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Abstract

Let S = (s1,52,...) be any sequence of nonnegative integers and let S, =
S°% | s; We then define the falling (rising) factorials relative to S by setting ()4 s=
(ZE‘ — Sl>(l‘ — 52) oo (x — Sk) and ($)Tk73: (x + 51)($ + Sg) e (.7} + Sk) if £ > 1 with
(x)dos= (x)Tos= 1. It follows that {(x) )k s}r>0 and {(x) Tk s}r>0 are bases for
the polynomial ring Q[z]. We use a rook theory model due to Miceli and Remmel
to give combinatorial interpretations for the connection coefficients between any
two of the bases {(z)lrs}k>0, {(z) Tk stk>0, {(@) Ik, 7 k>0, and {(z) Tk, 7}k>0 for
any two sequences of nonnegative integers S = (s1,s2,...) and 7 = (t1,12,...).
We also give two different g-analogues of such coefficients. Moreover, we use this
rook model to give an alternative combinatorial interpretation of such coefficients
in terms of certain pairs of colored permutations and set partitions with restricted
insertion patterns.

Keywords: rook theory, rook placements, connection coefficients, g-analogues,
Stirling numbers
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1 Introduction

Let S = (s1,52,...)and T = (t1,1s,...) be any two sequences of nonnegative integers.
For k > 1,1let S, = Zle s; be the k' partial sum of the s;’s and T}, = Zle t; be the
k'™ partial sum of the ¢;'s. We then define the falling (rising) factorials for S by setting
(2Wks= (x—S1)(x—52) -+ (x = Sk) ()Ths= (x+ 51)(x+ 52) -+ - (¢ + Sk)) if k > 1 and
setting (x)lo.s= 1 ((z)To,s= 1). These are natural generalizations of the usual falling and
rising factorials. For example, if S = (0, 4,7, 7, ..), then (z)|, s= z(xz—j) - - - (x—(n—1)j)
is the usual falling factorial by j and (z)1,s= z(x 4+ j)--- (v + (n — 1)j) forn > 1is
the usual rising factorial by j. Note that {(z)l{r.s}t>0, {(2)Tks}e>0, {(®) 7} >0, and
{(x)Tk.7} x>0 are bases for the polynomial ring Q[z]. In this paper, we shall study the
combinatorics of the connection coefficients T,ZT,;&, rﬁk’&, T’ZL’ST, and ran,;& defined by
the following equations:

(s = r (@) s, (1.1)
k=0

@Dl = 3 (@, 12)
k=0

(@)t = zn:T‘E;ST(x)Tk,S, and (1.3)
k=0

(@Nn7T = k" rrb S @) s - (1.4)
=0

More generally, we shall consider two different g-analogues of the connection co-

efficients TZT,;&, r?k"%, ’/’ZEST, and r?k& That is, there are two natural g-analogues of

equations (1.1), (1.2), (1.3), and (1.4). First let [z], = %. If x is a positive integer, then

2], =14 ¢+ --- + ¢*'. Given a sequence of nonnegative integers S = (s1, s2,...), we
then let

(@ es = ([z]g = [S1]g)([z]g = [S2lg) - - - ([x]g — [Sk]q) and
(@)gths = ([z]q + [S1]o)([z]g + [S2]g) - -~ ([z]g + [Sklq)

if £ > 1, and we let (z),los= (2),Tos= 1. Here, {(z),lns}tr>0 and {{z),Tn.s}r>0 are
bases for the polynomial ring Q(¢)[¢”]. We define our first g-analogue of the connection

coefficients TZT,;S‘L, rZ},;ST, TZT];ST, and rz}k’& by the following equations:



n

(gl %r?ﬂ(q) ()qbks, (1.5)
() ghn. kigrlﬁf%q) ()q ks, (1.6)
(gl Z e (@)(@)gts, and (1.7)
(@) gln,T Zr“&% ) (@) gbrs - (1.8)

Similarly, we let

[x]q\Lk,S = ([l‘ - Sl]q)([gj — SQ]q) e
2] Tes = ([x+ Si]g)([z+ S2]y) - -

([z — Sk]q) and
([z + Sklg)

if £ > 1 and let [z], los= [z], To,s= 1. We define our second g-analogue of the connec-

tion coefficients T‘TT &, TECST, ZT,CST,

and rn % by the following equations:

[]g a7 Zfﬁ& zlgdis, (1.9)
ey ;:WT( ielates, (1.10)
eyt kif,?ﬁf% el tes, and 1)
[@]gdn.T TS )l s (1.12)

The main goal of this paper is to give combinatorial interpretations of the connec-

tion coefficients r

TT&(q), rﬁk"%(q), TZ’T,;ST(Q) and rn&( )forall 0 < k£ < n. We shall

see that a rook theory model of Miceli and Remmel [10] provides a setting where we
can essentially give a uniform combinatorial interpretation of these connection coeffi-
cients. We shall also show that a slight variation of that model will also allow us to give

combinatorial interpretations of the connection coefficients rTTk&(q), fﬁc’&(q), fZ};ST(q),

and rn S g).
We should note that in certain special cases, rook theory interpretations of the co-

efficients rﬁ&(q), fﬁ&(q), ZT,CST(q) and rn&( ) have appeared in the literature. For
example, a Ferrers board B = F(by,...,b ) is a subset of an n x m chessboard such

that for i = 1,...,n, the lowest ; squares are in B and 0 < b; < --- < b,. Garsia
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and Remmel [3] defined g-analogues of rook numbers r,_x(B,q) for Ferrers boards
B = F(by,...,b,) and gave a rook theory proof of the identity
H [+ b — (i — 1)) = Zrn—k(Ba Qlzlgle =g+ [z — (k= 1], (1.13)
=1 k=0
Remmel and Wachs [12] defined a more restricted class of ¢g-analogues of rook num-
bers, 7.(B, q), in their j-attacking rook model and proved that for Ferrers boards B =
F(by,...,b,), where b, 1 —b; > j—1ifb; #0,
[+ — 56— 1)) Zrn (B )]z — floz — 29]g - [x — (k= 1)j],. (1.14)
=1
Goldman and Haglund [4] developed an i-creation rook theory model and an appropriate

notion of rook numbers ', (B, q) for which the following identity holds for Ferrers

boards:

[[z+0+G-1D-1) Zrn LB []fr 4+ (= 1)y [x+ (k—1)(i —1)],. (1.15)

j=1
Thus, in the situation where the right-hand sides involve either rising factorials by j -
[z][x+]]q - - - [x+(k—1)j], - or falling factorials by j - [z],[z—j], - - - [t—(k—1)j], - certain
special cases of the coefficients rﬁ ), Iﬁﬁ(q) ZT,CST( ), and Tﬂ 23 (¢) have been given
rook theory interpretations. These include various g-analogues of the Stirling numbers
of the first and second kind - see [1], [2], [3], [5], [7], [8], [9], [11], [13], [14], [15] -
and two g-analogues of the Lah numbers - see [3], [6]. However, none of these papers
consider g-analogues of the more general rising and falling factorial basis {(x)x.s }x>0
and {(z)th,s }i>o-

