ROOK THEORY AND HYPERGEOMETRIC SERIES

JAMES HAGLUND

ABSTRACT. The number of ways of placing k non-attacking rooks on a Ferrers board
is expressed as a hypergeometric series, of a type originally studied by Karlsson and
Minton. Known transformation identities for series of this type translate into new
theorems about rook polynomials.

1. Introduction.

Since its introduction in the 1940’s by Riordan and Kaplansky, rook theory has
continued to find application to an ever-expanding list of topics in Enumerative
Combinatorics. In this article we establish a connection between rook polyno-
mials and certain types of hypergeometric series, and explore the consequences.
Notation : LHS and RHS are abbreviations for “left hand side” and “right hand
side” respectively. N = the nonnegative integers, Z = the integers, C = the complex
numbers, “COEF(2¥) in” means “the coefficient of z* in”.

Consider an infinite grid of squares, with the same labelling as the points in the
first quadrant having positive integral coordinates; the lower left-hand square has
(column,row) coordinates (1,1), etc.. A board B is a finite subset of these squares,
together with a value of n, called the number of columns. The squares of B must
satisfy (i,j) € B = 1<i<mn,1<j. Ifin addition (i,j) € B = j < n (all
the squares of B are contained in the n x n grid) then B is called admissible. See
Figure 1.

Let r(B) be the number of ways of placing k rooks on the squares of B (through-
out the article, all placements are assumed to be non-attacking, i.e. no two rooks
in the same row, and no two in the same column). If B is admissible, let ax(B) be
the number of ways of placing n non-attacking rooks on the square n x n grid with
exactly n — k rooks on B. The ay, are usually called “hit” numbers. Of particular
interest is a,, which equals the number of permutations on n letters which avoid
the “forbidden” positions encoded by the squares of B (we can identify a rook on
square (7, j) with the condition that ¢ is sent to j in the associated permutation).
The ay(B) can be expressed in terms of the r;(B) via an identity of Riordan and
Kaplansky [KaRi]

> kg (B)(z = 1) =3 " 2ka, i(B). (1)
k k

If B is not admissible, define ax(B) via (1) (although they no longer count permu-
tations).

Typeset by ApMS-TEX
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FIGURE 1. The shaded squares (1,2), (2,1), and (3,3) of the 3 x 3 grid
form an admissible board B.

A Ferrers board B is a board with the property that (¢, j) € B implies all squares
to the right and below (¢, j) are also in B. More formally, (i,j) € B = (k,p) € B
fori <k <mand1l < p<j. These boards can be identified with the Ferrers
graphs of partitions. They were introduced by Foata and Schiitzenberger, who
proved that every Ferrers board is rook equivalent (has the same rook numbers 7y)
to a unique board with strictly increasing column heights. Ferrers boards satisfy
the important factorization theorem of Goldman, Joichi, and White [GJW1]

Y a(@—1)--(z—k+1)rn_x = PR(z, B), (2)
k=0

where PR(z, B) = [[|_,(z + ¢; — i + 1), with ¢; = the height of the i*" column of
B.

Throughout this article, if B is a Ferrers board it will represent the board of
Figure 2, indicated by the following notation: B = B(h1,ds;ha,da;. .. ;he,dy). In
order to allow leading columns of height zero and for other technical reasons we
allow the h; to be nonnegative integers, but the d; will be strictly positive integers.
Note that PR(x, B) can be written as

t

H($+Hi - D; + 1)dm (3)
i=1

where H; :== hy+...+h;, D; :=dy +da+...+d; (this notation will be used often),
and () ==z(z+1)---(x+k—1).

For some time researchers have sought a g-version of (1), the inclusion-exclusion
identity of Riordan and Kaplansky. For arbitrary boards this problem has never
been completely solved, although partial solutions occur in [ChRo] and [JoRo].
For Ferrers boards Garsia and Remmel [GaRe] introduced a g-version which has
found a number of applications [Dinl], [Din2], [Hagl]. In particular, Solomon
[Sol] has developed connections between the monoid of matrices over a finite field
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FIGURE 2. The Ferrers board B = B(hy,d1;. .. ; ht,dy).

and g-rook polynomials, and Ding has unearthed an exciting connection between
algebraic topology and rook placements by showing that the Poincaré polynomials
of cohomolgy for certain algebraic varieties are expressable as g-rook polynomials.

Other recent work in rook theory incorporates the cycle structure of simple
directed graphs associated to rook placements. This idea originated in a 1989
paper of Gessel [Gesl]; if a rook occupies square (i, j), draw an edge from i to j in
the associated digraph (otherwise do not draw such an edge). The resulting digraph
(on n vertices) will consist of a certain number of cycles and a certain number of
directed paths (vertices with no incident edges count as a directed path of length
one). See Figure 3.

Let
Tk (y> — Z ynumber of Cycles,

placements of k£ rooks on B

so for the placement of Figure 3 we associate y2. If B is admissible, we can define

ag (y7 B) = Z ynumber of cycles (4)

placements of n rooks on n xn square
n—k rooks on B
It should be mentioned that the special problem of determining ag(B), which can be
viewed as the permanent of a matrix, has been studied in great detail by Shevelev.
His work also contains some results on determining a(y, B); see [Shev] and the
long list of references it contains.
Chung and Graham introduced the function

C(B;x,y) :2233(33—1)---(x—k—|—1)rn_k(y). (5)
k
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FI1GURE 3. A rook placement and the associated digraph.

One of their results can be expressed as follows [ChG]

C(B T y) _ § (y _ 1)number of cycles of S
) )
0 to n rooks on B
each rook in a cycle
(a: +|TNB| - |S|)
<)
T n—|S|
n rooks on nXn square
scT

where the inner sum is over all placements 7" of n non-taking rooks which contain
the rooks in S, and |T'N B| is the number of rooks in T" on B. In the outer sum,
each rook in S must be in a cycle.

Gessel [Ges2] found a more compact expansion for C(B;z,y);

Zank x+y)kx(x—1)'~(x—n+k+1). (©)

(B zy) (Y)n

He also noted that

Z(y)krn—k(y) Z = 1 Zz Qp— k (7)

k

Shortly after a preprint of Chung and Graham'’s influential work became avali-
able, the author and Dworkin noticed independently that a version of the factor-
ization theorem for Ferrers boards held for r4(y) [EHR], [Dwo]

Za:(x—l)---(x—k:—l—l)rn_k(y): H(x—l—ci—i—l—y)H(x—l—ci—i—i—l). (8)

k ci>i ¢;i<i
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Dworkin also investigated if and when the LHS of (8) factors for those boards
obtained by permuting the columns of a Ferrers board.

Earlier Stanley and Stembridge [StS] developed a version of rook theory which
takes into account the cycle structure of rook placements and the associated di-
graph. To describe this we need two partitions «, 3. The «a; are the lengths of
the directed paths, and the 3; are the lengths of the cycles. In their theory they
weight a given placement by fo(Y)ps(Y') [ [, mi(a)!, where the f, are the forgotten
symmetric functions in the set of variables Y, ps are the power-sum symmetric
functions, and m;(a) is the multiplicity of ¢ in « (see [Mac] for background on
symmetric functions).

Chow has recently considered a more general function;

C(B; X,Y) Zma Y)ras(B Hmz

(in this article X,Y denote sets of variables and x,y complex variables). Here 7o g(B)
is the number of rook placements on B whose digraph has directed path type « and
cycle type 3, and m, is the monomial symmetric function. If X is chosen so that
Yoal = pe(X) = (1) p(Y), C(B; X,Y) reduces to the Stanley-Stembridge
function. If pr(X) = z, and pr(Y) = y, we get Chung and Graham’s C(B;x,y).
Here we are using the well-known fact that identities involving symmetric functions
can be interpreted as polynomial identities in the py.

Chow proved a “reciprocity” theorem for C'(B; X,Y’), which says that for ad-
missible boards B

CB:X.Y)= > falX.V)ps(Y Hmz N )

0 to n rooks on B¢
0 rooks on B

where ¢(«) is the number of parts of o, and XY indicates the union of the two
sets of variables X and Y (so px(X,Y) = pr(X) + px(Y)). B¢ is the complement
board consisting of those squares in the n x n grid not a part of B. In section 2
we introduce another parameter into Chow’s function, and obtain a result which
contains reciprocity and (1) as special cases. We also derive a more general form of
(6), as well as an identity relating the r(y, B) and the r(y, B¢), which generalizes
a result of Chow and Gessel.
A 111 F; hypergeometric series is defined by

€1, €2 -ee G4l | - (Cl)k(CQ)k"'(Ct-i-l)Zk
H”Q{ b bt’]Z;M@gM@»~«mn - 19

If the argument z is unity it will be omitted. The series in (10) converges absolutely
if [z] <lorifz=1and 8‘%(2z 1 b Zfﬂ ¢;) > 0. The study of these functions
goes back to Euler and Gauss. One of Gauss’ famous results is

b] _ T(T(c—a—b)

o)~ Tleare=yy Me-e-bv>o. (11)

2 {a,

If one of the numerator parameters in (10) is a negative integer, the series termi-
nates. The terminating case of (11) is the Vandermonde convolution

o7y {_”’ b} N Gally (12)

¢ (©)n
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In section 3 we show how to express the rook numbers r(y, B), when B is the
Ferrers board of Figure 2, in terms of a terminating ;1 F}; with unit argument. Ex-
pressions are also derived for the hit numbers ay(y, B). These involve an important
type of 112Fi11 hypergeometric series known as balanced series, the sum of whose
numerator parameters is one less then the sum of its denominator parameters (i.e.
Cl+...+Ct+2—b1—...—bt+1:—1.

