™ = L= by the geometric series identity.
Using the recurrence (1.6), a recurrence for gi(x) arises for all k£ € P

gr(z) = T; [<Z: 1) + <n;1>] "

_ Z(Zj)x.xnwz:(”;l)x,mm

n>1 n>1
= zgr—1(z) + zgi(x).

Whence, gi(z) = 7%= gr—1(x). The result follows by induction. O

And second, a closed-form expression,

Theorem 1.1.6. For alln,k € N,

<Z> - 3 1, (1.8)

do+di+-+dy=n—k
d;eN
Proof. The recurrence and boundary conditions in Theorem 1.1.4 are recovered from the
right-hand side of (1.8) by considering separately the cases in which dj = 0 and otherwise.
O

Alternatively, if choosing k elements from the sequence (1,2, ...,n) to make a k-element
subset of [n], then each d; counts the number of elements in the i interval between the k
chosen elements of the sequence, taking the zeroth interval to mean the one preceding the
first chosen element. O

Of course, all of these results are well known, appearing, for instance, in [20].



1.1.2 The Stirling Numbers of the Second Kind

Given a fixed n € N and for all k£ € N, let II,, ;, denote the set of partitions of [n] into k
nonempty blocks?, and let S(n, k) := |, x| . These are the Stirling numbers of the second
kind*. Two results follow from this definition:

First, recalling (1.5) and with the following proof appearing in [20],

Theorem 1.1.7. For any n € N,
n
2" =" S(n,k)zk. (1.9)

Proof. Tt more than suffices to establish this polynomial identity for all » € P. Then (1.9)
takes the form

r" = zn:S(n, k)rk, (1.10)

Each side of (1.10) counts the functions f : [r] — [n], the left-hand side directly. For
the right-hand side, note that for each partition of [n] into & nonempty blocks, there are
k\S(n, k) ordered partitions® of [n] into k nonempty blocks since there are k! possible orders
for the k blocks. Furthermore, by mapping any ordered partition of [n] into k& nonempty
blocks to a function f : [n] — [k] given by f(i) = j whenever ¢ € [n] appears in block j € [k],
notice that k!S(n, k) counts the surjective functions f : [n] — [k].

Thus, consider

ank; ZkSnk‘)k'r_ ZkSnk() (1.11)

For each k € [n], the term k!S(n,k)(}) counts those functions f : [r] — [n] in which
[range(f)| = k since (},) chooses the k values in the range and k!S(n, k) counts all surjective
functions from [r] to that k-element set. O

And second, a two-term recurrence similar to (1.6),

Theorem 1.1.8. For alln,k € P,
S(n,k)=Sn—-1,k—1)+kS(n—1,k), (1.12)

subject to the boundary conditions S(0,k) = o, for all k € N and S(n,0) = 0, for all
n € P.

Proof. The boundary conditions are straightforward, and when k > n, I, = (. Thus,
assume n,k € P with 1 < k < n. Then among those partitions of [n| into k& nonempty

3A very common variant on this is “distributions of n labeled balls into k unlabeled urns so that no urn
is left empty.”

4Unless otherwise indicated, “the Stirling numbers” will be taken to mean henceforth “the Stirling num-
bers of the second kind” unless explicit inclusion of the epithet is demanded for clarity or comparison, e.g.
with the (signless) Stirling numbers of the first kind.

®An ordered partition is one in which the order in which the blocks appear will distinguish one ordered
partition from another.



blocks, S(n — 1,k — 1) counts those in which the element n appears as the only element in
its block, and k£S(n—1, k) counts those in which the element n appears in a block containing
at least one other element, for which there are k choices. ]

From this recurrence, we derive the following formulas:
First, a column generating function similar to (1.7),

Theorem 1.1.9. For all k € P,

zk

> S(n, k)2 = 902 0% (1.13)

n>0

Proof. For every k € N, let

gr(x) == Z S(n, k)x".

n>0

Then go(z) =) S(n,0)a"” = 6y 02" = 1.
Using the recurrence (1.12), a recurrence for gi(z) arises for all k € P:

ge(x) = D _[S(n—1,k—1)+kS(n—1,k)] 2"

n>1
= ZS(n —1L,k—1Dz-2" '+ ZS(n —1,k)kx - 2™
n>1 n>1

= zgr—1(x) + kzg(x).
Whence, gi(7) = 55 9k—1(z). The result follows by induction. O
And second, a closed-form expression similar to (1.8),

Theorem 1.1.10. For all n, k € P,

S(n, k) = DR G LRy (1.14)
d0+---+dk:nfk
d;eN
Proof. The recurrence and boundary conditions in (1.12) can be recovered from the right-
hand side of (1.14) by considering separately the cases in which dj = 0 and otherwise. [

Another useful structure counted by S(n,k) is the set of restricted growth functions
from [n] to [k], first discovered by Stephen Milne [14].

Definition 1.1.11. A surjective function f : [n] — [k] is a restricted growth function if
in the sequence (f(1), f(2),..., f(n)), the first occurrence of j precedes the first occurrence
of 7+ 1 for each j € [k — 1]. The set of restricted growth functions from [n] to [k] will be
denoted RGF (n, k).

Before connecting restricted growth functions to partitions of a set, it is advantageous
to designate a canonical form for writing such partitions. In particular, it is useful to

1. List the elements within the blocks in increasing order by their magnitudes, and



2. List the blocks in increasing order by the magnitudes of their smallest (here: initial)
elements.

Unless otherwise specified, henceforth such partitions are written in this canonical form.
Theorem 1.1.12. There is a bijection between the sets I, , and RGF(n, k).

Proof. Given a (canonically written) partition = € II,, j, define a function f; : [n] — [k] by
f=(i) = j whenever i appears in the j™ block of 7. Since the first occurrence of j will be
from the smallest element of the j*™ block, and likewise for the first occurrence of j + 1,
the canonical ordering on 7 provides that this map gives f, € RGF(n, k). Furthermore,
given any f € RGF(n, k), by placing each ¢ in block j of a partition of [n] with £ nonempty
blocks whenever f(i) = j, it is clear that this map is surjective. Finally, since any two
distinct members of I, ,, have at least one element of [n] appearing in different blocks, their
associated functions will return different values for such elements. O

All of these results are well known, appearing, for instance, in [20].

1.1.3 The ¢-Binomial Coefficients

Given a fixed n € N and for all kK € N and ¢ any power of a prime number, define the
g-binomial coeflicient (Z)q to be the number of k-dimensional linear subspaces of the n-
dimensional vector space . This array is, in fact, a g-analogue of the binomial coefficients,
the latter being obtained from the former by choosing ¢ = 1 and letting [n] stand in place
of F}, with subsets acting as the subspace-like structure. A few results follow directly from
this definition:

First, g-analogues of (1.1) and (1.5):

Theorem 1.1.13. For alln € N and for q a prime power,

n!
(Z) IO (1.15)
q (n—Fk)}
and .
n p—
x”=2(k) (z =D& —q)(x—¢*)-(x—d ). (1.16)
k=0 q
Proof. Formula (1.15) follows from the fact that

k

T (@ —d) _ng
- 1.17
1;[ (" —¢/)  kk (1.17)

are algebraic variants of the right-hand side of (1.15). The middle expression in (1.17)
counts the k-dimensional linear subspaces of Fy by considering first the set

C:={(x1,...,21) : the vectors z; are linearly independent in Fy }.

n k—l)

The map from C, which contains (¢" —1)(¢" —¢q)--- (¢" — ¢ sequences, to the set of k-
dimensional subspaces of Fy given by mapping a sequence of vectors to its linear span in Fy is



a(¢*—1)(¢"—q) - (¢"—¢*1)-to-one surjection since there are (¢* —1)(¢¥—q) - - (¢* —¢* 1)
ordered bases for each linear span, establishing (1.15).
By performing a top-down summation and replacing (nﬁk)q with (Z)q, it follows that

(1.16) can be proved by showing that for all r € P,

1

n n—k— )
@r=3(;) I w-a (1.18)

Both sides of equation (1.18) count the linear transformations 7" : ¥y — Fy. The right-hand
side does so since among all such transformations T,

n n—k—1 '

(}) T w-o
q =0

counts those with a k-dimensional null space. This can be verified by choosing first a k-

dimensional subspace W of Fy and letting (z1,...,2k) represent any ordered basis of W.

Now, extend that basis to an ordered basis (x1,...,Zk, Tki1,-..,2Tn) Of [y, noting that a

linear transformation 7' : Fy — [y will have W as its null space precisely when T'(z;) = 0,

for 1 <1i <k, and T'(z;), for k+1 < j < n, any linearly independent sequence of vectors

in F7. O
q

These proofs appear in [21].

Observe that (Tf)q = ng as a special case of (1.15). Furthermore, notice that by inter-
changing the roles of k and n — k in (1.15), it follows directly that

Theorem 1.1.14. For all n,k € N,

<Z>q - (n " k)q' (1.19)

Additionally, there is a two-term recurrence analogous to (1.6) and similar to (1.12),

Theorem 1.1.15. For q a prime power, with boundary conditions (g)q = 0o and (g)q =1

for every n, k € N|
n n—1 gfn—1
= keP. 1.2

Proof. For k > n, the recurrence holds in the form 0=0. Also, Vn,k € N, the boundary
conditions are obvious.
Thus, let n, k € P with k£ < n, and let W be any one-dimensional subspace of Fy. Then

n—1
k—1
n—1

as a subspace, while (ii) qk( i )q counts those that do not.

among those k-dimensional linear subspaces of Fy, (i) ( )q counts those that contain W

To see (i), let A be the set of linearly independent sequences (1, ..., zy) in Fy in which
r1 € W. Note that |A| = (¢ —1)(¢" — q) -~ (¢" — ¢*~!) since there are (¢ — 1) choices for
x1, (¢" — q) choices for a linearly independent x3, and so on. Now, let B be the set of
k-dimensional linear subspaces of Fy that also contain W' as a subspace. Then the map



from (1, ..., ;) to the linear span of (z1,...,2x) isa (¢ —1)(¢* —q) - (¢* — ¢*1)-to-one
surjection from A to B. Hence,

(=" —q- (" —¢" )
(¢—=1)(¢*—q)---(¢" = ¢* 1)

The right-hand side of this can be simplified to

(qnfl_l)...(qnkarl_l) B (n_l)r!; B n—1
(@ 1=1-(¢=1)  (k-Dln-k)! (k—l)q'

|1B| =

To see (ii), let A be the set of linearly independent sequences (1, ..., ) in Fy in which
no x; € W. Note that |A| = (¢" —q) - - - (¢" — ¢¥) since there are (¢" — q) choices for x; ZW,
(g™ — ¢?) choices for a linearly independent zo £W, and so on. Now, let B be the set of
k-dimensional linear subspaces of Fy that do not contain W' as a subspace. Then the map
from (1, ...,2) to the linear span of (z1,...,zx) is a (¢* —q) - - - (¢* — ¢*~!)-to-1 surjection
from A to B. Hence,

Bl = (¢"—a)---(¢"—q")
(@* —a)-(a" = ¢

|B| = q’“—(n Ll ¢" (n N 1)
Ki(n—k—1)] ko),

This gives

This proof also appears in [21].

From the recurrence (1.20), we derive other identities, each similar to a formula given
for the binomial coefficients and Stirling numbers:
First, a column generating function analogous to (1.7) and similar to (1.13),

Theorem 1.1.16. For every k € N and for q a prime power,

n n ;L’k
Z <k>qx T Q-2)(1-qv)1—¢%2) (1 —gFa)’ (1.21)

n>0

Proof. For every k € N, let

gi(@) = Z <Z>q9€n-

n>0

Then go(z) = (g)qaz" =Y 2" = ;= by the geometric series identity.
Using the recurrence (1.20), a recurrence for gi(z) arises for all k € P:

gr(z) = ;[(Z:i)quqk(”;l)q] z"
- Z(z_i)qx.xn1+z(”k1>qqu.$n1

n>1 n>1

= zgr_1(x) + qka:gk(m).



Whence, gi(z) = 17‘2 77 9k—1(z). The result follows by induction. O

And second, a closed-form expression analogous to (1.8) and similar to (1.14),

Theorem 1.1.17. For every n,k € N and for an indeterminate q,

(Z) — Z q0d0+1d1+2d2+"'+kdk. (1.22)
q

do+di+-+dr=n—k
d; eN

Proof. The proof of this fact is similar to the proofs of Theorems 1.1.6 and 1.1.10. O

All of these results are well known, appearing, for instance, in [21].

1.1.4 The Carlitz ¢-Stirling Numbers

Following the approaches of Milne [14] and Wagner [19], given a fixed n € N, let V be a
k-dimensional vector space over F,. Then for each £ € N, consider the set of sequences
(U1, ...,U,) of one-dimensional subspaces of V' with dim(Sp(Uy,...,U,)) = k, where by
Sp(Uy,...,Up,) is meant the linear span of the the spaces Uy, ..., Ug. Associate with each
such sequence a subsequence (Uy,, ..., U, ) obtained by letting Uy, be the first instance in
(Uy,...,Uy) in which dim(Sp(Un, ..., Uy)) =i, for each i € [k]. In [19], Wagner shows that
the cardinality of the preimage of this map is the same for any choice of (Uy,,...,Uy,).
Indeed he shows that, denoting the cardinality of the preimage of any such sequence by

Sq(n, k),

Theorem 1.1.18 (Wagner). For every n,k € N and q a power of a prime number,

Somk) = Y (1" (29" (k)™ (1.23)

di4-+dy=n—k
d;eN

These numbers S,(n, k) are the Carlitz g¢-Stirling numbers® (of the second kind), and two
results follow from this definition:

First, analogous to (1.9),

Theorem 1.1.19. For every n € N and q a power of a prime number,

" = Z Sy(n, k)x(z — 1) (x —24) - (. — (k — 1),). (1.24)
k=0

SCarlitz first proposed these numbers in [2] in an investigation of a class of Abelian fields and subsequently
expanded upon them in [3]. An interpretation similar to this one was discovered by Milne [14] by analyzing
restricted growth functions. More generally, Wagner in [19] uses the idea of restricted growth on sequences
of atoms in a “modular binomial lattice of characteristic g,” resulting in a common treatment of Sq (n, k) for
g = 0 (chains), ¢ = 1 (sets), and g a prime power (vector spaces).
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Proof. It more than suffices to establish this polynomial identity for r, for any r € P with
r > n. Then (1.24) takes the form

(rg)" = Z gq(”a k)rq(rq —1g)(rqg — 2¢) -+ (rg — (k = 1)q). (1.25)
k=0

Let n be fixed. Both sides of (1.25) enumerate the set A of sequences (Uy,...,U,) of one-
dimensional linear subspaces of ;. That the left-hand-side does this is clear since there are
rq one-dimensional subspaces of Fy and n positions in the sequence. For the right-hand-side
of (1.25), let B denote the set of sequences of one-dimensional linear subspaces of [Fy with
any length from 0 to n for which it holds that if the length of a sequence in B is k, then
dim(Sp(Un,...,Ux)) = k. Now for each k € [n]*, let By denote the subset of B composed
of sequences of length k. Observe that (By,...,B,) is an ordered partition of B and that
for each k € [n]*, |By| = rq(rq — 1q) - - - (¢ — (k — 1)4) since there are r, choices for the first
element of a sequence in By, r4 — 14 choices for the second element of a sequence in By, since
it must be chosen outside of the span of the first choice, and so on. Further, by definition,
if f maps A to B, then by definition any particular sequence in By has S’q(n, k) elements
in its preimage under f, for each k € [n]*. O

And second, analogous to (1.12),

Theorem 1.1.20. For all n,k € P and q a power of a prime number,
Sy(n,k) = Sy(n — 1,k — 1) + kySy(n — 1, k), (1.26)

subject to the boundary conditions Sq(n, 0) = dn0, S’Q(O, k) = do .

Proof. The boundary conditions are clear.

When n,k € P, consider the cases for which dim(Sp(U,...,U,—1)) = k — 1 and for
which dim(Sp(Uy,...,U,—1)) = k. In the first case, U, = Up. Since (Uy,,...,U,_,) has
preimage of cardinality S,(n — 1,k — 1) with elements of the form (Uy,...,U,_1), the
preimage of the sequence (Uy,, ..., Uy, ) has elements of the form (Uy,...,U,) and cardinal-
ity Sy(n— 1,k —1).

On the other hand, when dim(Sp(Uy,...,U,—1)) = k, Uy, # Uy,. Therefore, we have
U, € Sp(Uy,...,Up—1). Since the elements of the preimage are of the form (Uy,...,U,—1),
and since that set has cardinality S,(n — 1,k), given a sequence (Uy,,...,Us) it suf-
fices to show that there are k; ways to choose U,. This, however, is precisely the num-
ber of one-dimensional subspaces of any k-dimensional subspace over Fg, in particular of
Sp(Ul,...,Unfl). OJ

From this recurrence, we derive a column generating function analogous to (1.13):

Theorem 1.1.21. For every k € N and q a power of a prime number,

zk

> Sy(n,k)z" = (1—2)(1 — 242)(1 — 342) - (1 — kqz)’

n>0

(1.27)

Proof. For every k € N, let
gk (x) = Z Sq(n, k)z™.

n>0

11



Then go(z) = 3 Sy(n,0)2™ = 3 6, 02" = 1.
Using the recurrence (1.26), a recurrence for gi(x) arises for all k € P

ge(x) = [ﬁq(n — 1,k — 1)+ k,S,(n — 1,k:)} "

n>1

= Z Sy(n — 1,k — )z - 2" + Z Sy(n —1,k)kgx - 2™ !

n>1 n>1
= zgr—1(x) + kgzgr(x).

Whence, gi(z) = %gk,l(az). The result follows by induction. O

These statements are all well known, appearing in [8] for instance.

Another structure counted by S’q(n, k), valid for any g € P, is presented in Section 1.4.4
as a g-analogue of RGF(n, k).

1.2 Comtet’s Algebraic Unification

There is strong similarity between the four primary equations provided in each of the four
cases of the Section 1.1. In 1972, Louis Comtet drew them together with an algebraic
unification in [4].

Theorem 1.2.1 (Comtet’s Theorem). Given a sequence (b;)i>o in an integral domain I,
the following four statements are equivalent specifications of a rectangular array C(n, k; (b;))
for alln,k € N:

1. With boundary conditions C(0, k; (b)) = o and C(n,0;(b;)) = bf for everyn,k € N,

C(n,k; (bi)) =C(n—1,k —1;(b;)) + bpC(n — 1, k; (b)), Vn, k € P; (1.28)

2. For everyn € N|
2" = O(nk; (b))p(x), (1.29)
k=0
where ¢o(x) = 1, and pi(z) := (x — bg)(x — b1)(x — be) -+ (& — bi_1), Vk € P;

3. For every k € N,

k
;Z;)C(n, k; (bi))z" = (1 —boz)(1— blx)(ﬁ o) (1= bpa) (1.30)
and
4. For every n,k € N,
C(n, k; (bi)) = Z pilopdpd ... plk, (1.31)
do+di1+--+dp=n—k

d;EN
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Proof. First, observe that each of the statements (1) through (4) uniquely defines a trian-
gular array (C(n,k; (b;)))nken. Thus, it will suffice to show that those arrays defined by
(2), (3), and (4) each satisfy the boundary conditions and recurrence given in (1).

(2)=(1):  Direct examination of (1.29) provides that the boundary condition
C(0,k; (b;)) = 0o is satisfied. Furthermore, C(n,0;(b;)) = by is clear from the annihi-
lation of the sum on the right-hand side of (1.29) that arises from the choice z = by.

The recurrence is trivially obtained from (1.29) when k£ > n, as both sides are 0. Thus,
we may assume that 1 < k < n. In this case,

Z C(n, k; <bz>)§0k(5€) =" =. xnfl

k>0

= 2) C(n— 1,k (b)oe(x)

k>0

= > C(n—1,k; (b)) pr(x)(a — by, + b)
k>0

= ZC’(TL — 1, k5 (bs) ) (ry1(w) + bripr(x))

k>0

= D (Cn—1,k = 15(bi) + bxC(n — 1, k; (b:))pr ().
k>0

Since {¢k(z)}r>0 is a basis of the algebra I[z], the recurrence in (1.28) follows by compar-
ison of coefficients.

(3)=(4): Given the column generating function in (1.30), applying the geometric series
identity k£ 4 1 times provides

Z C(n, k; (bi))z" = z* Z bgoxdo Z b‘flxdl .. Z bkadk

n>0 do>0 d1>0 di >0
_ do 7.d1 di . do+di++di+k
— E bR - bk
each d;>0

= Zq;” Z bgObclll_”bzk.

n>0 do+-+dr=n—k
d; €N
Comparison of coefficients of ™ produces (1.31).
(4)=(1): The boundary conditions of (1.28) are immediate from (1.31). When n,k € P,

however, the sum in (1.31) is split into two cases: when dp = 0 and when d; > 0. Noting
that n — k= (n— 1) — (k — 1), this gives

dod d doyd d
C(n, k; (bi)) = Z b"by" - b+ Z byby" - - by
do+-++dg_1=n—k do+-++dp=n—k
d;eN d; EN;dy €P
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— dO dl dk do d1 dk
= > bbb 4 by > blopsr .. b
do+--+dp_1=n—k do+-+dp=n—k—1

d; eN d; eEN
]

The values of the array C(n,k; (b;)) are the Comtet numbers associated with (b;);>o.
Also, the function @i (z) defined in the second point above is called the k™ falling factorial
function in (b;)i>o.

Observe that Theorem 1.2.1 reestablishes most of the results from Section 1.1 since from
C(nv k; <bz>)v

1. b; =1 gives the ordinary binomial coefficients,
2. b; =1, for all i € N, gives the Stirling numbers,
3. b; = ¢', for all i € N, gives the ¢-binomial coefficients, and
4. b; = i4, for all 7 € N, gives the Carlitz ¢-Stirling numbers.

The statement and proof of Comtet’s theorem as given here appear in [21] with little mod-
ification.

1.3 A Combinatorial Interpretation of the Comtet Numbers

As suggested by Wagner in [23], let (B;);>0 be a sequence of finite, pairwise disjoint sets,
with |B;| = b; for each ¢ € N. Then, for all n, k € N, let W(n, k; (b;)) denote the set of words
of length n — k in BoU---U By, so that for all 0 < ¢ < k — 1, every letter from the alphabet
B; precedes the letters from the alphabet B; 1. The term from ascending alphabets will be
used to mean that the letters in the words will be chosen in this manner.