The outline of this paper is as follows. In section 2, we shall describe the augmented

rook model due to Miceli and Remmel [10]. In section 3, we shall use the Miceli-

Remmel rook model to give direct combinatorial interpretations of rfk’&(q), r?,;‘sT(q),

TT St Ti& 7,8, _ s TLS Y RS A P _ IS
(¢), and 7,77 (q). As Tk (1) = Tk 7 Tnk (1) = r57, Tk (1) = oy »and
T¢ 1) = r?k&, we will automatically obtain combinatorial interpretations of . ™,

ﬁk‘%, TZ—TkST, and rn’& Subsequently, we shall modify the aforementioned interpreta-

), T (), 71T (q), and 7 (g).
T4 g),

Lastly, in section 4 we shall give alternative combinatorial interpretations of r
?kST(q) ZTkST(q) and rﬂ 23 (¢) in terms of certain pairs, (o, 7), where ¢ is a colored per-

mutation of {1,2,. n} with certain restricted insertion patterns and 7 is a colored set

partition of {1,2,..., n} with certain restricted insertion patterns.

r

tions to obtain combinatorial interpretations of 7

2 The Miceli-Remmel Rook Theory Model

Let No = {0,1,2,...}, and let [n] := {1,2,...,n} for any positive integer n. We let
B,m = [n] x [m] be an n by m array of squares. We number the rows of B, ,, from
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Figure 1: A Ferrers board B = F'(1,2,2,4) C By,

NN ul-hl-hl

NN W

B= ’ BA=

Figure 2: The Ferrers board B with B = (1,2,2,3) and the augmented rook board, B4,
with B=(1,2,2,3)and A = (1,2, 1,2).

bottom to top with the numbers 1,...,m and the columns of B, ,, from left to right
with the numbers 1, ..., n and refer to the square or cell in the i"* row and ;%" column
of B, as the (i,7)" cell of B,,,. A rook board B is any subset of B,,,,. If B C B,
is a rook board consisting of the first b; cells of column i for i = 1,...,n, then we
will write B = F\(by,...,b,) and refer to B as a skyline board. In the special case that
0<b <by<---<b, <m,wewill say that B = F'(by, bo, ..., b,) is a Ferrers board. For
example, F'(1,2,2,4) is a Ferrers board and is pictured in Figure 1.

Suppose that we are given two sequences from Nj, B = {b;}"; and A = {a;}} ;. We
let A; = ay + ag + - - - + a; be the i'" partial sum of the a;'s and B = F(by, by, ..., b,). We
will consider the augmented rook board, B#, which is constructed by starting with the
board B and then adding 4; cells on top of the i'* column fori = 1,...,n. Thus BA can
be thought of as the board F'(b; + Ay, ba+ As, ..., b, + A,). For example, if B = (1, 2,2, 3)
and A = (1,2, 1,2), then Figure 2 pictures the board B and the board BA. We will refer
to the part of the board consisting of the b;’s as the base part of B4 and the part which
corresponds to the a;’s as the augmented part of BA. Moreover, for each column i, we
will refer to the cells in rows b; + 1, ..., b; + a; as the al part of ith column, the cells in
row b; +a; + 1,...,b; + a; + ay as the a3 part of i'" column, and so on in this fashion.
In Figure 2, we have indicated the a!" part of each column by putting a j in those cells.

Next we must define the appropriate notion of non-attacking rook placements in
BA. We first consider placements P of rooks in B* where there is at most one rook in
each column. The leftmost rook of P will cancel all the cells in the columns to its right



- £
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Figure 3: A placement of two rooks in an augmented rook board, BA, with B =
(1,2,2,3)and A = (1,2,1,2).

which correspond to the a!* part of that column of highest index. Thus, if the leftmost
rook is in column i, then it will cancel the aéh part of column j for j =¢+1,...,n. In
general, each rook will cancel all the cells in the columns to its right which correspond
to the a!* part of that column where j is the highest index such that the cells of a!" part
of the column have not been canceled by any rook to its left. We then let A, (34) denote

the set of placements of k rooks in the board B4 such that

1. there is at most one rook per column, and

2. no rook lies in a cell which has been canceled by a rook to its left.

For example, if B = (1,2,2,3) and A = (1,2, 1, 2), then we have illustrated in Figure 3
a placement P € N, (B*) where each rook is denoted by an “X” and we have placed a
“e” in all the cells canceled by the rook in column 1 and a “*” in all the cells canceled
by the rook in column 2. We shall refer to a placement P € A} (B*) as a placement of k
non-attacking rooks in B4.

Miceli and Remmel also defined a general augmented rook board B'. Given two
sequences of nonnegative integers B and A and a nonnegative integer z, the board
B will have three parts. First we start with the board B4 which we will refer to as
the upper part of B;'. Here the part of the upper part that corresponds to the board
B = F(by,by,...,b,) will be called the base part of B;' and the part which corresponds
to the a;’s will be called the upper augmented part of B:*. Directly below B4, we will
attach x-rows of length n which will be referred to as the z-part of B:\. Finally, directly
below the z-part, we will place the flip of the Ferrers board F'(Ay, ..., A,) which will
be called the lower augmented part of B2'. We will say that z-part is separated from the
upper part of B2 by the high bar and from the lower augmented part of B! by the low
bar. For example, Figure 4 pictures the board B where B = (1,2,2,4), A = (2,1,2,1),
and z = 4. Much like we did for the upper augmented part of B!, we will refer to the
first a; cells of the lower augmented part in column 7, reading from top to bottom, as
the af* part of the it" column of the lower augmented part, the next a, cells, reading
from top to bottom, as the a}? part of the i"* column of the lower augmented part, etc..

6



We now define the set of placements of n non-attacking rooks for the board B
We will consider placements of n rooks on B! where there is exactly one rook in each
column. The cancelation rules for each rook are the following:

1. A rook placed above the high bar in the " column of B:' will cancel all of the
cellsin columns ¢+ 1,7 +2,...,n, in both the upper and lower augmented parts,
which belong to the a!* part of highest subscript in that column which are not
canceled by a rook to the left of column i.

2. Rooks placed below the high bar do not cancel anything.

We then let \V,,(B2!) denote the set of all placements of n rooks in B2 for which there is
exactly one rook in each column and no rook lies in a cell which is canceled by a rook
to its left. An example of a placement P € N, (B7') can be seen in the righthand side
Figure 4. Here we have indicated the cells canceled by the rook in the first column by
placing a “e” in those cells and the cells canceled by the rook in the third column by
placing an “x” in those cells. The rooks placed in the second and fourth columns do
not cancel any cells since they are placed below the high bar.

