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Abstract

In this paper, we consider various combinatorial aspects of a family of polynomi-
als, denoted by L%a’ﬁ ) (x), whose coefficients S, g(n, k) correspond to a special case of

the partial r-Bell polynomials. Among the particular cases of Lq(ma’ﬂ ) () are the gener-
alized Laguerre polynomials, associated Lah polynomials, and polynomials arising in
the study of hyperbolic partial differential equations. Here we provide a combinatorial
treatment of L,(la’ﬁ) (z) and its coefficients, which were studied previously strictly from
an algebraic standpoint. In addition to providing combinatorial proofs of some prior
identities, we derive several new relations using the combinatorial interpretations for
L%a”g ) (z) and S, g(n,k). Our proofs make frequent use of sign-changing involutions
on various weighted structures. Finally, we introduce a bivariate polynomial general-
ization arising as a distribution for a pair of statistics and establish some of its basic

properties.

1 Introduction

The generalized sequence of polynomials e (x) are defined by Mihoubi and Sahari [17] as
coefficients in the exponential generating function formula

ZLW(@% = (1= ) exp (z (1 — 1) — 1)), (1)

n>0
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where o and (3 are real numbers with 8 # 0. The special cases of P (x) when (o, 8) =

(—%, —%) or (—%, —%) arise in the theory of hyperbolic partial differential equations, see,

[6, pp. 391-398] and [10]. Other important special cases include the generalized Laguerre
polynomials (« = =\ — 1,5 = —1) and the associated Lah polynomials (a« = 0,8 = —m),
see, e.g., [7] and [1], respectively. It is seen from (1) that L (z) may be expressed as

LD (x) =) Sap(n, k)at,
k=0

where

Sustn k) = 15 S0 (M) cam g ez ®)

and 27 = z(z 4+ 1)--- (x +n — 1) if n > 1, with 2° = 1, denotes the rising factorial. Note
that (2) implies S, g(n, k) = 0 for £ > n > 0, whence the Lﬁf’ﬁ’(x) are indeed polynomials.
Recall that the partial r-Bell polynomials [16] are defined by

N\ k N T
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the r = 0 case of which corresponds to the classical partial Bell polynomials (see, e.g., [2]).
It was shown [17] that

Srap(n k) = By ((=8), (~0)) (3)
where 7 is a non-negative integer. Note that upon taking & = f = —1 in (3) and replacing r

with 27, one obtains the r-Lah numbers as a special case of S, s(n, k), which we denote by
UCLJT in accordance with [18]. The r = 0 case of LZJT, which is written without a subscript,
corresponds to the classical Lah numbers; see, e.g., [11] and A008297 in [23]. We remark
that other polynomial generalizations of the Lah numbers related to S, 3(n, k) have been
considered previously [14, 21].

Here, we provide a unified combinatorial treatment of several of the previous algebraic
results involving L\’ )(x) and S, g(n, k). To do so, we consider a slight variant, denoted

by L.(n,k) = L£“"B)(n, k), of Sap(n,k) defined as L,(n,k) = S_,q_s5(n, k). We then let
L,.(z)= L%Ofr’ﬁ)(x) be given by

L,.(z)= Z L, (n, k)z", n > 0. (4)

We find these forms of S, g(n, k) and L) (x) to be more convenient to deal with com-
binatorially. The extra parameter r is introduced here since in several of the subsequent
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identities, we consider integral increments of the parameter a. Also in the final section, the
non-negative integer r is replaced by its polynomial analogue , where p is an indetermi-
nate.

The organization of this paper is as follows. In the next section, we find a combinatorial
interpretation for L,(n,k) and L, .(z) in terms of a pair of statistics on a structure closely
related to the r-Lah distributions. We make use of this interpretation in the third section
in finding some new relations involving L,(n,k) and L, .(z). In the fourth section, we
provide combinatorial proofs of some prior formulas for S, g(n, k) and LY (2), rewritten
in terms of L,(n, k) and L, ,(x), which were found previously by algebraic methods. Our
proofs entail use of weight-preserving, sign-reversing involutions defined on certain weighted
configurations involving various kinds of finite partitions whose blocks are contents-ordered.
In the final section, we consider a (p, ¢)-generalization of L,(n, k) (and hence also of L, ,())
by considering two further statistics (marked by p and ¢) on the underlying structure that
is enumerated by L,.(n, k) when a = 8 = 1. Some identities are found of the (p, ¢)-analogue,
which extend earlier ones and the log-concavity is established for a range of p and ¢ values.

2 Combinatorial definition and generating function

In this section, we provide a combinatorial interpretation for the sequences L,(n,k) and
L, .(z) and show how their (exponential) generating function formulas can be obtained
using this definition. To do so, we first write a two-term recurrence for L,(n,k). Such a
recurrence for L,(n,k) where n,k > 1 (along with initial conditions) may be derived from
(2) using L, (n, k) = S_,a,—s(n, k) as follows:

BL,(n—1,k—1)+ (ar—i—ﬁk—i—n—l)Lr(n—l,k)
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Thus, we have the recurrence
L.(n,k)=pBL,(n—1,k—1)+ (ar+ pk+n—1)L,.(n—1,k), nk>1, (5)

with initial conditions L,(n,0) = (ar)™ and L,.(0,k) = 0o for all n,k > 0. Note that
when o« = = 1 and r is replaced by 2r, it is apparent from (5) that L,(n, k) reduces to
the r-Lah number. For a different generalization of the r-Lah numbers, see [4], where the
r-Whitney-Lah numbers are introduced, and [9, 20], where they are studied further.

We now find a combinatorial interpretation for L,(n, k) in terms of a bivariate distribu-

tion. Given n,k,r > 0, let P, = 737(17:) denote the set of partitions of [n + r| into k + r
contents-ordered blocks such that the elements of [r| belong to distinct blocks, with these
elements first in their respective blocks. Within A € P, j, we refer to blocks containing
the elements of [r] as special, with all other blocks being non-special, and at times refer to
the elements of [r] themselves as special. Note that by virtue of their association with a
distinguished element, special blocks are labeled and in effect allowed to be empty, whereas
non-special blocks are unlabeled and always non-empty.