In section 4 we derive a recurrence for the aj, which turns out to be equivalent to
the known fact that a balanced, terminating ;42 F; 41 can be expressed as a sum of
balanced, terminating +11 F}’s. A special case of this is the famous Pfaff- Saalschiitz

result ( ol )
-n, a, b _(c—a)u(c—D)y
] IR Y e (13)

Special cases of this recurrence for the aj are shown to have a purely combinatorial
interpretation in terms of permutations of multisets.
For Ferrers boards, the rook polynomials appearing in (1) can themselves be
expressed in terms of a ;11 F} of the following general type
"y |:J?, bll—)l—dl, bt:dt;2:|,
1, e t

where d; € N. The series for the r; and the ay also have the property of the numer-
ator parameters being a positive integer more than the corresponding denominator
parameters. We will say these series are of Karlsson — Minton type; they were
first studied by Minton [Min, 1970] who proved

w, x, by +dy, ... bit+d;
e+2Fi z41 by b | T

t

Iz+1)T b — )
I‘(l—i—x— H (14)

i=1

where z,b; € C, w € Z, d; € N, and w < —n. Karlsson [Kar| showed that (14)
holds for w € C, R(w) < 1 — n, and later Gasper [Gasp] found an interesting
transformation which includes (14) as a special case

F w x, by +dy, ..., bi+ds _
2t z+c+1, b1, ey by -
I‘(l—l—x—i—c ﬁ (b; — x)
Nl4+z—w c+1 121
—c, x, 1+xz—0b, ceey 1+z—0b
XHQFHI[ r+1—w, 1+x—0by—dy, ..., 1+x—bt—dt}’ (15)

where w, ¢, z,b; € C,d; € N, and R(c — w) >n — 1.

When this transformation is expressed as a relation between aj’s of different
boards, special cases have simple combinatorial interpretations, but in general we
get new identities. These are of a rather technical nature; a typical result involving
generalized Stirling numbers is given in Example 3.2.
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Gasper also derived two g-versions of (15), which involve basic hypergeometric
series. A 111¢ is defined by

T, C1, ... - k(e Or - (e g
erdt bi, ..., } Z) k(015 @)k - '(bt;Q)kz ’
where |z| < 1, ¢ is a real variable satisfying 0 < ¢ < 1, and (w;q)r = (1 — w)(1 —
wq) -+ (1 —wg*1). We will denote the infinite product [],~ (1 —wg*) by (w;q)eo
If the meaning is clear from context, (w;q)r and (w;q)s will be abbreviated by
(w) and (w)s, respectively. Replacing x by ¢%, ¢;, b; by ¢“ and ¢, and letting
q — 17, the ¢11¢; above approaches the ;1 F; with the same arguments.

Recently Chu has derived a bilateral extension of (15) [Chu] (a bilateral series
is a sum from k& = —oo to +00, which can be viewed as a sum of two 41 F;’s). He
also derived a g-version of this which contains both of Gasper’s g-versions of (15)
as special cases.

In chapters 4 and 5 of Gasper and Rahman’s book [GaRa], and also in work
of Sears [Seal],[Sea2] and Slater [Sla], there are a number of expansions of the
following general type

one ¢+1¢: = a sum of t + 1 other 1y1¢;’s. (16)

Although it appears to have gone unnoticed, we show how the Chu-Gasper g¢-
version of (15) can be obtained by specializing one of the identities of type (16)
to the Karlsson-Minton case (all of the coefficients of the ;+1¢:’s on the RHS of
(16) turn out to be zero except for one). This same equation also shows how to
express the series on the LHS of (14) as a finite sum of Gamma factors when the
d; are allowed to be positive or negative integers. There is also an analogue of (16)
for bilateral series (see [GaRa], eq. (5.4.4)) , due to Slater, which contains Chu’s
bilateral extension of (15) as a special case.

Not surprisingly, the g-rook polynomials Ry of Garsia and Remmel can be ex-
pressed as basic hypergeometric series of Karlsson-Minton type (where each numer-
ator parameter is ¢% times the corresponding denominator parameter). Although
for the most part our results in section 5 are g-versions of results in previous sec-
tions, using the Heine transformation

2¢1[x, b;z}:(b)oo(a:z)oo 2¢1[c/b, z;b] a7

c (€)oo (2) oo Lz

we derive some identities which have no analog in the ¢ = 1 case. Actually we use
the following corollary of Bowman’s 1993 generalized Heine transformation [Bow1],
[Bow?2]

T, C1, ..., Ct,z _ (xZ)OO ( c
T R e ks g ((bic).  (18)
where
hi(b;c) := Z L[Ch b1lmy - - [ty belm,
mit.. +mi=k (q)m1 e (Q)mt



8 JAMES HAGLUND

with [w,y]r == (w — y)(w — qy)---(w — ¢*"1y). When specialized to series of

Karlsson-Minton type, the case d; = 1 of (18) reduces to a special case of a bibasic
version of the Heine transformation (which contains two independent bases p and
q) due to Fine.

2. Reciprocity and the x-parameter.

We now introduce another parameter into Chow’s function, and then extend his
reciprocity theorem. Define

C(B; X,Y;z) Zma Y)ras(B)(1—2)" " [[mi(a)l.  (19)

Theorem 2.1 Let B be an admissible board. Then

C(B; X,Y;2) = (=1)" Y 2"Ci(B; X, Y),

where

Cr(B; X,Y) = Z fo(X, Y)ps(Y Hmz ),

0 to n—k rooks on B¢
k rooks on B

Note that if z = 0 this reduces to (9).

Proof : Our proof closely follows Chow’s proof of (9) [Cho,pp.7-8]. For a placement
k of 0 to n rooks on the n x n grid, let T}, = the set of rooks of k on B, and E,, =
the set of rooks of k on B¢. By definition,

(—1)"Ch_i(B; X,Y) Z M) (X )P0 (V) [ mile) ( e(]:‘))(_m"k

= Z Me(r) (X)Par) (Y l_Imz Z (—1)n*

~CTh
Er=0 m_n k

(since n — £(«) = the number of rooks in k, all of which are presently on Bj; here
|7] is the sum of all the parts of +)

=Y M) X)ppee (V) [[mi@)t Y (=) > (-

vCTr WCE,
lvl=n—k

(since the inner sum is 0 unless E, = )

:Zma(n)( P30 (Y Hmz Z (—1)ls!

SCTRUE
|SATyw|=n—k

= Z Z Ma () (X)Pa(e) (Y I_Imz 1)l

S has n—k rook< on B
and 0 to k rooks on B¢
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by reversing the order of summation. Using exactly the same argument as in [Cho,
p.8], the inner sum over x equals

(— )n+€(a)f X, Ypﬁ Hml m

(none of the results in the rest of the paper depend on Theorem 2.1, or its special
case (21), so no further details are included).

The extent to which theorems about rook polynomials and applications of reci-
procity extend to the symmetric functions Cy(B; X,Y) is an interesting topic for
research in its own right; the focus of this article, however, is the study of the fol-
lowing special case of Ci(B; X,Y), a new two-parameter version of the hit numbers.

Definition For any board B, define a(z,y, B) by

Z(m)krn,k(y) (z—=1" Zz an—i(z,y, B). (20)

k

If B is the triangular board (see Figure 5), the ax(z,1, B) have been introduced
independently in recent work of Steingrimsson [Ste]. His approach is different from
ours, involving partially ordered sets, and there is little duplication between our
results.

Using known facts about symmetric functions [Chol], one finds that if py(X) =
—z and pp(Y) =y, Cr—k(B; X,Y) reduces to ai(z,y). This same choice for X,Y
in Theorem 2.1 then gives (for admissible B)

Clk(.l?, Y, B) = Z (_1)“&) (y - x)l(a)yaﬁ)7 (21)

n—k rooks on B
0 to k on B¢

where «,3 are the directed path type and cycle type of the associated rook place-

ment. Note that
ag (y7 y) — Z ynumber of cycles (22)

n—k rooks on B
k on B¢

since (y — ¥)¢(a) = 0 unless there are no directed paths, which means there are n
rooks on the n x n grid.

In the rest of this section we extend some of the known algebraic identities
satisfied by ax(B) to ai(z,y, B).

Theorem 2.2 (For Ferrers boards, a g-version of the case j = n,z = 1,y = 1 of
this identity occurs in work of Garsia and Remmel [GaRe]). Let B be any board,
and assume j is a nonnegative integer. Then

S (T Ykt = TS (U ey

k=0

Proof : LHS times (1 — 2)/+% =

SIRISIC jn””)xki; (" ekt
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520 kzo( >0
(by (20))
= z° T nem Jj—m+s _ % Jtz (—$)k
7§ 7nz>:0 nm<n_3>( ) 1%(:)( k)m(1k< s >(J+x—s+1)k

(since (I77) = (17) (~1)* =iy

-3 (1) e (e 2 () e

=Y = (J+$>mz>:0rn m(z—j>( 1)7+m!

s>0

u+m (@)m (@ +m)u(=8)m(=8 + M)y
X Z ( )m!(m+l)u(j—f—x—s—i—l)m(j—i—x—s—f—1—|—m)u

x n—m
= (7)) X () 1y
S n—7>
s>0 m>0
(@)m(=5)m x+m, —s+m
X ; o F .
ml(+z—s+1)m jtr—s+m+1

=y <j :: $> mzzjor"*m (2‘_?) (—1)7+s

(x)m(_s)m (] -5+ ]-)sfm
Grz—s+)m(G+z—s+m+1)s_p

(by the Vandermonde convolution (21))

- Z Z mrn m j+g( ) (‘7 —st 1)5*’”1(‘7‘ - m)n*j

20 mz0 (Ds(L)n—;

= Z Z r j+8+m (] — s+ 1)n+sfmfj
m n— m

s>0 m>0 (1)3—7”/(1)”—1'

=3 3 @ (1) (n-m)!  (n—s)

m>0 (s =m)!(n— ) (G —s)l(n—s)!
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n—s n—m
— _ _1 s—m
e (1) B (27
s>0 m2>0
= RHS times (1 — 2)7**. B
Theorem 2.3 (The j = n case of this is due to Gessel [Ges2]). For any board B,

. . N CRUE
.y, B Z #(y,y, B <n_j) O

Proof : Start by setting = y in Theorem 2.2 to get

i (y i : - 1) a;(—k,y, B)z" = % zj: (n B k) ar(y,y, B)z".  (23)

n
k=0 k=0 J

Now assume z € N, > j. Then

y+x—
T

~1
aj(—z,y,B) = ( 1) x COEF(z") in LHS of (23)

:(y+z_1>_1xCOEF(zz) 1_2' zi:( ) (v.4.B)2*
—(—1)j(y+§_1)lkz;o<Z:I;>ak(y,y,3)<j+y;i—|];x—k)

jJ x'(y'i_])a:fk
Z( ) cw: 9 B) G ),

k=0

s (—)e(=1)*(y + 2);
kzz: ( ) 9, B) (¥);

Replacing « by —x proves the theorem for € Z, x < —j. By definition of
ax(x,y, B), it is clear that both sides are polynomials in z; two polynomials which
have infinitely many common roots are identical. W

In an earlier version of this paper, the author used (15) to derive Theorem 3.1,
a result related to Theorem 2.7 below, but which holds for Ferrers boards only.
The author is indebted to the referee for supplying him with Lemma 2.4 below
(which can be thought of as a version of (15) which holds for polynomials) and for
suggesting that it could be used to derive a result which holds for any admissible
(not neccessarily Ferrers) board. This led to Theorem 2.7, which is analogous to
(but does not contain) Theorem 3.1. Before proving it we need to derive a few
lemmas; Lemma 2.5 extends well-known identities for 74 (1, B) and ax(1, 1, B).