For any positive integer n, define [—n|, := —[n], where [n], = 14+ ¢+ ¢+ -+ ¢" ",
and define [0, = 0. Now fix two sequences B = (by,...,b,) and A = (al, cey )
and two sign functions Sgn : [n] — {1,—1} and Sgn : [n] — {1,—1}. Let A =
2 =1 Sgn(j)a;

Given this termmology, Miceli and Remmel define the g-weight, ,usgn S8 (¢), of each
cell cin B, and for the exact weighting scheme, we refer the reader to [10] From there,
the ¢g-weight of a placement on the general augmented board P e N, (B4), which has
rooks in cells ¢y, ..., c,, is given by

@) - 11155 @1
By passing this g-weight to the underlying augmented board, the ¢g-weight of a place-
ment on the augmented board P € N, «(B*), which has rooks in cells ¢y, . . . , ¢, is given
by

1 (P) H IR () (2.2)

Using this g-weight of placements in an augmented board, we obtain the definition of
the g-augmented rook numbers:

(B4, Sgn, Sgn, q) = > s (P). (2.3)
PN} (BA)

An example of the ¢g-weights of the cells in B! is given on the left-hand side of
Figure 4 in the case where z = 4, B = (1,2,2,4), A= (2,1,2,1),

. 1 ifi=1,2,4,
Sgn(z):{ ~1 ifi=3

7
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[ ]
—-q
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11| &
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—-q
_ql
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Figure 4: The weighting of cells in placements in B4

and .
— [ 41 ifi=2,
Sgn(’)_{ ~1 ifi=1,3,4.

If we consider the placement, P, pictured on the right-hand side of Figure 4 , then the
rooks are placed in cells with g-weights 1, ¢, ¢, —1, reading from left to right. Thus

PSS (B) = (1)(°)(q) (~1) = —4"

Finally, Miceli and Remmel proved the following ¢-theorem by ¢-counting place-
ments in NV,,(B2!) in two ways. For the details of this proof, we again refer the reader to
Theorem 4.1 in [10]. Slight modifications of that proof will be used when altering our
combinatorial interpretations of TTT ), Tka;ST(q) ZTkST( ), and ,,,Ti 2k (¢) to produce our

7'T Si( =718t TSt Ti Si(q>

combinatorial interpretations of 7, ;™ (q), 7,3 (¢), 7, .~ (¢), and 7,

Theorem 2.1. Let B = {b;}}, and A = {a;}, be any two sequences from Nj and let
Sen,Sgn : [n] — {—1,1}. Then

n k

11 ([1; + Sen(i)] Zrn £(B*,Sgn, Sgn, q) [ [ (=] + [Ady)- (2.4)

i=1 k=0 s=1



3 Rook Theory Interpretations

3.1 First g-Analogues

In this section, we shall give combinatorial interpretations of the connection coeffi-

cients TTT&(C]), rﬁc’&(q), rnT’T,;ST(q) and rn&( ) for any two sequences of nonnegative

integers S = (s1,52,...) and T = (t1,t2,...). Recall that S, = Zle s; is the k' par-
tial sum of the s;,’s and T}, = Zle t; is the k' partial sum of the t;s. Also, define
B=A{T;},and A= {s;}

Now consider equatlons (1.5), (1.6), (1.7), and (1.8). Each of these formulas are
special cases of (2.4) for a particular general augmented board, namely B for a fixed
n, and particular choices of the sign functions. That is, if we want to produce a rising
factorial (z), 1, 7 on the left-hand side of (2.4), we must have Sgn(i) = 1 for all 7 and if
we want to produce a falling factorial (x), |, 7 on the left-hand side of (2.4), we must
have Sgn(i) = —1. Similarly, if we want to produce rising factorials (z), 14.s on the
right-hand side of (2.4), we must have Sgn(i) = 1 for all i and if we want to produce
falling factorials (z),}x s on the right-hand side of (2.4), we must have Sgn(i) = —1. In
this situation, the resulting augmented board that lies above the high bar is B4 where

B and A are defined for a fixed n above. The ¢g-weights Msgn Sgn( ) assigned to the cells
in B4 of course depend on the sign functions Sgn, Sgn : [n] — {—1,1}. However the

weights v, pa(c) = | ujggg@(c)\ depend only on BA. That is, in the i"* column the ¢-
weights of the cells in the base part of B4 are 1, ¢, ¢, ..., ¢" 1, reading from bottom to

top, and the g-weights of the cells in the augmented part are 1,q, ¢, ..., ¢° !, reading

from bottom to top. For example, if n = 5,7 = (0,2,2,...)and S = (0,3,3,...), then

the weights on the board B are pictured on the left of Figure 5. If T = (0, 3,3,...) and

S =1(0,2,2,...) then the weights on the board BA are pictured on the right of Figure 5.
If P is a rook placement with rooks in cells ¢4, . . ., ¢;, then we let

k
vysa(P) = H v,54(ci). (3.1)

TT&(

We now are in a position to give our combinatorial interpretations of r q),

T1.S 71,8 T
5 (), T TeS(g)

q),and r . We shall consider each case separately.

q)’ nk

Case I: A combinatorial interpretation of r &(q).

If we let Sgn(i) = 1 and Sgn(i) = —1 for all i i, then (2.4) becomes

n

(@) Tn,7= Zrn—k(BA7 Sgn, Sgn, ¢) ()¢ bis - (3.2)
k=0
Tm_r(B4, Sgn, Sgn, ¢) in the case

Comparing (1.5) and (3.2), we see that r =
1, and Sgn(i) = —1 for all i. Note

TT&( )
where B = {T},...,T,}, A = {s1,...,s,}, Sgn(i) =

9



[q'] [q7]
qll) q6
q’ ¢
q® q!
q’ q
q* [q° Q¢ |q?
q |4 q‘|q
q° |q* |1
qS q3 q2 qll
q*|q? q (g
¢ |¢|q |1 |@
q* |9 |1 q[¢® |g®
¢ [q [ q [q7|q
|1 |4 1 |9°|q°
q |¢°|q° @ |q° | ¢’
e |1 |9 |q* q [q*|q*|q*
q |¢*|¢® ¢} 1 |@|d*|q?
1 |4 |d*|d? q* |q* |q* | ¢?
q |9 [q |q q |q |q |q
10111 11|11

Figure 5: For n = 5, the weights v, g4(c) when T = (0,2,2,2,...), S = (0,3,3,3,...)
and 7 =(0,3,3,3,...),§ =(0,2,2,2,...).

that in this case, the sign of each cell in B4 is positive so that

rii(q) = rooe(BA Sgn, Sen, ) = Y vsa(P). (3.3)
PENn_k(BA)
Case II: A combinatorial interpretation of rZﬁ;ST(q).