Theorem 1.3.1. For all n,k € N and each sequence (b;);>o of nonnegative integers,
Wi, ks (b)) = C(n, ks (b)), (1.32)

Proof. For any word w € W(n, k; (b;)), for each i, if d; counts the number of letters in w
chosen from the set B;, then for all n, k € N,

IW(n, k; (b))| = > bbbk (1.33)
do+di+--+dp=n—k
d;eN
Then the result follows by (4) in Comtet’s Theorem 1.2.1. O

In particular, C(n,0; (b;)) = by for all n € N, and C(n, k; (b;)) =0if 0 <n < k.
Formula (1.33) may be rewritten in the form

C(n, k; (b)) = > biybiy - bi (1.34)

0<i1 <ig <o+ <ip <k
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by letting ij, for 1 < j < n — k, be the specific subscripts of the letters in a word
w € W(n,k; (b;)). So we see that C(n,k;(b;)) is the (n — k)** complete symmetric func-
tton in bo, bl, ey bk7.

Using (1.32), a combinatorial proof of (1.28) can be given when each b; € N. Recall
Equation (1.28): for all n,k € P,

C(n,k)=C(n—1,k—1)+b,C(n—1,k),
subject to the boundary conditions C(0, k) = dy 5, and C(n,0) = b, for all n,k € N.

Proof. On the RHS of (1.28), C(n— 1,k —1) counts those words in W(n, k) that contain no
letter from By, and biC'(n — 1, k) counts those that contain at least one letter from By. [

Before proceeding note that there is another pair of identities involving the Comtet
numbers that do not appear above and yet can be proved via this interpretation, see [8].
These are two variants on analogues of the “Hockey Stick Theorem.” The first will be
referred to as a diagonal variant while the second is called a vertical variant. Though they
can both be proved simply by repeatedly expanding one of the terms in the recurrence, to
prove them combinatorially it is helpful to introduce another perspective on the words in

Notice that W(n, k; (b;)) can also be represented as a union of the following sets: let
B; denote the set of words in W(n, k; (b;)) with the property that they contain at least
one letter from the alphabet B;. Then clearly W(n, k; (b;)) = By U --- U B. A convenient
way to express W(n, k; (b;)) is to reorganize the above in terms of the pairwise disjoint sets
By, BiB_1, BiBj,_Br—2, ..., B}, ---B{Bp, where concatenation denotes the intersection of
sets. Note that Bf ---Bj ;B;, comprises those words in W(n, k; (b;)) containing at least
one letter from B; but no letters from any B; with ¢ > j, for 4,j € [k — 1]¥, i.e. all of the
words in W(n, k; (b;)) with the property that the alphabet with the largest index among

the alphabets By, ..., By from which a letter appears is j. Thus, we claim that
Win, ks (b)) = (Be)O(BgBy—1)U- - (B - - BiBo), (1.35)
i.e., the sets By, BiBr_1, Bi.B;_Br—2, ..., By, --- B{Bp form a pairwise disjoint, exhaustive

class of subsets of W(n, k; (b;)).

Proof. Tt remains to show that these sets are exhaustive within W(n, k; (b;)). To do so, let
w € W(n, k; (b;)). Then suppose that the last letter in w, i.e. the letter from the alphabet
with largest index, is from Bj;. Then w € By - -- B}, B;. O

Now first among the Comtet Hockey Stick Theorems is the diagonal variant:

Theorem 1.3.2. Subject to the same boundary conditions given in (1.28), Vn,k € P,

k
C(n,k) = bejCln—1—j,k—j). (1.36)
j=0

"Henceforth, occasionally the sequence (b;);>o will be omitted to condense the notation, though it will
always be present when needed for clarity.
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Proof. The term by_;C(n—1—j,k—j) counts the words in B - - B, Bx—;, and so (1.36)
follows from (1.35). O

And second is the vertical variant,

Theorem 1.3.3. Subject to the same boundary conditions given in (1.28), ¥n,k € P,

C(n, k) = zn:bg‘j()(j —1,k—1). (1.37)
j=k

Proof. Among those words in W(n, k; (b;)), the term bZ’ij’(j — 1,k — 1) counts those in
which exactly n — j letters, necessarily the last n — j letters, are from the alphabet By. To
see this, choose a word in W(n, k; (b;)) end in n — j letters from Bj. Map that word to the
set W(j —1,k —1; (b;)) by deleting those n — j letters from Bj,. This map is a (b, ’)-to-one
surjection. [

1.4 Bijections to Familiar Structures and Combinatorial
Proofs for the Special Cases

For the purpose of connecting W(n, k; (b;)) with more familiar structures, we will use a
canonical representation of the letters forming the alphabets B;. Specifically, represent each
alphabet set B; (with |B;| = b;), by B; = {b;i1,bi2,...,bip, }. We adopt this convention to
be able to determine the alphabet for each letter directly by inspection: the first subscript
of each letter reveals to which alphabet it belongs.

1.4.1 The Binomial Coefficients
When b; = 1, the recurrence (1.28) takes the form

C(n,k; (1)) =C(n—1,k—1;(1)) + C(n — 1,k; (1)), for all n,k € P, (1.38)

subject to the boundary conditions C(0, k; (1)) = do, for all £ € N, and C(n,0;(1)) = 1.
These are the same recurrence and boundary conditions satisfied by the binomial coeffi-
cients, given in (1.6), and so C(n, k; (1)) = (}), so here the binomial coefficients enumerate
the words in the set W(n, k; (1)), i.e. words of length n — k in the ascending alphabets
ByU---U By, with each B; = {bi,l}-

Theorem 1.4.1. For every n,k € N, there is a bijection between W(n,k; (1)) and the set
of k-element subsets of [n].

Proof. In the cases when k > n, the map is ) — 0. When n = k = 0, the map is from the
empty word to the set containing (.

Now let n € P and 0 < k < n. Letting the j*" letter of a word w € W(n, k; (1)) be w; = b;. 1,
for j € [n — k|, define a map from W(n, k; (1)) to the k-element subsets of [n] by

Wiw ++ - Wp—f {Zl + 171'2 + 27 cee 7in—]€ +n— k}c (139)
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That this map is a bijection is clear from construction, though it bears mentioning that
since k is the largest value i, can take, and i1 can equal 0, that the image of this set is
indeed a k-element subset of [n]. O

As an aside, there is a second interpretation available from these words, yielding another
structure counted by the binomial coefficients essentially for free. Collecting, in order, the
sequence of initial subscripts of a word in W(n,k; (1)) provides the image of a function
f i [n— k] — [k]* that is monotonically increasing. Thus, the binomial coefficients count
the number of such functions.

Also, let w € W(n, k; (1)). Then if one takes account of d;, the number of letters in w
with initial subscript ¢, as ¢ ranges from 0 to k, then d; + do + - - - + di, = n — k, and there
is only one possible manifestation of w. For all n, k € N, this yields the formula

<Z> = 3 1. (1.40)

di+do+-+dp=n—k
d;EN

Furthermore, if the specific initial subscripts in w are 0 < 47 < 9 < -+ < iy < k,
then there is still only one possible manifestation of w, providing the similar formula

(Z) = 3 1, (1.41)

0<iy <ip <o+ <ip—p <k

also valid for all n,k € N.

Finally, the two variants on the Hockey Stick Theorem given in Theorems 1.3.2 and
1.3.3 take the forms, for all n,k € P,

(0-2("5) i

J

<Z> - ji: <‘]7f B 1) (1.43)

=k

and

both subject to the same boundary conditions given in (1.6).

In light of the proofs of Theorems 1.3.2 and 1.3.3 and the bijection (1.39) above, among
all k-element subsets of [n],

e the term (”;iJ_J) in (1.42) counts those in which all of the j elements of [n] larger
than n — j are present but n — j is not, i.e. n — j is the largest excluded element, and

e the term (ij) in (1.43) counts those in which the largest element of [n] present is j.

These interpretations are in agreement with the ones available by direction inspection of
(1.42) and (1.43) using the provided interpretation of the binomial coefficients.
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1.4.2 The Stirling Numbers

When b; = i, for all i € N, the recurrence (1.28) takes the form
C(n,k)=C(n—1,k—1)+kC(n—1,k), for all n,k € P, (1.44)

subject to the boundary conditions C(0,k) = dg, for all £ € N, and C(n,0) = 0, for all
n € P. These are the same recurrence and boundary conditions satisfied by the Stirling
numbers, given in (1.12), and so C(n, k; (i)) = S(n, k). Thus, the Stirling numbers also enu-
merate the words in W(n, k; (7)), i.e. the words of length n — k in the ascending alphabets
B; := {bi,l, bi72, ... ,bi,i}, fori e [k], taking note that By = 0.

Recall that RGF (n, k) is the set of restricted growth functions f : [n] — [k], i.e. sur-
jections f that are surjections with the property that the first occurrence of j precedes the
first occurrence of j + 1, for j € [k — 1], in the sequence (f(1),..., f(n)).

Theorem 1.4.2. There is a bijection between W(n,k;(i)) and RGF(n,k) for every
n,k € N.

Proof. When n =0, k=0, or k > n with n,k € P, the map is # — () in every case except
when n = k = 0, in which case the empty word maps to the trivial restricted growth function
that can be represented by the empty sequence. For n,k € P, with 1 < k < n, consider
the map from W(n, k; (i)) to RGF (n, k) defined for w € W(n, k; (i)) by first inserting the
k different values of [k] in increasing order into w so that all of the heretofore unplaced
elements of [k] up to j together with j are placed immediately before the first occurrence
of some letter in w from the alphabet B;. All remaining elements of [k] are placed at the
end of this expanded word, also in increasing order. Then map the resulting n-letter word
to a sequence of length n by taking the inserted elements to themselves and each letter b; ;,
of w to i, preserving the order in which they appear. This sequence is clearly unique to w
and can be understood as the image of a function f € RGF(n, k). O

A concrete example of this map is helpful for clarity:

Example 1.4.3. Let n =11 and k = 5. Consider the word
w =b1,1b32b31b310bs3b12 € W(11,5; (7). (1.45)
Then w maps first to
1 bl,l 23 b3’2 b3’1 b3,14 b4,3 b472 9, (1.46)
which is identified with the restricted growth function from the set [11] to the set [5]

(1,1,2,3,2,1,1,4,3,2,5). (1.47)

Observe also that if for a word w € W(n, k; (7)), one takes account of d;, the number of
letters in w with initial subscript ¢, as ¢ ranges from 1 to k, then dy +do+---+dp =n—k,
and there are 19129 ... k% possible manifestations of w. For all n,k € N, this yields the
formula

S(n, k) = > odordi ... g, (1.48)

do+di+-+dr=n—k
d;EN
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Furthermore, if the specific initial subscripts in w are 0 < 47 < 490 < -+ < i < K,
then there are i1is - - - i,,_ possible manifestations of w, providing the similar formula

S(n, k) = > Wi ik, (1.49)

0<iy <ip<oor<ip <k

also valid for all n,k € N.

Finally, the two variants on the Hockey Stick Theorem given in Theorems 1.3.2 and
1.3.3 take the forms, for all n, k € P:

k
S(n,k) =Y (k—§)S(n—1-jk—j), (1.50)
j=0
and .
S(n,k) =Y K"IS(j -1,k —1), (1.51)
j=k

both subject to the same boundary conditions as (1.12).

In light of the proofs of Theorems 1.3.2 and 1.3.3 and the bijection described in Theorem
1.4.2, among all elements of RGF (n, k),

o the term (k—j)S(n—1—j,k—j) in (1.50) counts those in which the last j values in the
image sequence are f(n—j+1)=k—j+1,..., f(n) =k, with either f(n—j) <k—j
or f(n—j—1) = f(n—j) =k j, and

e the term k" 7S(j — 1,k — 1) in (1.51) counts those in which the first occurrence of

f(i) = k in the image sequence is at i = j.

These interpretations are in agreement with the ones available by direction inspection of
(1.50) and (1.51) using the provided interpretation of the Stirling numbers in terms of re-
stricted growth functions.

1.4.3 The ¢-Binomial Coefficients
When b; = ¢%, Vi € N, the recurrence (1.28) takes the form

C(n,k) =C(n—1,k— 1)+ ¢"C(n — 1,k), for all n,k € P, (1.52)

subject to the boundary conditions C(0, k) = do, for all k£ € N, and C(n,0) = 1. These
are the same recurrence and boundary conditions satisfied by the g-binomial coefficients,
given in (1.20), and so C(n, k; (¢*)) = (Z)q. Thus, here the g-binomial coefficients count the

words in W(n, k; (¢')), i.e. words of length n — k in the ascending alphabets By U - - - U By,
with each B; := {b;1,b;2,...,b; ;i }. This interpretation is valid for every ¢ € P and can be
extended to every ¢ € N by taking B; = () when ¢ = 0 and 7 # 0.
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A bijection between these words and the set of k-dimensional linear subspaces of Fy
would be desirable. One can be forced, though it is unsatisfactory, by considering the vec-
tor spaces in terms of £ x n echelon matrices with entries in F, with all rows nonzero and
using the lexicographical order.

Note that for w € W(n, k; (¢*)), if one takes account of d;, the number of letters in w
with initial subscript i, as ¢ ranges from 0 to k, then di +ds+- - - +di = n—k, then there are
qOdot1di+2dattkdr 1yog5ihle manifestations of w. For all n, k € N, this yields the formula

(Z) _ Z 0o+ 1di+2dy -ty (1.53)
q

di+do+--+dr=n—k
d; EN

Furthermore, if the specific initial subscripts in w are 0 < 47 < 49 < -+ < i < K,
then there are ¢*1+2++in—k possible manifestations of w, providing the similar formula

<Z> = Z qi1+i2+"'+in—k’ (1.54)
q

0<i1<ig<-+<ip <k

also valid for all n,k € N.

In addition, the two variants on the Hockey Stick Theorem given in (1.3.2) and (1.3.3)
take the forms, for all n, k € P:

(1), % (), 159
and <Z>q _ ]Z:;qk(n_j) <2 - Dq (1.56)

both subject to the same boundary conditions as (1.20).
By the symmetry of (Z)q, there is another variant of each ¢-binomial Hockey Stick
Theorem:

Theorem 1.4.4. For alln,k € N and an indeterminate q,

(%)= zq (i01). (1.57)

k .
n i (N — 1 —
<k> =3 g k)( ! J) , (1.58)
a  j=0 J /g

subject to the same boundary conditions as (1.20).

and

Proof. To see (1.57), consider (1.55) and apply the symmetry of the g-binomial coefficient
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along with a top-down summation:

i n—1—j b n—1—y
k— - k—j -

E q < ) = E q < >

o —J q = n—l—kq

N e 1
Zq (n—k—l)tl'

j=n—k

Interchanging the roles of k and n — k yields (1.57).
To see (1.58), consider (1.56) and apply the symmetry of the g-binomial coefficient along
with a top-down summation:

— kn ]—1) _ - k:(n—j)(j_1>
> g ( jz::kq k),

J=k

Interchanging the roles of k and n — k yields (1.58). O

These are not explained by (1.3.2) and (1.3.3). In fact, they are special to (Z)q and do
not apply to C(n, k; (b;)) in general since C'(n, k; (b;)) is not symmetric in k and n — k for
an arbitrary sequence (b;);>0.

1.4.4 The Carlitz ¢-Stirling Numbers

When b,, = ng, for all n € N, the recurrence (1.28) takes the form
C(n,k)=C(n—1,k—1)+k,C(n—1,k), for all n,k € P, (1.59)

subject to the boundary conditions C'(0,k) = do, for all £ € N, and C(n,0) = 0, for
all n € P. These are the same recurrence and boundary conditions satisfied by the Car-
litz g-Stirling numbers, and so C(n, k; (iy)) = Sy(n, k). Thus, S,(n, k) counts the words in
W(n, k; (iy)), i.e. the words of length n — k the ascending alphabets By U- - - U By, with each
B; = {bi1,bi2,...,bi;,}, taking note that By = () need not be included. This is valid for
any q € P.

Since the words in W(n, k; (7)), counted by S(n, k) have a connection to restricted growth
functions, it would be nice if the words in the g-analogous W(n, k; (i4)) do as well. Such a
connection can be had in a new way by extending the notion of a restricted growth function
in a way that slightly relaxes the usual notion of restricted growth, which will apply when-
ever ¢ € P. For notational convenience, the notation [j,] := [j,] — [(j — 1)4], Will be applied.

Forn,k € N and g € P, let

RGF(n,k;q) = {f i [n] — [kq] : the first occurrence of an element in
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[74) precedes the first occurrence of an element in [(j 4 1),],

Vj € [k], with at least one element from each [j,] present}

be the set of g-analogized restricted growth functions, more conveniently referred to as g

restricted growth functions®.

Refer to those g restricted growth functions in which the first appearance of an element

belonging to each [j4] is the largest possible among those, i.e. j4, by canonical g-restricted
growth functions. Denote the set of these by RGF*(n, k;q).

Remark 1.4.5. For alln,k € N and any q € P,

[RGF(n, k;q)| = =) |[RGF*(n, k: q)]. (1.60)
Proof. This follows since there are ¢’ ! possible choices for a first element belonging to m
for each j € [k]. 0
Hence,

Theorem 1.4.6. For every n,k € P,
IRGF*(n, k; q)] = Sy(n, k). (1.61)

Proof. The method of proof will be to show that there is a bijection from the words in
W(n, k; (ig)) to RGF*(n, k;q). Observe first that only the subscripts of the letters of the
words matter, as they are all b’s. In fact, given such a word, it can be represented instead
as a sequence of ordered pairs of the form

((1, 2'171), (1, ’il’g), (1, il,dl), (2, ig,l), (2, i2’2), ey (2, i27d2), ..
(/{, ik,l)a (k‘, ’L'kg), RN (k‘, ikdk)) , (1.62)

where each i) ,,, € [l;]. Now, into that sequence, insert j, along with i, for every i < j not
yet inserted immediately before the first instance of an ordered pair with first term j, for
each j € [k]. If the largest first term is less than k, then the remaining numbers of the
form i, should be placed in increasing order at the end. Since the sequence (1.62) is of
length n — k, and k values have been added, the result is a sequence of length n. Finally,
map the resulting sequence to a canonical ¢ restricted growth function, here represented by
a sequence (81,82, ...,Sy,) in which those items that are not ordered pairs are mapped to
themselves and those that are get mapped to their second components. ]

Corollary 1.4.7. By Remark 1.4.5 and Theorem 1.4.6, for all n,k € N and q € P,
RGF(n. ki )| = 2) 5, (n, k). (1.63)
The numbers q(g)gq(n, k) are often denoted by Sy (n, k). In this work they have the in-
terpretation of counting the g restricted growth functions from [n] to [k4]. Further discussion

8Note that one must take care with the term “g restriction” and realize it is applied for brevity
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of Sy(n, k) is omitted since they are not Comtet numbers®9.

Observe that for w € W(n, k, (iq)), if one takes account of d;, the number of letters in w
with initial subscript 4, as ¢ ranges from 1 to k, then dy +ds+- - - +di = n—k, and there are
(15)%1(24)% - - - (kq)® possible manifestations of w. For all n, k € N, this yields the formula

Sq(n k) = > (1g)™ (29)™ -+~ (k)™ (1.64)

di1+da+--+dr=n—k
d;EN

Furthermore, if the specific initial subscripts in w are 0 <71 <9 < -+ <4y, < k, then
there are (i1)q(i2)q - - - (in—)q possible manifestations of w, providing the similar formula

Sqln, k) = > (i1)q(i2)g - - (in—k)q> (1.65)

0<iy i<+ <ip <k

also valid for all n,k € N.

Finally, the two variants on the Hockey Stick Theorem given in (1.3.2) and (1.3.3) take
the forms, for all n,k € P:

k
7=0
and .
Saln k) = S (k)5 — 1,k — 1), (1.67)
j=k

both subject to the same boundary conditions as (1.26).

In light of the proofs of Theorems 1.3.2 and 1.3.3 and the bijection in the proof of
Theorem 1.4.6, among all elements of RGF(n, k),

e the term (k — j)gSy(n —1 — j,k — j) in (1.66) counts those in which the last j values
in the image sequence are f(n —j+1) = (k—j)g+ 1, ..., f(n) = k, with either
fn=13) <(k—j)gor f(n—j—1)= f(n—j)=(k—j)g and

e the term (k,)"7S,(j — 1,k — 1) in (1.67) counts those in which the first occurrence
of f(i) = (k — 1), in the image sequence is at ¢ = j.

Observe that these interpretations could be arrived at by direct inspection of (1.66) and
(1.67).

9For further reading on the subject, see [14] or [19]
10The above construction and proofs apply to a class of restricted growth functions counted by the fully
general Comtet numbers by replacing each j, with b;, mutatis mutandis.
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1.5 Additional Examples From Comtet’s Note

In Comtet’s paper [4], he gives a series of examples of what are now called Comtet numbers
on the first page, most with combinatorial interpretations. Two such (related) examples
are, in the present notation, C'(n, k; ((24)2)) and C(n, k; ((2i + 1)?)), which he states count
the partitions of [2n] into 2k blocks (respectively of [2n + 1] into 2k + 1 blocks) where the
block cardinality of each block is odd. Since he does not offer proofs of these statements,
the goal of this section will be to give such verification explicitly. Our notations for these

sets will be HSL) o and HSL) +1.2k41> Tespectively.

To see Comtet’s claim, what needs to be established is that the given structures sat-
isfy the recurrences and boundary conditions of C(n,k;{((2i)?)) and C(n,k; ((2i + 1)2)).
Specifically,

C(n, k; ((20)%) = C(n — 1,k — 1;((20)?)) + (2k)*C(n — 1, k; ((2i)?)), (1.68)
and
C(n,k; (2 +1)%) = C(n— 1,k —1;{(2i + 1)*)) + (2k + 1)*C(n — 1, k; ((2i + 1)%)), (1.69)
both subject to the boundary conditions C(n,0; (-)) = 6, and C(0,k; (-)) = do -

Proof. Since the two separate cases given in (1.68) and (1.69) are proved similarly, mutatis
mutandis, only the case in which b; = (2i)? will be proved explicitly. Furthermore, the
boundary conditions are obvious, following just as in the case for the Stirling numbers.