Lemma 2.4 Let P be any polynomial with ®(c + 1 — w — deg(P)) > 0. Then

oo

- (W)@ o TO+a+ol .
ZT‘P(]) 'l4+z—-w c+1j§: x+1— )P(—x—j).
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Proof : It suffices to prove Lemma 2.4 for the basis polynomials P(u) = (—z — ¢ —
u)g,d = 0,1,..., for which both sides above can be eva luated by Gauss’ theorem

(eq. (11)). W
Lemma 2.5 Let B be any board. Then

"k PR )
BranlB) = 3 (D) 0T i G s D B) 20

=0 M s=0

and

ar(z,y, B) = i (” N “”?) (1) <”” = 1) S GG -1 (-84 Drga(y.B).

J s=0
(25)
Proof : The RHS of (24) equals

> straa() 3 (5 -2 ()

s>0 j>s

- Z S!rnfs(y)(;s,k

s>0

by the Vandermonde convolution. Equation (25) can be proven similarly; the RHS
of (25) equals

Z Tn—s (y)

n+a\, (@) -1 (G —s+1)
Z<k—j)( b (1);

j>s

_ r n+x 1\k—u—s (T)uts(u+1)s
R (k—u—s>< !V (Wt

u>0,7=u+s

B n+x u (s —k)u
—gm—s@)Z (k_s)(_l) (nto—k+s+1),

o 0 (1

B nta\ s (—k + 8)u(z + 8)y
Zrns(y)<k—s)( D ()Sg(l)u(n+x—k+s+1)u

S

B n+T), ks (n—Fk+1)k_s
Z(x)srns(y)<k_s>( 1)k (n+l‘—k+5+1)k—s

S

(by the Vandermonde convolution)

=2 (@rnly) (1 20)cn
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Lemma 2.6 For any board B and k € N,

n+x k_n)j J))j
ar(z,y, B) = (n i k)(_l)k;o m

XY (x—f)(a—j=1) (- —j— s+ Dras(y, B).
s=0

Proof : From (25),

k(z..B) = (”Z”U)(—nk; TP,

where P(j) is the inner sum on the RHS of (25). Applying Lemma 2.4 with w = —k
and c =n — k we get

_(n+x 't4+z+4+n—-kI'E+1)
a’“(x’y’B)< k >(_1)kF(1+x+k)F(n—k+1)

(k—n);(x); :
X;]'(-ﬁ‘f'l‘i‘k)jp(_x_])’

which simplifies to Lemma 2.6. B
Theorem 2.7 Let B be an admissible board. Then if x —y € N,

ak(x7y7B) = an—k(m7y’ D)7

where D is the board obtained by starting with B¢, and then affixing an x —y by n
rectangle with unlabelled squares to the bottom of B¢ (so rooks on this rectangular
part do not contribute any cycles).

Proof : Since by (22) ar(y,y, B) = an—i(y,y, B), (20) implies the polynomial
identity

Z(y)krn—k(yv BC)Zk(l - Z)n_k = Z(y)krn—k(yv B)(Z - 1)n—k7

k k

the case y = 1 of which appears in [Rio]. Letting z = z + 1 and comparing
coeflicients of z™~° on both sides we get

a0 B) = = 3 0 B0 ().

(Y)s 0 - S

Plugging this into the inner sum on the RHS of Lemma 2.6 and then reversing the
sum on m and s we get

_ (" t+x (k — n)] ((E)] S c n—m
ar(z,y, B) = <n—k:> (—1)k§m%m7m(y,3 )0 (W) m
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xzn:(—x—j)(—x—j—1)"'(_x_j_8+1>( ! )

= (¥)s m—s

The inner sum over s can be evaluated by (12), resulting in

n+x
B) = n k
a/k(x7y? ) (n_ ) Z $+1+k

xzrnm% Je+j—y)@+j—y—1)(x+j—y—m+]1).

The inner sum on the RHS above can be rewritten as

since by a standard argument (as in [GJW1]) both these sums count the number
of ways to put n non-attacking rooks on the board obtained by affixing a j by n
rectangle to the bottom of D, or equivalently a x — y + j by n rectangle to the
bottom of B, without labelling the squares of the rectangle (thus no cycles are
contributed). The theorem now follows from (25) with & replaced by n — k and B
by D

Corollary 2.8 Let B be any admissible board. Then for z,y € C

Z(J?)Mn—k(y, B)(z+ 1) (=2)"F =

k

er(y,Bc)Z(m)k(x—y)(a:—y—1)--.(gg—y—n—l—k—l-s—l-l)(n;S)z"’“.

k

Proof : Using (20), Theorem 2.7 can be written in polynomial form as

Z(x)krnfk(ya B)zk(]' - Z)nik = Z(x)krnfk(ya D)(Z - 1)n7k (26)

k k

Now r,—k(y, D) equals
. n-—s
S rl BN =)o =y =)o —y b))

since if we wish to put n — k rooks on D, we can put s on B¢ in rs(y, B¢) ways,
then choose n — k — s of the n — s columns left unattacked in (";q) ways, then put
n — k — s rooks in these selected columns in the x — y by n rectangular part of D in
(x—y)(x—y—1)---(r—y—n+k+s+1) ways. Using this in (26), then reversing
the summation on s and k, and finally replacing z by z + 1 yields the corollary. W
Remark 1: Corollary 2.8 can be written in the following form

Z(x)k(z - 1) Tn—k(y, B er Y, B)(y — x)n—s(-1)*

k
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s—mn, T

X2 x—y—n—l—s—i—l;z

Remark 2: Comparing the coefficient of 2™ on both sides of Corollary 2.8 gives the
identity

Y @iy, B)(=1)"F =) iy, B) e — ) —y 1) (@ —y—n+s+1).

k

This is equivalent to the k = n case of (21), which Chow derived from (9) and
which Gessel also derived by a different method [Ges2]. Recently Chow has given
a combinatorial proof of the y = 1 case of this identity [Cho3]. Perhaps this proof
could be extended to include Corollary 2.8. Another interesting issue that remains
unresolved is how the identity obtained by comparing coefficients of z* for k # n
in Corollary 2.8 relates to (21), and more generally if there is a symmetric function
version, along the lines of Theorem 2.1, of Corollary 2.8.

3. Ferrers Boards and Hypergeometric Series.

The remainder of this article will focus on Ferrers boards, for which the explicit
formulas for 7y, and aj occurring in Lemma 2.5 can be expressed as hypergeometric
series.

Definition Recalling that H; :== h1 +...h; and D; :=dy + .. .d;, let

t
PR(z,y,B) := [[(Hi = Di + & + y)a,.
i=1

Remark : Although PR depends only on the sum x + y, we choose to view it as a
function of both z and y in order to keep the connection with cycle-counting clear
in what follows.

Definition Call a Ferrers board B = B(hy,dy; ha,da; ...; by, di) regular if B satisfies
H, > D, for 1 <i<t. Also, let ¢; := H; — D + y (we will use this notation often
throughout the rest of the article!).

For B a regular Ferrers board, we now convert (24) and (25) into hypergeometric
notation. Note that for j € N,

(e; +d;);

(ei + j)d1 = (ei)di (ei)j

(assuming e; # 0), hence

t
dy);j
PR(j,y,B) = PR(0,y, B He’+ e #0,1<i<t. (27)

i=1

Now H; > D; for j <t implies the it column of B is > i for all i < n. Thus by
(3), for B regular (8) can be written as

Zm(x - 1) (x—k+1)ry_i(y, B) = PR(x,y, B).
k
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Plugging this into (24) and (25) we get, for k € N,

k t

k ez —|—d
Klrn x(y, B) =) < .>( D" PR(0,y, B) [[ ==+
i=0 J i=1
J
—k, di, ..., d
_ PR(O,y,B)(—l)k i1 F { 61:1 1 et:; t:| 7 (28)
and
k t
w(z,y, B Z(n""x) )r— j@PR(O,y,B)HM
= (1); o (ed);
n—+x
= rro.y ) (")) -0
—k, x, er+di, ..., e +d;
X t+2Ft+1|: ntz—k+1, e1, e et ] (29)

Remark 1: Assume for the moment that y € N. Then clearly PR(x,y, B) =
PR(z,1,C), where C = B(hy +y — 1,d1; ha,da;. .. ;ht,dt) is the board obtained
from B by replacing hy by h;+y—1. Then by (24) and (25), we see that r(y, B) =
ri(1,C), and ag(z,y, B) = ax(x,1,C). Now say we have an algebraic identity
involving the r’s or ai’s. Typically this will be a polynomial or rational function
identity in the h;’s and d;’s. Thus it is easy to translate back and forth between
identites with the y parameter and those without just by changing the value of h;.
Remark 2: The formulas above assume B is regular (H; > D, for 1 <i <t). Asa
general rule, any formula for Ferrers boards involving the y parameter in sections
3, 4, or 5 will make this same assumption. If H; < D, for some i, not all of the
factors on the RHS of (8) have the parameter y in them. For this reason it is more
convienient to work with regular boards; otherwise we can proceed by modifying
the definition of PR(z,y, B) appropriately. For the sake of simplicity, lets consider
the case where none of the factors have a y in them, and use (2) instead of (8) to
get

k
ar(z,1,B) = ; (Z J_r j) (_1)k—jg_;jPR(j, 1, B).