Now if we let Sgn(i) = —1 and Sgn(i) = 1 for all i, then (2.4) becomes

n

(@) bn7=> T i(B*, Sgn,Sgn, q)(z)y te.s - (34)
k=0

Comparing (1.6) and (3.4), we see that rZﬁC’ST(q) = rn_k(BA_,Sgn,%, q) in the case
where B = {T',...,T,}, A = {s1,...,s,}, Sgn(i) = —1, and Sgn(i) = 1 for all i. Note

that in this case, the sign of all cells in B4 is —1 so that
7,77&;8?(@ = rp_x(B*,Sgn, Sgn, ¢) = (—1)"F Z v, pa(lP). (3.5)

PEN,, _ 1 (BA)

Case III: A combinatorial interpretation of TZT,C’ST(Q).
Next consider the case where Sgn(i) = 1 and Sgn(i) = 1 for all i. Then (2.4) becomes

(@) Tn7=> k(B Sgn,Sgn, q)(z)y Th.s - (3.6)

k=0

10



Comparing (1.7) and (3.6), we see that TZT,;ST(q) = r,_x(B4, Sgn, Sgn, ¢) in the case

where B = {T1,...,T,}, A= {s1,...,5,}, Sen(i) = 1, and Sgn(i) = 1 for all i. Now in
this case, the sign of the cells in the base part of B4 is 1 and the sign of the cells in the
augmented part of B# is —1. Unlike the situation with rﬂ&(q) and TZEST(q), there is
cancelation among the weights of the rook placements in A,,_;(B*). However in this
case, we can construct a simple involution to eliminate many such cancelations.

Fix a placement P € r,_;(B*,Sgn, Sgn, q). Fix a column i of B# and suppose that
there are f; rooks to the left of column 7 in P. Then the number of cells in the base part
of B4 is T; and the number of uncanceled cells in the augmented part of B4 is S;_..
Now if T; < S;_y,, then we shall refer to the base part of column i as the primary part of
column i for P and the first T; cells of the augmented part of B# in column i , reading
from bottom to top, as the mirror image of the primary part of column ¢ for P. Similarly,
it T; > S;_y,, then we shall refer to first S;_;, cells, reading from bottom to top, of the
augmented part of column ¢ as the primary part of column i for PP and the first S;_,
cells of the base part of B4 in column i, reading from bottom to top, as the mirror image
of the primary part of column ¢ for P. Note that in each column i, the corresponding
weights v, a(c) of the cell in the ;' row of the primary part of B4, reading from bottom
to top, and the cell in the j* row of the mirror image of the primary part of B4, reading
from bottom to top are the same, namely, ¢’~'. This observation about these weights
will be necessary to prove that our proposed involution is actually weight preserving.

For example, if 7 = (1,3,1,3,1,3,...) and S = (2,2,2,2,...), then for n = 5, we
picture the board B4 in Figure 6 on the left. Moreover, in Figure 6, we inserted the

corresponding g-weights, v, zga(P) = |u§%1fgn(IP)|, of each cell. On the right, we have
pictured a rook placement I’ and we have indicated the primary part of each column for
IP by the darkly shaded cells and mirror image of the primary part for P by the lightly
shaded cells. The cells which are blank are the cells that lie neither in the primary part
nor in the mirror image of the primary part in their column.

We define I : N,,_1(B4) — N, _x(B*) as follows. If a placement P € N,,_;(B*) has a
rook that lies either in the primary part or the mirror image for P of the primary part of
some column j in B4, then let i be the leftmost column that contains such a rook. Then
the involution [ is very simple, namely, if 7 is a rook in column i and 7 is in the j** row
of the primary part for P in column ¢, reading from bottom to top, then /(IP) is defined
to be the rook placement that results by moving r to the ;' row of the mirror image of
the primary part for P, reading from bottom to top. Vice versa, if r is in the 5" row of
the mirror image of the primary part for P in column ¢, reading from bottom to top, then
I(PP) is defined to be the rook placement that results by moving 7 to the j** row of the
primary part for IP in column ¢, reading from bottom to top. By our observation about

the weights of these cells being the same, it follows that uj’ggfgn(]}”) = —@%‘fgn([ (P)).
Finally if P does not have a rook that lies in the primary part for P or in the mirror
image of primary part for P in any column, then we set I(P) = P. For example, in
the case where 7 = (1,3,1,3,...) and S = (2,2,2,2,...), Figure 7 demonstrates the

involution I(P) for P € N3(B*) when n = 5.

11



W

=
-]

2
2

===

-
-
[

I(P) =

Figure 7: An example of the involution I for BA where n = 5, T = (1,3,1,3,...) and
S=(2,222..).
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We see from our definitions that /2 is the identity. Thus, I is a sign-reversing,
weight-preserving involution, so that if we let FN,,_(B*) denote the set of all P €
N, (B#4) such that I(P) = P, then I shows that

7,8 Sgn,Sgn Sgn,Sgn
@ = ) R = Y P (3.7)
PEN,, _k(BA) PEFN,, _,(BA)

In some special cases, the involution [ has eliminated all the possible cancelations.
For example, consider the following two cases.

Caselll.aT; > S;foralli=1,...,n.

In this case, we see that all the uncanceled cells that lie in the augmented part of the
board B for some rook placement P in B4 must lie either in the primary part or the
mirror images of the primary part for P. This means that if /(P) = P, then all the rooks
in P must lie in the base part of B. Since the signs of each cell in the base part of B4 is
positive in this case, it follows that

rii M) = D vsa(®) (3.8)
PEFN,_(BA)

CaselllLbT; < Sy foralli=1,...,n.

In this case, we see that for any rook placement P, there will be at least S; uncanceled
cells in BA. Hence it will be that case that the primary part of each column i is the
base part of column i. This means that if /(P) = P, then all the rooks in P must lie
the augmented part of BA. Since the signs of each cell in the augmented part of B4 is
negative in this case, it follows that

@) =0 Y ysa(P). (3.9)

PE.FNn_k(BA)

However, in general, elements of FN,,_;(B4) can still have rooks in both the base
part and the augmented part of B*. For example, if n = 5, T = (1,3,1,3,1,3,...),
S =1(2,2,2,2,...),and we consider the rook placement P pictured on the right in Figure
6, then it is easy to see that P € FN,(B4) has rooks in the both the base part and the
augmented part of BA.

In fact, in general it is not the case that the terms in TZT]C’ST(Q) have the same sign.
For example, if n = 3, 7 = (1,3,3,3,...) and S = (2,2,2,2,...), then in Figure 8, we
have pictured the primary and the mirror image of the primary parts of the columns
depending whether one has no rook in column 1, one rook in column 1 that does not
lie in the either the primary part or the mirror image of the primary part column 1,
and two rooks in columns 1 and 2 where no rook lies in the either the primary parts
or the mirror image of the primary parts columns 1 and 2. Again, in each column,
we have used the darkly shaded cells to represent the primary part of the column for

13



Figure 8: Placements in FN;(B*) where n = 3, T = (1,3,3,3,...) and § =
(2,2,2,2,...).