Among those partitions m € Y

on.9s consider separately the disjoint, exhaustive cases

when
1. both of the elements 2n — 1 and 2n of [2n] appear in blocks of cardinality 1;
2. the elements 2n — 1 and 2n occupy the same block; and

3. the elements 2n — 1 and 2n occupy distinct blocks not both of which are singletons.

Given a partition in Hgil)% described in the first of these cases, consider the bijection

to ng)—z%—z given by deleting from the end of that partition the two singleton blocks
containing the elements 2n — 1 and 2n. Thus, there are C(n — 1,k — 1;((24)?)) partitions
of [2n] into 2k blocks, each with odd cardinality, in which the elements 2n — 1 and 2n both
appear in a block with cardinality 1.

Given a partition in Héil) o described in the second of these cases, consider the map to

Hél)_2 o given by deleting the elements 2n — 1 and 2n from whichever of the 2k blocks that

thgy appear together in, resulting in a block with odd cardinality.

Given a partition in Hég% described in the third case, consider the map to ng)—z,% given
by deleting the elements 2n — 1 and 2n from whichever distinct two of the 2k blocks that
they appear in, which results in those two blocks each having even, nonzero cardinalities.
In that case, examine the two blocks that contained 2n — 1 and 2n, and among those
two blocks, move the smallest element among them to the other block so that both have

odd cardinality. The map that considers both of the second and third cases together is a
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(2k)2-to-1 surjection from H; )zk to H( ) _995» and thus there are (2k)2C(n — 1, k; ((21)?))
partitions in this class. ]

Comtet offers a related example for when the block cardinalities are even, stating that
(2k — 1)C(n, k; (i%)) counts the partitions of [2n] into k nonempty blocks where the block
cardinality of each block is even!!. Our notation for this set will be Hg?l) - Note that these

numbers are not, themselves, Comtet numbers.

To see this, observe that a two-term recurrence can be derived algebraically from the
expression Ev(n, k) := (2k — 1)!'C(n, k; (i%)) via the recurrence for C(n, k; (i2)) :
For all n, k € P,

Ev(n,k) = 2k — 1)Ev(n — 1,k — 1) + k®Ev(n — 1, k), (1.70)
subject to the boundary conditions Ev(n,0) = 6,0 and Ev(0, k) = o .

Then what needs to be established is that the given structure satisfies the recurrence
and boundary conditions of (1.70).

Proof. The boundary conditions are clear.
Let n, k € P, and consider the following four-part partition of ngl) i - Let
e [J; denote the set of those partitions in ng)m) i that have both of 2n—1 and 2n appearing
together in a single block of cardinality 2;

e I denote the set of those partitions in H( )k: that have 2n — 1 and 2n appearing
in different blocks, at least one of which has cardinality 2, organized so that when
exactly one of those blocks has cardinality larger than 2, that larger block follows the
block of cardinality 2 in a left-to-right scan;

e 5 denote the set of those partitions in H( ) .k that have both of 2n—1 and 2n appearing
together in a block of cardinality larger than 2; and

e I, denote the set of those partitions in H( )k that have 2n — 1 and 2n appearing
in different blocks, at most one of which has cardinality 2, organized so that when
exactly one of those blocks has cardinality 2, the larger of the two blocks precedes the
block of cardinality 2 in a left-to-right scan.

Then,

e the map F; — HgS?_Q s_1 given by deleting the block containing 2n — 1 and 2n from
the partition is a bijection;

e the map Fy — Hg;)_2 x_1 given by deleting 2n — 1 and 2n from the partition and then
unifying the resulting two blocks of odd cardinalities is a (2k — 2)-to-one surjection;

e the map F3 — H( ) _o, 8lven by deleting 2n—1 and 2n from the partition is a k-to-one
surjection; and

"'The notation n!! is read “n double-factorial” and means n(n — 2)(n — 4)---2 when n is even and
n(n —2)(n —4)---1 when n is odd.

25



e the map Fy — Hg%)_Q i given by deleting 2n — 1 and 2n from the partition and
subsequently moving the smallest element from among those two blocks to the other!?
is a k(k — 1)-to-one surjection.

Combined, these four maps will establish the recurrence (1.70). Notice that the claims on
the maps E; — HSB—Q w_q and B3 — H;?B_Q i are clear.

(0)

To verify the claim on the map Ey — H2?1—2 s_1» Dote that an arbitrary partition in

Hg;l2 x_1 has the form {Bi|---|By_1} with each |B;| even. Then a member of Ey can be
obtained from any such partition by choosing any of its & — 1 blocks and replacing that
block’s smallest element with one of 2n—1 or 2n and then forming a new block of cardinality
2 composed of that displaced element and the other of 2n — 1 and 2n. This new block will
necessarily appear to the left of the block containing the other of 2n — 1 and 2n.

To verify the claim on the map F; — HS;)_Q 1> hote that an arbitrary partition in Hg?l)_Q K
has the form {B1]---|Bj} with each | B;| even. Then a member of E, can be obtained from

any such partition by first choosing any of the k£ blocks to insert 2n — 1 into and then any
of the remaining k — 1 blocks to insert 2n into, i.e. there are k(k — 1) ways to insert both
2n — 1 and 2n into the partition in different blocks. Notice that the resulting partition
will have exactly two blocks with odd cardinalities of at least 3. To remedy this, move the
smallest element among these two blocks to the other. As a result, should this generate a
block containing one of 2n — 1 or 2n and having cardinality 2, then it will necessarily be to
the right of the (larger) block that contains the other of 2n — 1 and 2n. O

12Note that the designated smallest element originally appears in a block with cardinality 4 or greater due
to the construction of Fj.
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Chapter 2

Lancaster’s Theorem

2.1 Similar Arrays Outside of Comtet’s Unification

2.1.1 The Cycle Numbers

Let n,k € N and define P(n, k) to be the set of permutations of [n] with exactly k cycles
when written in cycle notation. Then denote the cycle numbers!' by c(n, k) := |P(n, k)|. By
convention, assume the elements of P(n, k) are canonically written, as follows:

e the elements appearing in each cycle are ordered so that the least among them appears
first, and

e the cycles themselves are listed in increasing order of their least (here: initial) ele-
ments.

It follows that

Theorem 2.1.1. For alln,k € P,
cnyk)=cn—1,k—1)+ (n—1)c(n — 1, k), (2.1)
subject to the boundary conditions c(0, k) = 6o for all k € N and ¢(n,0) =0 for alln € P.

Proof. The boundary conditions are clear, noting the empty permutation in the case
n=Fk=0. Also when k > n, P(n,k) = 0.

Thus, assume 1 < k < n. Among those permutations in P(n, k), observe c(n — 1,k — 1)
counts those in which the cycle (n) appears (necessarily last), appended to the end of any
permutation in P(n — 1,k — 1).

On the other hand, (n — 1)c(n — 1, k) counts those in which the element n appears in
a cycle with at least one other element. This is so because given a permutation in P(n, k),
the element n could be located in a position following any of the other n — 1 elements, inside
the same cycle as the element it follows. Deleting n from the permutation is therefore an
(n — 1)-to-one surjection onto P(n — 1, k).

O

!These are frequently called the signless Stirling numbers of the first kind. The name used here reflects
the given combinatorial interpretation.
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From the recurrence in Theorem 2.1.1, we derive the following formulas:
First,

Theorem 2.1.2. For alln,k € N,

2" = c(n, k). (2.2)
k=0

Proof. Induct on n. For n = 0, the formula (2.2) is satisfied in the form 1=1.
Let n € P. Then

i
L

n

> eln, k)t = (c(n—1,k—1)+ (n— 1eln —1,k)) 2*
k=0 k=0
n—1 n—1
= Zc(n —1,k—1)z* + Z(n —e(n —1,k)z"
k=1 k=0
n—1 n—1
= e(n—1,k)zF ! + Z(n —1e(n —1,k)z"
k=0 k=0
n—1 L B
= (z+n-1) ch—lk =(x4+n—-1) 2"t =2"
k=0
O
Second,
Theorem 2.1.3. For all n, k € P,
k
c(n,k):Z(n—l—j)c(n—l—j,k—j), (23)
j=0
subject to the same boundary conditions as (2.1).
Proof. Repeatedly expand the term with the unit coefficient in (2.1). O

And third,
Theorem 2.1.4. For alln,k € N,
n .
cln, k) =Y e(j =1,k —1)(n—1)24, (2.4)
j=k
subject to the same boundary conditions as (2.1).
Proof. Repeatedly expand the term with the (n — 1) as its coefficient in (2.1). O

The formulas (2.1) through (2.4) are similar to the recurrence and connection-constants
formulations of Comtet’s theorem, (1.28) and (1.29), along with the Hockey Stick theorems
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for the Comtet numbers, (1.36) and (1.37)2. Observe, however, that the cycle numbers are
not Comtet numbers.

2.1.2 The Lah Numbers

Perhaps the proper motivation for the Lah numbers is their role in completing the sym-
metry in the connection-constants formulations for the Stirling and cycle numbers. Recall
Equations (1.9) and (2.2):

For all n,k € N,

" = S(n, k)zk.
k=0

2" = Z c(n, k)z*.
k=0

Ivo Lah sought to combine these by considering the connection constants between the
rising and falling factorial polynomials [13]. Thus, the numbers now bearing his name can
be defined for all n, k € N by

" = i L(n, k)zk. (2.5)
k=0

To maintain the symmetry of these subsections, however, the Lah numbers will be defined
herein combinatorially instead, deriving (2.5) as a result below.

Let n,k € N and define ﬁnk to be the set of partitions of [n] into k£ nonempty
blocks where each block is equipped with a linear order, and denote the Lah numbers
by L(n,k) := ‘ﬁnk‘ . By convention, assume the elements of ﬁnk are canonically written
so that the blocks are listed in increasing order of their smallest elements.

It follows that
Theorem 2.1.5. For alln,k € P,

Lin,k)=L(n—1,k—1)+ (n+k—1)L(n — 1,k), (2.6)

subject to the boundary conditions L(0,k) = 0o i for all k € N and L(n,0) =0 for alln € P.

Proof. The boundary conditions and case when k > n are clear.

When 1 < k < n, among all partitions in ﬁn,k, notice first that L(n — 1,k — 1) counts
those in which the k*® block contains only n by the bijection that deletes that k" block and
the element n from the partition.

On the other hand, (n + k — 1)L(n — 1, k) counts those in which n appears in a block
with at least one other element. To see this, choose a partition in ﬁnk and delete n. Note
that n could appear following any of the n — 1 other elements (and appearing in the same
block as the element it follows) or as the initial element of any of the k blocks. Thus, this
map is a (n — 1 + k)-to-one surjection onto ﬁn—l,k- O

2The formulas given in this section are all well-known, appearing with similar proofs in [8], for example.
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Recovering (2.5) from the recurrence is similar to the proof of Theorem 2.1.2:

Theorem 2.1.6. For alln,k € N,

- n
2" =Y Ln, k)z.
k=0

Proof. Induct on n. For n = 0, the formula (2.5) is satisfied in the form 1=1.
Let n € P. Then

n n—1
> Lin, k)t = (Lin—1,k—1)+ (n+k—1)L(n—1,k)) z®
k=0 k=0
n—1 n—1
= > Lin—-Lk-1ak+d) (n+k-1)L(n—1, k)2t
k=1 k=0
n—1 n—1
= Lin - 1,k)z* L 4> " (n+ k- 1)L(n — 1,k)z*
k=0 k=0
n—1

O
As with the cycle numbers, the Hockey Stick theorems also hold:
First,
Theorem 2.1.7. For alln,k € P,
k
Lin,k) =Y (n+k—1-2j)Ln—1-jk—j), (2.7)
j=0
subject to the same boundary conditions as (2.6).
Proof. Repeatedly expand the term with the unit coefficient in (2.6). O
And second,
Theorem 2.1.8. For all n,k € P,
n .
L(n,k) =Y L(j—1,k-1)(n+k—1)", (2.8)
=k
subject to the same boundary conditions as Theorem 2.1.5.
Proof. Repeatedly expand the term with the coefficient (n — 1+ k) in (2.6). O

The formulas (2.5) through (2.8) are also similar to those arising in the recurrence and
connection-constants formulations in Comtet’s theorem, (1.28) and (1.29), along with the
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Hockey Stick theorems for the Comtet numbers, (1.36) and (1.37)3. Notice, however, that
the Lah numbers are not Comtet numbers.

As a last note about the Lah numbers, consider another interpretation for them anal-
ogous to the restricted growth functions counted by S(n, k). Wagner, in [19], puts forth
functions he calls Lah restricted growth functions, defined by first associating with each
partition of [n] into k& nonempty blocks, each with a linear order (with no canonical order-
ing assumed), a sequence

((Ul,pl)y--w(umpn)), (29)

where u; denotes the number of the block in which ball i is placed, and p; its position in
that block?. Then, he notes that in each sequence (2.9), the pair (j,1) occurs exactly once
for every j € [k|. Letting ((ut,,1),...,(ut,,1)) denote the subsequence of all such pairs,
then he shows

((ulapl)w--a(umpn)) = (ut17"‘7utk) (2.10)

maps from such sequences to the set of permutations of [k]. Moreover, each permutation
arising in this way has L(n, k) preimages in the set of sequences of the form (2.9) with
respect to the map (2.10). The preimages of the permutation (1,2,...,k), are what he
calls Lah restricted growth functions. The nomenclature is justified since for the choice
(1,2,...,k), the preimages in question are those sequences of the form (2.9) in which (7, 1)
precedes (j + 1,1) for all j € [k — 1] (in a left-to-right scan).

2.2 Lancaster’s Algebraic Unification

For the purposes of the ensuing discussion, consider two sequences (a;);>o and (b;);>0 in an
integral domain I, and, following Lancaster in [8], from them define the following general-
izations of the rising and falling factorial polynomials:

For each sequence (a;);>0 in I, define

n—1
pule) = [[ (@ + a2, (2.11)
i=0
and, for each sequence (b;)i>o in I, define
n—1
on(x) =[] (z = bi). (2.12)
i=0

In his master’s thesis, Lancaster defined and used these polynomials to study the array
that acts as their connection constants. In doing so, he introduced a way to unify Comtet,
cycle, and Lah numbers, along with the mentioned ¢-generalizations, from a single recur-
rence.

3The formulas given in this section are all well-known, appearing, for instance, in [8].

*Wagner actually uses an equivalent formulation of the structure counted by the Lah numbers given in
terms of distributions of n labeled balls in & unlabeled urns. The connection between the two is given by
letting the blocks be considered urns and the elements in the blocks be considered balls.
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Given any pair of sequences (a;);>0, (b;)i>0 in an integral domain I, and for all n, k € N,
define an array (A(n, k; (a:), (b)), x>0 S0 that

pa(@) =D Aln, k; (as), (b)) ok (), (2.13)
k>0
and call them the Comtet-Lancaster numbers® associated with the sequences (a;)i>0, (b;)i>0-

Remark 2.2.1. Forn,k € N with k > n, A(n, k; (a;), (bi)) = 0, for every pair of sequences
(ai)i>0, (bi)i>0 in an integral domain I.

To condense the notation, henceforth the references to the particular sequences will occa-
sionally be omitted unless clarification is necessary, and furthermore, the Comtet-Lancaster
numbers will henceforth be referred to as the C-L numbers, for brevity.

Then,

Theorem 2.2.2 (Lancaster’s Theorem). Given sequences (a;)i>o and (b;)i>o in an inte-
gral domain I, the rectangular array (A(n,k)), x>o can be specified in the following threed
equivalent ways:

1. For all n,k € N,
pu() = Aln, k)pr(x); (2.14)
k>0
2. For alln,k eP,
A(n, k) =An— 1,k — 1)+ (ap—1 + bg)A(n — 1, k), (2.15)

subject to the boundary conditions A(0,k) = o and

n—1
A(n,0) = H(ai +bo) for alln,k € N;
i=0
3. For alln,k € P,
n n—1
A(n k) =Y A — 1,k —1) [ (i + bx), (2.16)
i=k i=j

subject to the same boundary conditions as 2.15.
Lancaster gives the following proof of his theorem in [8]:

Proof. (1)=-(2): Suppose n € P. Then

Y Al k)pr(z) = pul(@) = pui1(x)(z + an-1)

k>0

®In [8] Lancaster refers to these numbers as the SLC Numbers of the second kind where SLC stands for
Stirling-Lah-Comtet.

SLancaster actually presents four equivalent conditions here, the fourth applying a difference operator
approach. Further, there is a fifth condition in the special case when the b;’s are all distinct numbers in C.
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— ZA(n—l,k:)gpk(x) (z + ap—1)

k>0
= > A(n— L k)gp(x) (@ — be + b + an_1)
k>0
= > Aln—1Ek)ep(@) (@ —br) + > Aln — 1, k)pg(x) (b + an-1)
k>0 k>0
= > An—1E)epr(z) + > A —1,k)pp() (0 + an-1)
k>0 k>0
= ZAn—l k—1)ok(x —i—Zanl—i—bk (n—1,k)er(x).
k>1 k>0

By equating coefficients of ¢ (z),” for all n, k € P, the recurrence in (2.15) is established. As
for the boundary conditions, the first is obvious since pg(x) = 1 and the second is obtained
by iterating, noting that ¢g(z) =1 as well.

(2)=(1): Induct on n. First, when n = 0, A(0, k) = 0 by the boundary conditions, so it
follows that

po(x) = 1= A(0,k)px(x).

k>0

Hence, we may assume that the recurrence in (2.15) holds for row n — 1. So,

pn() = pn—1(z)(T + an-1) ZA n—1,k)pr(x)(x — by + an—1+ by)

k>0
= > Aln—1E)ep(@)(@—br) + > A(n — 1, k)pr(x)(an—1 + by)
k>0 k>0
= > An—1LE)ep(z) + > (an-1+bp)A(n — 1, k)pp(x)
k>0 k>0
= ZA(n — 1,k —1)pp(z) +
k>1
Z(anfl + bk)A(n - 1a k)(pk(m) + A(n - 1’ O)(anfl + bO)
k>1
= ZA(n,k:)@k( )+ A(n,0) = ZAnk:cpk
k>1 k>0

(2)=-(3): Since the boundary conditions for both recurrences are the same, assume that
n, k € P. Then,

n—1
ZAja Haz+bk)
i=j

n

n—1
= D (AG =1L,k =1+ (aj1 +bp)AG — 1K) [ ] (a5 +bw)
j=k i=j

"The polynomials @, (x) form a basis for the algebra I[x]. This can be seen, for instance in [8].

33



n n—1 n n—1
= Y AG-Lk=1D)]](@i+b)+> AG—1Lk) ] (ai+be)
=k i=j j=k i=j—1
n n—1 n—1 n—1
= > A - Lk—1)[](ai+b) + A(j, k) T [ (ai + br)
j=k i=j j=k—1 i=j
n n—1 n—1 n—1
= > AG -1 k=1 J[(a+be)+ D> AGK) [ ] (@i + bi),
j=k i=j j=k i=j
the last equality holding since A(k — 1,k) = 0. Thus,
n n—1
A(n k) = AG =1,k —1) [ (i + bx).
i=k i=j
(3)=(2): Again, assume n, k € P. Then
n n—1
A k) = Y AG-1Lk—1) [ (a+be)
j=k i=j
n—1 n—1
= An-Lk-1)+> AG—1,k—1) [[(ai+bx)
j=k i=j
n—1 n—2
= A =1k =1) 4 (an1+b) > AG =1k —1) [](ai+bs)
Jj=k i=j

= A(n—1,k—1)+ (an—1 + bx)A(n — 1,k) by (3).
O

Though Lancaster doesn’t mention it, the diagonal variant of the Hockey Stick theorem
also applies and is equivalent to the three conditions given above:

Theorem 2.2.3. For all n,k € P and any pair of sequences (ai)i>o and (b;)i>o in an
integral domain 1,

k
A, k) = (an—jo1 + be—j)Aln =1 — j, k — j), (2.17)
§=0

subject to the same boundary conditions as (2.15).
Proof. Repeatedly expand the term with the unit coefficient in the recurrence (2.15). O

Note that Lancaster’s Theorem reestablishes many of the results from Section 2.1 while
unifying them with the Comtet numbers, as shown in [8]. For examples,

1. A(n, k;(0), (b;)) = C(n,k; (b;)) for all n, k € N with the specific manifestations thereof
discussed previously in Section 1.2.

2. A(n, k; (i), (0)) = ¢(n, k) for all n,k € N.
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3. A(n, k; (i), (i)) = L(n, k) for all n,k € N.

2.3 Combinatorial Interpretations of the Comtet-Lancaster
Numbers

2.3.1 Symmetric Polynomials

Let Cj(bo,...,bn) denote the complete symmetric function of degree j in the variables
bo, ..., bm, and &;(ao, . . ., am) denote the elementary symmetric function of degree j in the
variables ag, ..., am,, i.e., let

Ci(boy- - bm) = D by b, (2.18)

0<i1 <...<i;<m

and

Eilao, ... am) = > @iy ---a. (2.19)

0<i1<...<i;<m

Hence, following [23],

Theorem 2.3.1. For all n,k € N and each pair of sequences {(a;)i>0, (bi)i>0 in N,
> Enjlao,. .. an—1)Cin(bo, - -, br) = A(n, k; (@), (bi)). (2.20)

Proof. Recall p,(x) given in (2.11) and ¢, (x) given in (2.12), the polynomials for which
A(n, k; (a;), (b;)) act as connection constants by Lancaster’s Theorem 2.2.2. We will demon-
strate that the left-hand side of (2.20) plays the same role for any n € N.

It is a well-known result [24] that

Zen _i(ag, .-y an_1)a? (2.21)

Applying applying (1.29) of Comtet’s Theorem, along with (1.34) and (2.18), to (2.21) gives

pn(.%') = Z <<€n —j CL(), ey Qp—1 ZCJ lc bo, . ,bk)qﬁk(az)) . (2.22)

Jj=0 =0

Finally, by interchanging the order of summation in (2.22), we arrive at

n n
=> D & jao,...,an1)Ci—k(bo, ..., bx) | Pr(), (2.23)
k=0 \j=k
which establishes the result by Lancaster’s Theorem. ]
It is easy from this fact to see that &,_;(ao,. .., an—1) counts the words of length n—j in

the alphabets AgU---U A,_1 in which a word of length 0 or 1 in Ag appears first, followed
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by a word of length 0 or 1 in Aj, and so on, finally followed by a word of length 0 or 1
in A,_1. By the main result in Section 1.3, recall that C;_;(bo, ..., b;) counts the words of
length k& — j in the ascending alphabets By U --- U By.