Unfortunately, H; < D; implies that PR(0,1, B) = 0, so (27) cannot be used as is.

Let w =min j > 0: PR(j,1,B) # 0. Then it is easy to see that PR(j,1,B) # 0
for j > u. Thus

K n—x .
ar(z,1,B) =>_ ( ‘>(—1)k_JPR(j, 1,B)

-y (k”” )(—1)ksu(f”)—““PR(u+s,1,B)

(1)u+s
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— PR(u,1,B) (Z J_r i) (—1)k- EJSZ

(k4 u)s(z 4+ u)s S (H; — Dy +u+ 1),
XZ m+z—k+1+u)s(u+1l)s H (Hi—Di+u+1);

8 =1

If H,— D, = min;){H;—D;,1 <14 < t}, then by definition of u, H,—D,+u+1 =1,
so we get

n+x e (T

1,B) = PR(u,1,B —1)Fw
ak(x7 ) ) (u7 ) )<k—u)( ) (1)u
—k+u, z+u, gr+di, ..., gp+dp, ..., g+ds

(30
m, U’+17 g1, R 9p R gt ( )

X2 Fi1
where g; ;= H; — D; +u+1,and m =n+x — k+ u+ 1. Similarly, k!r,,_;(B) can
be written as a ;1 F;.

Remark 3: Since the aj are balanced, while the k!r,_; are not, most of our at-
tention will be focused on the aj. From results on the a; one can often deduce
properties of the 7 since by (28) and (29),

klro_p(y) = lim “’ﬁf;w.
v=oo (M)

Equation (8) shows that for Ferrers boards, a,(z,y) can be written as a product
of linear factors in « and y. Combining this with the k = n case of (29) we get

t
n—+x n -n, x, 61—|—d17 ey et+dt
H(ei)di< n )(_1) 2 [ x4+ 1, e, cee et
1=
= H(ei —)g,- (31)
i
This is equivalent to the case w = —n of (14), the Karlsson-Minton summation

formula. We now translate Gasper’s transformation (15) into a statement about
the ag.

Theorem 3.1 Let B be a regular Ferrers board. Then

~

ak(x7y7B) = anfk(x7 1 +z— Y +n — Ht _paBp)a

where §p is obtained by first rotating the n x H; grid containing B 180 degrees,
keeping the squares in this grid which were not in B, affixing a p X n rectangle
to the bottom, and finally relabelling so that the square that was (i,j) is now
(n+1—14,H+p+1—7j). The parameter p can be any positive integer, so long as
Ep is regular. See Figure 4.

Proof : Let s; := 1+ x —e; — d;. By (29),

t
n+x
aateonB) = Ttea (") -0
i=1

—k, T, er+dy, ..., e +d;

Xt+2Ft+1{ n+xr—k+1, e1, ceey e
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FIGURE 4. The Ferrers board Ep = B(p,ds; ... ;ha,dy).

T n+x Tn—z—k+DT(k+1)
H(ei)di< k >(_1)k Fn—k+1)I(k+1—2x) H

i=1

o F —(n —k), x, l+z—e, ..., 14+z—¢
2 Sl r+k+1, S1, ceey St
(by (15))

t

n+x s T'(n+a—k+1)k!

< k )( ) n—K)ITk+1+2) };[1

—(n—k‘), z, 31+d1; SRR s + dy
X t+2Ft+1[ k41, 51, o sy . (32)

Let y=1+2—y+n— Hy —p. Then
1+£C—€t:1+x—(Ht_n+y):p+g:H1(§p)_D0(§p)+y

l4z—eg1=142—(Hi-1— Dy 1+y)=n—Hi+h—di+14+x—y

—p+h —dy+ 7§ = Hay(B,) — Di(B,) + 7

l+z—ey = 14— (H1—D1+y) = p+(he+. . .Aho)—(de+. . -4+do)+n—H+142—y—p

= Ht(B\p) - thl(B\p) +
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F1GURE 5. The triangular board of side n.

Thus

X241

—(n—k), x, e1+dy, ..., é+d
r+k+1, €1, R €t

(where & := H;(B,) — Di(B,) + i, and d; := dy_;11(B) = di(B,))
:an,k(x,l—f—:c—y—f—n—Ht—p,ﬁp) by (29). H

Example 3.2 Let B be the triangular board of size n, so B is regular and H; = n.
See Figure 5. From [EHR],

rn+1_k(y,B) = Z ynum()\) = SQ(n + 17k,y)

A
k blocks

say, where the sum is over all set partitions A of n 4+ 1 elements into & blocks, and
num(\) := the number of values of i,1 < i < n, such that the i*" and (i + 1)**
elements are in the same block. For example S2(3,2,y) = 2y + 1 since there are 3
set partitions of {a,b, ¢} into 2 blocks

{a;bHc} =y, {a,c}{b} = 1, {a}{b,c} — .

Clearly §1 = B so after some simplification (20) and Theorem 3.1 imply

Z ) p—152(n, k,y)(z — )" Z T)pe 1Sgnkx—y)zk_1(1—z)”_k.
k=1 k=1
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A version of Theorem 3.1, with y set equal to 1, also holds for non-regular boards;

Corollary 3.3 If B is any Ferrers board
ak(l‘, 17 B) = an_k($,$ + n— Ht - D, Ep)7

with §p as in Theorem 3.1.

Proof : Start with any regular board C having the same d; as B. By Theorem
3.1 we have ay(z,y,C) = an—i(z,x +n — Hy — p, @,). Using (25), view both sides
above as polynomials in the h;. If we increase a given h; by a positive integer, the
equation still holds since (?p will be regular for the same value of p. Thus we have

two polynomials in the h;, equal for all sufficiently large choices of the h;, and hence
equal for all h;. Now let h; = h;(B). B

One of the well-known identities for Ferrers boards is

[e.¢]
> PR(k,1,B)z" = — n+122 ar(1,1, B).
k=0

Translating the z,y version of this (the case j = n of Theorem 2.2, together with
(31)) into hypergeometric series notation led to the next result. This gives a new
expression for series of Karlsson-Minton type with argument z, and shows they are
very close to being polynomials, albeit with complicated coefficients.

Theorem 3.4 Let z,b;,z € C, d; € N, and D; = n. Also fix the branch of log z
which is analytic for z € C\(—o00, 0], with —7 < arg(z) < w (the principal branch).
Then for z € C\[1, c0)

x, bi+di, ..., bit+d;
2 2| =
t+1Fy by, ey by 0T
1 - (n+x> k
(1)
_ \nt
(1 z)”’”kzo k
—k, x, b1 +di, ..., b+d; k
. HQFHI{ ntr—k+1, b, ..., b |7

Proof : Start by assuming |z| < 1. Expanding (1 — 2)"** times the LHS above in
powers of z, using absolute convergence and collecting terms,

e}

— Z n+x bl + dl (bt + dt)_] Z]
1 ]zz:o ] )j"'(bt)j
k
= 2k nta\ (@) +di)j - (b + di);
R (25)e (05 60); (b

k
N LRk (=k)j(x); (b1 +di)j- -~ (be +dp);
_zk: ( 1)( k )jzzzo(1)j(”+x—k+1)j(bl)j"'(bt)j'

The inner sum above is zero for k > n from the w = —k,c¢ = n — k case of (15)
(since the RHS of (15) has I'(¢ + 1) in the denominator). Since the RHS is just a



ROOK THEORY AND HYPERGEOMETRIC SERIES 21

polynomial in z divided by (1 — 2z)"**, the analytic continuation of the equation is
immediate. W
Set
PR(0,y,

- B
Q = W kzz:oak(x,y,B)Zk.

The fact that @ can be expressed via Theorem 3.4 and (29) as a hypergeometric
series has some other consequences. For example, it is well known that Q satisfies
a differential equation, namely [Bai,p.8]

{D(D+e1—1)---(D4+e,—1)—2z(D+x)(D+e1+dy) - (D+e +di)}Q =0,

where D is the operator zd%. Also, Q can be expressed as an integral in various
ways [Bail, [Erd], [Kar], [MacR]. For example, a result of Erdélyi can be phrased as

i F(x,zp,B’)
F(z,2,B) = (1 - "*“’d!—ldfi/ 2P, d
(:L’,Z, ) ( Z) t ( ) o (1 _ p)dt+1(1 _ Zp)n—df,-i-;c P

with C any closed contour circling the point p = 1 counterclockwise, B’ the trun-
cated board B’ = B(hy,d1;. .. ;hu—1,di—1), and F(z, 2, B) := >} _, ar(z,y, B)z".
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FI1GURE 6. The board for a well-poised series.

Well-poised boards
At+1Ft Ty, Cl1y ...,
by, ...,
... = by + ¢;. Together with balanced series they form the most important class of
hypergeometric series. When expressed in terms of the ay, the well-poised case of
(15) has a particularly simple form;

Zt ;z] is said to be well-poised if z +1 = by + ¢ =
¢

ak(l‘,l,B):an_k(l‘,l,B), (33)

with B the board of Figure 6.

There are analogoues of (16) for well-poised series, due to Sears and Slater, as
well as for well-poised bilateral series (see Chapters 4 and 5 of [GaRa]). We will
not do a systematic exploration of the Karlsson-Minton cases of these at this time,
leaving this as a topic for future research. Instead we content ourselves with listing
a result on well-poised series which is an easy corollary of Gaspers transformation.

Theorem 3.5 Let d; € N, n odd, set w; := (1 4+ a — d;)/2. Then for z € C,

w, x, wy+di, ..., we+d |
12811 [ —wtzH1, wn, o w, ,1] =0, (34)
where R(—2w + 1 —n) > 0, and
z, wytdi, ..., wet+de |
t+1Ft[ wy, ey wy =0 (35)

where R(—z —n) > 0.
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Proof : Letting ¢ = —w and b; = w; in (15) the series in (15) become well-poised
and we get LHS of (34) = (—1)™ times LHS of (34). This implies (34) since n is
odd. Equation (35) will follow from the g-version of (15) discussed in section 5 (see
the remark following (57)).