P and the lightly shaded cells to represent the mirror image of the primary part for

P. The connection coefficient r;g’ST(q) = 1 since it corresponds to the placement of no
TSt

rooks in BA. Next, the connection coefficient 735" (q) corresponds to the placement
of one rook in BA. If we do not place a rook in either the primary part or the mirror
image of the primary part, then either the rook must go in cell (3,1) so that its weight
is —q or, if there no rook in column 1, then we cannot place a rook in column 2 so that
the only other possibility is to place the rook in cell (7,3) which has weight ¢°. Thus
7"3T7 157(q) = ¢° — q. The connection coefficient TQST(Q) corresponds to the placement of
two rooks in BA. We cannot place the two rooks in columns 2 and 3 because if we do
not place a rook in column 1, there are no squares in column 2 which are not in either
the primary or the mirror image of the primary part. It then is easy to see that from the
middle diagram in Figure 8 that if we place a rook in the only possible cell in column
1, namely cell (3,1) which has weight —¢, then we can either place the second rook in
cells (3,2), (4,2), (5,3), (6,3), or (7,3) which have weights ¢, ¢*, ¢*, ¢°, ¢°, respectively, so
that 7"3T, "(q) = —q(¢® + ¢ + ¢* + ¢° + ¢®). Finally, it is easy to see from the third dia-
gram in Figure 8 that if we place a rook in the only possible cell in column 1, namely
cell (3,1) which has weight —¢, then we can place the second rook in either cell (3,2) or
(4,2) which have weights ¢* and ¢, respectively, and the third rook in either cells (3,3),

4,3), (5,3), (6,3), or (7,3) which have weights ¢?, ¢*, ¢*, ¢°, and ¢°, respectively, so that
& P y

rin (@) = —a(@ + @)@+ @+ ¢* + ¢ + ¢).

Case IV: A combinatorial interpretation of 'rﬁk&(q)
Next consider the case where Sgn(i) = —1 and Sgn(i) = —1 for all i. Then (2.4)
becomes

14



<x>q\l/n,7': Zrn—k(BA7 Sgn7@7 q)<x>q\Lk,S . (310)
k=0

Comparing (1.8) and (3.10), we see that rﬁk&(q) = rp_k(BA,Sgn, Sgn, q) in the case

where B = {T,...,T,}, A = {s1,...,8,}, Sgn(i) = —1, and Sgn(i) = —1 for all i.
Now in this case, the sign of the cells in the base part B4 is —1 and the sign of the
cells in augmented part of B# is 1. Hence, the involution I defined in Case I is still a
sign-reversing, weight-preserving involution. Thus I shows that

71, S Il787n S n,Sin
i@ = Y B = Y (). (3.1D)
PGNn,k(B'A) PE}—N”,k(B’A)

Again, in some special cases, the involution / has eliminated all the possible cance-
lations. For example, we obtain the following two cases which are similar to Caselll.a
and Caselll.b.

CaselIVaaT;, > S, foralli=1,...,n.
In this case,

r ) = (=" Y ypal(P). (3.12)
PEFN,,_(BA)

CaseIVb T, < S foralli=1,...,n.
In this case,

) = ) vsa(P). (3.13)
PEFN,_,(BA)

3.2 Modified g-Analogues

We note that in our g-analogue of the general product formula (2.4), we have taken the
g-analogue of (z+a) to be [z],+ [a], and the g-analogue of (z —a) to be [z],—[a], if x and
a are nonnegative integers. Miceli and Remmel, see section 4.1 in [10], showed that one
could modify the g-weights of the cells in B in order to produce a g-analogue of the
general product formula where the g-analogue of (z + a) is [z + a], and the g-analogue
of (x — a) is [x — al,. The basic idea of Miceli and Remmel was to modify (2.4) by using
the following simple identities which hold when z and a are nonnegative integers with
T 2> a

2]y — [alg = ¢"[x — al, (3.14)

15



and
[z], + ¢"lal, = [x + a],. (3.15)

Throughout this section, we shall fix two sequences of nonnegative integers S =
(s1,82,...)and T = (t1,1s,...) and again we set S}, = Zle s;and Ty, = Zf;l t; fori > 1.
We then let B = (T3,...,7,) and A = (sq,...,s,). For our purposes, we need only re-
call how Miceli and Remmel modified the ¢g-rook numbers to prove such g-analogues
of our general product formula in the case where Sgn and Sgn are each constant on
[n]. This is simply because only in this situation does (2.4) specialize to an expression
relating generalized rising and falling factorial bases. Thus, there are only four cases
to consider. As this is thoroughly explained in [10], we will only demonstrate how to
modify the weights in one of the cases and will state the result for the remaining three.
We will consider the case where Sgn(i) = Sgn(i) = 1 (this is actually Case III in [10]).
Case I: Sgn(i) = Sgn(i) = 1.

In this case, (2.4) becomes

n n

[Tl + (7)) = 3 ra (B, Sen, Sen, o) [ (2], + 1S:10). (3.16)

=1 k=0 r=1

We would like to replace the factors ([z], + [Ti],) by ([z], + ¢*[T3],) = [z + T}, and
the factors ([z], + [S/],) by ([z], + ¢*[Sr]q) = [z + S;],- To do this, Miceli and Remmel
observed from their proof of Theorem 2.1 that we need only weight each cell in the
base part of B! and each cell in both the lower and the upper augmented parts of B
with an extra factor of ¢*. Thus, for any P € N, »(BA), we set

=Sgn,Sgn x(Base u u Sgn,Sgn
() = DU L), S 5 ) 617

where Base(P), UAug(P), and LAug(P) are the number of rooks of P which lie in the
base part, the upper augmented part, and the lower augmented part of the board B4,
respectively. Define

Fak(Bh) = > EEE®). (3.18)

PeN, _k (B'A)
Then Miceli and Remmel (equation 4.19 in [10]) proved that

n n

LI+ T = Y 7B, a) ([ + Sila) ([ + Sely) -+ - ([ + Silo), (3.19)

i=1 k=0
giving that (3.19) becomes

n

(g tran= > T w(BA @) [x]g s - (3.20)

k=1
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Comparing (1.11) and (3.20), it follows that

~TT,S = n—k)z TT,S
P (q) = T (BA, q) = =T (g).

Case II: Sgn(i) = Sgn(i) = —1.

In this case, we obtain that

T, _ ek T T
Tnilfi(q) _ q(S1+Sg+ +Sp)—(Th++T, )rnf,fi(q).

Case III: Sgn(i) = +1,Sgn(i) = —1.

In this case, for any P € Ny (B4), set

~Sgn,Sgn x(Base Sgn,Sgn
H’q’g[)’Ag (P) =q (B (P))Mqigftg (P)a
and o
Fak(Bha) = D0 TSR P).
PEN,, —(BA)

We then obtain thatif z > S,,,

n n

[[0+ 7)) =D far(B4 @) ([l — Silo) ([ — Selg) -+ ([ = Sily).

1=1 k=0

Therefore,

Case I'V: Sgn(i) = —1,Sgn(i) = +1.