We define a pair of statistics on P, as follows. By a left-right minimum (lr min) within
a non-special block B = {b1by---b;} of A\, we mean an element b; € B such that b; < b; for
all j < 4. The same definition applies to a left-right minimum in a special block of A except
that one considers only the sequence (possibly empty) of elements obtained by excluding
the initial (special) element. Note that the first element of any non-special and the second
element of any special block is vacuously an Ir min. Let v4(\) denote the total number of Ir
min in all of the special blocks of A per the definition above and v5(\) the number of Ir min
in its non-special blocks.

Define T,.(n, k) = TT«(O"B)(TL, k) to be the joint distribution on ’P(T,)c given by

n,

T.(n, k) = Z otV gr2d), 0<k<n. (6)

AeP()

Note that T,.(n,0) = (ar)™, upon considering the placement of the elements of I = [r+1,r+n]
within the special blocks, starting with r + 1, and furthermore that 7, (n,n) = ", as each
member of [ in this case occupies its own (non-special) block and hence is an Ir min. We
take T,.(n, k) to be zero if k > n or k < 0.

We have the following combinatorial interpretation for L, (n, k).

Theorem 1. For all n,k,r > 0, L.(n,k) = T,(n,k); i.e., L.(n,k) is the joint distribution
for the statistics v1 and vy on PTST,)C

Proof. The initial conditions of T,.(n,k) when n = 0 or k = 0 are seen to agree with those
of L,(n,k), so assume n,k > 1. Note that the weight of the members of P, in which the
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element n+7r comprises its own block is given by 57, (n—1,k—1). On the other hand, if n+r
is placed just after a member of [r] within one of the special blocks or at the beginning of a
non-special block, then there are arT,.(n—1, k) and SkT,(n—1, k) possibilities, respectively.
Finally, members of P, in which n + r directly follows some element of [r + 1,r +n — 1]
contribute (n — 1)7,(n — 1, k) towards the weight. Combining the previous cases implies
T.(n, k) satisfies recurrence (5), and hence T,(n, k) = L.(n, k) for all n, k and r. O

Let P, = P be given by P, = Up_oPpi for n > 0. Given A € P,, let p(\) denote
the number of non-special blocks of A\. Then, from (4), it is seen that L, ,(x) gives the joint
distribution of the vy, 15 and p statistics on P,, where the p statistic is marked by the x
variable. Note that L, ,.(z) reduces when x = a = = 1 to the n-th row sum of r-Lah
numbers, which coincides with A000262 when r = 0.

The LY (2), equivalently the L, .(z), were defined in [17] as coefficients of a certain
exponential generating function (egf), from which various algebraic properties are derived.
Alternatively, starting with the combinatorial definition above for L, ,(z), it is possible to
derive the corresponding egf formula.

Theorem 2. We have

ZLH,T(@Z_?: — (1= t)exp (z (1 1) 7 — 1)) (1)

n>0

and

S Lo, k:)% _ % (-0 —1)". (8)

n>k

Proof. Since (8) follows from (7) and (4), we need only establish (7). To do so, first observe
the identity

Ly1.(z) =+ ar+ px)L,,(x) + ﬁx%Lm(a:), n>0. (9)

An equivalent form of (9) was shown in [17] algebraically. Using the interpretation given
above for L, ,(x), one can give a quick combinatorial proof of (9) as follows. Note that the
first term on the right side of (9) counts all p € P,.1 where the element n + r + 1 either
directly follows a member of I, follows a special element or occurs as a singleton block. The
second term is seen to count those p in which n + r 4+ 1 starts a non-singleton non-special
block (and hence itself is an Ir min). Observe that since no new block is created in this last
case, no factor of x is introduced, which is witnessed with the multiplication of the z-partial
derivative by x.

Let f(t,z) = >, <0 Lm(x)% Multiplying both sides of (9) by ';—n!, and summing over
n > 0, gives -

(1= 1) 7(t,2) — o f(.2) = ar + o) f(t,2), (10)
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with initial condition f(0,x) = 1. Solving explicitly the first-order linear partial differential
equation (10) then yields

flt,z) = (1 =) exp (e (1=6)" =1)),
as desired. u

Remark 3. Note that recurrence (5) also follows from equating like powers of  on both sides
of (9).

3 New identities for L.(n,k) and L, ()

In this section, we derive some new identities involving L,.(n,k) and L, ,.(z). Applying
recurrence (5) repeatedly yields the following formula for n > k& > 1:

Ly (n,k) = (ar)"* 3% + Z(ar +Bk—j)+n—j—DFLn—j—1k—j), (11

which may also be shown by considering the largest element n — 7 4+ r that either goes in a
special block or in a non-singleton non-special block. Multiplying both sides of (11) by ¥,
and summing over 1 < k < n, gives after simplification the following recurrence:

n—1

Loslie) = (3" + 30277 (@ + 9)gs ) + B L)), mz 1 (12

=0

<.

From (2), L,(n, k) is given explicitly by

_kli ()ar—l—ﬁ]) n,k > 0. (13)

Let 2% = z(x — 1)+ (z —n+ 1) for n > 1, with 22 = 1, denote the falling factorial. We
have the following further recurrences for L,(n, k) that can be obtained from (13).

Theorem 4. Ifn,k >0 and 0 < s <r, then
LD (k) =Y (”) (a(r — 5))" T LA, k) (14)
; J
Jj=k

and



Proof. By (13), we have

where we have used the fact (v +y)" = Y7, (’;) 27y"=7 in the penultimate equality. For
(15), first observe that for a fixed n, k and s where n > k, both sides of (15) may be viewed
as polynomials in r of degree n — k. Thus, it suffices to show (15) for all r > n — k + s. Let
m =k +r —s. By (13), we then have

where we have used [8, Formula 5.24] in the antepenultimate equality O

Remark 5. Identities (14) and (15), in the case when a = =1 and r and s are even, were
shown in [18] by a different method. Furthermore, identity (14) may be given a combinatorial
proof by considering the number n — j of elements of [ in the final » — s special blocks within
a member of P, Identity (15) may also be obtained combinatorially by first arranging the
elements of [n + s] according to a member of P,(LSJ) where 7 > k and then selecting 7 — k of
the non-special blocks whose contents to be transferred to r — s additional special blocks.
We leave the details of this argument to the interested reader.
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The combinatorial interpretation for L,(n,k) given in Theorem 1 above yields further
recurrence formulas for L,(n, k) as follows.