4. Generating Functions and Recurrence Relations.

Two ,Fi’s are called contiguous if they differ by exactly one in exactly one
parameter (except that they must have the same argument z). Gauss derived the
contiguous relations for the o F, and Rainville [Rail] did the general ,F;. We use
an abbreviated notation indicated as follows

x, ¢, ..., C z+1, ¢, ..., ¢
F=.5 bi bz ;Z] JF(a+) = 0By [ bi bz;z} )
x, 1, .., c
F(bl_):t“Ft{ b1 bi?”]'

In the case p =t + 1, the simplest of the Rainville recurrence relations are
(x — ) F = xF(z+) — e, F(cr+), E=1,..1

and
(x —br+1)F =aF(z+) — (b — 1)F(bx—), k=1,..,t (36)

as well as relations with z and ¢; interchanged. There are also a set of p+ 1 linearly
independent relations of a more complicated nature, each involving ¢4 2 contiguous
functions.

Theorem 3.4 can be restated in the form

PR(anvB)(l_Z)ner t+1Ft |:x7 el—’_dh o et+dt;z -
€1, ey €t
n
szak(x,y,B). (37)
k=0

Hence any contiguous relation satisfied by the 11 F; on the LHS above can be
translated into a recurrence involving the a. For future reference we list some of
the relations obtained by this procedure below; the proofs are routine, so they are
omitted. The notation B+ h;+d; refers to the board obtained from B by increasing
h; and d; by one each, and leaving the other parameters fixed. Similar remarks
apply to B — h; —d;. Also, let f; :==e; +d;.

Under the assumption that all boards underappearing in the following formulas
are regular, the first of Rainville’s relations yields (there are two cases to consider,
since z is a different type of parameter then the f;)

ar(v,y, B+ hi +di) = zar(x + 1,y, B) + (fi — )ak(z,y, B) — (fi — z)ar-1(z,y, B)
and

(fi - fs)(ak(x7y7B) - akfl(x7y7B) = ak(x7y7B + hi + dz) - ak(va + hs + ds)v
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where 1 <14, <t,0 <k <n+ 1. The second simple relation gives

(@ —ei+ 1)(an(z,y, B) — ar—1(z,y, B)) = zar(x + 1,y, B) — ar(@,y, B+ di + hiy1)
for 1 <i <t,hy1 =0, and

(fj—ei+1)(an(z,y, B) —akr-1(z,y, B)) = ax(z,y, B+hj+d;) —ay(x, B+d; +hit1)

where 1 < ¢,j < t. The first type of more complicated contiguous relation ([Rai2,
Eq. (28), p.84]) translates into

l‘ak(l‘ yaB) +’I’Lak_1(l‘ yaB) = xak(x + 1ay7B)+

t
s fs

2. %(%_1(% Yy, B—dj = hj1) — ak—2(w,y, B = dj = hj1),

le .5#1 s 7

and

fmar(x,y, B) + (n+x — fm)ax—1(x,y, B) = ar(x,y, B + dpm + hin)+

t
> (ej—w) Hg 1l )(ak—l(%y,B —dj = hj1) —ar—2(x,y, B — dj — hj11),
= H:.#l (es —ej)

where 1 < m < ¢. The second type of more complicated relation ([Rai2, Eq. (30),
p.85]) gives

ak(x7y7B) = ak(x - 17yaB)+

Y T 0,8 i = )

s#j

for 0 <k < n, and

ak(x7y7B) = (fl - 1)a’k(x7y7B - di - hz)+

i Ht*“#} (fs —ej)
Z (x —ej) =———ar—1(z,y, B —dj — hj11),
j=1 H:#; (65—6])

where 1 < i < t, and 0 < k < n. Note that the relations above can be viewed as
statements involving balanced series via (29).

In the remainder of this section we investigate recurrence relations which can be
derived by combinatorial methods. Some identities best described as “iterated” con-
tiguous relations for balanced series are obtained. We also show that special cases
of Saalschiitz summation and Whipple’s 4 F3 transformation have simple combina-
torial interpretations involving permutations of multisets.

By exploiting a connection between compositions of vectors and rook placements
[Hag2, Thm. 22], the following generating function for rook polynomials of Ferrers
boards is obtained

Zwﬂryﬂr Yooyt =) Hh,d,mwt w(B(ha,dy;. .. ; hyydy)).

1<i<j<t h,deNt i=1
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Using this we derive a generating function for ax(zx, 1, B);

1—2% Zyz (1=2) > @)™

1<i<j<t

I ) (SO LTSRN CRR N DAL
=1

k=0 1<i<j<t

t

= Z %(Z(z =Dz + (2 = Dy + Z (z = Dazi(z — ij)k

(5 —
k=0 k(z i=1 1<i<j<t
0 t hid;
T x Y _
_y @k ];"f [T 5 e = )P by, (Bl )W
k=0 ' hdeNt =1 Y

S @z = DIy b (Bl dys L))

h,de i=1 k>0
t

S @4 H)u(z = 1) rae(Blha i),
i=1 s>0,k:Ht+s

dz

since r; = 0 if j > n. As usual, n = D;. Thus by (20),

1_2371 Zyz 1_2 Z xiyj)_x

1<i< <t

t hi d; n
€T. X
> 11 hA'Z%' (@), Y an-rle + Hy, 1, B)z". (38)
i=1 v k=0

h,deNt
By differentiating (38) we can derive recurrence relations for the ay. For example,
if we differentiate with respect to z we get

1—2391:z z:yz (1-2) Z ﬂ?z‘yj)_x_l(—zxiyj)

1<i<j<t i<j

h; d;
—(-z H%!Zﬁ (z+1) H,Zan W@+ 14 H, 1, B)R) (=3 ziy;)

h,deNt  i=1 k=0 i<j
h; di
LY, -1
= g II t 7 H,E an—p(x+ 1+ He, 1, )zk k.
h;ld;!
h,deNt  i=1 k=0

Comparing coefficients of Hz 170 ,ZI, 2" in the last two lines above gives

Z (E(:L‘ —+ 1)Ht,1an,1,k(x —+ Ht, ]., B —h; — dj)hidj

1<i<j<t
= (]f + 1)(x)Htan,k,1(x + Ht, 1, B)
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Replacing k by n — 1 — k this becomes

(n—k)ar(x,1,B)= > hidjax(x,1,B — h; — d;). (39)

1<i<j<t

The t = 1 case of (39) yields another proof of (13); assuming B is regular, the
y =1 case of (29) implies, with b := H; — Dy + 1, and n := d,

(n—@<nzx>@4ﬁ®% 3&[_h n+xfk+1,bzn]

n+z—1 —k, , b+n-1
:”®%< k )“JVﬂB[ e ldr -k b ]' (40)

Although in the proof of (40) we assumed n and b are positive integers, since both
sides are rational functions of n and b, (40) holds for n,b € C. After cancelling
common factors, iterating m times and taking the limit as m approaches infinity
we get, with f :=b+n,

F _ka xz, f
302 b, f+ax—k—b+1

o (x4 E4b— b= f)m -k, =, -m
Jféo(ﬂb—f)m(—wb—f)m?’&[ b, f—m—b—k‘+x+1}

D(k+b— f)T(—z+b— f) F[—h x]
T(—z+k+b—f)Lb—f) > b

(b= Pr(b = @)k

(b—z— f)e(b)k
(by the Vandermonde convolution) which is (13).

One can derive other relations by differentiating (38) with respect to x, zp, or y,
for 1 < p < t. Differentiating with respect to x produces a logarithm on the LHS,
which doesn’t yield an easily describable relation. Below we list the relations you
get by differentiating with respect to x, and y,, 1 < p < ¢, omitting the details.
Differentiating with respect to x,;

t
ag(z,1,B + hp) = ax(z,1,B) + Zdj(ak(a:, 1,B —d;) —ak—1(x,1,B —d;)).
Jj=p
Differentiating with respect to yp;

P
ag+1(z, 1, B+dp) = zag(x+ 1,1, B) +Zhj(ak+1(x, 1,B—h;)—ag(z,1, B —h;)).

j=1

Using (37), (38) can be expressed as

(1—2:@—22%—1—(2—1) Z :I:iyj)im:
i=1 i=1

1<i<j<t
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t hi di
xi yz n+x +
> 11 naar @ (1 —z) e
h,deNti=1
XtJrlFt |:£C+Ht, Cl;’_dla ey Ct"c"dt :| PR(O,].,B) (41)
15 Sy t

where ¢; := H; — D; + 1. Actually the RHS of (41) is not completely correct as
written, since if ¢; < 0 for some i, the ;41 F; has to be shifted as in (30). We can
obtain recurrence relations for series with argument z as before by differentiating
(41). For example, if we differentiate with respect to z,, after simplification we get

t
H_j t+1Ft w, f17 DRI fp—la fp+1a cee ft+1Z
L, bi, oy by byt 1, ..., b1’
e | s
2 w, fla sty f'—la f+17 sty ft+1
F J J . 49
+z:: 11]115”1 t{ b o by b4l . bea1iF] (42)

where by = 1,b; € C,d; e Nyn = Dy, |z] <1, or |z| =1 and R(—w+>, b;— f;) > 0.