In this case, for any P € N;(B4), set

ﬂsi;,‘\sgn (P) _ qm(UAug(IP’)—i-LAug(IP’))Msiglfgn (P),

and .
2 2 Segn,Sgn
Pak(BYq) = Y S ().
PeN,,_,(BA)

We then obtain thatif z > S,,,

n
i=1

17

[T +Te) = Y fan(BH @) ([ = Silg) ([ = Sely) -+ - ([ = Sily)-

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)



Therefore, )
P (g) = Pk (B4, ). (3.30)

It is worth noting that in Case III, (2.4) becomes

[Le) () = 3 o8 S0 S0 [[(e), - (50 33D
i=1 k=0 r=1
This in turn gives
Zlg M= Z Poi(B @) [w)g dsx - (3.32)
In the special case where 7 = § = (0, 1,...,1),(3.32) becomes
ﬁ[m +i—1),= y i) [wlglr — 1+ 2 — B+ 1], (3.33)
i—1 k=1

and if we replace [z], by x in (3.31), then we obtain that

n n

[[@+i-1) =Y riM @l — 1)@= [2]g) - (= = [k = 1],). (3.34)

i=1 k=0

These equations are two different g-analogues of the equation that define the Lah num-
bers L, ;. It follows that TTT&( ) = L, x(q) where L, ;(q), is the g-analog of the Lah
number L, ; defined by Garsia and Remmel [3] who interpreted L, x(q) a g-counting
configurations of balls and tubes. Similarly, r TT&L( ) = Ly(n, k) where L,(n, k), is the
g-analog of the Lah number L, ;, defined by Lmdsay, Mansour, and Shattuck [6], who
also interpreted L,(n, k) as g-counting configurations of balls and tubes, but in a differ-
ent way from Garsia and Remmel.

Remark. It is possible to use the ideas of Miceli and Remmel to find combinatorial
interpretations of the connection coefficients between more general rising and falling
factorial bases of the form (z 4+ S1)(z + S3) -+ (v £ Sy) where S = (sy, 52,...) is any
sequence of nonnegative integers, Sgn : Ny — {—1,1}, and S, = 3F | Sgn(i)s;. Sim-
ilarly, Miceli and Remmel indicated how to find p, g-analogues with their theory and,
hence, we could find p, g-analogues of the results of this paper. In both cases, the com-
binatorial interpretations are necessarily more complicated than the ones presented in
this paper and one can no longer give the type of uniform proofs that characterize our
results here.
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4 Connections with permutations and set partitions

Recall that for any positive integer n, [n] := {1,2,...,n}. We note that in the special
case where 7 = (0,0,0,0...)and § = (0,1,1,1,...), (1.1) becomes

" —Zrﬁ& Mo, (4.1)

where (z){y=z(x—1)--- (z —k+1) so that TTT & equals the classical Stirling number of
the second kind, S,, ;, which counts the number of unordered set partitions of [n] into
k nonempty parts. Similarly, (1.2) yields

)= Z rfikﬂa:k (4.2)
=1

so that r%,;ﬂ equals the classical signed Stirling number of the first kind, s,, ;, which
is equal to (—1)"* times the number of permutations of [n] with k cycles. Thus, it is

natural to ask whether we can give combinatorial interpretations of TTT Sk T8t (),

Q)’ rn,k
ZT,CST(q) and rn T(¢) in terms of permutations and set partitions.

As in the prev10us section, we shall fix finite sequences 7 = (t1,...,t,) and S =
(s1,...,8,) from NI and consider the augmented board B* where B = (T,...,T,),
T, = Zk tifork =1,...,n,and A = (s1,...,s,). The main goal of this section is

to show that we can give combmatorlal mterpretatlons of TTT&(Q), rﬁ,ﬁ(q), 7?T,C‘ST(q),
T, 3¢(

and 7,77 (¢) in terms of g-counting certain pairs (o, 7), where o is colored permu-
tation and 7 is a colored set partition of [n]. Here we will use the colors 0,1,2,...
and indicate that a number i is colored with color j by writing ¢;. In such a situa-
tion, we shall talk about the absolute value of ¢; as just being the number ¢ and write
li;|] = i. Then a colored permutation o = o, ...0, of [n] is a sequence of colored num-
bers so that || = |oy]...|o,| is a permutation in the symmetric group S,. Similarly
a colored set partition of [n] is a set partition of colored numbers such that if we re-
place each colored number by its absolute value, then we obtain a set partition of
[n]. For example, 0 = 2; 35 4; 59 71 65 15 is a colored permutation of [7] such that
lo| =2345761and 7 = ({10,33,41},{21, 52}, {62,71}) is a colored set partition of [7]
such that 7| = ({1,3,4},{2,5},{6,7}).

We let C'Perm,,;, denote the set of colored permutations o of [n] such that |o| is a
permutation with k cycles. We shall always order the cycles of |o| so that the smallest
element in each cycle is on the left and the cycles are ordered by increasing smallest
elements. We let SM (o) denote the set of smallest elements in the cycles of |o|. For
example, if 0 = (1,49,31)(23, 71, 53)(62), then SM (o) = {1,2,6}. We let C'SPtn,
denote the set of colored set partitions 7 of [n| such that |r| is a set partition with k
nonempty parts. We shall always order the parts of || by increasing smallest elements.
We let SM(m) denote the set of smallest elements in the parts of |r|. For example, if
™ = <{11, 4:2, 51}, {23, 31, 63}, {72}), then SM(T(') = {1, 2, 7}
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Next we give a key definition which will be used to map placements in N,,_;(B*4)
onto certain pairs (o, m) € CPerm,, x CSPtn, ; UCPermy 41 X CSPtn, ji1.

Definition 1. 1. Given an element 0 € C'Perm,,;, suppose that 7 € CPerm,1 is
the result of inserting the colored number n + 1; immediately after some colored
number 7, in . Then we say n + 1 was inserted if the 0-th place of o if i = 1 and
J = 0. In fact, this will be the only place where we shall insert n + 1, in our map.
If j > 1, then we say that n+1 is inserted in (j — 1)n +i-th place in 0. For example,
ifo = (]_1, 42, 31)(23, 71, 53)(62), then 7 = (]_1, 80, 42, 31)(23, 71, 53)(62) is the result of
inserting 8 into the 0-th place in o and 7 = (11, 42, 31)(23, 83, 71, 53)(62) is the result
of inserting 8 in the (3 — 1)7 4 2 = 16-th place in o.

2. Given an element 7 € CSPtn,, suppose that 6 € CSPtn,, is the result of
inserting the colored number n + 1; into the r-th part of 7 where we order the
parts by the increasing smallest elements in |7|. Then we say n + 1 was inserted
in the 0-th place of 7 if j = 0 and r = 1. Again, this will be the only place where
we shall insert n + 1, in our map. If j > 1, then we say that n + 1 is inserted in
(j — 1)k + r-th place in 7. For example, if 7 = ({11, 42,51}, {23, 31,63}, {72}), then
d = ({11,42,51,80},{25,31,63}, {72}) is the result of inserting 8 into the 0-th place
in7and 6 = ({11,492, 51, },{23,31,63, }, {72, 82}) is the result of inserting 8 in the
(2 —1)3+ 3 = 6-th place in 7.

Let Uy, denote the set of pairs (o, 7) where o is a colored permutation of [n] and 7
is a colored set partition of [n] such that

1. SM(o) = SM(r), and

2. there are exactly k elements i € SM(o) = SM(mw) which are colored 0 in both o
and .