Theorem 6. Ifn,m, k>0 and 0 < s <r, then

L.(n+m,k) = ni()() (r—s)) " Lyn+m—i—jk) (16)

=0 j=

and

Lo(n+m+1,k) — Z()( ) FTIL, (b m— i j k)

1=0 j=

+ B (4 m — i — j,k —1)). (17)

Proof. To show (16), consider the number ¢ of elements of I and the number j of elements
of [r+n+1,r +n+m] that go in the final r — s special blocks within a member of Py, k-
There are (7) (’j) (a(r — 5))"7 ways in which to choose and arrange these elements and then
Lis(n+m —1i— j,k) ways to arrange the remaining members of [r + 1,7 + n + m], together
with the first s special elements. Summing over all possible i and j gives (16).

For (17), we consider the number ¢ of elements of [r + 2,7 4+ n + 1] and the number j of
elements of [r +n+ 2,7 +n+ m+ 1] that go in the same block as r 4+ 1 within a member of
Primi1k- If 7+ 11is to go in one of the r special blocks, then there are o/t ways in which
to order the elements in this block and L, _i(n +m — i — j, k) ways in which to arrange the
remaining members of [r +n +m + 1]. If » + 1 goes in a non-special block, then there are
B+ ways to arrange the elements in this block and L,(n +m —i — j, k — 1) ways in which
to arrange the remaining elements. Combining the two previous cases gives the generic term
in the sum on the right side of (17), which implies the result. O

A similar argument to that given for (16) above implies

A ZZ()() (@ = ) F Lmigul@),  0<s<n,

=0 j7=0

which may also be obtained by multiplying both sides of (16) by z* and summing over all
k. A formula comparable to (17) may be given for L, 4, +1.(z) as well. The m = r = 0 case
of (17) may be written equivalently as

n

Lo+ 1.0 =3 (1) Latn — ik~ 1), k20,

=0

which can also be obtained by considering the number of additional elements in the block
containing 1. When 8 = 1, note that this is a standard recurrence for LZJ
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Theorem 7. Ifn,m,j7 >0 and 0 < s < r, then

n—m-—j n—i n—i—k

Lifn+lm+j+1) =83, >, 3, (nH)( . k)(as+6(m+1)+k+1)“”

=0 k=m [(=j
(18)

x (a(r = 8))' Ly(k,m) Lo (£, 5).

Proof. We enumerate the members of Py, 41 ;4,41 according to ¢, k and ¢ defined as follows.
Given A € Ppi1m+j+1, let i denote the number of elements of [r 4+ 1,7 + n + 1] going in
the final r — s special blocks of A\, and let R denote the subset of elements so selected. Let
T =[r+1,r+n+1]—Rbegiven by T = {t1,...,t,_i+1} wheret; < --- <, ;11, with k such
that ¢x,1 is the smallest element of the (m + 1)- st non-special block of A (where non-special
blocks are arranged from left to right in increasing order of smallest elements). Finally, let
¢ denote the number of elements of K = {txi2,tk13,...,tn_is1} that belong to the final j
non-special blocks of A and denote by L the corresponding subset of K. Note that by the
definitions, m < k<n—iand j < ¢ <n—1i—k, and hence 0 <7 <n—m — 7, in order for
such A to exist. )

To enumerate A, first note that there are ("1')(a(r — s))* ways in which to choose and
position the elements of R. Once this has been done, there are Ly(k, m) ways in which to
arrange the elements of {t1,...,#x} U [s] such that there are exactly m non-special blocks.
We then put ¢4, into an additional non-special block by itself (which accounts for the extra
factor of ) and insert the n —i — k — ¢ elements of K — L into the first s special and
first m + 1 non-special blocks. Note that there are ("7;;7’“) (s + B(m + 1) + k4 1)n—i-h=t
possibilities concerning the selection and placement of the elements of K — L, as there are
already k + 1 non-special elements altogether within these blocks. Finally, there are Ly(?, j)
ways in which to arrange the members of L since none of these elements go in special blocks.
Thus, the generic summand on the right side of (18) enumerates all A € P, 41 441 Mmeeting
the restrictions described in the first paragraph. Considering all possible 7, & and ¢ then
gives (18). O

Remark 8. Taking s = r in (18) yields

n n—=k

L(n+1,m+j+1) BZZ( ) (ar+ B(m+1)+k+1)""" L, (k,m)Ly((, §). (19)

k=m (=j
Note that when o = = 1 in (19), one obtains an r-Lah number analogue of formula (7)
from [5].
We have the further recurrence relation for L, ,(x) which follows from its combinatorial
interpretation.

Theorem 9. If m,n >0 and 0 < s <r, then

Lir) = 3 (%)t 4 i+ mf L, Lo (0), (20)

=0 7=0



Proof. Given A\ € P, 1, suppose that there are exactly ¢ non-special blocks of A\ containing
at least one member of R = [r 4+ 1,7 4+ m| where 0 < i < m. Suppose further that within A
there are exactly n — j members of T'= [r +m + 1,7 + m + n] where 0 < j < n that either
(i) occur as an Ir min in one of the first s special blocks, (ii) occur as an Ir min in one of the
non-special blocks containing a member of R, or (iii) directly follow a member of R or some
other member of T' either within any of the non-special blocks mentioned in (ii) or within
any of the special blocks. Note that (i) and (iii) preclude the possibility of an element of T
enumerated by n — j from directly following the special element in any one of the final r — s
special blocks.

We now enumerate all A € P,, 4, subject to the parameters ¢ and j and show that it
is given by the generic summand in (20). To do so, first observe that there are z'L,(m,1)
ways in which to arrange the elements of [r + m] in their blocks. Let X = {z1,...,2,_;}
denote the subset of T" whose elements (written in increasing order) each satisfy one of the
conditions (i)—(iii) above. Then there are (7;) ways in which to select the elements of X and,
once this selection has been made, we consider adding x1, xs, . .., sequentially, to the blocks
already containing the elements of [r + m|. Note that there are as + (i + m possibilities for
the placement of 1, upon considering separately (i)—(iii). In general, for i > 1, it is seen that
there are as + fi +m +1¢ — 1 ways in which to insert z;, since in addition to the possibilities
mentioned for x;, the element z; may be placed directly after any member of xy, ..., z;_;.