Therefore, let (A;)i>0 and (B;)i>0 be two sequences of finite, pairwise disjoint sets, with
|A;| = a; and | B;| = b; for each i. Then, for all n € N, CL(n, k; (a;), (b;)) will denote the set
of words of length n — k in AgU---UA,_1UDBgU---U DBy so that

1. for all 0 < i < n — 1 no more than one letter from any A; appears, and each letter
from the alphabet A; precedes the letters from any subsequent A;, i < j <n —1, as
well as all of the letters from the alphabets B;, i € [k]*, if any appear, and

2. for all 0 < i < k — 1, every letter from the alphabet B; precedes the letters from the
alphabet B;i1, for i € [k — 1]*.

The terms from strictly ascending alphabets and from ascending alphabets will be used to
mean the manner in which the letters can be chosen from the alphabets labeled with A’s
and B’s, respectively.

Then,

Theorem 2.3.2. For all n,k € N, and for any pair of sequences (a;)i>o0, (bi)i>o0 in N,
|CL(n, k; (as), (bi))| = A(n, k; {ai), (bi))- (2.24)

Proof. This fact follows by first considering separately the cases in which there are precisely
n — j letters appearing from alphabets labeled with A, for each j € [k], the remaining j — k
letters coming from alphabets labeled with B and then applying Theorem 2.3.1. O

Since the set CL(n, k; (a;), (b;)) is complicated in structure, it is helpful to consider the
following, as in [23]:

If for all 0 < i < n — 1, A; denotes the subset of CL(n,k; (a;), (b;)) characterized by
containing at least one letter from the alphabet A; and similarly if for all 0 < i < k, B;
denotes the subset of CL(n, k; (ai), (b;)) characterized by containing at least one letter from
the alphabet B;, then for all n,k € N and any pair of sequences of nonnegative integers
(a;)i>0 and (bi)i>o,

Cﬁ(n, k; <ai>, <bz>) =AgU---UA,_1UByU---UB. (2.25)

The sets combined in this union are clearly not disjoint, so consider instead the following
expression for CL(n, k; (a;), (b;)), letting U denote disjoint union and concatenation represent
set intersection, as previously:

(An—1)U(AG 1 An—2)U - - U(AT - - - AT AQ)U(AG g - - - AGBg)U
(Af—y - AGBEBy—1)U - - U(AG - - AGBY; - - BiBo). (2.26)

To see this claim,

Proof. Tt is clear that the sets in (2.26) are indeed disjoint. They are also exhaustive in
CL(n, k;{a;), (b;)), so that, in fact, (2.26) is a representation for that set. To establish
this fact, let w € CL(n, k; (a;), (b;)), and consider two cases. First, if w contains a letter
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from some alphabet A;, for j € [n — 1]*, then let Aje denote the alphabet with the largest

index among the alphabets A; for which w contains a letter. Then w € Af_; -- 'AEH.Aj.
Second, if w contains no letters from any of the alphabets Aj;, for j € [n — 1]*, then it

must be comprised entirely of letters from the alphabets By, ..., Bg. Let Bj. denote the
alphabet with the largest index among the alphabets B; for which w contains a letter. Then
we A, - AGBf - B§+153. Hence, w is in the union in (2.26). O

Then the the recurrence (2.15) can be shown combinatorially when (a;);>0 and (b;)i>0
are sequences in N. Recall for all n, k € P,

A(n, ki (aq), (b)) = A(n — 1,k — L (aq), (b)) + (an—1 + be) A(n — 1, k; (aq), (bi)),
subject to A(0, k; (a;), (b;)) = 6o and

n—1

A(n.0: (as), ) = [] (ai + bo).

1=0

Proof. The boundary condition in which n = 0 is obvious. The other boundary condition
follows from the recurrence for it:

A(nv 0; <ai>7 <b2>> = (an—l + bO)A(n - 17 0; <ai>ﬂ <bl>)7

which holds for all n € P. Among all n-letter words in CL(n,O0;(a;), (b)),

an—1A(n — 1,0;(ai), (b;)) counts those in A,_; and byA(n — 1,0;(a;), (b;)) counts those

in AS_,By. Observe that these two sets are disjoint and exhaustive in CL(n, 0; (a;), (b;)).
When n, k € P, the recurrence (2.15) follows from

CL(n, ks {aq), (b)) = (A7 1 BR)U[An1U(A7 1 Br)], (2.27)
which holds since the complement of the right-hand side of (2.27) is

(A1 BE)U[AR—10(A5, 1 Bi)])* A1 BR) N A1 U(AS 1 By)]
(An—1A5_1) U (A5 1 Br)] N (An-1 U By)
n—1Bk) N (An-1 U By)

no1Br) N (A5 _1Br) = 0.

(

[

= ( A
(A

O

Also recall the Hockey Stick theorem (2.17), which states that for all n,k € P and any

pair of sequences (a;)i>0 and (b;)i>o in N, which are suppressed temporarily for compactness
of notation:

k
A(n, k) = (an—j1 + be—j)Aln — 1 = j k — j),

j=0

subject to the same boundary conditions as (2.15).

Proof. The boundary conditions are the same as in the previous proof. For all n, k € P, the
result follows from the equation
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k
CL(K) = (Ao A An 1B By DAy A 1By B 1B j).
§=0

(2.28)
Again, pairwise disjointness is clear by the construction or, if needed, can be seen by recov-
ering this equation iteratively in the same way as the recurrence. To see that these classes
are indeed exhaustive within CL(n, k), let w be a word in that set. Then suppose that the
alphabet A;, provides the letter in w that comes from the highest-indexed alphabet among
Ag, ..., A,_1, taking as a notation j; = oo in the case where there are no letters from any
alphabet A;. Likewise, suppose that the alphabet Bj, provides the letter in w that comes
from the highest-indexed alphabet among By, ..., B, taking as a notation jo = oo in the
case where there are no letters from any alphabet B;. Then define j = max{n—1—7ji,k—ja}.
Then

we (A ACBE B )(A

e )
k—=j+1 UAn—l—jBk—j)'

n—l—i’
O

The associated interpretation is that for a fixed j € [K]*, (an—1—j + by—;)A(n —1— 4,k —j)
counts those words in CL(n, k) either

e containing a letter from A,,_;_; but no letters from any A; fori € {n —j,...,n—1}
orany B;fori e {k—j+1,...,k}, or

e containing at least one letter from B;_j but no letters from any A; for
ie{n—j—1,...,n—1}orany B;forie {k—j+1,...,k}.

2.3.2 Selections of Balls from Urns

As an alternative, let n,k € N and let (a;)i>0, (bi)i>0 be two sequences in N. Then con-
sider n labeled urns with labels 0,1,...,n — 1 and n — k labeled positions for those urns,
labeled with 1,...,n — k. Choose n — k of the urns to be placed into the positions in
increasing order by their labels, and let «; denote the label of the urn in position j. As-
sociate to each a; a sublabel (3; given by 3; := a; — j + 1, for all j € [n — k].% For each
j € [n — K], place aq; labeled white balls and bgj labeled red balls into the urn in position
J, for convenience letting the labels on the red balls in urn j begin with a,; + 1, for each
Jj € [n — k]. Finally, select one ball from each urn and place them in the same order as the
urns they were chosen from to create a sequence of ordered pairs of length n — k written as
(label on the urn,label on the ball from that urn). Denote the set of all such sequences by

U(n, k; (ai), (bi)).
Then,

Theorem 2.3.3. For all n,k € N and any pair of sequences (ai)i>0, (bi)i>o0 in N,

U(n, ks (ai), (b)) = A(n, ks (ai), (bi)- (2.29)

8Thus 3; gives the difference between the ordinance of the label on the urn among the n urns (i.e. the
urn labeled 0 is the first urn) and its position. Note, then, that 8; counts cumulatively, up to the placement
of urn j, how many urns have been skipped via the selection of n — k of them from among the n — 1 urns.
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Proof. For the moment, let U(n, k; (a;), (b)) := [U(n, k; (a;), (b;))|-

Then first, when n = 0, only the subcase k = 0 is defined, in which case U(n, k; (a;), (b;))
contains only the empty sequence. Hence, U(0, k; (a;), (b)) = 6o, for all & € N.

Second, if £k = 0 and n € P, then necessarily the sequence of labels for the urns is
(a1,...,a,) =(0,...,n—1). Hence, for i € [n], each a; = i — 1 and each 3; = 0. Therefore,
for all j € [n — 1]*, there are (a; + bg) balls in the urn labeled j. Thus, for all n € P,

n—1

U(n,0; (a;), (bi)) = [ [ (a5 + bo)-

J=0

Third, if n, k € P, then the possible arrangements of urns can be split into two disjoint,
exhaustive classes:

(i) the urn in position n — k is labeled n — 1, i.e. a,,_x = n — 1 whence (3,,_x = k, and

(ii) the urn in position n — k has some label other than n — 1, i.e. a,_x < n — 1 whence
ﬁnfk < k.

Given any sequence in (i) within U(n,k;(a;), (b;)), map it to a sequence in
U(n — 1,k;(ai), (b;)) by deleting the element of the sequence in position n — k. Since
Qp_ = n — 1 provides B, = k for the urn in position n — k, there are a,_; white
balls and by red balls that could have been chosen. This deletion is a (an—1 + by)-to-one
surjection, and the first class is therefore counted by (an—1 + bg)U(n — 1, k; (a;), (b;)).

Given any sequence in (ii) within U(n, k; (a;), (b;)), note that it can also be considered
a unique sequence of length n — k in U(n — 1,k — 1;(a;), (b;)) since in this case, the urn
labeled n — 1 is never chosen. Hence, this class is counted by U(n — 1,k — 1; (ai), (b;)).

Therefore, since [U(n, k; (ai), (b;))| satisfies the same boundary conditions and recurrence
as (2.15) in Lancaster’s Theorem 2.2.2; the result follows. O

Despite being ad hoc, approaching the C-L numbers from the perspective of
U(n, k; (ai), (b;)) has some noteworthy advantages. Consider, for instance, the proof of
Theorem 2.2.3, the diagonal Hockey Stick theorem for the C-L numbers arising in this
context?:

Proof. The boundary conditions are the same as in the proof of Theorem 2.3.3 for all
n,k € N. Hence, let n, k € P. Then for all j € [k]*, the term (ap—1—j+br—;)A(n—1—73,k—j)
counts those sequences in U(n, k; (a;), (b;)) arising from an urn placement in which the urn
with the largest label is marked «,,_ = n — 1 — j, whence the sublabel 6, =k —j. O

In addition, there is a simple proof of the vertical Hockey Stick theorem given in Lan-
caster’s Theorem, i.e. Equation (2.16), which appears very difficult to prove with the words
from Section 2.3.1. Recall that for all n,k € P,

n n—1
A(n k) =Y A —1,k—1) [ (a; + bx),
Jj=k i=j

subject to the same boundary conditions as (2.15). Then,

9 Again suppressing the references to the sequences to condense notation.
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Proof. The boundary conditions are the same as in the previous theorem and proof for all
n,k € N. Hence, let n,k € P. Then for all j € {k,...,n}, the term

n—1

A =1,k —1) [ (ai + bx)

=7

counts the sequences in U(n, k; (a;), (b;)) arising from an urn placement in which all of the
last n — j urns, but no more, have maximally sequentially increasing labels, i.e. a;_g41 = J,
Qj_k+2 = J+1, ..., app =n—1 with ok < 7 — 1, whence ,Bj,kJrl = =0p_r =k
with 8 < k. O

Furthermore, another result is available, expanding Lancaster’s theorem. To derive it,
first consider the special case U (n, k; (0), (b;)) as it applies to a facet of Comtet’s theorem:
Notice that for all n, k € N,

(U (n, k5 (0), (bi))| = C(n, ks (bi), (2.30)
and (1.31):
C(n,k; (b)) = Z bgo . bi’“-
d0+---d+ig§:n7k

The result is a closed form for A(n,k; (a;), (b;)) that generalizes (1.31) and arises by ex-
tending a proof of (1.31) that uses U(n, k; (0), (b;)).

Alternate Proof of (1.31). Among all sequences in U (n, k; (0), (b;)), the term bgo e bi’“ counts
those in which for all j € [k]* the urn placement results in exactly d; urns being placed so
that their sublabels are j. More specifically, this gives, for each j € [k]*,

Bdot-tdj_141 = =+ = Bdottd; = J

starting with 31 in the case j = 0, and discontinuing the process if at any point a placement
subscript exceeds n — k. Note that, for j € [k]*, each urn with sublabel d; contains b; red
balls. O

Although not explicitly needed for the above proof, the values of the labels oy, | € [n—k],
of the urns counted by the same term are given by

Xdygtdj+i = do+ - +dj1+i+7— 1, (2.31)

as i ranges in [d;] and for each j € [k]*, discontinuing the process if at any point a placement
subscript exceeds n — k. Then, with essentially the same proof, a closed form expression for
the C-L numbers is:

Theorem 2.3.4. For alln,k € N and any pair of sequences (a;)i>o0 and (b;)i>0 in N, letting

J
5= di (2.32)

=0
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for each j € [k]* with S_; := 0,

S;—1

k
Al ks (), o)) = > JI| I (@wi+0)]- (2.33)

do+-+dp=n—k j=0 \i=5;_1
d;eN

Proof. Among all sequences in U(n, k; (a;), (b;)), the term

k ijl
H H (aitj + b;)
j=0 \i=S;_1
counts those in which the urn placement results in the list of labels given in (2.31). O

Notice that the product on the inside of (2.33) is over exactly d; terms for each j € [k]*,
and when a; = 0 those terms are identical: each is b;. Hence the expression reduces to
(1.31) in Comtet’s theorem.

2.4 Bijections and Applications to Structures in the Special
Cases

Since two combinatorial interpretations for the C-L numbers are provided above, we connect
those two structures before proceeding with the applications special cases. Because of this
connection and for brevity, the individual bijections between the structures in the special
cases will be given only in terms of the interpretation of “words in special alphabets” with
commentary provided concerning the balls-and-urns interpretation when it is apropos.
The general idea behind this connection is that within a word w € CL(n, k; {(a;), (b;)),
all of the letters from the alphabets labeled B can be reconstrued as letters from extended
versions of some of the alphabets labeled A that do not already appear in w. The specific
map from CL(n, k; (a;), (b;)) to U(n, k; (a;), (b;)) can be described by the following process.

First, note that a typical word in w € CL(n,k;(a;), (bi)) has the form, for some
m € [n — k],
W = Gay a1 Gaz,ey * Qo om D81 ,u1 02~ 08,1ttt (2.34)
where for any i € [m], each z; € [a;], and for any i € [n — k — m], each u; € [b;].

Now, supposing that w is written as in (2.34), replace the letters denoted with b’s in w
with letters denoted with a’s, as follows, to get

W = Qoy,x1 Qorgwa” ‘a’am,mma’aﬂl ovs g +“1a’0527aa32 Fug” "t aasnfkfm’aasn—k—m FUp—k—m> (235)

where the a’s are the letters obtained from the b’s by letting «, be the (8; + )™ a; not
present among the subscripts of the a’s, i.e. the (8; +1)™ element of the set {aq,...,an}c,
where the complement is taken in [n — 1]* and is written canonically in increasing order.
Note w is clearly unique to w. Also note that the second subscripts of the letters denoted
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with @ exceed those allowed by our convention on the alphabets labeled A, rendering the
hats unnecessary for identifying these letters.

Next, rewrite w from (2.35) by permuting the letters so that they appear in order of
increasing first subscripts, dropping the hats. This provides the word

Wa = Qo ey Cagg ey """ Qo w4 (236)

where 0 < t; < --- < t,_r < n—1 are the initial subscripts of from the word of form (2.36)
written in increasing order. Then w,, is clearly unique to w.

Finally, using w, from (2.36), identify the sequence of ordered pairs s,, of length n — k
obtained by selecting, from among urns labeled 0 through n — 1, the urns labeled oy,
J € [n — k|, and then, for each j € [n — k], choosing the z;,*" ball from the urn labeled o,
assuming again that the labels on the red balls begin where the labels on the white balls
leave off, i.e. by rewriting the subscripts of the letters in w, as ordered pairs. Since this
sequence is also unique to w, the map from CL(n, k; (a;), (b;)) to U(n, k; (a;), (b;)) given by
w — Sy, 18 an injection.

Theorem 2.4.1. The map from CL(n,k;{a;),(b;)) to U(n,k;{(a;),{b;)) described above,
taking w — Sy s a bijection.

Proof. (Surj.): Let s € U(n, k;(ai), (b;)). Identify in s a word wq, s of the form (2.36) by
recording the ordered pairs that provide the label of each urn with the label on the ball
chosen from it. Next, mark with a hat each letter in wy,s for which x;, > Gy, s for j € [n—k],
and move each hat-marked letter to the end of the word, preserving the order in which they
appear. This provides a new word ;s of the form (2.35). Now compare the leading subscripts
of the hatted letters in w, against the complement in [n— 1]* of the set of leading subscripts
of the non-hatted letters in s, denoted L. Finally relabel the i** hatted letter a;, ., in
Zf)s with bipl Jipg
provides a word of the form (2.34) since the letters labeled with b’s after the final rewrite
appear in nondecreasing order and since if there are m letters labeled with an a with no hat
in g, the initial subscript of the final b after the final relabeling must be no greater than
n—1—(n—k—m—1)—m = k. This last point follows since among the n — 1 possible initial
subscripts, m are taken by the a’s and n — k — m — 1 are taken by the previous b’s. O

iy
where i, is 7 less than the position of i,, in L and iy, = i, — O, - This

It is useful to see an example of this map, for clarity.

Example 2.4.2. For this example, suppose that for all i € N, a; = i> and b; = 2i + 1 and
that n =9 and k = 3. Then consider the word:

w = ag a3z as,13 bo,1 b2,3 b2 3. (2.37)

Here, {a1, 9,3} ={2,3,5}, and so {a1,a9,a3}° ={0,1,4,6,7,8}.
Since f1 +1=0+1=1, ag, = 0. Similarly, since 2 +2 =242 =4, a,, = 6, and since
B3+3=24+3=05, as =T.
Also, note that ag+1=0+1=1,a6+3=36+3=39, and ay + 3 =49+ 3 = 52.
Thus, w +— w, given by
W = ag1 as,7 as,13 do,1 46,39 47,52, (2.38)
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and W — wq, given by
We = Q0,1 G2,1 (3,7 05,13 06,39 A7,52- (2.39)

From w,, the sequence s,, can be extracted, given by:
sw = ((0,1),(2,1),(3,7), (5,13), (6,39), (7,52)). (2.40)

Observe that the ordered pairs (0,1), (6,39), and (7,52) can all be identified as being those
that arose from letters that were initially from alphabets labeled with B because their second
term exceeds the square (in this example) of the first term. The reverse map can thus be
read by going from the bottom up.

For convenience in what follows, given a word w, of the form (2.36) that is uniquely as-
sociated with some word w € CL(n, k; (ai), (b;)), let the set {a1 +1,. .., + 1} be called
the a-signature of w. Also, in dealing with partitions or permutations in & nonempty blocks
or cycles, call the k-element set of smallest elements of the blocks or cycles the least-element
set, abbreviated LFE-set, of such a partition or permutation. Finally, since the bijections
to familiar structures in this chapter are more difficult than those in the Comtet-numbers
cases, the an informal overview of each map will be given before formally defining it.

2.4.1 The Cycle Numbers

When a; = i, for all i € N, and b; = 0, the recurrence given in (2.15) takes the form, for all
n,k eP,

Aln, ks (i), (0)) = A(n — Lk — 1 (i), (0)) + (n — D) A(n — Lk; (i), (0)), (2.41)

subject to the boundary conditions A(0,k;(i),(0)) = dox, for all £ € N, and
A(n,0; (i), (0)) = 0, for all n € P. These are the same recurrence and boundary condi-
tions satisfied by the cycle numbers, given in (2.1), and so A(n, k; (i), (0)) = ¢(n, k). Thus,
the cycle number ¢(n, k) also enumerates the words in the set CL(n, k; (i), (0)), i.e. words of
length n—k in the strictly ascending alphabets AgU- - -UA,,_1, with each 4; = {a;1,...,a::}.
In addition, ¢(n, k) enumerates the sequences in the set U(n, k; (i), (0)), i.e. those sequences
obtained from selecting balls from urns, as described in Section 2.3.2, in which the label on
each urn describes exactly how many balls it contains, all of which are white.

Recall that for all n,k € N, the cycle number c¢(n, k) enumerates P(n,k), the set of
permutations of [n] with exactly & nonempty cycles, which will be taken to be written
canonically with the least element of each cycle listed first and the cycles listed in order by
increasing least (i.e. initial) elements.

The general idea behind the bijection from CL(n, k; (i), (0)) to P(n, k) is to consider a
typical word w € CL(n, k; (i), (0)) composed of letters from the strictly ascending alphabets
Aoy Aays ooy A, ., 1e. with a-signature {a1+1,a2+1,. .., +1}, and match it with
a certain permutation in P(n, k) with LE-set {a1 4+ 1,a2+1,..., ap—x + 1}€. The particular
choice of the letter from each A,; indicates where within the permutation each particular

element a; + 1 of [n] will be placed in the permutation!®.

19T terms of balls and urns, the urn selection is the a-signature and the particular balls in each urn
correspond directly with the possible letters in the word.
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To identify specifically where each element is placed in the permutation, label n po-
sitions. Then, starting with the last letter in the word, aa, ,j, ., With jn_r € [on_g],
place the element a,,_x + 1 of [n] in position j,_x + 1 among the n spots. Repeat this with
the next-to-last letter, placing the element «,_j_1 + 1 in position j,_x_1 + 1 among the
remaining n — 1 spots, and so on, until the element a1 + 1 is placed in position j; +1 among
the remaining n — (n —k — 1) = k+ 1 spots. Note that the first spot is always left empty by
this process. Finally, place the least elements, i.e. those in {a; + 1,a0 + 1,..., p— + 1},
in increasing order in the remaining k spots, closing the previous cycle and opening a new
one immediately before each least-element so they are listed first in their respective cycles.
It is notationally convenient to refer to the ultimate position of «; + 1, among all of the
elements following 1, as y;.