Note that U} , is the set of pairs (o, 7) where o is a colored permutation of [n] and = is
a colored set partition of [n| such that SM (o) = SM(n) and there areno i € SM (o) =
SM () which are colored 0 in both ¢ and .

Next we define a map I} : Nj,_x(B4) — U2 ,. Given P € N,,_4(B*), we construct
FZ,?(IP) = (o, 7) by constructing a sequence of pairs (oM, 7)) ... (c® 7)) = (o, 7)
in stages as follows.

Stage 1. We have three cases.

Case I. There is no rook in the first column of P. Then o) = (1y) and 7V = {1,}.
Thus (oM, 7)€ UY,.

Case II. There is a rook in the first column in the i-th square of the augmented part of
B4 reading from bottom to top. Then ¢(*) = (15) and 7 = {1,}. Thus (¢, 7)) € U,
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Figure 9: An example of the map I'.

Case III. There is a rook in the first column in the i-th square of the base part of B4
reading from bottom to top. Then ¢ = (1;) and 7" = {1o}. Thus (¢V, 7)) € U7,

Stage s+1. Assume we have constructed (¢(*), 7(*)) so that if P has s — 7 rooks in the
first r columns, then (¢, 7)) € U ¢, Then again we have three cases.

Case I. There is no rook in the (s + 1)-st column of P. Then o**Y is the result of adding
anew cycle ((s+1)o) to 0®) and 7(**Y is the result of adding a new part {(s+1),} to 7(*.

Case II. There is a rook in the (s + 1)-st column in the i-th square of the augmented
part of B4 reading from bottom to top. Then o*™V is the result of inserting s + 1 in
the 0-th position of 0(®) and 7(**Y is the result of inserting s+1 in the i-th position of 7(*.

Case III. There is a rook in the (s + 1)-st column in the i-th square of the base part
of B4 reading from bottom to top. Then o(**1) is the result of inserting s + 1 in the i-th
position of 0(®) and 7(**Y is the result of inserting s + 1 in the 0-th position of 7(*).

For example, suppose that n = 5, S = (1,2,1,2,1), and 7 = (1,3,2,2,1). Then in
Figure 9, we have pictured a placement P € A3(B*4) and its corresponding sequence
(0(1)7 W(l))a R (0(5)7 W(S)) = (07 7T)-

Note that ¢(¥ is the permutation whose cycle structure is constructed from o by
removing all elements with absolute value greater than i and 7¥) is the set partition of
i) which is the result of removing all elements with absolute value greater than 7 in 7.
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Accordingly, given a pair (o, 7) in the range of I‘Z”,f, we can reconstruct the sequence
(e, 7Dy, . (6™, 7™ = (o, 7).

Going the other way, given the sequence (¢, 7)) ... (6™ 7)), we can decode
which case of the above construction was used at each stage so that we can recon-
struct the placement IP such that FZ:(]P’) = (0,7). Thus Fz,f is one-to-one. Moreover, it
is not difficult to characterize the range of Fz,f That is, (o, 7) is in the range of FnT,f if
and only if

1. (o0,m) € U}, and forall 1 < i < n, the number of cycles of ¢'¥ equals the number
of parts of 7(¥,

2. SM(o)=SM(m),

3. either (a) 1 is colored 0 in both ¢ and 7, (b) 1 is colored s for some 1 < s <77 ino
and 1 is colored 0 in 7, or 1 is colored s for some 1 < s < S; in m and 1 is colored
0in o,

4. ifi > 1, theni € SM(o) = SM(r) if and only if 7 is colored 0 in ¢ and = so that
o has k cycles and 7 has k parts if 1 is colored 0 in both ¢ and 7 and ¢ has & + 1
cycles and 7 has k + 1 parts if 1 is not colored 0 in both ¢ and T,

5. ifi > 1,i ¢ SM(r), 7""Y) has r parts, and i is inserted in position s in 7('~" where
s > 0, then 7 is inserted in position 0 in 0 and 1 < s < S, if 1 has color 0 in both
cand rand 1 < s < S, if 1 does not have color 0 in both ¢ and 7, and

6. ifi > 1,i ¢ SM(0), and i is inserted in position s in o~Y) where s > 0, then i is
inserted in position0in rand 1 < s < T;.

Here for condition (5.), note that if the first column of P is empty so that 1 is colored
0 in both o and 7, then when 7~V has r parts, there must be » empty columns in the
first i — 1 columns of P. Hence there are i — 1 — r rooks in the first i columns of P
and these rooks cancel the s,,-th part of the augmented part of the board for m =i, —
1,...,i—(i—1—r—1) = r+2. So, we can only put rooks in the first s; +- - -+ 5,41 = S, 41
cells in column . Similarly, if there is a rook in the first column of IP so that it cannot be
the case that 1 is colored 0 in both ¢ and 7, then when 7Y has r parts, there must be
r — 1 empty columns in the first i — 1 columns of P. Hence there are i —1 — (r — 1) rooks
in the first i columns of P and these rooks cancel the s,,-th part of the augmented part
of the board form =i,i—1,...,i — (i —r — 1) = r + 1. Thus, we can only put rooks in
the first s; + - -- + 5, = S, cells in column i. This given, we let Hz,f denote the set of

all pairs (0, 7) € U}, satisfying the six conditions above. Thus, Fz,f is a bijection from
No—i(B4) onto H) 5.

Given (o, 7) € HZ,;S, let () be the permutation whose cycle structure is the result
of eliminating the elements of absolute value greater than i in the cycle structure of

22



o. Similarly, let 7 be the set partition that is the result of eliminating the elements of
absolute value greater than i in 7. Then if (¢, 7)) = ((1,), ({1,}), then we define the
weight of 1in (0,7), W, x) (1), tobe s +¢. If 1 < k < n, then we define the weight of
kin (o,7), Wion (k), to be s + t where k is inserted in s-th position in o~ and k is
inserted in the t-th position in 7*~Y. We then define the weight of (o, ), W (o, 7), by
setting

=] "m0, (43)
=1

and it is straightforward to check that we have defined the map Fz,f so that if Fz,f (P) =
(o, ), then
vea(P) = W(o, 7). (4.4)

Finally, we observe that if (o, 7) € HZ,;S and FZ,;S(P) = (o, m), then the number of
rooks of P which lie in the base part of B4 is i, such that i is inserted in position s in
o(=) where s > 0. Similarly, the number of rooks of P which lie in the augmented
part of B4 is i, such that i is inserted in position s in 7(=) where s > 0. Let Pos(o)
and Pos () equal the number of i such that i is inserted in position s in o~ or 7(=1)
respectively, where s > 0. It then immediately follows from our combinatorial inter-
pretations rTT ), rﬁc"%(q), TZ—T,;ST(Q) and rn 5(¢) in terms of r,_(B4) given in (3.3),
(3.5), (3.7), and (3.11) that we have the followmg theorem.