Thus, there are (s + 37 + m)"™7 ways in which to insert the elements of X into the
previous blocks. Further, a member of T'— X can go either in a non-special block containing
no members of R or in any one of the final r — s special blocks such that no element of
R occurs between it and the special element in that block. There are then L;,_,(x) ways
in which to arrange the elements of 7' — X in their blocks as there is no restriction on the
number of additional non-special blocks that are to be occupied. Note that members of T
belonging to one of the final 7 — s special blocks and occurring to the right of the leftmost
member of R in the block (if it exists) all belong to X, while those occurring to the left
belong to T — X (with all members belonging to 7" — X if it is the case that the block
contains no member of R). Therefore, given A € P, 1, the elements of T'— X, and hence
of X, may be retrieved by considering the contents of the final r — s special blocks together
with any non-special blocks that fail to contain an element of R. Considering all possible
values of i and j thus implies the result. O]

Remark 10. The case of (20) where a = f = 1 and r,s are both even corresponds to
[19, Theorem 3.3], which was shown algebraically by finding two different expansions of
(z + 2r)™™ and equating like coefficients of z%.

Proceeding as in the proof of [22, Theorem 3.1] yields the following further formula, where
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n,k,r > 0 and x; and y; for ¢ > 0 denote arbitrary sequences:

%(n;k>%yn+k —L Xk:i y ZJ:( )( )(.>xn+m GYktj—t—i

j=0 p=0 £=0 j=0 i=0
x aP(ar + Bp + )" I Ly (,p)Lig(x). (21)

We note an important special case of (21). Let Up,(z) = >0 _o || 2™ be the r-Lah

polynomial of order n, the » = 0 case of which being denoted simply by Up(x). Taking
x;=1and y; = d;p for all i > 0 in (21), with a = § = 1, gives the formula

k

Unihr(® ZZ( )xp k+p+2r) {’;JTUJ@), (22)

p=0 j=0

which is an r-Lah polynomial version of Spivey’s formula [24] for the classical Bell numbers
A000110.

4 Combinatorial proofs of prior identities

In this section, we provide combinatorial proofs of some prior formulas involving L,(n, k)
and L, .(z) that were shown previously by various algebraic methods.

We first prove a couple of relations involving L,, () and the two kinds of Stirling numbers
that occur in a slightly different form as [17, Proposition 5]. Let [}] denote the (signless)
Stirling number of the first kind A008275 and {Z} the Stirling number of the second kind
A008277. Let B, (z) = > _1_y {}}2" be the n-th Bell polynomial (see, e.g., [13] or [15]).

Theorem 11. Ifn,r > 0, then

n

i”<)arkwf3() (23)

k=0 ]:O

and

St et = 3 () o e 21

k=0

Proof. To show (23), we form members A € P, as follows. First arrange the elements of
I according to a permutation of [n] having exactly k cycles expressed in standard cycle
form (i.e., smallest element first within each cycle, with cycles arranged from left to right
in increasing order of first elements). Let C1,Cy, ..., Cy denote the cycles so obtained. We
then select k& — j of the C;, and for each chosen C;, we write the elements contained therein
in the same order within one of the special blocks (after the special element). If two or more
C; are selected for the same special block, say C;,,C},, ..., where 7; > 5 > ---, then we
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write all of the element contained in Cj, first, followed by those in C;, and so on. Then there
are (';) (ar)®=7 ways in which to select the k — j cycles and arrange the elements contained
therein. Note that the first element of each of the chosen C; corresponds to a special block Ir
min and hence contributes a factor of a towards the weight. The remaining j cycles are then
arranged according to an arbitrary partition of [j] such that the contents of cycles going in
the same block are written in descending order of their indices. Thus each cycle starter in
this case corresponds to a non-special block Ir min, which accounts for the factor of 37. This
aside, there are then B;(z) possibilities concerning the relative positions of the cycles within
the various (non-special) blocks. Considering all k£ and j then yields uniquely all possible A,
which implies (23).

To show (24), first let A, x for 1 < k < n denote the set of ordered pairs (7, p), where 7 is
a partition of I with k£ blocks and p is a member of P using the blocks of 7 as its non-special
elements (together with the members of [r]), where blocks are ordered by the relative sizes of
their smallest elements. Define the (signed) weight of (7, p) € A, as (—1)"Fa 1) gr2(0) 3,
where j denotes the number of non-special blocks of p. Then the left side of (24) is seen to
give the sum of the weights of all members of A, = U}_, A, 1, where we may assume n > 1.

Let A/, denote the subset of A,, consisting of those (7, p) such that 7 = {r + 1},{r +
2},...,{r +n} and within all blocks of p, the singletons of 7 occur in descending order. To
define an involution of A, — Al consider the largest j € I, which we denote by j*, such
that either (i) the singleton {j} occurs in 7, with {j} directly following another block B of
7 within some block of p such that j is greater than the largest element of B, or (ii) j is the
largest element of some non-singleton block of 7. Replacing option (i) with (ii) by removing
the singleton {j*} from 7 and adding j* to the block B, or vice versa if (ii) occurs, is seen to
define an involution of A, — A/ It always preserves the weight (since the number of blocks
of p does not change and neither does its number of Ir min), while it reverses the sign (the
number of blocks of m changing by one). Upon considering the number k of singleton blocks
of 7 occurring in the non-special blocks of p, the sum of the weights of all members of A/, is
seen to be given by the right side of (24), which completes the proof. O]

The L, (n, k) serve as connection constants between the polynomial bases ((ar + fz)"), <
and (z™), ., as pointed out in [17, Corollary 4]. Here, we provide a combinatorial explanation
as to why, which makes use of a sign-changing involution.