Michael Schlosser [Sch] has found a complicated formula, involving many differ-
ent g-parameters, which includes the z = 1 case of (42). He has also noted that (42)
holds for d; € C, and provided the following simple proof. Comparing coefficients
of z* on both sides, and pulling out common terms, we have only to check that

t

fitk _ Ly fi+k
TSI

tt t

fi + k fz + k

g ]_ -

R Sl | e
Jj=p i=j 1=j+1

which telescopes to the LHS. B

A different type of recurrence for the a; can be derived by starting with the
j = n case of Theorem 2.2. Letting C), be the board B — h, — d,

1 - > (z
mzak($7yaB(hl7d1;--- Z% k 'Y, ) F
k=0 k=0
- (2)k k
Z—'ep—i—kd,l(ep—kd -I—]f—].) H (ei—i—k)diz
k=0 i>1,i#p
—i%PR(k Cp)kzF d,—1 oo()PR y,C,
- | 7y) p) z +(ep+ P )Z k' ( ;D)
k=0 k=0

1 n—1

_ k, (eptdp
—Z@m;oak(m,y@p)z +(1_Zn Hxwa

QU
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n—1
 —(=x+1-n)
=A—g e (1—z)nte Z}akxy’ +(1_Z)n—1+x
n—1
ep +dp
X Y ap(x,y, Cp)kz"~ 1}+El)_mzak$ y, Cp)z".
k=0 k=0

Multiplying both sides by (1 — 2)"*% and comparing coefficients of 2% we get
ak(x7 Y, B) = —(—(E +1- n)akfl(xv Y, Cp) + kak(x7 Y, Cp)

_(k - 1)ak*1(x7yv Cp) + (e;ﬂ + dp - 1)(ak(x7y7 Cp) - akfl(x7y7 C;D))
=ap(z,y,Cp)k+ep+dp, — 1)+ ar—1(z,y,Cp)(n+x —k —ep, —dp +1)
= ay(z,y,Cp)(k+ep+dp — 1) +ar—1(z,y,Cp)(n —ep —dp +x —k+1). (43)

Theorem 4.1 If B; = B(hy,dq; ... ;hp—1,dp—1;hp—3,dp— 35 hps1, dpt1; - .- 5 he, dy)
is the board obtained from a regular Ferrers board B by decreasing h, and d, by
j (here we assume j > hy,dp), then

k
e,+d,+s—1\/n—e,—d,—s+zx
i P P p p
w(z,y, B S;jasxy, < okt >< s )

Proof : By induction on j. The case j = 0 is trivial, and the case j = 1 is (43).
By the induction hypothesis, abbreviating e, + d,, by T,

k

. T,+s—1 n—"T,—s+x
aleyB) =G0 S aeaso (0TI,

s=k—j+1
Next apply (43) to as(z,y, Bj_1) to get
k
ak(xvy7B):(j_1)! Z { (.23 y,B)(S+€p+d _(.]_1)_1)

s=k—j+1

Fas—1(z,y, Bj)(n = (7 = 1) = (ep +dp = ( = 1)) +z = s+ 1)}
o ep+dp+s—1\(n—e,—dp—s+z
s—k+j—1 k—s

k
eptdy+s—1\(n—e—dy—s+u
—(i—1) ) Tl
(] ].) Z as(x7vaj)< 5—]€+] )( k—s >

s=k—j

U—k+s)eptdy—j+s) (ep +dp+5)(k —5)
eptdpts—(j—k+s) eptdp+s—(j—k+s)

x{ }.

The numerator of the expression inside the brackets is j times the denominator,
which completes the proof. B
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A modification of the method leads to a slightly different recurrence;

1 -~ > (z
g D o Bl s ) =3 Ok pR(k,y, )2

(1-=2 =

:i@(eﬁkﬂ)d ey RS T (et R,

k=0 i>1,i#p

-~ (@) d <~ (@)x
;k— (k,y, B —dp — hpi1)z" +ao ;k— (k,y, B—dp — hpi1)

(if p =t, hpy1 = 0). Proceeding as before we end up with
ak(m,y, B) = ak(a:,y, B—d, — hp+1)(k + H, — Dy + y)
tar-1(2,y, B —dp — hpt1)(n — Hy + Dy —y + x — k). (44)

Theorem 4.2 Let B be a regular Ferrers board. Let By = B(hi,di; ... ;hy,d, —
Jihpt1 — Jydpti; ... s hy,di) be the board obtained from B by decreasing d, and
hpi1 by j (here we assume j < dp, hyy1). Also, if p =t, j < dy, and By; is the
board obtained from B by decreasing d; by j. Then

k . )
e,+ji+s—1\/n—e,—s—j+=x
| P P
K@y, B g_zk:]aga:y, ( s—k+j )( k—s '

Proof : By induction on j. The case j = 0 is trivial, and the case j = 1 is (44).
By the induction hypothesis,

ak(x7y7B):
k . .
. e,+j—14+s—1\/n—e,—s+x—j5+1
—1)! s Bi_ P P .
G-10 3w s (T (T

Next apply (44) to as(x,y, B(;—1)) to get

k
ar(w,y, B) = (=11 Y {as(@,y,By)(s +ep— (=(G = 1))
s=k—j+1
+asfl(x7va(j))(n_(] ) (]—1)—6p+$—8)}

y ep+J+s—2 n—ep—s—i—x—j—l—l
s—k+j5—1 -5

k ) .
e,+i+s—1\(n—e,—s—j+zx
_1| s B P P
v gg;flxy’“’< skt )( ks )
J—k+sin—ep+az—s—j+1) (k—s)(n—2j—ep+ax+1—15)
n—e,+r—s—j—(k—s)+1 n—e,+r—s—j—(k—s)+1

x{ }.
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As before, the expression inside the brackets is j. W

Corollary 4.3 Let B’ = B(h1,d1;. .. ;hp—1,dp—1;hp + hpr1 — dp, dpyas ... s Ry, dy)
be the Ferrers board obtained from B by removing the “pt" step” (if p = t, B’ =
B(h1,dq;. .. ;hi—1,di—1)). Assume dj, < hy, + hpt1, or that p =¢. Then

k

e,+d,+s—1\/n—e,—d,—s+x
B :d' . BI p 4 P P
ak(l‘,y, ) D e ¥ (3771% )( S—k+dp k—s )

where as(z,y,0) = d5,0.

Proof : Set j = d, in Theorem 4.1, or in Theorem 4.2. W

Remark : Corollary 4.3, phrased in terms of hypergeometric series, is due to Mac-
Robert [MacR, Eq. (30), p.365]. It shows how to express a terminating, balanced
t+2Fy 11 in terms of terminating, balanced 1 F}’s. If we let ¢t = 1, then B’ = (), and
there is only one term on the RHS. After simplification, this reduces to the Pfaff-
Saalschiitz summation formula mentioned earlier. Letting ¢ = 2, and using the fact
that as(z,y, B') can be summed, the RHS turns out to be a terminating, balanced
1F3 (as does the LHS). This theorem is known as Whipple's trans formation [Bai.
MacRobert derived this from a multisum identity of his [MacR, p.363], which can
be rephrased as the following recurrence

o0
T, Ci, ..., Ct (b1 — ) (b1 — c1)m(c2)m - (Ct)m m
F, 2| =
t+1 t[ bi, ..., bt”"] mZ::O ) (b0 ?
r+c—b, co+m, ..., +m.
x tFtl{ bo+m, ..., bt—f—m’z’

valid for |z| < 1. Note that if ¢ = b1 + d1,d1 € N, the RHS above reduces to a
finite sum of ;F;_1’s.

The z = 1, y = 1 case of Corollary 4.3 was previously discovered by the author
[Hagl], in connection with the study of permutations of multisets. A permutation
o of a multiset M is a linear list o109 - - - oM of the elements of M. Let Ny (v;r)
be the number of permutations of the multiset in which ¢ occurs v; times, having
exactly k — 1 r-descents. An r-descent is a value of i, 1 < i < |M| — 1, such that
0; — 041 > r. For example, if v = (2,1,1), then there are 12 permutations in
question;

a)3211 b)3121 ¢)3112 d)2311 €)2131 f)2113
¢)1321 h)1312 §)1231 5)1213 k)1132 1)1123.
Permutations b, ¢, d, e, h, and i all have one 2-descent, and the others have no 2-
descents. Thus N2((2,1,1);2) = 6 and N1((2,1,1);2) = 6. Also, N3((2,1,1);1) =
4, N2((2,1,1);1) =7, and N1((2,1,1);1) = 1.
In [Hagl,p. 118] it is shown that

t

Ni(v;r) [ vi! = ans1-1(Gy.r), (45)

i=1

where G, is the Ferrers board of Figure 7. Applying Corollary 4.3 to this board,
using (45), and setting y = 1 gives the following identity

Nk(xvvvr) = ZNS(QJ,VI,T)
s
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FIGURE 7. The Ferrers board Gy

» vi+ ...+ v +1=58\(V—pi1+...F0:+s+2—2 ’ (46)
k—s ve—k+s
where n =vy + ...+ v, v/ = (v1,... ,v:—1), and by definition
n—k+1
+ k-1 —r+s
N, = (=1)nk+1 Nits 3 .
k(x,v,r) ( ) ; k.ﬁ(V,’I‘) s n—k+1

If x =1 and r = 1, (46) reduces to

Nk(vgl):ZNk—S(V/;l)(Ut+k_1_S> (n_vt_k+1+8>7

V¢ — S S
s=0 t

which can be proven rather easily by a direct combinatorial argument [DiR].
5. g-Versions.

In 1986 Garsia and Remmel [GaRe] introduced a g-version of rook theory for
Ferrers boards. Throughout this section, let g be a real variable satisfying 0 < ¢ < 1.
They define

D SR

placements C of k rooks on B

where inv C' is a certain statistic. To calculate it, cross out all squares on B below
and all squares on B to the right of each rook in C. The number of squares on B
not crossed out by this procedure is inv C.

Ezxzample : If C consists of rooks on squares (2,1) and (4, 3) of the n = 4 case of
Figure 5, then inv C' = 5.
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This definition led them to a g-version of (2)

n n

S lalle—1] o —k+ 1Ry x(B) = [[lz+ ¢ —i+ 1],

k=0 i=1

1—q”
1—q

where [z] := (which approaches = as ¢ — 1) and ¢; is the height of the 7"
column of B.

Garsia and Remmel also define a g-version of ay(B) as follows

k=0 i=k+1 k=0

where [k]! := Hle[z] The polynomial Ag(B) equals ai(B) when ¢ = 1.

A conjecture they made, that Ry (B) is a unimodal polynomial in ¢ for all k and
all Ferrers boards, is still open. They were able to show that for admissible B,
Ag(B) € N[¢|, and in [Hagl] it was demonstrated that their proof extends easily to
show that for such boards Ay (B) is a symmetric and unimodal polynomial in gq.

In the special case of the triangular board, the polynomials Ry (B) are g-versions
of the Stirling numbers of the second kind. Wachs and White have introduced
the study of p,g-Stirling numbers [WaW], which are polynomials in two variables
p and ¢, and which can be defined as sums over rook placements on the triangular
board. An interesting open question is whether or not there is a p,g-version of rook
polynomials for general Ferrers boards with significant properties.