Theorem 4.1. For any sequences S = (s1, Sa2,...) and T = (t,ts,...) of non-negative inte-
gers,

L= Y W(on),

T,8
(o,m)EM, )

2. 15 (g) = (=" F YT W(em),
(o,ﬂ)G'HZ;’,f
3. M) = ). (=)W (o, 7), and

T,8
(U’W)EHn,k

475N = Y. (=)W (o, 7).

T,8
(o,m)EM, )

We note that if S = (0,0,0,...), then it must be the case that for all (o, 7) € ’Hn PP
Pos(m) = 0. This means that if (o,7) € ”Hn +, then 7 is completely determined by
o. That is, we are forced to have SM(c) = SM(n) and every element of 7 must
be colored with 0. If i ¢ SM(w), then the element iy must lie in the first part of
7. For example, if 0 = (14,42, 31)(20, 82, 71, 53)(6p), then it must be the case that 7 =
({10, 30,40, 50, 70,80},{20}, {60}).- Thus, in such a situation, = carries no information
nor does it contribute to W (o, 7), and so we are reduced to considering only colored
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permutations with certain restricted insertion patterns. That is, let QZ , denote the set
of colored permutations o of [n] such that

1. exactly k elements of SM (o) are colored 0,
2. 1is colored s for some 0 < s < T},

3. ifi € SM (o) — {1}, then i is colored with 0 so that ¢ has k cycles if 1 is colored 0
and o has k + 1 cycles if 1 is not colored 0, and

4. ifi > 1and i ¢ SM (o), then i is inserted in position s in oY) where 1 < s < T;.
This gives us the following corollary.

Corollary 1. If S = (0,0,0,...)and T = (t,t2,ts, .. .) is a sequence of non-negative integers,

then
1. rﬂ&(q) :rﬁ,;swq) - Z W (o), and
Jegzk
2. 175 q) = 1) (g) = (—1)m " Z W(o),

aEgZ’k

where W (o) = ay + - - - + a,, if the color of 1 is a; and i is inserted into position a; in =) for
1=2,...,n.

It is easy to check that if, in addition, 7; < ¢ — 1 for all 7, then it will be the case that
the color of 1 is 0 and the color of any i ¢ SM (¢) will be 1. Thus the minimal elements
of SM (o) must have color 0 and all other elements of o must have color 1. Clearly, in
such a situation, the colors on the elements of o are completely determined so that we
can just drop the colors. It then follows that the corresponding rook numbers can be
described by g-counting permutations with certain restricted cycle structures. That is,
given any permutation o € S, organize the cycles of o so that the smallest element of
each cycle is the leftmost. Now, for any 1 < ¢ < n, define ¢, (i) = 0 if 7 is the smallest
element in its cycle and if 7 is not the smallest element in its cycle, define ¢,(i) as the
rightmost element in the cycle containing 7 that is both to the left of i and smaller than :.
Note that in the latter case, this means i was inserted in position ¢, (i) according to our
definitions. We then let RPermZk denote the set of permutations o € S,, with & cycles
such that for all 1 < i < n, either 7 is the smallest element in its cycle or 1 < ¢, (i) < T;
if ¢ is not the smallest element in its cycle. Then we have the following corollary.

Corollary 2. If S = (0,0,0,...)and T = (t1,ta,ts, .. .) is a sequence of non-negative integers
such that forall i, t, + --- +t; <i—1, then

Lol =)= > W(o) and

aERPermz;k
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2.5 Mg) =5 ) = ()" Y Wo),

UERP%ngk
where W (o) = > ¢, (7).

For example, suppose that 7 = (0,1,0,1,0,1,...) so that 7} = 0 and for i > 1,
Ty, = Ty;1 = i. Then ]—'iPerm;,C is the set of all permutations o € S, such that ¢ has &
cycles and for all i, ¢, (i) < | %] if i is not the smallest element in its cycle.

We can make a similar argument if 7 = (0,0,0,...). In this situation, it must be
the case that for all (o, 7) € H:,f, Pos(o) = 0. This means that if (o, 7) € Hz 5, then
o is completely determined by 7. That is, we are forced to have SM (o) = SM(7) and
every element of o must be colored with 0. So if i ¢ SM (o), then the element i, must
be inserted directly after 1 in 0(=1. This will force the first cycle of o to consist of the
element 1, followed by all elements of the set [n] — SM (7) in decreasing order colored
by 0. For example, if 7 = ({11, 32,41}, {20, 52,81}, {60, 72}), then it must be the case that
o = (1o, 80, 70, 50, 40, 30)(20)(60). Thus, in such a situation, ¢ carries no information nor
does it contribute to W (o, 7), and so we are reduced to considering only colored set
partitions with certain restricted insertion patterns. That is, let K7, denote the set of
colored set partitions 7 of [n] such that

1. exactly k elements of SM () are colored 0,
2. 1is colored s for some 0 < s < 5},

3. if i € SM(m) — {1}, then i is colored with 0 so that 7 has k parts if 1 is colored 0
and 7 has k + 1 parts if 1 is not colored with 0, and

4. ifi > 1,i ¢ SM(7), and 7~V has r parts, then i is inserted in position s in 7"~V
where 1 < s < S, if 1 is colored with 0 in 7 and where 1 < s < S, if 1 is not
colored 0 in 7.

This gives us the following corollary.

Corollary 3. If T = (0,0,0,...) and S = (s1, 52, 3, - . .) 15 a sequence of non-negative inte-
gers, then

L] q) =i g) = Y Wi(n), and

WEKSk

2. g) =T (@) = (1) Y W),

.
71'€lCn’/,C

where W (1) = ay + - - - + a,, if the color of 1 is a; and i is inserted into position a; in 71 for
1=2,...,n.
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If, in addition, we assume that S; < i — 1 for all i, then it will be the case that the
color of 1is 0 in both ¢ and 7 since s; = 0 in that case. It follows that if 7~ has r
parts, then we must place i in one of the positions 1, ..., 5,41 = r if i does not start a
new part in 7. But since we have r parts in which to place i, we can always do this
with an element colored 1. Thus the minimal elements of SM (7) must have color 0
and all other elements of m must have color 1. Clearly, in such a situation, the colors
of the elements of 7 are completely determined so that we can just drop the colors.
It then follows that the corresponding rook numbers can be described as counting set
partitions with certain restricted part structures. For any i, we define ¢, (i) = 0 if i is
the smallest element in its part. If i is not the smallest element in its part, we define
¢x(1) = j when i is in the j-th part of 7. We then let RSPtnik denote the set of all set
partitions of [n] with k parts such that forall¢ = 1, ..., n, either i is the smallest element
inits part or 1 < ¢, (i) < S, if i is not the smallest element in its cycle and 70+ has r
parts. Then we have the following corollary.

Corollary 4. If T = (0,0,0,...)and S = (s1, Sq, Ss, . . .) is a sequence of non-negative integers
such that for all i, sy +--- +s; < i — 1, then

L) =riMg) = > W(n) and

ﬂERSPtnik,

2. ri M) = @) = () Y W),

S
TrGRSPtnnyk

where W (m) = >0 | ¢ (7).
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