Theorem 12. Ifn,r > 0, then

n

(Oﬂ’ + Bx)ﬁ = Z Lr(nv ])xl (25)

=0

Proof. Given 7 € P, j, let 7* denote a permutation of the non-special blocks of 7. Let m(7*)
be the number of left-right minima of 7*, where it is understood that the blocks permuted by
7* (which are construed as the elements in a permutation) are ordered by the relative sizes
of their respective smallest elements. Let 75n,j = {(m,7*) : m € P, ;}, where it is understood
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that 7* can range over all possible permutations of the non-special blocks of 7 for each 7.
Given 7 = (m,7*) € P, ;, define the (signed) weight w(7) by

w(’ﬁ) — (_1)j_m(7r*)al/1(ﬂ')/Bug(ﬂ')xm(ﬂ*)‘

It is seen from the definitions that the right-hand side of (25) gives the sum of the weights
of all m € Pn, where 73 = UL 073”]

To complete the proof, we define a sign-reversing involution on P, as follows. In each
block permuted by 7* within 7 = (7, 7*) € P, ;, consider the ordering of the elements of [
that it contains. Decompose the ordering s, of the elements contained in the ¢-th block of
7 (from left to right) by

0 (6) (&) (6)

Sp =81 Q1 Sy Qy "3%)@%), 1 <<y,

where sg ) > sg) > e > sr,z) denote the Ir min of s, and the Oé(é) are possibly empty. We call

a sequence s, for some ¢ € [j] disqualifying if (i) r, > 2 (i.e., block ¢ contains at least two Ir
min), or (ii) 7, = 1 where ¢ > 1, with the ¢-th block of 7* (when viewed from left to right)
having larger first element than its predecessor.

Let ¢' denote the largest ¢ such that s, is disqualifying. If sy is disqualifying via (i), then

break off the initial segment sg )aﬁ" of sy and form a separate (contents-ordered) block

with it to directly follow the remaining part of the parent block. Otherwise, reverse this
operation if (ii) applies. One may verify that this defines a sign-reversing involution on P,
since j always changes by one, and hence the sign, with the other factors in the definition
of w(m) unchanged. In particular, note that m(7*) does not change since blocks are ordered
by the size of their smallest elements and thus an Ir min is neither introduced nor removed
when performing the operations above. The survivors of the involution are those members
of P,, in which the smallest element is first in each non-special block of 7, with these blocks
arranged in decreasing order of smallest elements from left to right (i.e., 7 corresponds to
the permutation j(j — 1)---1). Each additional non-special block within such members of
P, then yields a factor of Sz (as it corresponds to an Ir min of 7). Thus, the sum of the
weights of the survivors is given by (ar+ fz)(ar+pz+1) - (ar+pr+n— 1) (ar+pz)",

since for each ¢ € I, one can either insert ¢ as an Ir min in a special block, as a non-special
block starter, or as a direct successor of some member of [r+ 1,7 +1i — 1]. O

The following reciprocity result was shown in [17] using generating functions.

Theorem 13. Ifn,r > 0, then
@ - n —a,—
L) = Y0P P ) (26

Proof. Let U, denote the set of ordered pairs p = (p1, p2), where p; is a partition of [n]
into k contents-ordered blocks and py € Py, with the weight of p taken to be that of py, but
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with o and 8 replaced respectively by —a and —3. Let members of U, ;. have sign (—1)*
and U, = U}_, U, x. Then the right side of (26) gives the sum of the (signed) weights of all
members of U,,. To show that the left side of (26) also achieves this, we first regard members
p of U, as follows. Let p’ be obtained from p by arranging the blocks of p;, ordered by relative
size of their smallest elements, according to the partition py (where r extra special elements
are added that are distinct from the blocks of p;). We let p/ have sign and weight equal to
that of p. Thus, the right side of (26) gives the sum of the weights of all configurations p’,
the set of which we again denote by U,,.

We define an involution on U, as follows. Let us refer to the blocks of p’ whose elements
are themselves blocks of p; as superblocks. In a left-to-right scan of the superblocks of
p € U, where the special superblocks are written before the non-special, consider the first,
denoted by B, which contains within its blocks at least two elements of [n] altogether. Let
B denote the rightmost block within B. If B is not a singleton, then break off the final
element of B and form a singleton block with it to follow B. If B is a singleton, then we
add its element to the block that directly precedes it at the end. Note that this operation
always reverses the sign and preserves the weight except in the cases (I) B = {abfa} or
(IT) B = {abf} and B = {a}, where B’ denotes the penultimate block of B, a < b are the
two smallest elements of [n] contained within the blocks of B, and a and § are (possibly
empty) sequences of elements of [n]. Note in this case that the weight is not preserved since
moving a as indicated adds or takes away a factor of either a or  (depending on whether
B is special or not) since both B and B’ are Ir min (as they correspond to the two ‘smallest’
blocks within B).

If the elements a and b occur according to (I) or (II) above, then let ¢ < d denote the
two smallest elements of [n| contained within blocks of B excluding those containing a or b.
(If there are less than two such elements of [n] left at this point, then we stop.) We repeat,
if possible, the involution above using the elements ¢ and d just as we did a and b, where the
block or blocks containing a and b are left undisturbed. If ¢ and d cannot be moved without
preserving the weight, then consider the two smallest elements in the remaining blocks and
so on. We repeat this process until the operation of breaking or fusing blocks as described
can be performed or until all of the blocks of B have been considered (except for possibly an
initial singleton block). We then consider the next superblock C from left to right within p/
containing at least two elements of [n] within its blocks and repeat. We continue until it is
possible to perform the involution on adjacent blocks as described within some superblock
or all of the superblocks have been exhausted.

The set of survivors of this involution, which is denoted by U/, are those configurations in
U,, in which each superblock B is comprised of a sequence of blocks where those containing
a and b are of the form (I) or (II) above and occur at the end of B, with the remaining
blocks of B arranged in the same manner inductively from right to left upon considering the
two smallest remaining elements. Note that each block within any superblock of a member
of U is seen to be an Ir min. Thus since each block receives a weight —a or —f3, and the
sign is —1 to the number of blocks, one may thus assign a weight of a or  to each block
(depending on whether or not the superblock to which it belongs is special). Therefore, to

14



complete the proof, it suffices to define a weight-preserving bijection between U and P,
where the associated weights for either set are o and f.