Formally, the map is given by mapping the word

Qo ,j1 Gag,go " Coyy_gjn_p € Cﬁ(na k; <7'>> <0>)

to the permutation

(s101...05,)(s2 Oji42 ... 0jy) - (Sk Oj_142 --- 0j,.) € P(n, k), (2.42)
where
1. the LE-set {s1,...,s.} ={a1+1,...,p— + 1}, and
2. with y; as above, 0y, = o + 1, Vi € [n — k].
Theorem 2.4.3. The above map from CL(n, k; (i), (0)) to P(n,k) is a bijection.

Proof. Observe first that each possible a-signature is represented. Then the proof again
proceeds in three parts: First, the image of the map will be established; second, the map
will be shown to be injective; and third, the map will be shown to be surjective.

To see that the image of the map is P(n, k) as claimed, it is necessary to show that
the “least element” of each cycle is indeed that cycle’s smallest element. This follows since
there are a; — i+ 1 = «a; — (i — 1) least elements smaller than «; + 1 since there are «;
elements of [n] less than «; 4+ 1, and none of the i — 1 elements ay +1, ..., a;—1 +1 is eligible
to be a least element, noting that each of these is smaller than «; + 1.. Thus, it is sufficient
to show that «; + 1 appears one of the first o; — (i — 1) cycles.

To see this fact, notice that new cycles begin in each spot left unfilled by elements in
{a1+1,...,a,_;+1} within the permutation. Thus, consider the situation that creates the
largest number of new cycles to begin before the placement of o; + 1, i.e. when j; = «;, and,
Ym > 1, jm > j;- In that case there are «; — 1 spots to the left of the placement of «a; + 1,
and 7 — 1 of those are occupied by the elements a; + 1, ..., a;_1 + 1 since j; = «; implies
that Vr < i, a, < «;, and hence necessarily j, < «;. Hence, there are strictly fewer than
a; — (i — 1) spots preceding the placement of «; 4+ 1 in which new cycles could begin in the
image permutation, and therefore the element «; 4+ 1 appears in one of the first a; — (i — 1)
cycles.

(Inj.): Consider two distinct words in CL(n, k; (i), (0)). There are two cases that describe
how the sequences can differ.
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First, the a-signatures of the sequences could differ. In this case, the LE-sets of the
associated permutations are different, and hence the permutations themselves are different.

Second, when the a-signatures are the same, at least one of the j;’s, 1 < ¢ < n—k, must
be different from its counterpart in the same position, 7, of the other sequence. In this case,
while the LE-sets are the same in the associated permutations, at least one of the y;’s is
different from its counterpart. Thus, the associated permutations are different.

(Surj): Consider the general permutation given in (2.42) and call it w. Define the set of
non-least-elements of m by X := {01,09,...,0,—}. Then 7 is the image of the sequence
of the form (2.41) with, Vi € [n — k], oy = min(X; \ {a1 + 1,...,;—1 + 1}) — 1, and j; is
given by the position of the element «; + 1 within the permutation, where the count begins
with the element following 1 and ignores the (least) elements a1+ 1,...,a,—f + 1 as well
as all of the elements larger than itself. O

An example of this map being applied is extremely useful for clarity.

Example 2.4.4. Consider the example for n =8 and k = 4 with the word
(2,2 04,4 052 475. (2.43)

First notice that {a1+1, ..., a4+1} = {3,5,6,8}, so the LE-set of the associated permutation
is {3,5,6,8}¢ = {1,2,4,7}. Now set up the permutation structure by starting it with a 1
and then n — 1 =7 blank spaces:

(1 1334367 )-
The element 8 is placed first, into position j4 = 5. In the process, the blank spaces after
Position 5 change their numbers, since the placement is among those not already occupied:

(L1333843)

The element 6 is placed next, into position js = 2 among the remaining positions. Again,
the numbering changes to only enumerate the remaining empty spots:

ol

5

(1:655855).

5

The element 5 is placed next, into position jo = 4 among the remaining positions. Again
the numbering changes:
(1.6_.85_).
1 23 4

The element 3 is placed next, into position j1 = 2 among the remaining positions. Now the
numbering of the positions is unneeded and is dropped:

(1.63_85_).

Finally, the remaining three blank positions are filled with cycle delimiters attached to the
least elements 2, 4, and 7, in that order:

(1)(263)(485)(7). (2.44)

Going in reverse, as described in the surjectivity part of the proof, is also helpful. Starting
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with the permutation given in (2.44), first collect the non-least elements from each permu-
tation cycle: 6, 3, 8, and 5 and recopy the list in increasing order. Associate each, written
in increasing order, with the corresponding a; + 1 to yield
a1=3—-1=2,a0=5—-1=4,a3=6—-1=5,anday=8—-1=171.

Hence, examining where within the permutation the non-least elements appear, taking them
in increasing order, the j;’s can be obtained:

Since 3 shows up second among those elements bigger than 1 and smaller than itself, being
preceded by 2, j1 = 2.

Since 5 appears fourth among those elements bigger than 1 and smaller than itself, being
preceded by 2, 3, and 4, jo = 4.

Since 6 appears second among those elements bigger than 1 and smaller than itself, being
preceded by 2, 73 = 2.

And since 8 appears fifth among those elements bigger than 1 and smaller than itself, being
preceded by 2, 6, 3, and 4, j4 = 5, recovering the word (2.43).

Now notice that if the specific initial subscripts in a word w € CL(n,k; (i), (0)) are
0 < i1 <ig < -+ < ip_p < n, then there are i1is - - -i,_p possible manifestations of w,
providing the formula, for all n, k € N,

c(n, k) = > Qi i (2.45)

0<i1<io<-<ip_p<n

Also, recall the two variants on the Hockey Stick Theorem, (2.3) and (2.4): first the

diagonal variant
k

c(n,k)=> (n—1—j)e(n—1—jk—j),

J=0

and second, respectively, the vertical variant
n
c(n k) => c(j—1,k—1)(n— 1),
j=k
both subject to the same boundary conditions as (2.1).

In light of the proofs of those formulas, among all elements of P(n, k),

e the term (n—1—j)c(n—1—7j,k—7) in (2.3) counts those in which all of the elements
n—j+1,..., nin [n] are fixed points of the permutation, but n — j is not, and

e the term ¢(j — 1,k — 1)(n — 1)"= in (2.4) counts those in which j € [n] is the largest
fixed point of the permutation.

Observe that these interpretations are also available by direct inspection of (2.3) and (2.4),
considering the structure P(n, k).

Consider now the closed-form expression for the C-L numbers given in Theorem 2.3.4.
In the cycle-numbers special case, (2.33) can be expressed as follows:
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Theorem 2.4.5. For alln,k € N,

n!
c(n, k) = 3 . (2.46)
tdat fde=n—k (i +1)(dy +dy +2) - (dy + -+ di +F)

Proof. This is straightforward by applying Theorem 2.3.4 to the case of a; = ¢ and b; = 0
and rewriting it in terms of the factors not present.

Alternatively, we offer a proof using P(n, k), ordered canonically:
In (2.46), each d;, for i € [k], indicates the number of elements in cycle k + 1 — ¢ that are
not that cycle’s smallest element. This follows from the fact that that there are

(n—1)% =(dy + - +dp+k—1)%

ways to select dj elements of [n] to join 1 in the first cycle. Also, that choice determines
the smallest element of the next cycle to be the smallest remaining element of [n|. Thus,
similarly, there are

(di+-+dp+k—1—dp— )%t = (dy + -+ dy_y +  — 2)%=

ways to select di_1 elements from those remaining to fill the second cycle, and so on, until
there are just
(di+dy+1—dy—1)% = d!

ways to place the last d; remaining elements of [n] into cycle k. This gives a total of

(1:2---dy)-(di +2)(d1 +3) -+ (di+da+1)--- (d1 + -+ +dp—1 + k)
(di+-+de1+k+1)---(di+--+dp+k—1)

permutations. Factoring out n!, noting that n = d; + - - - 4+ di + k, and summing across all
possible sets of values for the d;’s yields (2.46). O

Given the interpretation in the above proof, by restricting each d; in (2.46) to the set P
instead of N, the derangement numbers arise. Specifically, Vn, k € P, let

n!
d(n, k) = > : (2.47)
dript gy (D DA+ dy +2) - (dy -+ di + )

d;eP

Within P(n, k), d(n, k) enumerates those permutations of [n] so that when written in cycle
notation, there are exactly k cycles, and no cycle is a singleton, i.e. permutations of [n] into
exactly k cycles with no fixed points. Summing across all possible numbers of cycles, then
yields the set of permutations of [n] with no fixed points, which are known, see [20], to be
counted by the derangement number d,,. Thus,

Theorem 2.4.6. For alln € P,
> ord(n k) =

n!
Y Y —d,. (2.48)
>0 d1+d2+l;-—i];dk:n—k: (dl + 1)(d1 + dg + 2) A (dl 4+ .+ dk + k)
i€
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Thus, not only are the derangement numbers recovered from this approach, the equation
(2.47) provides an expression for the derangements of [n] which, when written in cycle
notation, have precisely k cycles. These k-cycle derangement numbers also satisfy a known!!
two-term recurrence relation:

d(n,k) = (n — 1)(d(n — 2,k — 1) + d(n — 1, k)). (2.49)

Proof. First, (n — 1)d(n — 2,k — 1) enumerates, among all derangements of [n] written in
exactly k cycles, those in which the element n appears in a cycle of cardinality 2. This
is because any of the n — 1 other elements of [n| can be paired with n, and there are
d(n — 2,k — 1) derangements of [n — 2] written in exactly k — 1 cycles. On the other hand,
(n—1)d(n—1, k) enumerates those derangements of [n] written in exactly k cycles in which
n appears in a cycle of cardinality at least 3, which can be seen clearly by noting that there
are d(n — 1, k) permutations of [n — 1] written in exactly k cycles, and n — 1 choices for the
element that is chosen to immediately precede n in the relevant derangement of [n]. O

12

Note that summing (2.49) across k recovers the known's recurrence relation for d,,

namely d,, = (n — 1)(dp—1 + dp—2).

2.4.2 The Lah Numbers

When a; = i and b; = ¢ for all ¢ € N, the recurrence given in (2.15) takes the form, for all
n,keP,

An, ks (i), (6) = A(n — 1,k — 1), () + (n + k — 1)A(n — 1, k; (3), (i), (2.50)

subject to the boundary conditions A(0,k;(i),(i)) = dox, for all k& € N, and
A(n,0; (i), (7)) = 0, for all n € P. These are the same recurrence and boundary condi-
tions satisfied by the Lah numbers, given in (2.6), and so A(n, k; (i), (i)) = L(n, k). Thus,
the Lah number L(n, k) also enumerates the words in the set CL(n, k; (), (7)), i.e. words of
length n — k in the combined alphabets of the strictly ascending alphabets AgU---U A, _1
together with the ascending alphabets By U --- U By, with each 4; = {a;1,...,a;;} and
with each B; = {b;1,...,b;;}. In addition, L(n, k) enumerates the sequences in the set
U(n, k; (i), (i), i.e. those sequences obtained from selecting balls from urns, as described in
Section 2.3.2, in which the label on each urn describes the number of white balls it contains
and the sublabel on each urn describes the number of red balls it contains.

Recall that for all n, k € N, the Lah number L(n, k) enumerates ﬁ}n,k, the set of parti-
tions of [n] into exactly k nonempty blocks, each equipped with a linear order, which will be
taken to be written canonically with the blocks listed in order by increasing least elements.

The general idea used to obtain a bijection from CL(n, k; (i), (i)) to ﬁnk is to consider
a typical word w € CL(n, k; (i), (1)) in terms of the related word w,, as in (2.36), here with
a-signature specified to be {ay, + 1,04, +1,..., 04, , + 1}. The goal is to match it with a
certain partition in ﬁnk that has LE-set {ay, + 1,4, +1,..., ¢, , +1}° Fori € [n — k],

"See [25] for instance.
123ee [20] for instance.
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the particular manifestations of each letter aq,,,j;, in wa, for j; € 20y, — t; + 1], will indi-
cate where within the partition each particular element oy, + 1 of [n] will be placed in the

partition's.

To do so, first mark n+ k — 1 spots since the method will consider the partition dividers
as objects to be placed along with each of the elements of [n], creating n+k —1 objects to be
placed. Then, in similar fashion to the analogous bijection in the cycle numbers case, place
oy, , +1in blank j,_; before placing oy, , , +1 in blank j,_j_1, among those remaining,
and so on, proceeding from largest initial subscript to smallest. Notice that once all n — k
elements of the form oy, +1 are placed, there are (n+k—1) — (n—k) = 2k —1 free positions
remaining. Into these, £ — 1 partition dividers will be placed in every second blank that
remains' to create k blocks, each with one empty space. Finally place the elements of
the set {ay, + 1,04, +1,...,04,_, + 1}¢ in the remaining blanks in increasing order. It is
notationally convenient to refer to the ultimate position of oy, +1, among all of the elements
and partition dividers, as y,.

Formally, consider the map from CL(n, k; (i), (1)) to ﬁn,k given by mapping a word w of
the form (2.34) to its variant w, given in (2.36), specified here with a; = i and b; = i for all
i € N, and then mapping the resulting wa = aay, ji, Gaty je, *** Gau, _, i, _, tO the partition

(Ll ligl i i1y Ly = {La] - |k} € g, (2.51)
where
1. the LE-set {min(Ly),...,min(Lg)} = {ay, +1,..., 4, , + 1}¢, and
2. with y, as above, Iy, = ay, +1, Vi € [n — k].
Theorem 2.4.7. The map described above from CL(n, k; (i), (1)) to ﬁn,k is a bijection.

Proof. First, the image of the map will be established; second, the map will be shown to
be injective; and third, the map will be shown to be surjective.

To see that the image of the map is ﬁnk as claimed, it is necessary to show that the
proposed “least element” in each block is indeed the smallest element in that block. This
follows since there are o, — t; +1 = a4, — (t; — 1) least elements smaller than o, + 1
since there are ay, elements of [n] less than a4, + 1, and none of the ¢; — 1 elements
oy, +1, ..., oy, + 1, is eligible to be a least element'®. Thus, it is sufficient to show
that the element ay, +1 of [n] appears in one of the first oy, — (t; — 1) blocks of the partition.

To see this fact, consider the situation which creates the largest number of empty
spaces, and hence partition dividers, to appear before the placement of ay, + 1, i.e. when
Jt; = 204, — (t1 — 1), and, Vm > 4, jy,, > ji,. In that case, there are 2ay, — (t; — 1) — 1 spots
to the left of the placement of oy, + 1, and ¢; — 1 of those are occupied by the elements
an+1, ..., o, +1, since jy, = 20y, —(t;—1) implies that for all < 7, oy, < 20y, —(t;—1) and

13 Again, via the connection between words and balls and urns, the two cases need not be developed
separately

14This results in the situation in which partition dividers never appear in the first blank or in two spots
consecutive with respect to being empty after the placement of the n — k elements.

15though each of these is smaller than oy, + 1.
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hence that j;, < 2ay, — (t; —1) as well. Thus, there are strictly fewer than 20y, —2(¢; —1) —1
empty spots which could precede the placement of a;, + 1 in the image partition. There-
fore, since the partition dividers are placed in every second empty spot remaining, at most
ay; — (t; — 1) — 1 partition dividers can fit in the spaces before the placement of oy, + 1.
Thus, the element oy, + 1 appears in one of the first ay, — (¢; — 1) blocks.

It follows that the map 1is injective by considering two distinct words
u,w € CL(n, k; (i), (i)). The associated words u, and w, are different by Theorem 2.4.1.
There are two cases that describe how the words can differ.

First, the a-signatures of the words may be different. In this case, the LE-sets of the
associated partitions will be different, and hence the partitions themselves will be different.

Second, the a-signatures could be the same and hence at least one of the j;,’s, i € [n—k],
differs from its counterpart in the same position, call it hy;, of the other sequence. In this
case, while the LE-sets will be the same in the associated partitions, at least one of the
oy, + 1’s will appear in a different position in each partition. Thus, the partitions are dif-
ferent.

Finally, to see that the map is surjective, consider the general partition of the form
given in (2.51) and call it £. Notice that each L; = {l;,_,41,...,l;;}, and define the set
M = {min(L;),...,min(Lg)}. Then L is the image of the word of the form given by the
Lah case of (2.36) with, V¢; € [n — k], ay, = min(M \ {ay, +1,...,04,_, +1}) — 1 and jy, is
given by the position of the element oy, +1 within the partition, where the count ignores the
elements oy, , +1,...,0a¢, , +1 as well as elements larger than itself but includes partition
dividers. O

An example of this map being applied is useful for clarity.
Example 2.4.8. Consider the example where n =9 and k = 4 with the word
a23a33a86ba1b41. (2.52)

This word maps to the “hatted” word, all in a’s:

a23a33ag,6 45 541 46,641 = (2,3 A3,3 48,6 45,6 46,7, (2.53)

since among {0,1,4,5,6,7}, i.e. the subset of [n — 1]* = [8]* that is the complement of the
set of initial subscripts of the a’s in the word, 5 occurs fourth and then, once 5 is taken, 6

occurs fourth. Reordering this word in terms of increasing initial subscripts yields a word
of the form given by the Lah case of (2.36):

02,3 3.3 456 06,7 48,6 (2.54)

Now the map can be performed to a partition of [9] into 4 nonempty blocks, each equipped
with a linear order via the process described above.

First notice that {oy, +1,..., 04, + 1} = {3,4,6,7,9}, so the LE-set of the associ-
ated partition is {3,4,6,7,9}¢ = {1,2,5,8}. Now set up the partition structure by placing
n+k —1 =12 blank spaces inside of set brackets:

{T 273 Z’B’E’?’é’@’ﬂ)’lﬁ’fz}’
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The element 9 is placed first, into position ji; = 6. In the process, the blank spaces after
Position 6 change their numbers, since the placement is restricted to those positions not
already occupied:

The element 7 is placed next, into position jz, = 7 among the remaining positions. Again,
the numbering changes to only enumerate the remaining empty spots:

{T7§’§71’37 76’ 7*7757571*(]}'

The element 6 is placed next, into position ji, = 6 among the remaining positions. Again
the numbering changes:

The element 4 is placed next, into position ji, = 3 among the remaining positions. Again
the numbering changes:

{Tﬂ574757279767775767775}'
The element 3 is placed next, into position j;, = 3 among the remaining positions. The

numbering of the positions is now unnecessary and is omitted:
{*7*74737*7976777*7*7*7*}

Now, the partition dividers can be inserted into every second remaining open spot, which
implies the first spot is left empty:

{14,3,,9,6,7] | }.

Finally, the least elements can be inserted into the remaining spaces in increasing order,
yielding the partition:
{114,3,2,9,6,7|5]|8}.

A direct bijective map from the words in CL(n, k; (i), (i)) to the appropriate set of Lah
restricted growth functions discussed in Section 2.1.2 is also desirable since it would corre-
spond nicely with what was presented in the case of the Stirling numbers above. Of course,
composing the map given here with the map Wagner provides in [19] between Laguerre
configurations and Lah restricted growth functions, such a bijection can be had indirectly.
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Now, recall the two variants on the Hockey Stick Theorem (2.7) and (2.8), first the
diagonal variant,

k
Lin,k) =Y (n—14k—=2j)Ln—1-jk—j),
and second, respectively, the vertical variant,
n .
Lin,k) =Y L(j—1,k-1)(n+k- 1),

j=k

both subject to the same boundary conditions as (2.6).

In light of the proofs of those formulas, among all elements of ﬁn,ka

e the term (n—1+k—2j)L(n—1—j,k—j) in (2.7) counts those in which the largest j
elements of [n], n—j+1, ..., and n, all appear in their own blocks, necessarily listed
last, but n — j does not, and

e the term L(j — 1,k — 1)(n + k — 1)™=2 in (2.8) counts those in which j € [n] is the
largest least element, i.e. the least element of the k™ block of the partition.

These interpretations do not use the bijection from CL(n, k; (i), (1)) to ﬁnk but rather are

had by direct inspection using the interpretation of ﬁn,k.

Finally, consider the closed-form expression for the C-L numbers given in Theorem 2.3.4.
In the Lah-numbers special case, (2.33) can be expressed as follows:

Theorem 2.4.9. For all n,k € N,

k4 1))
Lin, k) = 3 . (n REL ) . (259)
et k=nk (di +2)%(di +do+4)% - (di + -+ -+ dy + 2k)

i€

Proof. This is straightforward by applying Theorem 2.3.4 to the case of a; =4 and b; = @
and rewriting it in terms of the factors not present.

Alternatively, we offer a proof using ﬁnk :
In (2.55) the term

(n+k+1)!
(dy +2)2(dy +do +4)2- - (dy + -+ + dj, + 2k)2

enumerates, among all partitions in ﬁn,k, those with LE-set
D :{1,d1+2,d1+d2+3,...,d1+"'+dk71+k}.