A cycle-counting version of Ry, has been introduced in [EHR]. The following fact
is used in its description: given a placement of j non-attacking rooks in columns
1 through i of B, where 0 < j < i, then if ¢; (the height of the i*" column of B)
is > 1, there is one and only one square in column ¢ where a rook placement will
complete a cycle. If ¢; < i, there is no such square.

Given a placement C of k rooks on b, define s; as follows; if ¢; < i, s; = the
square (i,¢; + 1), while if ¢; > 4, s; is the unique square such that, considering only
the rooks from C in columns 1 through i — 1, a rook on square s; completes a cycle.
Set E = E(C) = the number of i such that there is a rook from C in column ¢ on
or above square s;. Then if we define

Rk (y7 B) — Z [y]number of cycles of qunvCJrE

C
k rooks

then [EHR]
> lallx =1+ [x =k + 1Ry (y, B)
k=0
:Hl[$+Ci—i+y]Hl[a?+ci—i+1] (47)

= PR[z,y, B]
say. We can use Ry (y, B) to define a g-version of ay(z,y, B);

n n

Z[(E][l‘ + 1] T [LC +k— 1]Rnfk(yaB)zk H (1 - Zqurxil) = ZAk(x7va)Zk
k=0

k=0 i=k+1
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An easy calculation shows that if ¢ — 1, Ag(z,y, B) — ax(z,y, B).
The Chu-Gasper transformation for Karlsson-Minton type series discussed in
section 1 is

w, o, big™, ., bg™ ) i (g0/w; 9) 0 (965 @)oo
2 1 1 q w =
Y s N A (0005 €)oo 4/ 0) oo
t
H bk/O{ q dkt Q(bt 1 1/07 Q, qa/bh cee qOé/bt . q1+jfnc
- bk7 * * qa/w7 qlidl a/bh st qlidta/bt ’

(48)
with n = Dy, valid for j € Z, d; € N, ¢, o, w,b; € C, and |q/w| < |¢7| < [¢"/c|.
Together with (47), this can be used to find ¢-versions of almost all of the identities
in sections 3 and 4. Results without g-versions at present include the generating
function identity, the iterated contiguous relations, and several identities in section
2.

The proofs of the g-versions turn out to be routine, following the non-g-versions
step by step, so we simply list the theorems for future reference, without proof.
There is one exception; the details of the proof of the ¢g-version of (43) are included,
since a slightly different method of proof was used in the g-case then in the non-
g-case. The proof of the g-version of (44) is similar to that of (43). We use the
standard notation

(w; g = () = (1 - w)(L - wg) -+ (L - wg" "),

x] = 1_q,[m]k =[z]x +1]--- [z +k—1],

T rlle—1]---[x —k+1 a
M — =] [k]![ ]7(Z§Q)oo = ( 1;[ 1 - z¢")

In all of the following g-identities, B is assumed to be a regular Ferrers board,
except for equations (51),(52),(54), and (55), which hold for any Ferrers board.
After listing the g-versions of previous results, we finish by deriving some new ones
using transformations for g-series of all orders.

Lemma 5.1 For any regular Ferrers board B,

Tk
[k]!Rn_my):Z[‘]( 1)434(5) PRIj.y. B), (49)

=0

and

Ay, B Z[”*J [“j‘ﬂ( Vg PRIy B (50)

Lemma 5.2 For any regular Ferrers board B,

& —k e1+dy o er+dt
[K!Rn—k(y) = PR[0,, BI(~1)"q(2) 11 (q | qqel, S qqet ;q>’
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and
Aulay. B) = PR B0 " 17
—k T e1+d1 et+d¢
q 7, q, q y eees @
X iq ).
420141 ( ekl e e q)

Lemma 5.3 For any Ferrers board,

Ak(z,1,B) = PR[u, 1, B](—l)’“*“q(’“?) [Z —_F ﬂ [x +u— 1]

u
—k bi+d bp+d, bi+d
2¢ < q +u’ quru7 q1+ o, qip’ e qt+ t.q (51)
t+27t+1 —k+1 1 b by ’
qn+x -i--&-u7 qu-i-7 ™, e qbp, e g%t

where b; := H; — D; + 1+ u, p is chosen so that H, — D, = ming H; — D;, and
u:= D, — Hp.

Theorem 5.4 For any regular Ferrers board B
Ak(x7y7 B) = An*k(xv l+z—-—y+n-— Hy - D -/ép)qaa

where a :=n(—z +y—n) + k(n+ z + 1)+ area(B), with area(B) = the number
of squares in B = ), H;d;. As in Theorem 3.1, p is any positive integer for which
B, is regular.

Corollary 5.5 For any Ferrers board B
Ag(z,1,B) = Ap—k(z, 2 +n — H, — p, Ep)qﬁ, (52)

where f:=n(—xz+1—n)+ k(n+ 2z — 1)+ area(B).

Lemma 5.6

4 dy n+x n
q°, wiq®™, ..., wq (" 2) o0 r|nt k,(5)
2= 2l —Hiee
t+1¢t< w1, ..., W ) (2)oo kz=o F o
—k T d1 de
qr, q*, Wigs s Weg
Xipodiyl ( @uTEREL oy, ,q) ’

where z,w;,z € C, d; € N, and n = D;. This gives a new derivation of the analytic
continuation of the LHS to all of C.

Lemma 5.7 A g-version of (43);
Ar(z,y, B) = [k + ep + dp — 1]Ak(x,y, B — hp — dp)+

T2t o — e, —d, + 1 — k|Ax_1(x,y, B — hy — dp). (53)
Proof : By Lemma 5.1,

Ai(,y, B) = 2: [Zfﬂ [m e 1] (-1)**q("= ) PR[s,y, B]
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r+s—1

k—s
s (_1)k_sq( 2 )[5+ep+dp_ 1]PR[5ava_hp_dp]

-3 []

s=

S

= Eki [Zfﬂ [m T 1} (-1)**q(3)PR[s,y, B~ h, - dy]

s=0

{lk +ep+dp — 1] = g+ [k — 5]}

k -
n+z|lr+s—1 s (Fge
—leeprdy -1y [ [T cor I PRIs B - 1y )
= n+x—1|[z+s—-1 k=
eerd - |: _1—5:| S :|(_1)k8q(2 )+SPR[87y7B_hP_dp]
90
k -
n+x—1 (*3%) n+x—1 (* 1) nta—1 T+s—1
[k +ep+dp ];{{ Fos | +{k_1_s]q Hoo

k—1
+rx—1||lx+s—1
p Bl —d]— gertd—1 n
X R[57ya hp dl)] q ;)[n+x][lg—1—s S

s (=1)=sq(" 2 )1 pRIs y B — hy, — dy)]

(since [ZJ_”;] = [";:rw] 4 gnte—kts [Z:if])

=[k+ep+dy, —1Ak(z,y, B —hp —dp)+
Ap-1(2,y, B = hp —dp)(—¢" "k + ep + dp — 1]+ ¢" T+ 2[n + 2])

(by Lemma 5.1 applied with B =B — h, —d,). B

Theorem 5.8 Let j € N, j < hp,d, for some p in the range 1 < p <t. Then if B
is a regular Ferrers board, and B; is the board described in Theorem 4.1,

k

T, —1+s|(n—T,4+x—s .
A _ ' As p p (k—s)(Tp+k—j—1)
(2,y,B E (z,y,B ['—k+5H b — s }q ;

s=k—j

where As(z,y,0) = d50, and T, = H, — Dp_1 +y = e, + d,.
Theorem 5.9 Let B, j and B;) be as in Theorem 4.2. Then
Az, y,

B) =
k , .
ept+s+j—1||n—e+x—5—7 AV
it 2 AS”’B"’){Z—HS H ks ]q(k B
s=k—j

Corollary 5.10 Let dp, hyp, hpt1, B, and B’ be as in Corollary 4.3. Then
Ap(z, y,B)

Z Au ep—l—d +s5—1 n—ep—dp—i—x—sq(k_s)(ep+k_1)
dy, —k+s k—s '

s=k—d,
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There are also g-versions of Theorems 2.2 and 2.3;

Theorem 5.11 For any Ferrers board B, with 0 < j < n, and |z| < 1,

i{x+2_1]14j(—k,y73)qjkzk (—1)i4(

k=0

J+x

q OOZ[ }Akxy,B) k.
(54)

Theorem 5.12 For any Ferrers board B, with 0 < 5 < n,

Aj(,y,B) =@ Y [n i k} Ay, BY L ik aiong=(3) (s5)

= |n—j (¢¥);

The following general expansion for a ;11¢: appears in [GaRa;p.110]; it is a
special case of identities of Sears and Slater

t
oy [w, Cly e Ct'z:| _ (w2)oo(g/w2)os T (€)oo (bi/w)oo
bi, ..., b’ (2)00(q/ %) o0 P (bi) oo (¢i /W) oo
w, wq/bi, ..., wq/by gb1---b . .
X410t [ wgler, . wgle wer +idem(w;cy,...,c),  (56)
where |z| < 1, |%| < 1, and “idem(w;cy,...,c)” stands for the sum of the ¢

expressions obtained by interchanging w and ¢; in the infinite products and ¢1¢;
on the RHS of (56), then interchanging w and c¢s, etc.

Making the following replacments in (56); 2 = ¢~ /w, by = cqa, ¢1 = «,
t=t+1,b;=ei_1,¢c; =e;_1q%* for i > 2, we get (48) after some simplification.
If we make the same replacements but allow some of the d; to be negative integers,
the RHS side of (56) reduces to a sum of terminating series. For example, if
d; = —5, the term in the “idem” sum obtained by interchanging w and e;q~° will
have ge1q=5/e; = q~* as one of the numerator parameters in the ;;;¢; which will
cause this series to terminate.