Let A € U and we replace the blocks within each superblock B of A\ with a sequence of
elements in [n]. If B is empty (in which case it is special), then it is left empty. If B contains
one block that is a singleton, then simply remove the brackets enclosing the element contained
therein. So assume B contains at least two elements of [n] altogether in its blocks. If the last
block within B is of the form (I) above, then form the word aabf, whereas if it is of form
(IT), then put baafS. Then consider the relative positions of the elements ¢ and d defined
above. If ¢ and d occur together in a block as {yddc}, then write cydd directly prior to the
current word, whereas if they occur as {ydd}, {c}, then put dycd instead. We continue in
this manner working from right to left within the blocks of B, forming a sequence in [n| with
distinct letters. If B has an initial singleton block that is left after all other blocks have been
used as described, then we simply write its entry at the beginning of the current word.

Thus, the sequence of blocks within B has been replaced by a word w such that its length
equals the sum of the cardinalities of the blocks. Note that the number of Ir min in w is seen
to be the same as the number of blocks within 8. This follows from the inductive manner in
which w was formed. Note for example that if (T) holds, then only a out of {a, b} corresponds
to an Ir min in w, whereas if (II) holds, then both a and b do so. Since each block within B is
an Ir min, it follows that the weight associated with B is the same as the weight of the word
w. Forming a word for each of the superblocks of A as described then results in a member
A € P, having the same weight. Furthermore, one may verify that the map%)lng A\ s
a bijection. It follows that the sum of the weights of all members of U is Ly ; il ), which
completes the proof. O

Equivalent versions of the following identities involving transformations of the o and (8
parameters occur in [17] and were shown using generating function techniques. Their elegant
form suggests trying to find some sort of a combinatorial explanation as to why.

Theorem 14. Ifn >0, r > 1 and ' # 0, then

- o+l b =
(ar + Bz)" = Z(—l)jLS TeEs )(n,j)(o/ — p'zy (27)
7=0
and
(@5) - s s) s
LD (n, k) =) (~1)YLy (n, VLG k), 0<k<n. (28)

j=k
Proof. We first describe a set of configurations, the members of which have sum of weights
given by the right-hand side of (27). Given 0 < j < n, let K; denote the set of ordered pairs
(7, p) such that m € P TH and p is a permutation of the non-special blocks of © wherein
blocks corresponding to lr min may be marked (where it is understood that blocks of 7 are

ordered by the relative sizes of their smallest elements). Let K = U}_,K; and members of
C; have sign (—1)?. We define a weighting of the members of K as follows. Let () denote
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the number of Ir min in the first r special blocks of 7, where Ir min for both special and
non-special blocks are defined as before. Let v9(7) denote the number of Ir min in just the
(r 4+ 1)-st special block of 7 and ~3(7) the number of Ir min in its non-special blocks. Let
d1(p) and d2(p) denote the number of marked and unmarked Ir min in p, respectively. Note
that an Ir min of p corresponds to a block B of m whose smallest element is less than the
smallest element of any block occurring to the left of B within p. Define the weight of the
ordered pair (m, p) € K by

™ ™

() (5) @
Then, upon considering the product of terms in (o/ — #'x)? and recalling the definition of
L.(n,7), it is seen that the right side of (27) gives the sum of the (signed) weights of all
members of K.

To define an involution on /C, the following definition will be useful. Suppose that the
sequence of elements within a non-special block C' of 7 is expressed as s = a;1a272 - - - apTp,
where ay, ..., a, denotes the complete set of Ir min of s and 7,..., 7, are possibly empty.
Then we refer to a subsequence of elements of the from a;7; for some 1 < i < p as a section
of C. Similar terminology is applied to the special blocks of 7, where it is understood in this
case that s does not include the special element and hence can be empty. Let A = (7, p) € K
and we pair A with some X' € K of opposite weight. To define the mapping A — X, first
suppose that p has exactly ¢ Ir min which we denote by @1, ..., Q;. Let Q; be the (possibly
empty) sequence of blocks of m occurring between @Q; and Q41 if 1 < i <t —1 and to the
right of @y if i = t.

We first consider the case when Q; is non-empty with the blocks comprising Q, containing
at least two sections altogether. Let D denote the last block of Q,. If D contains two or more
sections, then we remove the first section and form a separate block of 7 that is to directly
follow D. We reverse this operation if D contains a single section whose first element is
greater than the first element of the block directly preceding it. Thus, we may assume that
D contains a single section whose first element is less than the first element of its predecessor.
In this case, we consider the penultimate block of Q, and apply one of the above operations
if possible. If not, continue considering blocks of Q, from right to left until it is the case that
a block having two or more sections is encountered or one having a single section whose first
element is greater than the first element of its predecessor in Q;. Note that if no such block
is ever encountered, then it must be the case that the blocks in Q; each have one section
and occur in decreasing order of their smallest elements.

We now extend our involution to the last aforementioned case concerning Q;. Here, we
also allow for Q; to consist of a single block containing one section or for Q; to be empty,
with ); containing more than one section if the latter applies. Let E denote the first block
of Q,. If the first element of E is greater than the first element of @);, then we write the
elements comprising the section E directly prior to the current sequence of elements in Q);. If
the first element of )y is greater than that of E (or if Q; is empty), then we break off the first
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section of (); and form a new block to directly follow. Observe that since the blocks of O,
occur in decreasing order of first elements, these operations are inverses. Note further that in
the latter case, the block (); must contain more than one section since min(;) < min(E) if
Q; is non-empty. Let X" denote the member of K obtained by applying any of the preceding
operations. In all cases, the magnitude of the weight of A and )\’ is the same since moving a
section as described does not change the weighting of m with respect to its non-special blocks
and neither does it affect the weighting of p since no Ir min are introduced or removed. On
the other hand, since the number j of non-special blocks of © changes by one in all cases,
the sign of the weight is always reversed. Finally, one may verify that the mapping A — )\
is indeed an involution where defined.

So we may assume henceforth that (); contains a single section and is the final block of
p (i.e., Q; is empty). Now let iy denote the largest index i < t, if it exists, such that either
Q, is non-empty or Q; is empty, but (); contains two or more sections. We then apply in
this case the previous involution A — ) to the blocks belonging to Q;, U {Q;,}, leaving the
remainder of p undisturbed. The set of survivors in K of this extended involution are those
members (m, p) where i fails to exist, i.e., those in which the non-special blocks of 7 all
contain a single section and are arranged within p in decreasing order from left to right. In
particular, every block of p corresponds to an Ir min.