As before, the approach is to place the elements of [n] into n + k — 1 spots, the additional
k — 1 spots being those what will ultimately hold the partition dividers. Note that there
are (n+ k — 1)% ways to place the largest dj elements of [n] \ D, which are those elements
larger than every least-element. Hence each of these is free to be placed anywhere within the
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n+k—1 spots without being smaller than any block’s smallest element. Once those elements
are placed, the rightmost remaining free position will receive the element dy +---+dx_1 +k,
and the subsequently remaining rightmost position can be filled with the partition divider
for the last block, leaving (n+k—1) —dy, —2 =d; + - - -+ dk_1 + 2k — 3 positions free. The
next dy_; largest elements, those in {d;+---+dg_2+k,...,di+---+dx_1+k—1}, can then
be placed in those spots in (dy + - - -+ d_1 + 2k — 3)‘1’“7‘1 ways. Again these elements are all
sufficiently large not to be smaller than any remaining block’s smallest element. Once this is
done, the rightmost remaining free position is filled with the element d; +---+dp_o+k—1,
and the subsequently remaining rightmost free position is filled with the partition divider
for the penultimate block. At this point, the last two blocks are defined entirely and there
are (di + - +dp_1+2k—3)—di_1 —2=dy + -+ dp_o + 2k — 5 free positions left in
the partition. This process is repeated until the last d; remaining elements of [n], those in
{2,...,dy + 1}, are placed into the remaining d; + 1 spots in (d; + 1)% ways. The final
remaining spot is then occupied by 1. This yields a total of

((dy+--+dp+2k—1)--(dy + -+ dp_1 + 2k))
((di+--+dp1+2k=3)--(di+ -+ dp—o + 2k —2))
o ((dy +1)(dh) -+ (2))

possible arrangements. Factoring out (n + k + 1)!, noting that
(n-i—k)(n-i—k-i—l) = (dl+"'+dk+2k)(d1+"'+dk+2k+1),
and summing across all possible sets of values for the d;’s yields (2.55). O

Note the rising factorials in the denominator of (2.55), which are easy to overlook. Also,
observe that the formulas (2.46) and (2.55) for the cycle and Lah numbers, respectively,
underpin a similarity in the two arrays on a structural level, and they offer a potential place
to generalize both within a single context. For instance, the arrays created by adding jr to
each S; = dop + --- + d; in the denominators and looking at the rt rising factorial of each
term, adjusting the factorial term in the numerators accordingly, could potentially prove
interesting. The Stirling numbers appear not to have a formula of quite the same form, the
closest obvious formula being an easy consequence of (1.14):

Sk = Y (k)" (2.56)

1n—k—d1 2n—k—d2 . kn—k—dk ’
di+-+dy=n—k
d;eN

for all n, k € N.

2.4.3 The Binomial Coefficients, Again

When a; =1, for all i € N, and b; = 0, the recurrence given in (2.15) takes the form, for all
n,k €P,
A(n, k; (1),(0)) = A(n — 1,k — 1;(1),(0)) + A(n — 1, k; (1), (0)), (2.57)
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subject to the boundary conditions A(0,k;(1),(0)) = 6ok, for all & € N, and
A(n,0;(1),(0)) = 1, for all n € P. These are the same recurrence and boundary condi-
tions satisfied by the binomial coefficients in (1.6), and so

A(n, k; (1),(0)) = <Z> = A(n, k; (0), (1)).

Thus, the binomial coefficient (}) also enumerates the words in the set CL(n, k; (1), (0)),
i.e. words of length n — k in the strictly ascending alphabets Ag U --- U A,_1, with each
A; ={ai1}. In addition, (Z) enumerates the sequences in the set U(n, k; (1), (0)), i.e. those
sequences obtained from selecting balls from urns, as described in Section 2.3.2; in which
each urn contains exactly one white ball and no red ones, i.e. the possible selections of n—k
urns from among n of them.

The bijection to k-element subsets of [n] is obvious by taking the complement, in [n],
of the set of initial subscripts of the letters of a word in CL(n, k; (1), (0)) after adding one
to each. The same is true for the labels on the urns. Notice that as compared with the
Comtet case, this construction more naturally provides k-element subsets of [n].

Consider now the closed-form expression for the C-L numbers given in Theorem 2.3.4.
In the binomial coefficients special case, nothing new appears:
For all n, k € N,
> oo

do+di1+-+dr=n—k
d; EN

Notice, however, what happens when the sum is restricted to each d; € P. When n € P,
by the combinatorial interpretation given in this section, the result counts the k-element
subsets of [n] in which

(i) 1is not an element;
(ii) n is not an element; and

(iii) no two consecutive elements appear,

obtained by using the interpretation that Vi € [k]*, d; is the number of elements of [n]
excluded from the subset, when listed in increasing order, between the i** element and the
(i + 1)™ element, noting that the “0™ element” refers to the beginning of the set and the
“(k + 1)™ element” the end. By mapping from these k-element subsets of [n] onto the
k-element subsets of [n — 1] in which

(') n—1 is not an element; and

(i") no two consecutive elements appear,

given by subtracting one from each element in the set, a bijection is established. Notice
that for all n € P, the collection of all such subsets of [n — 1], regardless of their cardinality,
is counted by Fj,_1, the (n — 1)™ Fibonacci number, parameterized by Fy = F; = 1. To
establish this, the boundary conditions are obvious and the recurrence F,, = F,,_1 + F},_»
is straightforward by considering separately the cases when 1 is not and is, respectively, an
element of the subset. Then,
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Theorem 2.4.10. For alln € P,

> > 1=F, i, (2.58)

k>0 d0+d1+---+dk=n7k
d;€P

where F,, denotes the n'" usual Fibonacci number, taken where Fy = F} = 1.

This could be refined by defining for each n, k € P,

F(n,k) = > 1, (2.59)
d0+d1+--~ dk:n—k
d;€P
which satisfies the two-term recurrence

F(n,k)=F(n—2k—1)+ F(n—1,k). (2.60)

A quick proof of this recurrence can be given along the same lines as the preceding discus-
sion: F'(n — 2,k — 1) enumerates those structurally relevant k-element subsets of [n] that
contain 2, whence they do not contain 1. The map that deletes 2 from the set and subtracts
2 from each remaining element matches it with a structurally relevant (k—1)-element subset
of [n —2]. On the other hand, F'(n — 1, k) enumerates those k-element subsets which do not
contain 2, the matching subsets of [n — 1] obtained by subtracting 1 from each element in
the set.

A similar treatment on the either of the g-binomial arrays presented in this work yields
a g-analogue of the Fibonacci numbers that appears to be of little interest.

2.4.4 The Comtet Case Revisited

When a; = 0, the C-L numbers specialize to the Comtet numbers. That case has already
been discussed in terms of words, and here it will get brief treatment in the balls-from-urns
interpretation given in Section 2.3.2. Since a; = 0 here, technically the labels o; on the urns
in U(n, k; (0), (b;)) play no direct role, serving only as an accessory to obtain the sublabels
B;. The purpose of this section, then, is to describe the set U(n, k; (0), (b;)) without the use
of the a;’s.

Consider a large number!6 of labeled urns so that amply many bear the label j, for each
J € [k]*, with any two urns with the same label being considered identical. From these, n—k
are to be placed into n — k spaces labeled 1,...,n — k so that the urns appear in increasing
order by their labels, though more than one urn with the same label can be chosen. Refer
to the label of the urn in the j* position as ;. Then, assume bs; labeled balls are placed
inside every urn labeled with j; for every j € [n — k], and draw from each urn one ball to
create a sequence of ordered pairs of length n — k by recording in order the labels on the
selected urns paired with the label on the balls drawn from them. Then the number of such
sequences is C(n, k; (b;)), for all n,k € N. This provides the desired description with proof

Infinitely many, if needed.
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of this fact following from the proof of Theorem 2.3.3.

2.5 Comparison to a Similar Structure

John Konvalina presented a unification of the binomial coefficients and the Stirling num-
bers in [11] and [12], and there is some similarity between his interpretation and those
presented here: CL(n, k; (a;), (b;)) and, more closely, U(n, k; (a;), (b;)). In our notation Kon-
valina chooses to index the sets B; on P rather than on N and analyzes the numbers

<(Z>>(): S by b= Y b (2.61)
b;

1< <<i<n dy+-tdn=k
d;eN

providing the interpretation of these numbers as selections with repetition of k balls from
boxes Bi, ..., By, where B; contains b; labeled balls with the requirement that if more than
one ball is chosen from a box then the order in which the balls are chosen is recorded. Note
that this is a variant of the set U(n, k; (0), (b;)) presented in Section 2.4.4, indexed differently
and ignoring the additional clarity afforded by considering the selections to be sequences of
ordered pairs, and it is therefore a related but less general version of U(n, k; (a;), (b;)).

Konvalina also makes these observations:

1. (Z) = <(n:+1>> when b; = ¢*~ 1, Vi > 1;
q (bs)

2. S(n, k) = << K k:>> when b; = i, Vi > 1; and
n—
(bi)

3. ") = n—k+l when b; = 1.
k k (b:)

Unfortunately, there is dissimilarity in the format of 2 compared with 1 and 3 that
Konvalina could have partially remedied by choosing to interchange k£ and n —k in 1 and 3,
justified by symmetry of (Z)q and (}). Had he done so, the result would have written (Z)q,

S(n, k), and (}) all in the same form:

1. <Z> = <(k+11€>) when b; = ¢*~ 1, Vi > 1;
q n= (bs)

2. S(n, k) = << g >> when b; = i, Vi > 1; and
n—k (b:)

v ()= (1)) whean=1
b n=k))

The greater similarity in these would make them more easily identifiable with the ™ com-
plete symmetric functions.
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Still, even had he done this, there is still an uncomfortable asymmetry between the
expressions given in 1’ and 3’ as compared with 2/, specifically presenting k + 1 in 1’ and
3’ versus k in 2’. This unfortunate situation does not occur, however, when the boxes are
indexed instead on N, as is seen in U(n, k; (0), (b;)), with urns playing the role of boxes or
in W(n, k; (b;)), with alphabets fulfilling that role. In addition, indexing on N allows for
extending the results in many cases to the situation in which one or both of n =0 or k = 0.
Because of his choice and the resulting anomalies presented in 1, 2, and 3 above, Konvalina
also fails to point out that the numbers in his investigation act as connection constants,
and nothing is mentioned about the algebraic unification provided by Comtet.
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Chapter 3

Additional Examples Available Via
Statistical Generating Functions

Consider now the method of statistical generating functions as an alternative to direct
enumeration for the purposes of deriving g-variants of familiar formulas'. Given some
combinatorial structure T, in which the quantity g := |I'| has some combinatorial meaning?,
a g-generalization of |I'| is accessible by calculating some statistic s on the elements ~ of
the structure I', and then defining g(q) as a polynomial in the indeterminate ¢ by:

9(g) =Y _¢*™. (3.1)

vyel

Many examples of C-L numbers can be defined this way, including examples that do not
have an apparent interpretation in terms of g-vector spaces including g-generalizations of
the cycle and Lah numbers. Also available, by considering two statistics on a structure at
once, are p, g-generalizations of the Stirling numbers as well as the cycle? and Lah numbers?.

3.1 The ¢-Binomial Coefficients

Using the method of statistical generating functions, the g-binomial coefficients can be de-
fined for ¢ an indeterminate, providing a g-generalization as opposed to a g-analogue. Two
approaches are presented here that generate the g-binomial coefficients.

Recall Equation (1.8), valid Vn,k € N:

-5

do+di+-+dr=n—k
d;EN

'Discussed and utilized extensively, for instance, in [17] among many other places. The format presented
here is an echo of that in [17].

2Typically here, I' depends on n and k or sometimes just on 7, but the situation is not limited to those
cases. The quantities g will be indexed in the same way as is I

3These two cases being in agreement with those found in [9] and [10].

“There is a p, g-generalization of the binomial coefficients as well, see [5], but they are not C-L num-
bers, rather belonging to an extension of the C-L numbers that can be developed via the balls-and-urns
interpretation.
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Following [21], observe that each sequence (dp,di,...,d;) in N, has the property
do +dy + -+ dr = n — k. Thus, each subsequence (dj,ds,...,d;) in N, has the prop-
erty di +do + --- + dp < n — k. Each of these can be identified with an integer partition
with at most n — k parts where each part is no larger than k by letting each d; count the
number of parts of value 7, 1 < i < k. Thus, the value dy + 2ds + - - - + kd}, is the sum of the
parts of that partition. Following Knuth, as presented in [21], letting p(k,n — k, m) denote
the partitions of the integer m into n — k parts where each part is no larger than k, it is
shown that for all n,k € N

(Z)q = 3" p(k,n — k,m)g™, (3.2)

m>0

where ¢ is an indeterminate. Then as in [21], we could instead write (3.2) as

<Z> B b gt (3:3)
q

k2mi>ma2-->my_ >0

Then (3.2) and (3.3) provide two opportunities to describe the g-binomial coefficients
from the perspective of statistical generating functions by defining a statistic on the elements
o of the set P(i,7), of integer partitions with at most i parts where each part is no larger
than j. The first is given by s(o), which is equal to the sum of the parts of the partition o.
This gives the formula for all n, k € N,

<Z>q =Y plkn—kmyg"= Y ¢ (3.4)

m>0 oc€P(n—k,k)

The second can be obtained by noticing that each sequence k > mqy > mg > -+ > my,_; >0
corresponds uniquely with a lattice path from (0,0) to (n — k, k) with area below the path®
mi+ma+---+my_g. Thus, denoting the set of lattice paths from (0, 0) to (7, 7) by L(3, ).
On the elements A € L(i, ), define the statistic «(\) to be the area below A. Then, for all

n, k€N,
n (6%
()= X oo 59
q

AEL(n—k,k)

This fact was first noted by Polya [15], and following his logic, it is particularly easy to
verify (3.5) to give a flavor for this style of proof:

Proof. Using (3.5), note that for n = 0, the only relevant path is a horizontal line of length
k which encloses no area, and for £k = 0 the lattice paths are only defined when n = 0 as
well.

For n, k € P, consider the disjoint and exhaustive cases when the lattice path ends with
a vertical step versus when it ends in a horizontal step. When A\ € L(n — k, k) ends in a
vertical step, the path up to that step is some path X € L(n — k,k — 1). The final vertical
step adds no area. When instead A\ € L(n — k, k) ends in a horizontal step, the path up to
that step is some path \ € L(n — k — 1, k). The final horizontal step, occurring at height
k creates a k x 1 rectangle of additional area on the path, so the contribution to a(\) is

®Meaning also within the box defined by (0,0) and (n — k, k).
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increased by k in all such cases.

Therefore,
OEG
NEL(n—k,k)
satisfies the same boundary conditions and recurrence as in Theorem 1.1.15. O

From the recurrence, the other results, Theorems 1.1.13, 1.1.16, and 1.1.17 all follow,
now for ¢ an indeterminate. Additionally, it is clear from this definition that (Z)q is a
polynomial in ¢ with nonnegative integer coefficients. Observe lastly that (1.6) is recovered
by choosing ¢ = 1.

3.1.1 A Variant on the ¢-Binomial Coefficients

Consider the following variant of the g-binomial coefficients, for which the notation <Z>q
will be used:

Recall that the set of lattice paths from (0,0) to (n — k, k) is denoted L(n — k, k) and
that |£(n — k, k)| = (}).% Now, on the elements A € L(n — k, k), mark each step with the
numbers in [n— 1]* in increasing order, beginning with the step emanating from (0, 0). Then
define the statistic s,(\) to be the sum of the step numbers on the horizontal steps’, and
define for all n, k € N and an indeterminate q,

<Z>q: S 0. (3.6)

NEL(n—k,k)

Then,
Theorem 3.1.1. With boundary conditions <2>q = 0ok and <g>q = q(g) for everyn, k € N
and an indeterminate q,

n\ /n—1 n1/m—1
<k>q—<k_1>q+q < . >q,Vn,keP. (3.7)

Proof. The boundary condition in & is clear. On the other hand, the boundary condition
in n follows from the fact that the lattice path when k = 0 is from (0,0) to (n,0), so every
step is a horizontal step. Therefore, the sum of the horizontal step numbers is (Z)

For n,k € P, observe that those lattice paths in £(n — k, k) that end in a vertical step
are first a lattice path X' € L(n — k,k — 1), and the final vertical step has no impact on the
value of s, (\). On the other hand, those lattice paths in £(n—k, k) that end in a horizontal
step are first a lattice path A’ € £L(n — k — 1, k), and the final horizontal step increases the
value of s,(\N) by n — 1. O

It is clear from (3.7) that (}.)q is an array of C-L numbers, in this case having the form
A(n, k; ("), (0)) = (})q- This is to be compared with the g-binomial coefficients as they

SThis can be verified, for instance, by noting that among the n steps, n — k of them are chosen to be
horizontal with, necessarily, k vertical.

" Alternatively, index the steps on P and define s, () to be n — k less than the sum of the horizontal step
numbers.
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are typically given, i.e. A(n,k;(0),(q")) = (Z)q. While related to the Comtet-numbers case

(Z)q, it is clear that these ¢-binomial coefficients are not themselves Comtet numbers. Also
unlike their Comtet-case counterparts, these are not usually given an interpretation when
q is a power of a prime number in terms of F, -vector spaces.

Fittingly, there is a relationship between the statistic s; and the area statistic a used
in Section 1.1.3 to obtain the ¢-binomial coefficients. Since each vertical step augments the
step count and height of the lattice path above the x-axis by 1, their contributions to the
statistics are equal. On the other hand, each horizontal step augments the step count by 1
and the height of the lattice path by 0. Since there are n — k horizontal steps and the effect
is cumulative, though a horizontal step is required to create area, for any A € L(n — k, k),

n—k

shN) =1 +2+ -+ m—k—1)al) =¢"2)a(r). (3.8)
Thus,

Theorem 3.1.2. For every n,k € N and indeterminate q,

(3,4

Also, since (} ), is an array of C-L numbers, from Lancaster’s theorem the following
formulas hold:
First,

Theorem 3.1.3. For every n € N,
(e + D@ +a)(@+e?) - (z+q" §:<> (3.10)
k=0

Note that (3.1.3) is a variant on the well-known, see [21], g-binomial theorem.
Second,

Theorem 3.1.4. For alln,k € P,

< > §:¢11J< i;j>J (3.11)

subject to the same boundary conditions given in Theorem 3.1.1.
And third,

Theorem 3.1.5. For alln,k € N and an indeterminate q,

< > }:q ¢ <]_1>q, (3.12)

subject to the same boundary conditions given in Theorem 3.1.1.

In terms of applications of the combinatorial interpretation of the C-L numbers, the
alternate g-binomial coefficient <Z>q enumerates the words in the set CL(n,k; {q'), (0)),
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i.e. words of length n — k in the strictly ascending alphabets Ag U --- U A,_1, with each
A ={ai1,..., CLLqi}. Furthermore, <Z>q enumerates the sequences of ordered pairs in the

set U(n, k; {q'), (0)), i.e. those sequences obtained from selecting balls from urns, as de-
scribed in Section 2.3.2, in which for each j € [n — k], if the urn has label a; = i;, then it
holds ¢% balls, all of which are white.

Notice that if the specific initial subscripts in a word w € CL(n, k; (q"), (0)) here are
0<i1 <ig<---<ip_p <n—1, then there are ¢t 72T -k possible manifestations of
w, providing the formula, for all n, k € N,

<Z>q _ Z itz Fin-k (3.13)

0<i1<ip <+ <ip_p<n—1

Now, recall the two variants on the Hockey Stick Theorem given in Formulas (3.11) and
(3.12), first

and second, respectively,
my 3 -0 (971
<k:>q Zq o <k:—1 ’
j=k g
both subject to the same boundary conditions given in (3.7).

Consider now the closed-form expression for the C-LL numbers given in Theorem 2.3.4.
Here it can be expressed by:

Theorem 3.1.6. For alln,k € N,

<k:> _ E: Ot iditothd | 142+ (dotdr o di—1). (3.14)
a do+di+-+dr=n—k
d;EN

Proof. Straightforward. O

Note, however, that this formula provides nothing new once it is simplified. In fact, for
all n, k e N|

<” - Z gQdotlditthdi | (1424 +(dotdi+tde—1)
k
d; EN
= 0do+1dy+--+kdy, (d0+d1-2¢-..4+dk)
= q .
d; eN
= q(”gk) E q0d0+1d1+~~~+kdk
d;eN

_ @
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which was shown in Theorem 3.1.2.

Incidentally, the formula for these g-binomial coefficients that generalizes (1.2) is, for all

n,k €N,
q(2) <Z>q = o("") <n " k:> , (3.15)

3.2 The Carlitz ¢ and p, g-Stirling Numbers

Now we consider statistics on the canonically ordered sets of partitions of [n] into k nonempty
blocks (i.e. II,, ;). Write the elements 7 of II,, , as follows: m = {E4|---|E}} put in canon-
ical order so that the elements in each block are listed in increasing order and the blocks
are listed in increasing order by their least (here: initial) elements, and note the inversion
statistic, inv(m), is the number of (block) inversions of 7, where a block inversion in 7 occurs
iff, for 1 < i < j < k, a pair (z, E;) appears with z € E; and > min Ej;. It is known, see
[1], that inv generates the Carlitz ¢-Stirling numbers.

That is, for all n, k € N, and an indeterminate ¢,

Se(n k)= Y ™. (3.16)

WEHn’k

As Carlitz showed, the claim that the definition in (3.16) agrees with the definition for

Sq(n, k) given in Section 1.1.4 is justified since it follows from this definition that, for all
n,k eP, ~ . .
Sq(n, k) =S4(n—1,k —1) + kySq(n — 1, k), (3.17)

subject to the boundary conditions S'q(n, 0) = dp0 and S’q(O, k) = 0o, for all n,k € N&.

Now consider another statistic on the elements of II, j : the number of (block) non-
inversions of m, denoted by ninv(rm), where a block non-inversion in 7 occurs for each pair
(Ep, ) such that 1 < h < i < k and z is a non-initial element of E; iff x > min E,Y.
These two statistics together will be described to define a p, g-generalization for the Stirling
numbers, and giving the Carlitz ¢-Stirling numbers in the special case when p = 1.

Now define for all n, k € N and a pair of indeterminates p and ¢,

Spalnik) = 37 prine() gine(), (3.18)

ﬂ'EHTL,k
Then,

Theorem 3.2.1. For all n,k € P and any pair of indeterminates p and q,

Spa(n, k) = Spa(n — 1,k — 1)+ kpySpe(n — 1, k), (3.19)

8This fact is verified below in a more general setting.
9By the canonical ordering, the initial elements of the blocks trivially satisfy this condition and are
therefore ignored for the count.
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subject to the boundary conditions §p7q(n,0) = Op,o for alln € N and S’p,q(O, k) = b0 for
all k € N, where with 0, 4 = 0 and for every k € P,

kpq = Zpkijqul, (3.20)

Proof. The boundary conditions are obvious.

Now consider separately the cases within I, ; in which n appears as its own block and
when n appears in some otherwise nonempty block. First, choosing some 7’ € II,,_1 1,
observe that adding a k* block that contains only n yields a 7w € II,, ;, with n as the sole
element of its block, and since n is in the last block, on the one hand, and it is the least
element of its block on the other, neither inv nor ninv is affected. Thus, this case provides
Spg(n—1,k—1).