If we replace ¢; by b;g% in (56) we get

¢ «, blqdla R btth g,z | = (Q/CYZ)OO(CVZ)OO
t+1¢t b17 e bt » 45 (Q/Z)oo(z)oo

¢
(bi/a)di «, qOé/bl, ey qOé/bt lfn
XEW t+1P¢ dha/by, ..., g dab, ¢, "/ az

valid for a, b;,z € C, d; € N, with n = D;. Letting ¢ approach 1 above and using
elementary facts about the ¢-Gamma function [GaRa, Ch.1] yields the hypergeo-
metric limit

x, by+di, ..., b+d
t“Ft[ T
t
_ (bi — )a, x 14+z—-10; 1+x2—10b 1
_ xT 7 ) ) ) .
) H bi)d, w1ty 1+x—b1—dy, ..., 1+$—bt—dt7z

i=1
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where x,b;,z € C, d; € N, z € C\[0,00), and the principal branch of log z is used
to define z", as was used in Theorem 3.4. Letting z = —1 and b, = (1 +x — d;)/2
proves Theorem 3.5 when the argument in (34) is -1.

Another useful expansion for the general ;1 ¢, is the corollary of Bowman’s gen-
eralized Heine discussed in section 1. Specializing the RHS of (18) to the Karlsson-
Minton case by setting ¢; = b;q% we get

t
z, blqdlv ceey btth . _ (xZ)OO 1
t“@[ by, ... b 7 _(@mII@M

)

> kII{ le ") (58)

m1+~~~+mt k

To translate this into a result on rook polynomials, note that the j = n case of
Theorem 5.11 is equivalent to (using (47))

n+

(e +k-1 (¢"2) o0
Z[ ) ]PR[k:,y,B]zk = Zz Ag(z,y,B

k=0

which reduces to an identity of Garsia and Remmel when « = y = 1. Now the LHS
above equals

T e1+dy . et+dt
PR[OvyaB]t+1¢t |: ’ qqel’ ’ : qqet 12|
so the b; = ¢%, 2 = ¢® case of (58) implies
Corollary 5.13 For any Ferrers board B

L S E T IRTEEIURND DI ol o)

k=0 mi+...+mi=k =1
The special case ¢; = 1,d; = 1,2 = 1 gives
Zn:zk Y g (2)nt1 zn: (=D*()d"
(1—q)" 1—zqk '

k=0 o€Sn k=0

kdescents

where the inner sum on the LHS is over all permutations o105 - - - 0, of S, having
k values of i for which o; > 0,41, and majo = Y i. Letting z = 1 in
Corollary 5.13 we get the simple identity

110 >0 41

Z Ak(x7y7 B) = [QC]”
k=0

The result

D> Ru(l—qf =1,

k=0
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valid for any Ferrers board B, can also be derived from 5.13. If B is the “m-jump
board”, B = B(m,1;m,1;... ;m, 1), then 5.13 implies

Ro s(B)(1— " F = 3 (~1)itk H g(a)+mit(m=1(3) [n] -

>0 k J

where the last g-binomial coefficient is in the base ¢™~!. Using (28), this identity
can be shown to reduce to a special case of Fine’s bibasic version of the Heine
transformation [Fine, Eq. (21.81)].

6. Summary.

The subject of hypergeometric series has been the focus of a great deal of research
over the past 200 years. Many of these results, especially theorems on series of
Karlsson-Minton type, have application to the study of rook polynomials. As this
young branch of enumerative combinatorics matures, perhaps the combinatorial
perspective it provides will result in new developments in hypergeometric series.

Acknowledgements. The author would like to thank Professors Andrews,
Bowman, and Stanton for supplying references to some of the theorems on hyper-
geometric series used in this article. He would also like to thank the referee for
helpful comments including a formula (Lemma 2.4) which led to Theorem 2.7.

REFERENCES

[Bai] W. N. Bailey, Generalized Hypergeometric Series, no. 32, Cambridge University Press,
1935.

[Bowl] D. Bowman, g-Series, Partitions and Continued Fractions, Ph.D. Thesis, University of
California, Los Angeles, 1993.

[Bow2] D. Bowman, A general Heine transformation and symmetric polynomials of Rogers,
preprint (1995).

[Chol] T.Y. Chow, The path-cycle symmetric function of a digraph, preprint (1994).

[Cho2] T.Y. Chow, Symmetric Function Generalizations of Graph Polynomials, Ph.D. Thesis,
Mass. Inst. of Tech., Cambridge, Mass., 1995.

[Cho3] T. Y. Chow, A short proof of the rook reciprocity theorem, R10, 2pp., Electronic J.
Combinatorics 3 (1996).

[Chu] W. Chu, Partial fractions and bilateral summations, J. Math. Phys. 35 (1994), 2036—
2042.

[ChRo] Y.-C. Chen and G.-C. Rota, g-Analogs of the principle of inclusion-exclusion and per-
mutations with restricted position, Disc. Math. 104 (1992), 7-22.

[ChG] F. Chung and R. Graham, On digraph polynomials, preprint (1993).

[Dinl] K. Ding, Invisible permutations and rook placements on a Ferrers board, preprint (1992).

[Din2] K. Ding, Rook Placements and Cellular Decomposition of Partition Varieties, Ph. D.
Thesis, University of Wisconsin - Madison, 1993.

[DiR]  J. F. Dillon and D. P. Roselle, Simon Newcomb’s Problem, SIAM J. Applied Math. 17
(1969), 1086-1093.

[Dwo] M. Dworkin, Factorization of the Cover Polynomsal, preprint (1995).

[EHR] R. Ehrenborg, J. Haglund, and M. Readdy, Colored juggling patterns and weighted rook
placements, in preparation.

[Erd] A. Erdélyi, Integraldarstellungen hypergeometrischer funktionen, Quart. Jour. Math. 8
(1937), 267-277.

[Fine] N. Fine, Basic Hypergeometric Series and Applications, Amer. Math. Soc., Providence,
RI, 1991.

[FoSu] D. C. Foata and M. P. Schiitzenberger, On the rook polynomials of Ferrers relations,
Collog. Math. Janos Bolyai, 4, Combinatorial Theory and its Applications, vol. 2, North-
Holland, Amsterdam, 1970, pp. 413-436.



[GaRe]
[GaRa]
[Gasp]
[Gau]
[Gesl]
[Ges2]
[GIW1]
[GIW2)
[Hagl]

[Hag2]
[JoRo]

[KaRi]
[Kar]
[Mac]
[MacR]
[Min]
[Rail]

[Rai2]
[Rio]

[Sch]
[Seal]

[Sea2]
[Shev]
[Sla]
[Sol]
[StS]

[Ste]

[WaW]

ROOK THEORY AND HYPERGEOMETRIC SERIES 39

A. M. Garsia and J. B. Remmel, g-Counting rook configurations, J. Combin. Theory (A)
41 (1986), 246-275.

G Gasper and M. Rahman, Basic Hypergeometric Series, Encyclopedia of Math. and its
Applications, 1990.

G. Gasper, Summation formulas for basic hypergeometric series, Siam. J. Math. Anal.
12 (1981), 196-200.

C. F. Gauss, Disquisitiones generales circa seriem infinitam..., Comm. soc. reg. sci. Gott.
rec., reprinted in Werke 3, vol. 11, 1876, pp. 123-162.

I. M. Gessel, Generalized rook polynomials and orthogonal polynomials, g-Series and
Partitions (Dennis Stanton, ed.), IMA Volumes in Mathematics and its Applications,
Springer Verlag, New York, 1989, pp. 159-176.

I. M. Gessel, private communication.

J. R. Goldman, J. T. Joichi, and D. E. White, Rook theory I: Rook equivalence of Ferrers
boards, Proc. Amer. Math. Soc. 52 (1975), 485-492.

J. R. Goldman, J. T. Joichi, and D. E. White, Rook theory IV: Orthogonal sequences of
rook polynomials, Studies in Applied Math. 56 (1977), 267-272.

J. Haglund, Compositions, Rook Placements, and Permutations of Vectors, Ph.D. Thesis,
University of Georgia, 1993.

J. Haglund, Compositions and rook placements, preprint (1994).

S. A. Joni and G.-C. Rota, A vector space analog of permutations with restricted position,
J. Combin. Theor (A) 29 (1980), 59-73.

I. Kaplansky and J. Riordan, The problem of the rooks and its applications, Duke Math.
J. 13 (1946), 259-268.

P. W. Karlsson, Hypergeometric functions with integral parameter differences, J. Math.
Phys. 12 (1971), 270-271.

I. G. Macdonald, Symmetric Functions and Hall Polynomials, Oxford University Press,
Oxford, 1979.

T. MacRobert, Functions of a Complex Variable, Fifth Edition, MacMillan & CO Ltd,
London, 1962.

B. M. Minton, Generalized hypergeometric functions of unit argument, J. Math. Phys.
11 (1970), 1375-1376.

E. D. Rainville, The contiguous function relations for p,Fy with applications to Bateman’s
Jn'? and Rice’s Hyp(C,p,v), Bull. Amer. Math. Soc. 51 (1945), 714-723.

E. D. Rainville, Special Functions, MacMillan, New York, 1960.

J. Riordan, An Introduction to Combinatorial Analysis, John Wiley, New York, NY,
1958.

M.Schlosser, private communiaction.

D. B. Sears, On the transformation theory of hypergeometric functions and cognate
trigonometric series, Proc. London Math. Soc. (2) 53 (1951), 138-157.

D. B. Sears, Transformations of basic hypergeometric functions of any order, Proc. Lon-
don Math. Soc. (2) 53 (1951), 181-191.

V. S. Shevelev, Some problems of the theory of enumerat ing the permutations with
restricted positions, J. Soviet Math. 61 (1992), 2272-2317.

L. J. Slater, Generalized Hypergeometric Functions, Cambridge University Press, Cam-
bridge, 1966.

L. Solomon, The Bruhat decomposition, Tits system and Iwahori ring for the monoid of
matrices over a finite field, Geometriae Dedicata 36 (1990), 15—49.

R. Stanley and J. Stembridge, On tmmanants of Jacobi- Trudi matrices and permutations
with restricted position, J. Combin. Theory (A) 62 (1993), 261-279.

E. Steingrimsson, A chromatic partition polynomsial, Proceedings of the Seventh Interna-
tional Conference on Formal Power Series and Algebraic Combinatorics, Marne-La-Vallée,
France, 1995, pp. 511-521.

M. Wachs and D. White, p, g-Stirling numbers and set partition statistics, J. Combin.
Theory (A) 56 (1991), 27-46.