In this case, we let U denote the set consisting of the sections contained either within the
(r+1)-st special block of 7 or within the non-special blocks of 7 corresponding to any marked
Ir min of p. Assume for now U # @. We compare the various sections in U« by comparing
the sizes of their first elements. If the smallest section F' in U belongs to a non-special
block, then delete the block containing F' from p and move F' to the (r 4 1)-st special block,
writing its sequence of elements so that they directly follow any elements already present.
If F belongs to the (r + 1)-st special block of 7, necessarily as the final section, then we
form a new (non-special) block containing only the elements in F', which we mark and insert
into p so that p is still decreasing after the insertion. Note that this uniquely determines
the position of F' within p and implies that these operations are inverses of one another.
Furthermore, the magnitude of the weight is preserved since a section within the (r + 1)-st
special block of 7 or within a non-special block of 7 corresponding to a marked Ir min of p
both contribute a factor of % towards the overall weight. On the other hand, the sign is
again reversed since a non-special block is either created or removed.

Thus, the set K’ of survivors of all the preceding involutions are those (m, p) in which
(i) the (r + 1)-st special block of 7 contains only r + 1, (ii) each non-special block of 7
contains one section, and (iii) p is the decreasing permutation, with no blocks in p marked.
Within members of K, each new Ir min in one of the first r special blocks of 7 contributes
a and each non-special block of 7 within p contributes —g(—ﬁ/ x) = Bz towards the signed
weight. Thus, there are ar 4+ Sx possibilities for each section starter. All other members
of [r+ 2,7 +n + 1] fail to be Ir min and thus contribute one towards the weight. Upon
successively considering each element of [r 4 2,7 + n + 1] starting with r + 2, it is seen that
the sum of the weights of all the members of K’ is given by (ar 4+ Sx)", which completes the
proof of (27).
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To show (28), we extend the proof of (27) and let £; for k < j < n denote the set of
ordered pairs (7, 7) such that 7 is as before and 7 is a partition of the non-special blocks of

7 arranged according to a member of 73](1,3 Let £ = Uj_, L; and members of £; have sign
(—1)7. Define the weight of (7, 7) € L by

/ 2(m) 3(m)
oM (™) (Oéﬁ_/ﬁ)7 (g)’Y (o) (=g

Here, the statistics «; are as in the proof of (27) and the v; are as in the second section
above, with the latter now applied to the partition 7 whose “elements” are blocks of w. (We
refer to the blocks of 7 as superblocks.) From the various definitions, it is seen that the sum
of the (signed) weights of all members of £ is given by the right side of (28).

We now define a sign-reversing, weight-preserving involution on £. We first apply the
involution defined above in the third and fourth paragraphs of this proof to the sequence
of blocks of 7 contained in the special and each of the non-special superblocks of 7. Thus,
we may assume that all non-special blocks of 7 contain one section and are arranged in
decreasing order within each superblock of 7. Now let V denote the set consisting of sections
that belong either to the (r + 1)-st special block of 7 or to non-special blocks of 7 going in
the special superblock of 7 (necessarily in decreasing order). Assume V # & and let H be
the smallest section in V. We now apply the same type of involution as we did in conjunction
with the set U above, moving the section H from a special to a non-special block, or vice
versa. Combining this mapping with the previous, one may verify that this yields the desired
involution on L.

The set £’ of survivors of this involution consists of those (7, 7) such that (i) the (r41)-st
special block of 7w contains only r + 1, (ii) the special superblock of 7 contains no blocks of
7, and (iii) non-special blocks of 7 each have a single section and occur in decreasing order
within the non-special superblocks of 7. Note that within members of £’, each non-special
block of 7 contributes —g(—ﬁ’ ) = [ towards the weight and may be viewed itself as some
section of a larger contents-ordered block, upon removing the enclosing parentheses. Thus,
combining the £ non-special superblocks of 7 with the first r special blocks of 7, it is seen
that the sum of the weights of all members of £ is given by P (n, k), which completes
the proof of (28). O

Remark 15. Equivalent forms of (27) and (28) involving S, g(n, k) occur as [17, Corollary 18]
and are given by

(—a—Ba)" =Y (=1VS, ws 5 (n,j)(~a' = By

NCURNCU
=0 BB

and
n

Saa(m k) = 3 (215, _ars 5 (1:5)Se (i ).

j=k

18



Note that the first identity above can be obtained from (27) by replacing «, 5 and o/ with
—a/r, —f and —d/, respectively, and using I/sf)"ﬁ)(n7 k) = S_;a,—p(n, k). The second identity
may be obtained similarly from (28).

5 A further polynomial extension

In this concluding section, we derive a (p, ¢)-analogue of L,(n, k) and L, () by considering
two further statistics on P, ;. Suppose that the special blocks of 7 € P, are labeled
0,1,...,7 — 1 from left to right. For each special block Ir min = of 7, let p, denote the
position number of the block containing x. Define oy(7) = > p,, where the sum is taken
over all possible z in 7. Furthermore, suppose that the non-special blocks of 7 are arranged
from left to right in increasing order of minimal elements and then labeled 0,1,...,k — 1.
Similarly, let o9(7) be the sum of the block position numbers corresponding to the non-special

Ir min of 7. Let L,(n, k) = L&a’ﬁ)(n, k;p,q) for 0 < k <n be given as the distribution

Lr(n7 kj) = Z aul(ﬂ)ﬂug(w)pm (TI')qO'Q(Tr).

71'673’T(f,)C

Define Ly ,(z) = L% (:p,q) by Lo, (z) = Y27, Ly(n, k)z*. Note that L,(n, k) and
L, . (z) reduce to L,(n,k) and L, ,(z) when p = ¢ = 1. Letting @ = p and § = ¢, one
gets the joint distribution on P, for variants of the oy and o, statistics obtained by using
instead the labelings 1,...,7 and 1,. ..,k for the special and non-special blocks, respectively.
We remark that oy and oy are related to a family of statistics on set partitions considered
originally in [3] and later studied (see, e.g., [25]).