Now, starting with some 7’ € II,_; x, note that adding n to the j™ block, j € [k],
provides a m € Il with n not the sole element in its block, and this increases inv by
k — 7 and ninv by j — 1 since n is larger than the least element of every block before and
after the block it is inserted into. Summing across all possible j € [k] in this case provides
kp.qSpq(n —1,k). O

Notice that Theorem 3.2.1 justifies Equations (3.16) and (3.17). Also, observe that due
to the p, g-symmetry of k, 4, choosing ¢ = 1 also provides the same numbers, now in the
parameter p. Thus, the Carlitz ¢-Stirling numbers also arise as a result of the ninv statistic
on II,, ;.. Furthermore, since choosing p = 1 provides the Carlitz ¢-Stirling numbers, naming
these after Carlitz as well is fitting. Since these numbers are Comtet numbers, specifically
satisfying the same recurrence and boundary conditions as C(n, k; (ipq)), other results fol-
low!0:

First,

Theorem 3.2.2. For every n € N and a pair of indeterminates p and q,
n ~
a" = Z Spa(n: k)e(x —1pg) (@ = 2pg) -+ (2 = (k= 1)pg)- (3.21)
k=0

Second,

Theorem 3.2.3. For every k € N and a pair of indeterminates p and q,

k
~ x
Sp.q(n, k)" = . (3.22)
nzzo P (1= 1pgx)(1 = 2pq2) - (1 = kpgq)
And third,
Theorem 3.2.4. For every n,k € N and a pair of indeterminates p and q,
Spa(mk) = D (1pg) " (2p.0)® - (kpg) ™. (3.23)
di-+etdy=n—k

0The analogous results for the Carlitz ¢-Stirling numbers given in Section 1.1.4 could be taken to follow
from these as corollaries.
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Also, the two Hockey Stick Theorems apply to the case of the Carlitz p, ¢-Stirling num-
bers:

k
Spa(n,k) = > (k= )paSpaln — 1 = jik = ), (3.24)
=0
and .
gp,q(nv k) = (kpﬂ)nijgp,q(j - 17 k — 1)7 (3'25)
=k

both subject to the same boundary conditions given in (3.19).

Furthermore, by the results of Sections 1.3 and 2.3, S’pyq(n, k) has the combinatorial
interpretations given by W(n, k; (i, 4)) and U(n, k; (0), (ipq)).

In the literature, Pierre Leroux and Anne de Médicis for example (see [9] and [10])
present these p, g-generalizations of the Stirling numbers using statistics on 0-1 tableaux.
In those papers all of the above four but the condition concerning connection constants are
mentioned.

3.3 The ¢ and p, ¢-Cycle Numbers

Leroux also presents p,g-cycle numbers, again arising from a pair of statistics on 0-1
tableaux!!. Above they are defined instead in a manner analogous to the one used here for
the p, ¢-Stirling numbers.

On the elements ¢ of P(n, k), written in canonical order so that the cycles are listed in
increasing order by their least (here: initial) elements, consider the following two statistics:

1. inv(o), first due to Carlitz in [1], is the number of inversions of ¢ in a left-to-right
scan of the word created by dropping the cycle delimiters from a permutation in cycle
notation, where an inversion in o = (z1,...,,) occurs whenever i < j but z; > x;,
and

2. ninv(co) is the number of non-inversions of o, where a non-inversion in o for each
element other than the element 1 that is smaller than and appearing to the left of
some element z that is not the initial element of its cycle!?

Then define for all n, k € N and a pair of indeterminates p and ¢,

Cpq n, k Z pmm) o) znv(a) (326)
c€P(n,k)

Then,

" These presentations also appear in [9] and [10].

12The non-inversion condition occurs trivially for the initial elements of the cycles by the canonical ordering
and is therefore ignored in the count, and since the element 1 always is written first in the canonical ordering,
the existence of larger elements to its right never contributes to the non-inversion count.
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Theorem 3.3.1. For alln,k € P,
cpq(n, k) =cpgn—1,k=1)4+ (n—1),qcpq(n —1,k), (3.27)

subject to the boundary conditions cpq4(n,0) = 0p 0 for alln € N and ¢, 4(0,k) = 6o for all
k e N.

Proof. The boundary conditions are obvious.

Now consider separately the cases within P(n, k) in which n appears as last as a one-
cycle and when n appears in a cycle together with at least one other element. First, choosing
some o’ € P(n — 1,k — 1), observe that adding a k™ cycle that contains only n yields a
o € P(n, k) with n as the sole element of the last cycle, and since n listed last, on the one
hand, and it is the least element of its cycle on the other, neither inv nor ninv is affected.
Thus, this case provides ¢, 4(n — 1,k —1).

Now, starting with some o’ € P(n—1, k), note that adding n to the position immediately
following the 7*® element in a left-to-right scan and within the same cycle as the element
it follows, j € [n — 1], provides a o € P(n, k) with n not the sole element in its cycle, and
this increases inv by n — 1 — j and ninv by j — 1 since n is larger than every element before
and after the place it is inserted into, though the element 1 (before n) does not contribute.
Summing across all possible j € [n — 1] in this case provides (n — 1), 4¢pq(n — 1, k). O

Definition 3.3.2. For all n,k € P, and an indeterminate q,

cq(n, k) == Z L (3.28)

o€P(n,k)

Notice that this is obtained by choosing p = 1 in (3.26).

It follows that

Corollary 3.3.3. For alln,k € P and an indeterminate gq,
CQ(na k) :Cq(”*1,k*1)+(”*1)q6q(n*1ak)a (329)

subject to the boundary conditions cq4(0,k) = 6o for all k € N and cq(n,0) = 0 for all
n €P.

Gould, in [7], first proposed this g-generalization of the cycle numbers, where he defined
them to be!® “the sum of the (Z) possible products, each with different factors, which may
be formed from the first n g-natural numbers 1,, 24, ..., ny.” Although Gould makes no
explicit reference to whether ¢ is a prime power, real or complex variable, or indeterminate,
since he discusses the theory in terms of g¢-series, his treatment is likely one of the latter
cases. Observe that in the case here, due to the p, g-symmetry of £, 4, choosing ¢ = 1 also
provides the same numbers, now in the parameter p. Thus, the g-cycle numbers also arise as
a result of the ninv statistic on P(n, k). Furthermore, since these p, g-cycle numbers satisfy
the same recurrence and boundary conditions as A(n, k; (ipq), (0)) they are C-L numbers
and hence satisfy several more identities, which will be presented alongside analogous for-
mulas for the g-cycle numbers.

13Using our notation.
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First,

Theorem 3.3.4. For all n,k € N and a pair of indeterminates p and q,

(2 + 1pg) (@ + 2pg) - (4 (n— 1)pyg) Zcpq (n, k)z

Corollary 3.3.5. For all n,k € N and an indeterminate q,

n

zx+1g)(x+2¢) - (x+(n—1)g) = Z cq(n, k)a”

k=0
Second,

Theorem 3.3.6. For all n,k € P and a pair of indeterminates p and q,
Cpg(n, k) Zcpq —Lk—=1)(n—1)pg(n—2)pg (0= J)pg

subject to the same boundary conditions as (3.29).

Corollary 3.3.7. For all n,k € P and an indeterminate q,
Zcq ~Lk=1)(n—1)g(n—2)g - (n~ g,

subject to the same boundary conditions as (3.29).
And third,

Theorem 3.3.8. For all n,k € P and a pair of indeterminates p and q,

k
epq(n, k) = Zn—l NpgCpgn—1—73.k—7),
7=0

subject to the same boundary conditions as (3.27).

Corollary 3.3.9. For all n,k € P and an indeterminate q,
k
Zn—l—j )gCq(n —1— 3,k —j),
7=0

subject to the same boundary conditions as (3.29).

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

These formulas are similar to those for the Comtet numbers, notably (1.28), (1.29),
(1.36), and (1.37), though these are clearly not Comtet numbers. Also it appears that
neither ¢, 4(n, k) nor cq4(n, k) is deeply studied in terms of a structure that is a g- or p, ¢-
analogue of any counted by c¢(n, k), particularly in the case where p = 1 and ¢ is a power of
a prime number. Hence, such a structure, especially in terms of IF; vector spaces, is desirable.
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In applying the combinatorial interpretation given for the C-L numbers, the p, g-cycle
number ¢, 4(n, k) counts the words in the set CL(n, k; (ipq), (0)), i.e. words of length n—k in
the strictly ascending alphabets AgU - --U A,_1, with each A; = {a;1,...,a;;,,}. Further-
more, ¢, 4(n, k) enumerates the sequences in the set U(n, k; (ipq), (0)), i.e. those sequences
obtained from selecting balls from urns, as described in Section 2.3.2, in which for j € [n—k]
the urn with label o; = 7 holds 4, 4 balls, all of which are white.

Notice if the specific initial subscripts in a word w € CL(n,k;(ipq),(0)) are
0 < iy <ig < -+ < ip_p < n, then there are (i1)p4(i2)p,q- - (in—k)p,q POssible manifes-
tations of w, providing the formula, for all n,k € N,

Cpg(n, k) = > (i1)p.q(i2)p.q -+~ (in—k)pag- (3.36)

0<i1<io<-<ip_p<n

This specializes in the case where p = 1 to the formula, for all n,k € N,

k)= S (@)gliz)g - i (3.37)

0<i1<ig< -+ <bp_<n
Remark 3.3.10. Equation (3.37) is an expression of Gould’s definition for cq(n, k) in [7].

Now consider the special cases of the C-L closed form given in Theorem 2.3.4. Here they
take the forms:

Theorem 3.3.11. For all n,k € N and a pair of indeterminates p and q,
CP»q(n? kj) =

n !
b . (3.39)
d1+d2+;dk:n—k (dr+ )pgldi+da+2)pg--(di+ - +dr+k)pg
d; EN

recalling that 0! :=1 and for alln € P, n ! :=npq(n —1)pq - 1pg.

Proof. This is straightforward by applying Theorem 2.3.4 to the case of a; = 7,4, for all
1 € N, and b; = 0 and rewriting it in terms of the factors not present. O

Corollary 3.3.12. For alln,k € N and q € P,

n!
cq(n, k) = > a : (3.39)
ditdat - Fdp=n—k (di +1)q(dr +do +2)g - (di + -+ +di + kg
i€

Thus, p,g-derangement numbers, and hence ¢-derangement numbers, can be defined
in a straightforward manner analogous to the discussion at the end of Section 2.4.1. By
restricting each d; in (3.38) and (3.39) to the set P instead of N, ¢- and p, g-analogues'* of
the derangement numbers arise, valid for all p, g € P. Specifically, Vn, k,p,q € P let

1Due to the way these formulas were derived, p and ¢ will be taken to be in P here. The formulas do
not dictate it, though, and p and ¢ could be indeterminates instead. In that case, the following would be
p, g-generalizations of the derangement numbers.
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dpvq (n7 k) =

n !
p,q

d1+d2+de—n—k (di + 1)p7q(d1 +dy + 2)p,q ce(di et de 'If)nq.
d; P

(3.40)

Summing across all k yields a p, g-analogue of the derangement number d,,, which we denote
dp.q(n). Thus,

Theorem 3.3.13. For all n,p,q € P, let
dpg(n) ==y dpq(n, k) =
n |
> ¥ |
(dl + 1)p7q(d1 +dg + 2)p7q U (dl ++dp+ k)p,q

k>0di+do+-+dr=n—k
d; eP

(3.41)

n!

dy(n, k) = > a : (3.42)
dy ot —n—k (di+1)g(di +da+2)g--(di+ - +dp+k)q

d;€eP

Summing across all k yields a g-analogue of the derangement number d,,, which we denote
dq(n). Thus,

Theorem 3.3.14. For all n,q € P, let
dg(n) =32y dg(n, k) =

n!
q

. (3.43)
kz>:_0d1+d2+;dk:nk (di +1)g(di +do+2)g---(dy + -+ +dp + k)q
d;€P

3.4 The Comtet-Lancaster ¢ and p, ¢-Lah Numbers

A Lah-analogue of the above two cases provides a Comtet-Lancaster variant on p, g-Lah
numbers and hence on a g-Lah array as well!®. These are defined below.

Recall first that the Lah numbers are defined by L(n, k) = )ﬁnk‘ . Suppose the elements

of ﬁnk are canonically written. Then consider the linear order on each block to be a
permutation of the elements in the block, and write each in cycle notation.

Example 3.4.1. Supposen = 6 and k = 2. Then the partition with ordered blocks {6,2,5,1|4,3}
would be written (16)(2)(5)|(34). Here, the cycles (2) and (5) are fived points in their block.

Call the resulting structure a partitioned permutation of [n] into k nonempty blocks. These
will be taken to be written canonically as follows:

1. each cycle is written with its least element listed first,

5There are several variants on g-Lah numbers appearing in the literature, for example in [17] and [19],
but none of those are C-L numbers.
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2. within each block the cycles are written in increasing order according to their least
(i.e. initial) elements, and

3. the blocks are listed then in increasing order by their least elements, which necessarily
appear first.

Denote the set of partitioned permutations of [n] into k& nonempty blocks by A,, ;, and as-
sume by convention that each element therein is written canonically. Note that the number
of cycles is not specified. Also it is clear that |A, x| = L(n, k).

On the elements A of A, ;, written in canonical order so that the cycles are listed in
increasing order by their least (here: initial) elements within their blocks and the blocks
are listed in increasing order by their least elements, define the following two statistics:

1. inv*(A) is the number of inversions appearing in A created by elements that are not
initial within their cycles together with the number of “block inversions” created by
the initial elements of the cycles with the blocks, where a block inversion occurs any
time the initial element of some cycle in a block is larger than the smallest element of
a block to its right, and

2. ninv*(A) is the number of non-inversions of A, where a non-inversion in A occurs
whenever any element other than the smallest element of a cycle is larger than an
element to its left, excepting the element 1 which always leads, or whenever the
smallest element of some cycle that is not the smallest element of a block is larger
than the smallest element of a block to its left.

In Example 3.4.1, i.e. (16)(2)(5)|(34), inv* is 5. The appearance of 6 in a cycle with
another element adds to the inversion count, yielding a contribution of 4 to inv* since 2,
5, 3 and 4 all appear to its right. The appearance of 5 as a fixed point in the first block
adds to the block inversion count, yielding a contribution of 1 since there is one block to
the right with a smaller least element. Note that in this example, neither 5 preceding 4 in a
left-to-right scan nor the fixed point 2 in the first block have an impact on inv*. Likewise,
ninv* is 1, the element 4 occurring after 2 being the only contributor.

Then define, for all n,k € N and a pair of indeterminates p and ¢,
Lpg(n,k) = > pimNgm ), (3.44)
AeA(n,k)
It follows that

Theorem 3.4.2. For all n,k € P and a pair of indeterminates p and q,

Lp,q(”a k) = Lpg(n—1,k — 1)+ [(n— 1)p,q + kp,q]an(n —1,k), (3.45)

subject to the boundary conditions Ly 4(0,k) = 0y for all k € N and Ly 4(n,0) = 6,0 for
all n € N.

Proof. The boundary conditions are clear. Now let n, k € P. Consider separately the subsets
of A, x in which the one-cycle (n) appears as its own block!® in the partitioned permutation

16Necessarily, this block would appear last.
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and in which n appears somewhere other than as its own last block, which has two subcases.

In the first case, obtain A\ € A, ; by choosing X € A,,_1 ;1 and appending a k" block
(n). Then there is no change to inv* or ninv* since n appears last as a least element of its
block. Thus, this case provides L, (n — 1,k — 1).

In the second case, consider first the subcase when n appears in a cycle with at least one
other element. These A can be obtained by choosing any A\ € A,,_ 5, and inserting n into
any of the n — 1 spots that immediately follow some other element!'”. Doing so increases
inv* by j if n follows the (n — 1 — 7)™ entry in X, once for each element to the right of
that spot, and ninv* by j — 1, once for each element to its left other than 1. Summing all
possibilities across j € [n — 1] yields (n — 1)4Lpq(n — 1, k).

Now consider the subcase when A is obtained by adding the cycle (n) to some X' € A,,_1 g,
necessarily listed last in some otherwise nonempty block. There are k choices, and if (n)
appears as a fixed point of block j, then inv* is increased by k — j, once for each block to
its right since in its cycle, n is listed first. Also, ninv* is increased by j — 1, once for each
block to its left. Summing all possibilities across j € [k] yields kp 4Lpq(n — 1, k). O

From this recurrence, notice that these p,g-Lah numbers are C-L numbers, and so
call the array defined by the recurrence (3.45) the Comtet-Lancaster p,q-Lah numbers.
Specifically, Ly 4(n, k) = A(n, k; (ip.q), {ipq)) for all n,k € N, and hence several other results
compatible with Lancaster’s theorem follow. In the special case where p = 1, the resulting
array will be called Comtet-Lancaster q-Lah numbers, which can be defined, for all n, k € N
and an indeterminate ¢, by

Lo(n,k):== Y ™. (3.46)
AeA(n,k)

It follows that

Corollary 3.4.3. For alln,k € P and an indeterminate q,
Ly(n,k) =Ly(n — 1,k — 1)+ [(n — 1) + kg Lg(n — 1, k), (3.47)

subject to the boundary conditions Ly(0,k) = o for all k € N and Ly(n,0) = 8,0 for all
n € N.

Observe that due to the p, g-symmetry of (n—1), 4, and k, 4, choosing ¢ = 1 also provides
the same numbers, now in the parameter p. Thus, the Comtet-Lancaster ¢g-Lah numbers
also arise as a result of the ninv* statistic on A, .

Now consider the formulas for the Comtet-Lancaster p, g-Lah numbers that arise from
Lancaster’s theorem, along with the analogous formulas for the Comtet-Lancaster ¢-Lah
numbers.

First,

Theorem 3.4.4. For all n,k € N and a pair of indeterminates p and g,

(@ + 1pg) (@ + 2pg) - (4 (n—1)pg) =

"Note n cannot be listed first since the canonical representation requires 1 is always listed first
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fonq(”v k)z(z — 1pg)(x = 2pq) -+ (. — (k= 1)pg).

k=0

Corollary 3.4.5. For all n,k € N and an indeterminate q,
z(x+1g)(x+2) - (xz+ (n—1)g) =

> Loy(nk)a(e —1g)(@ —2¢) -+ (& — (k — 1)g).
0

Second,

Theorem 3.4.6. For all n,k € P and a pair of indeterminates p and q,
k —
Z [(n—=1=J)pq+ (k= 3)pglLlpg(n—1—j,k—j),
7=0

subject to the same boundary conditions as (3.45).

Corollary 3.4.7. For all n,k € P and an indeterminate q.
k —
=3 [(n—=1=j)g+ (k= j)glLyln —1—j.k - j),
7=0

subject to the same boundary conditions as (3.47).
And third,

Theorem 3.4.8. For all n,k € P and a pair of indeterminates p and q,

n n—1
= Zip,q(j -1Lk-1) H(ip,q + kpg)-
Jj=k i=j

subject to the same boundary conditions as (3.45).

Corollary 3.4.9. For all n,k € P and an indeterminate q,

n n—1
k)= Ly — 1,k —1) [ ]G + kq)-
j=k i=j

subject to the same boundary conditions as (3.47).

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

There is similarity in these formulas to those for the Comtet numbers, notably (1.28),
(1.29), (1.36), and (1.37), though these too are clearly not Comtet numbers. Also, a struc-
ture that is a g-analogue of one counted by L(n, k) in terms of Fy-vector spaces in the case

where ¢ is a power of a prime number is desirable.

In terms of the combinatorial interpretation extended to these arrays from the one
given in Section 2.3, the C-L p,¢-Lah number L, ,(n,k) enumerates the words in the
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set CL(n, k; (iq), (iq)), i.e. words of length n — k in both the strictly ascending alpha-
bets Ag U --- U A,_1 together with the ascending alphabets By U --- U By, with each
A; = {ai1,...,0i4,,} and each with each B; = {b;1,...,b;;,,}. Furthermore, Lpq(n, k)
enumerates the sequences in the set U(n, k; (ipq), (ipq)), i.€. those sequences obtained from
selecting balls from urns, as described in Section 2.3.2, in which the number of white balls
in any urn is given by the p, g-integer analogue of its label and the number of red balls is
given by the p, g-integer analogue of its sublabel.

Consider now the closed-form expression for the C-L p, g-Lah and ¢-Lah numbers given
via Theorem 2.3.4.

Theorem 3.4.10. For all n,k € N and a pair of indeterminates p and q,

_ (n+k+1)!
Ly Q(n7 k) = Z = )
’ (di +2)pqg(di+3)pg - (di +- -+ di + 2k)pg(di +- -+ dp + 2k + 1), 4
(3.54)

where the sum runs over all choices of dy,...,dr € N withdy +---+dx =n —k.

Proof. This is straightforward by applying Theorem 2.3.4 to the case of a; = 7,4, and
b; = 14 and rewriting it in terms of the factors not present. O

Corollary 3.4.11. For all n,k € N and an indeterminate q,

Lo k)—z (n+k+1)! (3.55)
a1 )= (di +2)g(d14+3)g- - (di+- 4+ dp +2k)g(d1 + - +dp +2k+ 1),

where the sum runs over all choices of dy,...,dr € N withdy +---+dx =n — k.
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Summary and Future Directions

The primary goal of the first chapter is to re-introduce and develop in parallel manner
and then to unify algebraically and combinatorially several of the examples of the numbers
classified as Comtet numbers including the binomial coefficients, Stirling numbers (of the
second kind), g-binomial coefficients, and Carlitz ¢-Stirling numbers (also of the second
kind). These are each shown to have similar formulations in terms of their recurrences,
closed-form expressions, ordinary (column) generating functions, and roles as connection
constants between x™ and various falling-factorial polynomials. Those similarities are uni-
fied by Comtet’s theorem (Theorem 1.2.1), see [4] and [21], in Formulas (1.28) — two-term
recurrence, (1.36) and (1.37) — “hockey stick” recurrences, (1.31) — closed-form expressions,
(1.30 — column generating functions, and (1.29) — connection-constant relations. In Section
1.3, these Comtet numbers are given a unifying combinatorial interpretation in terms of
words enumerated by a class of complete symmetric polynomials, and then bijections are
given between the new interpretations and the known ones given in Section 1.1.