Let my =1+q+---+¢™ ! for m > 1, with 0, = 0. By an argument similar to the proof
of Theorem 1 above, we have the recurrence

L.(n,k) = B¢" 'L,(n — 1,k — 1) + (ar, + Bk, +n — DL, (n — 1,k),  n,k>1, (29)

with initial conditions L, (n,0) = (ar,)” and L, (0, k) = dy for all n,k > 0.
To find an explicit formula for L, (n, k), we make use of a previous result. Let u(n, k) be
an array defined recursively by

u(n, k) =u(n—1,k—1) + (an—1 + bp)u(n — 1, k), nk>1, (30)

and satisfying the initial conditions u(n, 0) = [/, (a; + bo) and u(0, k) = 0y for n,k > 0,
where the a; and b; denote arbitrary sequences and it is assumed that the b; are distinct.
Then there is the formula [12, Theorem 1.1]:

k

(b + a;)
u(n, k) 10— , n,k > 0. 31
]2% zO(b—b) o
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Dividing both sides of (29) by 3¢ (3 ) and letting

L.(n, k)
Bhg(3)

Li(n, k) =

)

we have that Lf(n, k) Satlsﬁes recurrence (30) with a, = ar, +n and by = Pk, where
L:(n,0) = (ar,)” = [[15, (a; + bo) and L*(0, k) = &4 for n, k > 0. Applying (31) gives

k k

Lenr) =3 (o o (Bjy + ary + ) = H?;ol(aj?"p{rﬂjqﬂ) |
=\ Tie(Bia=5ia) ) 5= (—1kiBregBI ik — )

where jé = 1424 - jq denotes the g-factorial. Let (I;.)q = Jr';(:—iﬂ)i; for 0 < 7 < k denote the

g-binomial coefficient. By the preceding, we have the following explicit formula for L, (n, k).

Theorem 16. Ifn,k,r > 0, then

1 k] k _
0= S0 () om i (32

Note that (32) reduces to (13) when p = ¢ = 1. We now establish the log-concavity of
each row within the array L,(n, k). Recall that a sequence d,, of non-negative real numbers
is said to be log-concave if d2 > d,,_1d, 41 for all n.

Theorem 17. Let n > 2 be fized. If o, 3, p,7 > 0 and 0 < q < 1, then the sequence L,(n, k)
for 0 < k <mn is log-concave.

Proof. Let M,.(n, k) = q_(I;)Lr(n, k), where we may assume ¢ # 0. Then L.(n,k)* >
L,(n,k — 1)L.(n,k + 1) if and only if ¢7'M,(n,k)> > M,(n,k — 1)M,(n,k + 1). Since
0 < g < 1, it suffices to establish the log-concavity of M, (n,k). To do so, we proceed
by induction on n, the n = 2 case following from a direct calculation. Let n > 3 and
1 <k<n-—1. 1If B =0, then the result is trivial, so assume further g # 0, in which case
M, (n,k) > 0 for 1 <k <n. Then M,(n,k)*> > M,(n,k — 1)M,(n, k + 1) if and only if

(BM,(n — 1,k — 1) + (ar, + Bk, + n — 1)M,(n — 1, k’))2
> (BM,(n— 1,k —2) + (ary, + B(k — 1)g + n— )M, (n — 1,k — 1)) - (BM,(n — 1, k)
+ (ary, + Bk + 1), +n—1)M,(n — 1,k +1)). (33)

Upon expanding both sides and comparing the various terms, it suffices to show

(arp + By +n —1)° > (ary + Bk — 1)y +n —1) (ar, + Bk + 1) +n—1) (34)
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and

(arp+B(2ky— (E—1)g) +n—1)M,(n— 1,k —1)M,(n — 1,k)
> (arp+Bk+1)g+n—1)My(n— 1,k —2)M,(n — 1,k + 1), (35)

from which (33) would follow by induction. Note that (34) may be simplified to
2(ar, +n— Dk, + ﬁki > (arp+n—1)((k=1),+ (k+1),) +B(k—1),(k+1),.

The last inequality follows from observing that 2k, > (k — 1), + (k + 1), for 0 < ¢ <

L and k2 > (k — 1)g(k + 1), for all ¢ > 0. Inequality (35) follows from observing that
M,(n—1,k—=1)M,(n—1,k) > M,(n—1,k—2)M,(n—1,k+ 1) since the ratio % is
increasing by the induction hypothesis and since 2k, — (k — 1), > (k + 1),, which completes

the proof. n

Remark 18. The p = g = r = 1 case of Theorem 17 is equivalent to [17, Corollary 13], which
was shown by a different method making use of Newton’s inequality.

Extending prior proofs yields generalizations of several of the identities given above for
L.(n, k). For example, extending the combinatorial proof of (16) to account for the oy and
09 statistics gives

L.(n+m,k) ZZ( >< ) (r—s)p)mLs(n—i-m—i—j,k), 0<s<r (36)
=0 7=0
the m = 0 case of which is

n

Lot m) =3 (%) @ = 9, L0 (37

j=k

Note that (37) may also be shown by an algebraic argument comparable to the one given
above for (14), using (32) in place of (13).
The proof given above for (19) may be generalized to give

n n—=k
Lfna’ﬁ)(n+1,m+j+1;p, ﬁqmzz< ) arp+6(m+1)q+k+1)"_k_e

k=m (=j
m+1

x L) (k,ms p, )L (0, jipog). (39)

Note that the ¢™ factor at the beginning accounts for the Ir min created when m + 1 is
initially placed in the (k + 1)-st non-special block. Also, the § parameter must be replaced
by Bq¢™"! in the final factor within the summand since each Ir min within the final j non-
special blocks contributes an extra m + 1 (more than it ordinarily would) towards the oy
statistic value.
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Finally, extending prior arguments yields the following recurrence for L, ,(x):

m n

Q, n 7 r—S . n—j « . Q, K
LD (wp ) =D (j)x (ap" s, + Big +m)" 7 L (m, s p, )L (21 p, q),

i=0 j=0

(39)

which provides a (p, ¢)-analogue of (20).
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