In the second chapter, the cycle and Lah numbers are presented as examples of similar
arrays to those unified by Comtet’s theorem and yet outside of its umbrella. These have
similar formulations in terms of their recurrences and roles as connection constants, this
time connecting rising-factorial polynomials with z” in the case of the cycle numbers and
with the (usual) falling-factorial polynomial in the case of the Lah numbers. Those similar-
ities are unified by Lancaster’s theorem (Theorem 2.2.2), see [8], in Formulas (2.15) — two
term recurrences, (2.17) and (2.16) — “hockey stick” recurrences, and (2.14) — connection-
constant relations. In Section 2.3, these Comtet-Lancaster numbers are given a unifying
combinatorial interpretation in terms of words enumerated by a class of sums of products
of elementary and complete symmetric polynomials as well as a more classical balls-and-
urns interpretation, and then bijections are given between the new interpretations and the
known ones given in Section 2.1. Furthermore, using the balls-and-urns interpretation, we
give the C-L numbers a closed-form expression (2.33) that generalizes (1.31), and using it,
new closed-form expressions for the cycle number (2.46) and Lah numbers (2.55) arise that
highlight a different direction for potential generalization of these arrays as well as providing
a closed-form expression for the derangement numbers (2.48). Finally, the interpretation
provided in this chapter is compared with the earlier attempt provided by John Konvalina
in [11] and [12] and is seen to be both more salient in composition and more general in
construction.

The third chapter endeavors to explore ¢- and p, g-generalizations of the arrays presented

in Chapters 1 and 2 via the method of statistical generating functions, utilizing some new
and some known statistics on the various structures presented in Sections 1.1 and 2.1. Using
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these, p, ¢- and hence g-generalizations of the Stirling numbers and cycle numbers, in agree-
ment with those of Carlitz [1], Gould [7], Leroux and de Médicis [9] and [10], and Wachs and
White [18], are presented using statistics on permutations given in cycle notation. These
allow a definition, following the method in Chapter 2 using the closed form expression, of
p,q and g-derangement numbers. Also given are p,¢- and hence ¢-generalizations of the
Lah numbers that are indeed C-L numbers, a novel pair of arrays that can be added to
the list provided for instance by Wagner [19] and Shattuck [17]. In addition, an alternative
g-binomial coeflicient is defined that is not an array of Comtet numbers but that are C-L
numbers using a modification of a well-known statistic, see [15], on lattice paths that gener-
ates the g-binomial coefficients. Many of these examples do not have structures, particularly
in terms of [Fy-vector spaces, that provide g-analogues, and so developing such structures
would be of interest. The author has developed in a separate work a structural framework
that accomplishes many of these goals, though not in terms of vector spaces.

Another direction for future study includes the development of statistics on the struc-
tures given by W(n, k; (b;)) and CL(n,k; (a;), (b;)), particularly in the cases of the bino-
mial coefficients, Stirling numbers, cycle numbers, and Lah numbers so that their ¢ and
P, g-generalizations are available. Ideally, those would be analogous to the inv and ninv
statistics given on the structures, though in some cases, that may prove intractable. Fur-
thermore, it would be interesting to derive a more general notion of functions of restricted
growth that provide structures for either the Comtet numbers or C-L numbers, in as broad
a sense as that is possible, extending the structure presented in Section 1.4.4.

Also, based on the discussion in Section 1.4.4, a development of the idea of restricted
growth functions to the generality of the Comtet numbers is already available, and it would
be interesting to note whether anything can be said on the matter for the C-L numbers.
For instance, the cycle numbers can be described as counting a class of surjective functions
that are both forced and restricted in terms of their growth. The balls-and-urns approach
to interpreting them seems particularly likely to provide insight in such an endeavor.

Furthermore, direct generalizations of the C-L numbers are also possible, for instance
providing a general two-term recurrence that specializes to the C-L numbers in certain cases
while also encapsulating the similar Eulerian numbers and p, g-binomial coefficients, see [5],
neither of which are C-L numbers. These allow, inter alia, Formulas (1.57) and (1.58) to
receive similar treatment to the other ¢-binomial Hockey Stick Theorems as they arise from
the p, g-binomial coefficients with ¢ = 1, reparameterized in terms of ¢ in place of p. That
approach proceeds from generalizing the balls-and-urns interpretation of the C-L numbers
and appears to be able to be extended to also capture and generalize multinomial coeffi-
cients as well.
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Appendix A

Appendix: Partial Tables of Values
of Arrays

In this appendix, partial tables and lists of values of the main arrays discussed in this body

of work are presented.

The partial table of values for the binomial coefficients, (Z) is

k[0 1 2 3 4 5 6>
01 1
101 1 2
201 2 1 4
3/1 3 3 1 8
401 4 6 4 1 16
501 5 10 10 5 1 32
6|1 6 15 20 15 6 1|64

This is Pascal’s triangle and is well-known (see [20]). Observe that the entries in the
“sum” column here are given by 2". They count, for instance, the subsets of [n].

The partial table of values for the Stirling numbers, S(n, k) is

n\k]0O 1 2 3 4 5 6]
01 1
1[0 1 1
200 1 1 2
310 1 3 1 5
410 1 7 6 1 15
500 1 15 25 10 1 52
6|0 1 31 90 65 15 1203

The entries in the “sum” column here, the Bell numbers, are well known (see [20]), those
being denoted B,, and named for Eric Temple Bell. They count, for instance, the number
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of partitions of [n] into any number of nonempty blocks.

The partial table of values for the cycle numbers, c¢(n, k) is

n\k]O 1 2 3 4 5 6]
01 1
1[0 1 1
200 1 1 2
310 2 3 1 6
410 6 11 6 1 24
5/0 24 50 35 10 1 120
6|0 120 274 225 85 15 1720

The entries in the “sum” column here are given by n!, as is well known (see [20]), count-
ing all of the permutations of [n] (with any number of cycles).

The partial table of values for the Lah numbers, L(n, k) is

k0 1 2 3 i 5 6]
01 1
1[0 1 1
200 2 1 3
3|0 6 1 13
410 24 36 12 1 73
500 120 240 120 20 1 501
6|0 720 1800 1200 300 30 1 | 4051

The entries in the “sum” column here are frequently denoted L,, (see [20]), counting all
of the partitions of [n] into any number of nonempty blocks, each equipped with a linear
order. Observe that the £ = 1 column here agrees with the “sum” column for the cycle
numbers for n € P, as these obviously count ﬁml, the set of partitions of [n] in one block
with a linear order, i.e. the permutations of the elements of [n].

For the arrays given in terms of indeterminates ¢, or p and ¢, instead of presenting a
partial table of values, a list is given since the polynomials are notational cumbersome in
tabular format. Also, in the cases of the g-arrays, they are presented only to n = 5 instead
of n = 6. In the cases of the p, g-arrays, they are presented only to n = 4.

The following list gives some of the values of the ¢g-binomial coefficients:
For n =0,

e k=0:1;
o Zk(g)qzl
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e k=0:1;

e k=1:1,;

o Yr(p), =2
For n =2,

e k=0:1;

e k=1:1+g¢q;

o k=2:1;

« > (7),=3+4q
For n = 3,

e k=0:1;

e k=1:14q+¢%

o k=2:14+q+q¢%

e k=3:1;

« Xi (1), =4+2a+2%
For n =4,

e k=0:1;

o k=1:1+q+¢*+4%

k=2:1+q¢+2¢"+ ¢ +q%

E=3:1+q+ ¢+ ¢

k=4:1;

Sk (1), =5+ 3¢ +4¢% +3¢° + ¢
For n =5,

0:1;

I
—_

1+ g+ @+ +ah

Il
DO

t 1+ q+2¢° +2¢% + 2¢* + ¢ + ¢5;

Il
w

11+ q+2¢% +2¢% + 2¢" + ¢° + ¢5;

Il
W

1+ g+ + ¢+ g%

o B~

Il
o

: 1
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o« >, (Z)q =6+ 4q + 6¢% + 6¢° + 6¢* + 2¢° + 24°.

The sums across k for fixed n here are frequently denoted Gy, (q) and are known as the
Galois numbers in the parameter g (see [21]), counting all of the vector subspaces of of Fy
when ¢ is a power of a prime number.

The following list gives some of the values of the Carlitz ¢-Stirling numbers:
For n =0,

e k=0:1;

o 3, S,(0,k) = 1.
Forn =1,

e k=0:0;

e k=1:1,;

o« >, S,(1,k) =1
For n =2,

e k=0:0;

o k=1:1;

e k=2:1,;

o >, 5,(2,k) =2
For n =3,

e k=0:0;

o k=1:1;

e k=2:2+g;

e k=3:1;

>, 5,(3,k)=4+q.
For n =4,

e k=0:0;
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o >, 5,(4,k) =8+ 5q +2¢°.

For n =5,
e k=0:0;
o k=1:1;

o k=2:4+6q+4¢> + ¢

o k=3:6+8¢+7¢>+ 3¢ + ¢*;

o k=4:4+3q+2¢+ ¢

e k=5:1;

o 3. 5,(5,k) =16 +17¢ + 13¢> + 5¢° + ¢*.

The sums across k for fixed n here are sometimes denoted B, (q) and are known as the
(Carlitz) g-Bell numbers in the parameter g (see [22]).

The following list gives some of the values of the Carlitz p, ¢-Stirling numbers:
For n =0,

e k=0:1;

°* > Sp,q((),k):l-
Forn =1,

e k=0:0;

e k=1:1;

* Zk‘gp,q(l,k)zl
For n =2,

e k=0:0;

e k=1:1,;

e k=2:1,;

o Yk Spa(2,k) =2.
For n = 3,

e k=0:0;

e k=1:1,;

e k=2:14+p+gq;
e k=3:1;
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o > Spq(3.k)=3+p+aq.

For n =4,
e k=0:0;
e k=1:1,;

o k=2:14+p>+p+2pq+q+q¢*
e k=3:1+p*+p+pg+q+q*
e k=4:1;

Sk Spg(4, k) = 44 2p? + 2p + 3pg + 2 + 2¢°.

The sums across k for fixed n here could be denoted B,,(p, q) and be called the Carlitz
p, g¢-Bell numbers in the parameters p and ¢q. Notice how the introduction of the parameter
p here offers a somewhat more pleasing symmetry to the polynomials than in the Carlitz
g-Stirling numbers case.

The following list gives some of the values of the g-cycle numbers:

For n =0,

e k=0:1;

o > . cq(0,k)=1.
Forn =1,

e k=0:0;

e k=1:1;

o ) ,cq(lk)=1.
For n = 2,

e k=0:0;

e k=1:1;

e k=21,

o > ,cq(2,k)=2.
For n = 3,

e k=0:0;

e k=1:1+gq;

e k=2:2+g;

e k=3:1;
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o > . c(3,k)=4+2q.
For n =4,

e k=0:0;

o k=1:1+2q+2¢*+ ¢

o k=2:3+4q+3¢*+ ¢

e k=3:3+2¢+¢%

e k=4:1;

o 3ica(d k) =8+ 8g +6¢> + 2¢°.
For n =5,

e k=0:0;

o k=1:143q+5¢2+ 643+ 5¢* + 3¢° + ¢5;

o k=2:4+49¢+12¢% + 12¢° + 8¢* + 4¢° + ¢5;

k=3:6+9¢+9¢*>+ 7¢> + 3¢* + ¢°;

o k=4:4+3q+2¢*+ ¢

k=5:1;

Sk cq(5, k) = 16 + 24q + 28¢% + 26¢> + 16¢* + 8¢ + 245.

The sums across k for fixed n here exhibit an interesting property. First notice that
they are not given by n!. Instead, if we let ¢; = (1 + (i — 1)4) for all i € P, then

Zcq(n, k) = Hti’ (A.1)
k i=1

noting the empty-product convention when n = 0.

Proof. This is most directly proved by using Theorem 3.31, which states

n

(x4 1) (x4 2¢) -+ (x4 (n—1)g) = Z cq(n, k)",
k=0

and applying = = 1. O

For an enumerative proof, observe that both sides of (A.1) count the words of any length
(naturally limited to being of lengths between 0 and n — 1 letters) in the strictly ascending
alphabets Ay, ..., A1, with each A; = {a;1,...,a:4,}. The left-hand side of (A.1) does
this by the recognition in Section 3.3 that the g-cycle numbers are C-L numbers.

On the other hand, the right-hand side of (A.1) counts the same words by filling n slots
with letters of the same kind as follows: the ™ slot, for ¢ € [n], either takes a letter from
A;_; or is left blank, creating t; = (1+ (i — 1)) possible choices for each block. The word is
created by dropping any blank spaces and maintaining the order of the letters otherwise. [J

86



The following list gives some of the values of the p, g-cycle numbers:
For n =0,

e k=0:1,;
e >, cpg(0,k) =1
Forn =1,
e k=0:0;
e k=1:1,;
o > gl k) =1
For n =2,
e k=0:0;
e k=1:1,;
o k=2:1;
o> 1 pg(2,k)=2.
For n = 3,
e k=0:0;
e k=1:p+gq;
e k=2:14+p+gq;
e k=3:1,;
o S cpal8.k) =24 2+ 2.
For n =4,
e k=0:0;
o k=1:p3+2p%q+2p¢® + ¢°;
o k=2:p"+p*+p+20%0+pq+ 204> +q+¢* + ¢
o k=3:14+p>+p+pg+q+d%
o k=4:1,;

>k Ca(h k) =2+ 2p% + 2p% + 2p + 4p*q + 2pq + 4pg® + 29 + 2¢° + 2¢°.

Notice how again the introduction of the parameter p here offers a somewhat more
pleasing symmetry to the polynomials than in the ¢-cycle numbers case. Also, the sums
across k for fixed n exhibit the same property, mutatis mutandis as in the case of the g-cycle
numbers, i.e. if we let t; = (1 + (i — 1),4) for all ¢ € P, then

chq(”a k) = Htu (A.2)
k

i=1

noting the empty-product convention when n = 0.
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Proof. This is most directly proved by using Theorem 3.30, which states
n
(@ 4+ 1pg)(@ 4+ 2pq) (@ + (R —1)pg) = Z pa(m, k’)ﬂfk,
k=0

and applying x = 1. O

For an enumerative proof, observe that both sides of (A.2) count the words of any length
(naturally limited to being of lengths between 0 and n — 1 letters) in the strictly ascending
alphabets Ay, ..., Ap_1, with each A; = {a;1,...,a:4,,}. The left-hand side of (A.2) does
this by the recognition in Section 3.3 that the p, g-cycle numbers are C-L numbers.

On the other hand, the right-hand side of (A.2) counts the same words by filling n
slots with letters of the same kind as follows: the " slot, for ¢ € [n], either takes a letter
from A;_q or is left blank, creating ¢; = (1 + (¢ — 1),4) possible choices for each block.
The word is created by dropping any blank spaces and maintaining the order of the letters
otherwise. O

The following list gives some of the values of the Comtet-Lancaster ¢g-Lah numbers:
For n =0,

e k=0:1;

o > L,(0,k)=1.
Forn =1,

e k=0:0;

e k=1:1,;

o Y. Ly(1,k)=1.
For n =2,

e k=0:0;

o k=1:2;

o k=2:1,;

o > Ly(2,k) =3.
For n = 3,

e k=0:0;

o k=1:4+42q;

o k=2:442q

e k=3:1;

Sk Lg(3,k) =9 + 4q.
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For n =4,

e k=0:0;

e k=1:8+48q+6¢>+2¢>
o k=2:12+ 14q+ 8¢> + 2¢%;
o k=23:644q+2¢%

o k=4:1;

o > Ly(4,k) =27+ 26q + 16¢° + 4¢°.
For n =5,
e k=0:0;
o k=1:16+ 24q + 28¢° + 264> + 16¢* + 8¢° + 2¢5;
o k=2:32+60q+ 62> + 48¢> + 26¢* + 10¢° + 24°;

k=3: 24+ 34q + 32¢% + 204> + 8¢* + 2¢°;

k=4:8+6q+4¢> + 2¢>;
e k=5:1;
o >, Ly(5,k) =81 + 124q + 126¢% + 96¢> + 50¢* + 20¢° + 44°.

The sums across k for fixed n here could be denoted L,(q) and would generalize L,
in a new way. Observe that for n € P, the values when & = 1 match the values of the
sums, over k, of the g-cycle numbers, i.e. Ly(n,1) = >, ¢,(n, k). This fact underscores a
connection between the structures discussed in this work, in particular that there may be a
pair of suitable structures, one for the g-cycle numbers and one for the Comtet-Lancaster
g-Lah numbers, so that the one analogous to ﬁnk is composed of “blocks” containing the
structures analogous to P(n, k), as is the case when ¢ = 1.

The following list gives some of the values of the Comtet-Lancaster p, g-Lah numbers:
For n =0,

e k=0:1;

o > Lyq(0,k)=1.
Forn =1,

e k=0:0;

e k=1:1;

°* > Lpq(1,k)=1.
For n =2,
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e k=0:0;

o k=1:2;

o k=2:1;

o >k Lpq(2,k) =3.
For n =3,

e k=0:0;

e k=1:242p+ 2q;

o k=2:2+42p+ 2q;

o k=3:1;

> . L,,(3,k)=5+4p+4q.
For n =4,

e k=0:0;

o k=1:242p3+ 2%+ 2p + 4p?q + 2pq + 4pg® + 2q + 2¢° + 2¢°;

o k=2:242p% +4p® 4+ 4p + 4p*q + 6pq + 4pg® + 4q + 4¢% + 2¢5;

k=3:2+2p>+2p+2pq + 2q + 2¢%;
o k=4:1,;
o > Ly (4,k) =T+ 4p3 + 8p? + 8p + 8p%q + 10pq + 8pg® + 8q + 8¢* + 4¢>.

The sums across k for fixed n here could be denoted L, (p, ¢) and would further general-
ize Ly,,. Notice how the introduction of the parameter p here offers a somewhat more pleasing
symmetry to the polynomials than in the case of the Comtet-Lancaster g-Lah numbers, and
once again, the values when £ = 1 match the values of the sums, over k, of the p, g-cycle
numbers, i.e. Lyq(n,1) = Y, ¢pq(n, k). This fact underscores a connection between the
structures discussed in this work, in particular that there may be a pair of suitable struc-
tures, one for the p, g-cycle numbers and one for the Comtet-Lancaster p, ¢-Lah numbers, so
that the one analogous to ﬁnk is composed of “blocks” containing the structures analogous

to P(n, k), as is the case when p = ¢ = 1.
The results (A.1) and (A.2) hold more generally for the C-L numbers cases in which
b; = 0. Specifically, if we denote by A(n; (a;)) the row-sum of A(n, k; (a;), (0)), then

n—1

A(n; (ai)) = [T (1 + ), (A.3)

1=0

noting the empty-product convention when n = 0.
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Proof. This is most directly proved by using the connection constants variant of Lancaster’s
Theorem 2.2.2, which states

(x4 ap)(z+a1)(x+az) (x4 an—1) ZAn E; {a;), >) )

and applying « = 1. O

For an enumerative proof, observe that both sides of (A.3) count the words of any length
(naturally limited to being of lengths between 0 and n — 1 letters) in the strictly ascending
alphabets A, ..., A,_1, with each A; = {ai1,...,aiq,}. The left-hand side of (A.3) does
this by Theorem 2.3.2.

On the other hand, the right-hand side of (A.3) counts the same words by filling n slots
with letters of the same kind as follows: the i*" slot, for i € [n—1]*, either takes a letter from
A;_1 or is left blank, creating a; + 1 possible choices for each block. The word is created by
dropping any blank spaces and maintaining the order of the letters otherwise. O

Furthermore, the sums of the rows in many of these arrays exhibit two-term recurrences
of their own, notably the cases of 2", n!, L,, and G,(q), while others do not, particularly
it is known that B,, does not (see [20] and [21]). It would be interesting if the row-sums of
the Comtet-Lancaster ¢- and p, g-Lah numbers exhibit a two-term recurrence analogous to
that of L,. Observe that the row-sums in the cases of the ¢- and p, ¢-cycle numbers each
satisfy a two-term recurrence, for all n > 2, that can be derived, respectively, from (A.1)
and (A.2):

HtﬁHt bt th,

for each case of t; as given above, subject to the boundary conditions that the row-sums
are both 1 when n =0 and n = 1.

Thus, it is also of interest to investigate the row-sums of the C-L numbers
A(n, k; (ai), (bi)) to try to determine conditions on the sequences (a;);>o and (b;);>o that
describe when a such a two-term recurrence is available and when it is not. As with the
result in (A.3), a partial result is available: it can be shown that when b; = 0, for all n > 2,

A(n; (ai)) = A(n = 1;(ai)) + an—1(an—2 + 1) A(n — 2; (a;)), (A.4)
subject to the boundary conditions A(0; (a;)) = 1 and A(1;(a;)) = ap + 1.

Proof. Notice first that the right-hand side of (A.4) can be simplified to a one-term recur-

rencelz

A(n; (ai)) = (ap—1 + D A(n — 15 {as)), (A.5)
valid for all n > 1 with A(0; (a;)) = 1. This is perhaps easiest to see algebraically:

Tt is given here as a two-term recurrence specifically to have it in that form, not for utmost simplicity
of the expression.
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Note that?

A(n) =) A, k) =) (A(n =1,k —1) +an1A(n — 1,k)) = (an—1 + 1)A(n — 1).
k=0 k=0

Now both sides of (A.5) count the words of length up to n in the strictly ascending
alphabets Ag, ..., A,_1. That the left-hand side does so is clear considering the construction
in Section 2.3.1. The right-hand side does so in two disjoint, exhaustive classes: those in
A,,—1 and those in A§_ . O

Notice that this establishes the claim that the row sums of the ¢-cycle and p, g-cycle numbers
satisfy a two-term recurrence. Also, if the “other” g-binomial coefficients, (), have row-

sums denoted by G’n(q), these satisfy the two-term recurrence, for all n > 2,
G(q) = Gn1(9) + 4" ("% + 1)Gna(a), (A.6)

subject to the boundary conditions Go(q) = 1 and G1(q) = 2.

2Suppressing reference to the sequence (ai)i>o for compactness of notation.
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